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Today, pharmaceutical nanotechnology is a very dynamic and
evolving research area that integrates a wide variety of disci-
plines such as chemical, biological and biomedical science. At
the frontier of knowledge, nanoparticles, exosomes and even
more advanced drug delivery systems [1] blur the line between
drug discovery and formulation science. They have fundamen-
tally changed our understanding of the way dosage forms can
facilitate drug therapy.

Prof. Jorg Kreuter has been a pioneer in this research area and
dedicated his life’s work to nanoparticle research and the
blood-brain barrier [2]. One of his most outstanding discov-
eries, the active transport of nanoparticles into the central
nervous system using the low-density lipoprotein receptor
family [3-6], provided an entry route for the cytostatic drug
doxorubicin into the brain. The drug delivery system has been
tested in a phase II clinical trial and hopefully will make its way

into the market.

Although nanotechnology has gained significant attention in the
scientific community, this is one of very few examples where
targeted delivery was successfully developed to the stage of

clinical translation. Today, a fierce competition between differ-
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ent technologies decides on commercial success, and conse-
quently, the number of new therapies [7].

Nanotechnology comes in a thousand varieties and there is a
rising number of “engineered nanomaterials” under develop-
ment [1,8]. In this dedicated issue, we present some of the latest
trends ranging from the synthesis of new materials [9] to the ap-
plication of nanoparticles in our fight against drug resistance
[10]. But what are the frontiers of tomorrow?

Recently, the Center for Drug Evaluation and Research within
the United States Food and Drug Administration presented the
progress in new drug applications and concluded that, although
the use of nanomaterials has generally increased, the number of
approved nanomedicines is still very limited when compared to

the tremendous research activity in this area [1].

Because nothing is older than yesterday’s newspaper, this edito-
rial will take a look into the crystal ball.

Nanomedicine was proclaimed to revolutionize medicine, but

what we are seeing at present is a slow transformation rather

than a revolutionary overthrow. Now more than ever, the poten-
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tial for clinical translation will be in the spotlight. In many
areas, nanotechnology is already accepted, for example, in the
production of nanocrystals. To date, the nanomilling platform
of Elan Drug Technologies is widely used for the formulation
of poorly soluble compounds [11]. Also, with regards to the
topical administration route, nanometer-scale excipients have
been rarely associated with safety issues and have been widely
applied in the development of semisolids. But we still have

much to learn.

Pharmaceutical science has indisputably become more complex
with the discovery of nanocarrier-based delivery systems.
Fueled by first successes in the 1990s, liposomes were at the
forefront of cancer therapy [12,13]. The challenges associated
with their characterization earned them the name “non-biologi-
cal complex drugs” (NBCDs) [8].

Nowadays, there is broad acceptance for liposomal drugs as a
niche product, but we still do not know much about the attri-
butes that enable targeted delivery in humans [14]. In 2018,
Alnylam announced the approval of a first-of-its-kind RNA
interference (RNAi)-based drug, Onpattro™ , which uses solid
lipid nanoparticles to protect the sensitive compound from early
degradation. Again, lipid materials rather than synthetic poly-
mers have been used for drug delivery applications.

In pharmaceutical research, the economic success of drug prod-
ucts is closely related to product efficacy and safety. While
lipids have a solid track record of clinical safety [7,12], there
are few polymers generally used for the parenteral route of
administration. Further, the procedure of drug approval usually
does not provide market exclusivity or a general recommenda-
tion for the excipient but for the drug product only [7]. This
together makes it more difficult to justify the time-consuming
and expensive toxicological studies required to establish clini-
cal safety of the excipient. Consequently, there is a trend
towards materials with a long history of medical use [12].

Pharmaceutical nanotechnology is not limited to translational
research but, after many years of trial and error, we have to
accept that reliable pharmacological and toxicological effects
are a key element of industrial formulation development.
Understanding the intertwined processes involved in biodistri-
bution of deposition of nanocarrier delivery will finally lead to
a broader acceptance, and consequently, to successful transla-

tion from bench to bedside.

Matthias G. Wacker

Singapore, November 2019
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Abstract

Nanostructures of transition-metal dichalcogenides (TMDC) have raised scientific interest in the last few decades. Tungsten disul-
fide (WS;) nanotubes and nanoparticles are among the most extensively studied members in this group, and are used for, e.g.,
polymer reinforcement, lubrication and electronic devices. Their biocompatibility and low toxicity make them suitable for medical
and biological applications. One potential application is photothermal therapy (PTT), a method for the targeted treatment of cancer,
in which a light-responsive material is irradiated with a laser in the near-infrared range. In the current article we present WS, nano-
tubes functionalized with previously reported ceric ammonium nitrate—maghemite (CAN-mag) nanoparticles, used for PTT. Func-
tionalization of the nanotubes with CAN-mag nanoparticles resulted in a magnetic nanocomposite. When tested in vitro with two
types of cancer cells, the functionalized nanotubes showed a better PTT activity compared to non-functionalized nanotubes, as well
as reduced aggregation and the ability to add a second-step functionality. This ability is demonstrated here with two polymers
grafted onto the nanocomposite surface, and other functionalities could be additional cancer therapy agents for achieving increased
therapeutic activity.

Introduction

In 1992, Prof. Reshef Tenne reported the synthesis of cylin-  between two hexagonal sulfur layers. WS, belongs to a family
drical and polyhedral nanostructures of tungsten disulfide of compounds called transition-metal dichalcogenides
(WS») [1]. These nanostructures are composed of triple-layer (TMDCs), with a general formula of MX, (M = W, Mo and
units, where a hexagonal layer of tungsten atoms is sandwiched X =S, Se, Te) and a similar structure based on triple-layers.
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Good mechanical properties of WS, inorganic nanotubes (INTs;
up to 15 um length, 100 nm diameter) and inorganic fullerene-
like nanoparticles (IFs) were reported in multiple literature
sources [2-8], making them an excellent alternative to carbon
nanotubes as additives for the mechanical enforcement of poly-
meric matrices [9-17].

An important advantage of WS, (and of other TMDCs) nano-
structures over their carbon equivalents is the low toxicity and
biocompatibility, enabling their use for medical applications.
Preliminary studies on rats with WS, INTs and IFs showed no
apparent toxic reaction after oral administration [18], inhalation
[19], or dermal application [20]. More recent studies conducted
on rhenium-doped MoS, nanoparticles showed no acute toxic
risk, neither by oral administration nor by dermal application
[21,22]. A few years ago, Teo et al. compared the cytotoxicity
of exfoliated MoS;, WS,, and WSe, to that of their carbon
equivalent and found the toxicity of the former to be lower [23].
Wu et al. produced biocompatible MoS, nanoparticles by a
pulsed laser ablation technique [24]. Examples of medical ap-
plications with TMDC nanostructures are their addition as rein-
forcing agents to polymers for bone-tissue engineering, and
their incorporation in dental devices [25-32]. Another impor-
tant medical application for nanostructures in general, and for
TMDC nanostructures in particular, is targeted cancer treat-
ment through photothermal therapy (PTT). In this method,
light-responsive materials accumulate on the tumor area, absorb
light, and release it as heat, killing the cancerous cells. The light
is generated by a laser, in a near-infrared (NIR) wavelength
range (750-1000 nm). NIR irradiation has low off-target inter-
action and a high penetration depth of ca. 1-2 cm in the human
body. PTT mediated by nanomaterials is less invasive than laser
irradiation alone, requires lower radiation intensity, and its
selectivity towards the tumor can be adjusted by carefully engi-
neering the light-responsive nanostructure. In general, nanoma-
terials in the size range of 100-200 nm should give the
maximum accumulation effect, but parameters such as nano-
structure shape and surface charge are extremely important
[33].

A wide range of nanomaterials has been studied for cancer PTT
to now, from organic conjugated polymers [34,35], through car-
bon-based nanomaterials [36,37], to inorganic nanostructures.
Within the latter group, nanostructures of metals [38], metal
oxides (including iron oxides) [39], and metal chalcogenides
[40,41] were studied. Tungsten oxides [42] and molybdenum
oxides [43] were studied, as well as their disulfides. The disul-
fides were tested mainly in the forms of nanosheets [44],
nanoflakes [45], nanodots [40] and hollow spheres [46].
Recently, WS, nanotubes functionalized with C-dots showed

promising results for PTT and cell imaging [47]. We selected

Beilstein J. Nanotechnol. 2019, 10, 811-822.

nanotubes for their mechanical properties and the possibility of
coordinate bonds with sulfur atoms, which enables bonding
with CAN-mag, thereby offering the possibility of bonding of
additional biologically active agents. The properties of the
CAN-mag also enabled magnetism-based targeting.

In order to maximize the benefit from TMDC nanostructures in
different applications, their surface functionalization is impor-
tant. The relative chemical inertness of the outer chalcogen
layer makes TMDC nanostructures very hard to disperse in
many solvents, especially in water. This is a significant limita-
tion when attempting to use these nanostructures for biological
applications. Functionalization, especially the attachment of
organic moieties to the walls of TMDC nanostructures is a chal-
lenging task. Coordinative chemistry is one approach used to
face this challenge.

The Tremel group has been successfully developing coordina-
tion-chemistry-based strategies for the functionalization of
TMDC nanostructures for more than a decade. In 2006, they re-
ported a method based on a nickel-nitrotriacetic acid (Ni-NTA)
complex as an anchoring group for different chemical function-
alities [48-50]. Another study of the Tremel group involves
terpyridine (TerPy) ligands [51]. NTA and TerPy are multi-
dentate ligands, forming complexes with chalcophylic metal
ions (nickel, iron, ruthenium) and leaving parts of the ion coor-
dination sites free for docking to the chalcogen layer. The mo-
lecular structure of both NTA and TerPy enables performing
versatile chemistry on the ligand.

Cerium is a metal of the lanthanide series with versatile coordi-
native chemistry, thanks to an available valence electron in its
4f orbital. In our group, cerium was utilized in the complex
form of ceric ammonium nitrate [(NHyg),Ce(IV)(NO3)g, or
CAN]. In CAN the cerium ion is coordinated with six nitrate
ligands through their oxygen atoms. CAN is a strong oxidizer,
turning magnetite nanoparticles into y-maghemite (mag) nano-
particles. The cerium ion attaches to the nanoparticle, produc-
ing surface defects (an Fe—O—[CeL,] bond is formed). The
cerium-doped maghemite nanoparticles are more stable than the
non-doped ones, which tend to aggregate. In addition to the
stabilization effect, other ligands on the cerium ion can be
replaced by different polymers and linkers. The resulting nano-
composites can be used for biomedical applications, such as

gene silencing [52], magnetic imaging, and drug delivery.

Here we present a new and simple-to-fabricate WS,-NT-CAN-
mag (WS,-NT-CM) nanocomposite. The composite is magnet-
ic and forms a stable dispersion in water. It was characterized to
verify the CAN-mag attachment to the nanotubes, and tested for
PTT. Preliminary in-vitro PTT tests show that the WS,-CAN-
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mag nanocomposite successfully eliminated two types of
cancerous cells: HeLa cells (cervical cancer) and MCF7 cells
(breast cancer), in higher percentages compared to non-functio-
nalized nanotubes. In addition, WS,-CAN-mag nanocompos-
ites with two types of organic polymers were successfully pre-
pared and characterized. Indeed, functionalization with CAN-
mag gives WS, nanotubes the added values of reduced aggrega-
tion, which leads to better targeting, and the possibility for
attachments of additional cancer therapy agents.

Experimental

A schematic description of the experimental pathway leading to
CAN-mag functionalized WS, nanotubes is given in Figure 1,
followed by fully detailed preparation procedures.

Preparation of CAN-mag nanoparticles

A solution of FeCl3-H,O (240.0 mg, 0.9 mmol) in degassed,
ddH,O water (4.5 mL) was mixed with an aqueous solution of
FeCly-4H,0 (97.5 mg, 0.45 mmol, 4.5 mL H,0O). The mixture

was kept under nitrogen and ultra-sonicated for 1 min at room

Beilstein J. Nanotechnol. 2019, 10, 811-822.

temperature. Then, a concentrated (24 wt %) NH4OH solution
(750 uL) was added, resulting in the immediate formation of a
black precipitate of magnetite (Fe304) nanoparticles. Sonica-
tion was continued for an additional 10 min. The liquid was
decanted with the help of magnetic separation, using a 0.5 T
magnet. The nanoparticles were washed with three portions of
ddH,0 (40 mL each) to neutrality. Then, ddH,O (30 mL) was
added, and the maghemite NPs suspension was set aside for a
minimum of 1.5 h at ambient temperature for aging, before any
further use.

A solution of CAN (500.0 mg, 0.912 mmol) in acetone
(6.0 mL) was added to the decanted magnetite NPs, followed by
the addition of degassed purified water (18 mL). The resulting
mixture was ultrasonicated for 30 min under nitrogen using a
high-power sonicator, then transferred into 50 mL Amicon®
Ultra-15 centrifugal filter tubes (100KD, Millipore, Cork,
Ireland). The contents were washed with three portions of
ddH,O (10 mL each), and centrifuged at 4000 rpm for 10 min at

18 °C each time. The washed nanocomposite was dispersed in

ceric ammonium nitrate (CAN)
acetone/water, ultrasonication

D a3

Magnetite (Fe;0y)
nanoparticles

Oxidation and Ce*** doping

WS ,-NT-CM nanocomposite

1. WS, nanotubes
water, ultrasonication
2. Add CAN-mag, mix

CAN-mag NPs
3/4+

Figure 1:

Schematic description for WS,-NT-CM nanocomposite preparation.
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ddH,O (25 mL). The iron concentration in the dispersion was
determined by the inductively coupled plasma (ICP) method to
be 2.7 mg/mL.

Preparation of WS,-NT-CM nanocomposite
WS,-NTs (15 mg, NanoMaterials Ltd., Yavne, Israel; Lot num-
ber: TWPO-MAO18) were dispersed in ddH,O (15 mL) using
an ultrasonic probe (set to reach 3.7 KJ, with 20% amplitude)
for 7 min at room temperature. Then, the aqueous CAN-mag
dispersion (550 pL) was added (this volume gives a 1:10 weight
ratio between the iron and the WS,-INTs). The mixture was
shaken for 24 h at ambient temperature. WS,-NT-CM was sepa-
rated from the solution using a 0.5 T magnet, washed with three
portions of ddH,O (20 mL each, no centrifugation), and dried
by using a lyophilizer.

Preparation of polymer-functionalized WS-

NT-CM nanocomposites

WS,-NT-CM (20 mg) was dispersed in ddH,O (75 mL) using
an ultrasonic bath. Then, polyethylenimine (11.5 mg, branched
PEI, M, = 25000, Sigma-Aldrich, St. Louis, MO, US) dis-
solved in ddH,O (1 mL) was added. The mixture was shaken at
15 °C for 48 h (220 RPM). The WS,-NT-CM-PEI was washed
with 3 portions ddH,O (50 mL each, 5000 RPM, 5 °C, 10 min)
and dried by using a lyophilizer. Alternatively, polyacrylic acid
(25 mg, PAA, sodium salt, M, = 8000, 45% aq. Sol., Sigma-
Aldrich, St. Louis, MO, US) dissolved in ddH,O (1 mL) was
added, and the mixture was shaken at 10 °C for 72 h.

Characterizations

ATR-FTIR spectra were obtained on a Nicolet iS5 FT-IR spec-
trometer (Thermo Scientific, Waltham, MA, US) equipped with
an iD5 ATR accessory featuring a laminated diamond crystal.
Samples were analyzed without further preparation. The data
processing was performed using OMNIC 9 spectra software
(Thermo Scientific, Waltham, MA, US).

Thermogravimetric analysis (TGA) was performed by employ-
ing a TGA/DSC1 analyzer (Mettler-Toledo, Greifensee, Swit-
zerland). All thermograms were recorded in a nitrogen

1 over

(50 mL/min) environment at a heating rate of 10 °C-min~
the temperature range of 30—800 °C. Weight change and heat
flow were measured simultaneously during the analysis. The
results were processed using STARe evaluation software

(Mettler-Toledo, Greifensee, Switzerland).

Transmission electron microscopy (TEM) images were acquired
by a Tecnai Spirit Bio-Twin microscope (FEI, Hillsboro, OR,
US) equipped with a 1k x 1k CCD camera (Gatan, Pleasanton,
CA, US). Samples for TEM analysis were dispersed in water. A

drop of the dispersion was placed on a formvar/carbon film on a

Beilstein J. Nanotechnol. 2019, 10, 811-822.

400-mesh copper TEM grid (FCF400-Cu, Electron Microscopy
Sciences, Hatfield, PA, US) and then dried at ambient tempera-
ture for 24 h.

High-resolution transmission electron microscopy (HRTEM)
images were acquired using a high-resolution transmission elec-
tron microscope (JEM 2100, JEOL Inc., Peabody, MA, US)
equipped with a 4k x 4k CCD camera (Gatan, Pleasanton, CA,
US). Samples were prepared using the same procedure as for
TEM analysis.

High-resolution scanning electron microscopy (HRSEM)
images were acquired using a Magellan 400L high-resolution
scanning electron microscope (FEI). Samples for HRSEM were
prepared by placing a few drops of the aqueous dispersion of
the dried sample on a square piece of a clean silicon wafer and
drying overnight at ambient temperature.

Zeta potential measurements were performed using a Zetasizer
Nano-ZS device (Malvern Instruments Ltd., Worcestershire,
UK). Samples for zeta potential measurements were dispersed
in water (ca. 0.5 mg/mL).

Inductively coupled plasma (ICP) was used to determine the
concentration of cerium and iron (Ultima-2 instrument, Horiba
[Jobin-Yvon division], Kyoto, Japan). For cerium analysis,
lyophilized nanocomposite sample (2—5 mg) was dissolved in
concentrated hydrochloric acid (350 pL, DaeJung, Busan,
Korea), diluted to 10 mL with dd water, and set aside overnight
for decomposition. The solution was then filtered through a
0.22 um PTFE syringe filter (Millipore, Darmstadt, Germany).
For iron analysis, 1 mL of the filtered solution was diluted to
10 mL with dd water.

Superconducting quantum interference device (SQUID) mea-
surements were performed (MPMS-5XL magnetometer, Quan-
tum Design, San Diego, CA, US). For analysis, dried samples
were placed in a plastic capsule. The measurements were run at

a temperature of 100 K.

Photothermal therapy activity

For photothermal therapy experiments, we tested two different
human cancer cells — HeLa (cervical cancer) and MCF7 (breast
cancer). The cells were cultured on 24-well plates. When the
cells reached 80% confluence, freshly prepared aqueous disper-
sions of WS»-NT or WS,-NT-CM (45 pL, 1 mg/mL) were
added to two of the plates, and a third plate, with no additives,
was used for control. After 10 min of incubation, the cells were
washed three times with PBS buffer and a fresh DMEM medi-
um was added. For each condition, four representative frames

were imaged under a Zeiss LSM7 inverted two-photon micro-
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scope at 10x magnification in phase-contrast. Next, a square
region of 157 um x 157 um in the middle of each frame was
irradiated with a 700 nm laser (Chameleon Vision II) at
123 mW for 1 min. The same frames were then imaged again. A
dye exclusion test of cell viability was performed, using Trypan
Blue for staining. A mixture of 0.5 wt % trypan blue solution
and PBS (1:1 v/v) was added to all wells after the laser irradia-
tion. After 5 min, the cells were washed with PBS buffer and

the same frames were imaged.

Results and Discussion
This section will include all the chemical and biological results.
The preparation procedures of the composites included sonica-

Beilstein J. Nanotechnol. 2019, 10, 811-822.

tion steps that might cause massive breakage or exfoliation of
the nanotubes. For this reason, we aimed for preparation condi-
tions that would allow composite formation without damaging
the nanotubes. Electron microscopy images (Figure 2) show
that WS, nanotubes maintained their general shape after conju-
gation of CAN-mag nanoparticles, and later on, of the poly-
mers. At the same time, attachment of CAN-mag to the nano-
tubes is clearly visible (Figure 2d—f). Rather than conformally
coating the nanotubes, CAN-mag nanoparticles seem to attach
to the surface of the nanotubes in small clusters, appearing dark
in TEM, and bright in SEM. A possible reason for this is that
CAN-mag composite has a strong positive surface charge (see
zeta potential results below in Figure 7), causing electrostatic

100 nm

Figure 2: TEM, HRTEM, and SEM images of (a—c) WS,-NT; (d—f) WS,-NT-CM; (g,h) WS2-NT-CM-PEI and (i) WS,-NT-CM-PAA.
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repulsion forces that prevent a denser coverage. Another point
that the electron microscope images show (see Figure 2a and
Figure 2c; cf. Figure 2d and Figure 2f), is that WS,-NT-CM is
significantly less aggregated in aqueous dispersion compared to
WS,-NT. Here, too, the electrostatic repulsion provided by
CAN-mag is probably the reason. In the HRTEM image of
WS,-NT-CM (Figure 2¢), the crystalline nanoparticles of
maghemite are easily observed, including visible lattice fringes
(marked in yellow). TEM images of WS,-NT-CM-PEI
(Figure 2g) and WS,-NT-CM-PAA (Figure 2i) show that the
dark CAN-mag composite is surrounded by a lighter substance,
namely the organic polymer (PEI or PAA). A closer look by
HRTEM into WS,-NT-CM-PEI (Figure 2h) shows that the
wavy-looking matrix surrounding the crystalline maghemite is

amorphous.

Table 1 shows the results of ICP analysis of CAN-mag nanopar-
ticles and WS,-NT-CM composite. The ratios between iron and
cerium are very close when comparing the nanoparticles and the
composites. This means that there was almost no detachment of
CAN during the composite preparation, which is a possibility
when using probe sonication. The numbers show a small quanti-
ty of cerium in CAN-mag, which is even smaller within the
composite, yet the presence of cerium still allows coordinative
attachment of polymers to the composite.

Figure 3 shows the FTIR absorbance spectra of WS,-NT and its
composites. The absorption of the WS,-NTs was so weak that
we are not sure that anything can be learned from such absorp-
tion. In the spectrum of WS,-NT-CM (and of its two compos-
ites), the strong peak at 570 cm™! is characteristic of iron
oxides, and represents the stretching vibration of Fe—O bond
[53,54]. The peaks at 1640 cm™! and 3400 cm™! originate from
interlayer water: the former is assigned H-O-H bending vibra-
tions, and the latter to O—H stretching vibrations [53,54]. The
peak at around 820 cm ™! might be assigned to Ce—O stretching
vibrations [55]. In the spectrum of WS,-NT-CM-PEI, the peaks
at 1050 cm™! and 1640 cm™! are a bit more accentuated com-
pared to the WS,-NT-CM spectrum. These bands may be
assigned to the C—N stretching vibrations and N-H stretching
vibrations, respectively, of the PEI chains. The peak at
2350 cm™! is typical to CO,, most likely captured by PEI [56].

Beilstein J. Nanotechnol. 2019, 10, 811-822.

In the spectrum of WS,-NT-CM-PAA, the peaks originating
from the polyacrylic acid are dominant. The peak at 800 cm™! is
assigned to C—H bending vibrations in the PAA chain. The
peaks in the range of 10001260 cm™! may be assigned to C-O

! and

stretching vibrations. The peaks at around 1400 cm™
1540 cm™! are assigned to symmetric and asymmetric stretching
vibrations of carboxylate [O—C—O]™ ions. The positions of the
peaks indicate attachment of the polymer ligand to the surface
of the maghemite nanoparticles through carboxylate groups. In
the species —-COO-Fe, these are shifted to slightly higher ener-
gies compared to non-attached carboxylates [57,58]. The peaks
at 2850 cmfl, 2920 cmfl, and 2960 cm™! are assigned to C-H
stretching vibrations in the PAA chain. The broad peak at
3400 cm™! is stronger compared to the other spectra. PAA is a
very hygroscopic polymer, and the absorbed water contributes
to the intensity of the OH band.

Figure 4 shows the thermogravimetric analysis (conducted
under nitrogen) results for WS,-NT and its composites. WS-
NTs (blue line) show almost no weight loss, as expected under
these conditions. The nanotubes with CAN-mag functionaliza-
tion (red line) show a small and gradual weight loss, at a rela-
tively low temperature range, assigned to the organic ammoni-
um and nitrate components of CAN (cerium and iron oxide are
not expected to be affected under nitrogen). WS,-NT-CM-PAA
(yellow line) starts with a relatively steep weight loss step, most
probably due to adsorbed water molecules (as mentioned, PAA
is highly hygroscopic). A more significant weight loss reaches
its plateau around 500 °C, typical for PAA [59,60]. For WS,-
NT-CM-PEI (green line), there seem to be two sequential
weight-loss steps overlapping at approximately 400 °C. The
first and major one is typical to PEI [61,62], and the second
one, at higher temperatures, originates from a mixed PEI-
organic matter polyCOOH/[Ce*4*L,] complex adlayer phase
[63].

Figure 5 and Figure 6 demonstrate the application of WS,-NT-
CM composite as a photothermal therapy agent. Figure 5 shows
optical microscope images taken from a cell viability test of
HeLa cells incubated for 10 min with WS,-NTs (d—f), with
WS,-NT-CM (g—i), and without any addition (a—c) for refer-
ence. Figure 6 shows the percentage of alive, dead, and de-

Table 1: ICP results for CAN-maghemite nanoparticles before and after conjugation to WS nanotubes. CAN/maghemite molar ratio calculation is

based on two moles of iron in each mole of maghemite.

element in composite [wt %]

iron cerium
CAN-mag NPs 71101 1.84 £0.01
WS,-NT-CM 86+0.1 0.21+£0.01

Fel/Ce mag/CAN
weight ratio molar ratio
39 48

41 51
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Figure 3: FTIR absorbance spectra of WS,-NT and its nanocomposite samples.

tached HeLa (A) cells and MCF7 (B) cells after incubation and
irradiation (percentages are averaged from three repetitions for
each viability test; for the images of the viability test with
MCEF?7 cells, see Supporting Information File 1). The incubated
cells were irradiated with a 700 nm NIR laser for 1 min. The
irradiated area in each image within Figure 5 is represented by a
white square. In the left column are the incubated cells before
irradiation, in the middle column after irradiation, and in the

right column after irradiation and application of trypan blue.

Notice that the entire area in the images was stained, but only
the squared area was irradiated. Only dead cells are dyed by
trypan blue, and in the images they appear gray and blurry due
to the collapse of the cell membrane and the penetration of the
dye. The images show cell death only in the squared area, for
only the cells incubated with the nanomaterials. This means that
the cell death was not caused by irradiation alone or by the ad-
dition of the nanomaterials alone, but by the combination of

both, proving a photothermal activity. Looking at Figure 5f and
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Figure 4: TGA analysis data of WS,-NTs and its nanocomposites. The analysis was conducted under nitrogen. Weight loss percentages appear near
each thermogram.

prior to NIR irradiation after irradiation

control cells

Figure 5: Phase-contrast microscopy images of HelLa cells. The white squares indicate 157 ym x 157 pym areas irradiated with an NIR (700 nm)
laser. Left column: cells prior to NIR irradiation; middle column: after irradiation for 1 minute; right column: after irradiation for 1 minute and applica-
tion of trypan blue assay: (a—c) control (untreated) cells; (d—f) cells pre-incubated with WS,-NT; (g—i) cells pre-incubated with WS2-NT-CM.
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Figure 5i, cell death is observed both when incubated with bare
WS,-NTs and with WS,-NT-CM. However, cell death is more
accentuated after addition of the latter (Figure 51). This is also
expressed in higher percentages of dead HeLa cells. For MCF7
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cells, the cell viability results are less conclusive compared to
HeLa cell results (see Supporting Information File 1). While a
comparison between Figure S2f and Figure S2i shows more
dead cells in the latter, half of the cells tested with WS,-NTs
were detached during the viability test. Those cells were most
likely dead as well, meaning that the advantage of WS,-NT-CM
over WS»-NT in the elimination of MCF7 cells is not distinct.

There is another advantage of the composites over their compo-
nents alone. WS,-NTs tend to aggregate, and the addition of
CAN-mag reduces aggregation. Aqueous dispersions of the
functionalized nanotubes stay stable for hours, while bare nano-
tubes in water sink almost instantly. Also, when comparing the
images in the bottom and middle rows for both cell types, we
see that the WS,-NT-CM composite tends to preferably accu-
mulate in and near the cells, while the bare WS,-NTs are distri-
buted all around in the imaged area, at times in large aggre-
gates. For targeted PTT purposes, the use of bare nanotubes is
not practical, because they will aggregate on the walls of the
blood vessels and not reach the tumor area. The use of CAN-
mag alone, on the other hand, is not good either, as it will
undergo filtration by the liver [64]. So overall, there is a double
advantage of WS,-NTs functionalized with CAN-Mag, namely
increased cancerous-cell death and better targeting.

Figure 7 shows zeta potential averages and distribution curves
for WS,-NTs, CAN-mag, and their composites. The values for
WS,-NT and CAN-mag are consistent with previous works
[52,65,66]. For each composite, the zeta values reflect the
contributions of the components. The presence of the positively
charged CAN-mag on the surface of WS,-NTs shifts their value
from —21.4 mV to —9.90 mV. The fact that the zeta potential

0

WS,-NT -21.440.62

WS,-NT-CM-PAA -21.5+0.4

WS,-NT-CM -9.90+0.35

WS,-NT-CM-PEI 10.8+0.21

CAN-ma, 41.1+£0.61
-90 -80 -70 -60 -50 -40 -30 20 -10 0 10 20 30 40 50 60 70 80 90 100

Zeta potential (mV)

Figure 7: Zeta potential values and distribution curves for samples WS,-NT-CM-PEI (blue), WS2-NT (red), WS2-NT-CM (Orange), WS,-NT-CM-PAA
(purple), and CAN-mag (Black). For each sample, three measurements were taken, and the values given include the average result and the standard

deviation.
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value of WS,-NT-CM is not positive is another indication of the
inhomogeneity of the coating, as seen in the TEM and SEM
images (Figure 2). The addition of polymers to WS,-NT-CM
has a stronger influence on the zeta potential of the resulting
composites. The value shifts more towards the zeta potential of
the polymer, because the polymer constitutes the surface. PEI is
highly positively charged in water because of the many proto-
nated amine groups, and the WS,-NT-CM-PEI composite
becomes positively charged. PAA is negatively charged
(carboxylate groups), shifting the composite from —9.90 mV to
—21.4mV.

Figure 8 shows the magnetization spectra of WS,-NT, CAN-
mag, and WS,-NT-CM nanocomposites, all taken at a tempera-
ture of 10 K. For WS,-NTs (red spectrum, inset image), the
external magnetic field induces a very weak magnetic field in
the opposite direction. This means that WS2-NTs are diamag-
netic. The CAN-mag curve (green) demonstrates superparamag-
netic behavior, where the magnetization increases with the
strength of the magnetic field until it approaches saturation, and
there is no hysteresis loop. Superparamagnetism is typical for
iron-oxide nanoparticles [67]. The nanocomposite WS,-NT-CM
(blue curve) maintains superparamagnetism, with a saturation
value of about 13 emu/g, which is a sixth of the saturation
value for CAN-mag alone. The latter reaches a saturation value
of +£78 emu/g, which is consistent with a previous publication
[52]. These results are understandable when evaluating the part
of CAN-mag in the WS,-NT-CM composite. A calculation

Beilstein J. Nanotechnol. 2019, 10, 811-822.

based on the weight percentages of iron and cerium in the nano-
composite from ICP (Table 1), and the molecular weights of
CAN and maghemite, results in 13.2% weight of CAN-mag of
the whole composite weight. Taking into account this percent-
age and the fact that diamagnetism is a weak effect that is
always dominated by ferromagnetism (hence, by superparamag-
netism), the curve shape and saturation values for WS,-NT-CM

are to be expected.

When bringing dispersions of CAN-mag nanoparticles and
WS,-NT-CM close to a magnet, however, it is only the latter
that is visibly attracted. The video (Supporting Information
File 2) shows the liquid of a WS,-NT-CM dispersion gradually
clearing up when brought near a magnet, and the composite par-
ticles moving towards the magnet. Despite the fact that the
magnetization intensity of CAN-mag nanoparticles is higher
compared to WS,-NT-CM, only the latter is drawn to the
magnet, and very slowly, over the course of days. The reason is
that CAN-mag nanoparticles are more stable in water than
WS,-NT-CM (see also the zeta potential results), meaning there
are strong electrostatic interactions successfully competing with
the magnetic force.

Conclusion

To summarize, we prepared a nanocomposite of WS,-NTs
functionalized with CAN-maghemite nanoparticles. The prepa-
ration procedures are facile and make use of readily available
reagents and equipment. Electron microscopy, FTIR, zeta
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—CM 60 -
—WS,-NT-CM
2 40 -
|
20 A
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Figure 8: Magnetization spectra of WS,-NTs, CAN-mag, and WS,-NT-CM

, taken at 10 K. Inset is the magnetization spectra of WS,-NTs.
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potential, TGA, and ICP analyses demonstrated the attachment
of CAN-mag nanoparticles to the nanotubes. CAN-mag attach-
ment around the nanotubes was not conformal, and in small per-
centages. Yet, the composite maintained the magnetic character
of the nanoparticles. Moreover, the functionalized nanotubes
proved to have a higher activity as PTT agents compared to
bare WS,-NTs in in vitro tests done with HeLa and MCF7
cancer cells.

In addition, functionalization with CAN-mag enabled the
attachment of PEI and PAA onto the nanocomposite, as shown
by TEM, FTIR, TGA, and zeta potential. The ability for further
attachment of polymers and other molecules can be utilized to
enhance the therapeutic activity. One way is the attachment of a
second PTT agent, such as a polypyrrole, and irradiation in two
wavelengths. Another way is the attachment of a photodynamic
therapy (PDT) agent. In this preliminary work, we used WS,-
NTs with a wide size distribution range. A very important step
for future research, required prior to in vivo trials, is to use

nanotubes in a narrower size range, suitable for targeted PTT.

Supporting Information

Supporting Information File 1

Selected FTIR characterisation data and viability tests using
MCEF7 cells.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-81-S1.pdf]

Supporting Information File 2

A video of a WS,-NT-CM dispersion brought near a
magnet.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-81-S2.mov]
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Abstract

Background: When nanoparticles (NPs) are applied into a biological fluid, such as blood, proteins bind rapidly to their surface
forming a so-called “protein corona”. These proteins are strongly attached to the NP surface and confers them a new biological
identity that is crucial for the biological response in terms of body biodistribution, cellular uptake, and toxicity. The corona is
dynamic in nature and it is well known that the composition varies in dependence of the physicochemical properties of the NPs. In
the present study we investigated the protein corona that forms around poly(lactide-co-glycolide) (PLGA) NPs at different serum
concentrations using two substantially different serum types, namely fetal bovine serum (FBS) and human serum. The corona was
characterized by means of sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), Bradford protein assay, zeta
potential measurements, and liquid chromatography—mass spectrometry/mass spectrometry (LC-MS/MS). Additionally, the time-
dependent cell interaction of PLGA NPs in the absence or presence of a preformed protein corona was assessed by in vitro incuba-
tion experiments with the human liver cancer cell line HepG2.

Results: Our data revealed that the physiological environment critically affects the protein adsorption on PLGA NPs with signifi-
cant impact on the NP—cell interaction. Under comparable conditions the protein amount forming the protein corona depends on the
serum type used and the serum concentration. On PLGA NPs incubated with either FBS or human serum a clear difference in quali-
tative corona protein composition was identified by SDS-PAGE and LC-MS/MS in combination with bioinformatic protein classi-
fication. In the case of human serum a considerable change in corona composition was observed leading to a concentration-depend-
ent desorption of abundant proteins in conjunction with an adsorption of high-affinity proteins with lower abundance. Cell incuba-
tion experiments revealed that the respective corona composition showed significant influence on the resulting nanoparticle—cell
interaction.
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Conclusion: Controlling protein corona formation is still a challenging task and our data highlight the need for a rational future ex-

perimental design in order to enable a prediction of the corona formation on nanoparticle surfaces and, therefore, the resulting bio-

distribution in the body.

Introduction

Nanoparticle (NP)-based drug carrier systems offer outstanding
opportunities in the treatment of many serious diseases. The
unique physicochemical properties and the ability to bind a
library of ligands make them advantageous for targeted drug
delivery while minimizing side effects [1]. Among the different
materials used to synthesize NPs, the biodegradable polymer
poly(DL-lactide-co-glycolide) (PLGA) has attracted considera-
tion due to its minimal systemic toxicity, favorable degradation
characteristics, and sustained release properties. Furthermore,
approval by the US Food and Drug Administration and the
European Medicines Agency turned PLGA into a promising
candidate as carrier material for NPs in future clinical applica-
tions [2]. However, despite intensive preclinical and clinical
research only a few NPs have made it to clinical trials or market
maturity [2,3]. One possible reason is the limited understanding
of the interaction occurring at the interface between NPs and the
physiological surrounding [3]. Once in contact with biological
fluids, such as blood, proteins adsorb onto the surface of NPs
forming a protein corona [4]. Consequently, the synthetic iden-
tity of the NPs is replaced by a new biological identity that de-
termines their physiological response including biodistribution,
cellular uptake, trafficking, and toxicity [5]. Corona formation
is a very dynamic process in nature, and it has been extensively
investigated and comprehensively reviewed that the corona
composition varies in dependence of the physicochemical prop-
erties of the NPs [5,6]. However, it is emerging that the charac-
teristics of the biological environment, e.g., protein concentra-
tion [7-9], protein source [10-12], temperature [13], incubation
time [14], and flow status [15], also play a determinant role in
the formation of the protein corona. NPs can be administered
via different routes, such as intravenous, intradermal, oral
administration or via inhalation. During their journey through
the body, NPs are exposed to changing biological microenvi-
ronments containing different protein compositions and concen-
trations affecting the corona formation with possible deep
implications on the physiological response [3,16]. This empha-
sizes the great importance of examining the effects provoked by
these environmental factors in order to successfully introduce
and firmly establish new nanoparticulate dosage forms onto the
market, thus offering further options to prevent and treat many

major illnesses.

The main objective of the present study was to investigate the
compositional evolution of the NP protein corona as a function

of increasing serum concentration. Therefore, we produced NPs

composed of the biodegradable polymer PLGA stabilized with
poly(vinyl alcohol) (PVA) and subsequently incubated them
with increasing amounts of either fetal bovine serum (FBS) or
human serum to induce the formation of a protein corona. The
use of two substantially different serum types further allowed us
to assess the effect of the source origin on the protein adsorp-
tion. FBS is a common additive in standard cell culture media
for many human cell lines and is frequently used as protein
source in corona studies probably for economic reasons
[14,17,18]. As human serum better mimics the in vivo condi-
tions, we attempt to evaluate the difference of the protein source
in order to contribute to a more rational design in future experi-
mental studies.

Following corona formation and separation of the resulting
NP—corona complexes from excess serum proteins we used so-
dium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE), zeta potential measurements, and liquid chromatogra-
phy—mass spectrometry/mass spectrometry (LC-MS/MS) to
study the composition of adsorbed proteins in detail. A quantita-
tive analysis of corona proteins was conducted by Bradford
assay after alkaline hydrolysis of PLGA-NPs. Finally, the
consequences of corona formation on the interaction between
NPs and cells were examined by in vitro incubation experi-
ments with the human liver cancer cell line HepG2.

Results and Discussion
Compositional evolution of the protein corona

with increasing serum concentration

Nanoparticles (NPs) of the present study are based on the
biodegradable polymer PLGA stabilized with poly(vinyl
alcohol) (PVA) and were prepared by an emulsion diffusion
method [19]. Incorporation of Lumogen® Red led to fluores-
cent labeled NPs easily trackable in cell culture experiments.
Prior to NP incubation with increasing amounts of serum (FBS,
human serum) and protein corona analysis the NPs were charac-
terized accurately by PCS and zeta potential measurements. The
obtained NPs showed a diameter of approximately 200 nm and
a monodisperse size distribution with a PDI below 0.1 (see
Table 1). The zeta potential of about —40 mV indicated
colloidal stability due to electrostatic particle repulsion [14].

In our experimental setup we always referred to a constant sur-

face area of NPs incubated with varying concentrations of

serum. Surface asperities could lead to a higher surface area that
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Table 1: Physicochemical characteristics of PLGA NPs (mean + SD; n > 3).

nanoparticle system hydrodynamic polydispersity
diameter [nm] index

PLGA NPs 2146 +13.2 0.06 + 0.02

PLGA NPs (Lumogen® Red loaded)  221.0 + 16.4 0.03 £ 0.02

would enhance the protein adsorption [20]. Therefore, we con-
firmed the spherical shape of the NPs and the smoothness of the
surface by SEM (Figure 1). This allowed for a reliable examina-
tion of protein adsorption that will not be biased by effects of
NP surface anomalies.

Figure 1: SEM confirmed the spherical shape of the PLGA NPs and
the smoothness of the surface.

To focus on the evolution of the protein corona formed around
PLGA NPs upon exposure to increasing amounts of serum, we
applied the Bradford assay as a quantitative colorimetric ap-
proach to determine the total amount of proteins bound on
PLGA NPs (Figure 2). NPs were incubated with either
50-1600 pL FBS or 1-1000 pL human serum for 30 min at
37 °C and subsequently purified in order to separate the NPs
from unbound serum proteins. As can be seen from Figure 2A,
the amount of NP-bound proteins at the lowest serum concen-
tration level is 23.2 pg/0.08 m2 for FBS and 49.6 ng/0.08 m2
for human serum incubation. The amount of bound proteins
steadily rises with increasing serum concentration until a
plateau is reached. The plateau after incubation with human
serum is twice as high as that after FBS incubation. The total
amount of protein in serum prior to incubation was determined
and was 47.7 mg/mL and 86.6 mg/mL for FBS and human
serum, respectively. Afterwards, the equilibrium free fraction of
protein in the incubation samples for each data point was calcu-
lated and the amount of protein adsorbed onto the surface of

NP bound protein amount [ug/0.08 m?] NP bound protein amount [ug/0.08 m?]

¢/q [0.08 mmL]

Beilstein J. Nanotechnol. 2019, 10, 1002—-1015.
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Figure 2: Adsorption of serum proteins on PLGA NPs (n = 3;

mean + SD). (A) Quantification of the total amount of proteins
adsorbed on NPs after incubation with different amounts of serum for
30 min at 37 °C and subsequent purification. (B) Langmuir adsorption
isotherm. (C) Adsorption of FBS and human serum by PLGA NPs
plotted according to Equation 2 using the data from (B). Abbreviations:
fetal bovine serum (FBS), human serum (HS).
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PLGA NPs was plotted as a function of protein that is free in
solution (Figure 2B). The results exhibit the characteristic shape
of a Langmuir adsorption isotherm for a multicomponent fluid
indicating that equilibrium conditions could be achieved with

increasing contents of serum in the incubation medium.

The Langmuir equation was arranged into the linear form
and the adsorptive capacity (¢max) of PLGA NPs for the
different serum types was determined from the slope of ¢/g
as a function of the concentration as shown in Figure 2C.
The maximum amount of protein adsorbed after FBS incuba-
tion was 117.9 pug/0.08 m? and for human serum incubation
186.9 11g/0.08 mZ.

In order to visualize the corona proteins after exposure of the
NPs to increasing serum concentrations and to get more detailed
information about the molecular composition, one-dimensional
SDS-PAGE analysis was performed (Figure 3).

The results illustrate a clear difference in corona protein iden-
tity and evolution trend for the two biological incubation fluids.
The electrophoresis was carried out in triplicate. The protein
pattern was reproducible and one gel for the incubation of
PLGA NPs with increasing amounts of FBS is presented exem-
plarily in Figure 3A. The positive control is dominated by one
major band corresponding to the molecular weight of serum
albumin (67 kDa). In contrast, protein adsorption led to a highly
selective enrichment of serum proteins on the surface of PLGA
NPs [21], even at the lowest incubation concentration. The NPs

M,, (kDa)
212 —
118 — W

66 —

Beilstein J. Nanotechnol. 2019, 10, 1002—-1015.

are characterized by a protein pattern consisting of numerous
protein bands ranging from 29 to 212 kDa. An accumulation of
protein bands occurs between 43 and 118 kDa and a sharply
defined band is located at the top of the gel above 118 kDa.
Besides, three distinctive bands appear around 29 kDa.
Figure 3A clearly shows that the composition of the hard corona
remains stable over a wide range of FBS concentrations, while
only the intensity of protein bands evolves until no further
increase in staining intensity is visible. These findings reinforce
the previously described assertion that the surface of PLGA
NPs is more or less fully covered by proteins and a saturation
effect occurred for FBS concentrations above a defined limit.
Moreover, zeta potential measurements also provide evidence
that the identity of corona proteins is quite stable when passing
from low to high serum concentrations (Figure 4). In general,
serum protein adsorption on negatively charged NPs leads to a
decrease in zeta potential in dependence of amount and identity
of the bound proteins [9,22]. The bare NPs display a zeta poten-
tial of —42.3 mV. Following incubation with 50 uL FBS it is
significantly decreased to —32.5 mV suggesting that even for
low serum concentrations a relatively complete protein layer
was formed. With increasing amounts of FBS the zeta potential
does not change considerably, which indicates that the qualita-
tive composition of corona proteins remains constant. In order
to address the effect of a higher ionic background the zeta
potential of bare PLGA NPs as well as NPs incubated with
500 pL serum was measured in pure water and 0.2 mM NacCl,
respectively. After water dilution PLGA NPs and NPs incubat-
ed with 500 uL FBS or human serum show zeta potentials of

29— N
W —— — — T —— e ————
N S N R T T T
(A) FBS [uL] (B) HS [pL]

Figure 3: One-dimensional SDS-PAGE of adsorbed serum proteins obtained from the corona of PLGA NPs following incubation with increasing
amounts of (A) FBS and (B) human serum. The molecular weights (Myy) of the proteins in the marker lane on the left are reported for reference and
positive controls (+) derived from pure serum diluted with purified water. Abbreviations: fetal bovine serum (FBS), human serum (HS).
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—43.2 mV, -34.0 mV and —21.4 mV, respectively. As could be
expected the higher ionic background of 0.2 mM NaCl leads to
a moderate reduction of the zeta potential to —33.0 mV,
—30.5 mV, and —19.4 mV, respectively, but the graduation of
the zeta potential values between the different samples remains
the same. In brief, the incubation of PLGA NPs with increasing
concentrations of FBS enabled us to modulate the amount of
bound protein and to create a saturated surface while the iden-
tity of corona proteins was quite unchanged. These findings are
consistent with former reports [7-9] in which Gréfe and collabo-
rators revealed a saturation effect for the incubation of magnet-
ic NPs at fetal calf serum concentrations above 75% (v/v) [8].

0
—O— Incubation with HS
—@— Incubation with FBS
-10 A
s .
E
— -20 A
8
t
2
5]
2 .30
£
7]
N
-40
-50 T T T T T T
0 200 400 600 800 1000
Serum [uL]

Figure 4: Surface charge evolution of PLGA NPs after exposure to dif-
ferent amounts of serum in the incubation solution. The differences in
the mean values (mean + SD; n 2 3) were statistically significant at the
highest serum concentration indicating an enrichment of cationic pro-
teins in the corona after exposure to human serum. Abbreviations: fetal
bovine serum (FBS), human serum (HS).

Nonetheless, the most intriguing observation of the present
study is that the qualitative composition of the protein corona
changed considerably with increasing human serum concentra-
tion in contrast to the incubation with FBS (Figure 3) even
though the quantification of total amount of proteins bound to
NPs reveals the same characteristic shape of an adsorption iso-
therm as for FBS incubation (Figure 2). Furthermore, it is note-
worthy how selective and reproducible the adsorptive processes
take place at the interface between particle surface and serum,
considering that the serum is composed of more than 3700 dif-
ferent proteins [23].

In the case of human serum the SDS-PAGE results (Figure 3B)
illustrate that the protein signature is dominated by one intense
protein band corresponding to a molecular weight of 66 kDa
following incubation with 1 pL. human serum. Below, three
faintly visible bands emerged (marked with asterisks) of which

the intensity increases with higher serum content during incuba-

Beilstein J. Nanotechnol. 2019, 10, 1002-1015.

tion. However, the most striking shift in corona composition
occurs from 20 to 50 pL addition of human serum. The predom-
inant protein band (66 kDa) vanishes almost entirely and the
overall profile is more complex. This observation was con-
firmed by a semiquantitative densitometry analysis of the eight
highlighted protein bands at 66 kDa (Figure 5). The first band
was used as standard and then, the relative density was calcu-
lated by dividing the density of each band by the density of the
standard band. As can be seen, the relative protein band density
significantly drops from 94.0% to 41.1% when increasing the
content of human serum in the incubation medium to 50 pL.

180

160 -
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.
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0 T T T T T T T T
1 25 5 20 50 250 500 1000

HS [pL]

Figure 5: Semiquantitative densitometry analysis of the eight high-
lighted protein bands from Figure 3B (mean + SD; n = 3). The first lane
has been selected as standard and the density of the other bands is
given relative to this selected band. Abbreviations: human serum (HS).

In addition, zeta potential measurements also affirmed the vari-
ation in corona composition with increasing human serum con-
centration (Figure 4). At low concentrations, the zeta potential
decreases continuously until the minimum value of —9.5 mV is
reached after the addition of 50 uL. human serum. After that, the
potential rises again slowly to a value of about —19 mV. How-
ever, a further increase in human serum concentration does not
lead to further changes of the zeta potential. This is in good
agreement with the results illustrated in Figure 2 and Figure 3B
and demonstrates that the amount and the molecular composi-
tion of the protein corona formed around PLGA NPs after expo-
sure to human serum evolves quite significantly at low concen-
tration levels but becomes constant when passing to higher
serum concentrations.

Corona formation is a very dynamic, competitive and time-de-
pendent process. In the early stage, low-affinity proteins with
high abundance in serum, for instance, human serum albumin
(HSA), adsorb onto the surface and are immediately replaced by
high-affinity proteins with lower abundance and slower

kinetics, such as apolipoproteins and immunoglobulins [4,24].
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According to the predominant protein band at My = 66 kDa, we
suggest an enrichment of HSA in the corona of the PLGA NPs
following incubation with 1-20 uL human serum (Figure 3B).
At low incubation concentrations highly abundant proteins tend
to attach strongly onto the NP surface and form the hard corona
although they exhibit a low affinity. With increasing human
serum concentration in the samples, the total content of high-
affinity proteins in the incubation medium increases. This
enables them to act as competitive binders and enhances the de-
sorption of proteins with lower binding affinity [4,7,9]. Hence,
the formation of the protein corona in dependence on the human
serum concentration may have deep implications for the predic-
tion of the biological response and the pharmacokinetic behav-
ior of colloidal drug carrier systems in the body. For instance,
the coating of polystyrene NPs with HSA enhances their circu-
lating lifetime in blood and reduces hepatic uptake clearance
after intravenous injection into rats [25]. In contrast, some high-
affinity proteins, for example immunoglobulins, facilitate
phagocytosis by cells of the mononuclear phagocyte system
(MPS) [26]. Furthermore, one has to consider that the ratio be-
tween NP surface and protein concentration is closely related to
the administration route and dose [27]. As a result, controlling
the protein-corona formation is still a challenging task and our
study emphasizes the need of a careful control in future experi-
mental designs in order to ensure predictability of NP biodistri-
bution.

The characteristics of the protein corona

depending on serum type

One major goal of the present study was to compare the protein
corona of PLGA NPs that were exposed to 1000 pL of either
FBS or human serum in order to explore the effect of the origin
of the protein source on the amount, surface charge, and iden-
tity of the adsorbed protein layer. As already discussed above,
1000 pL serum in the incubation medium create a saturated NP
surface for both biological fluids and a further increase in serum
content does not lead to changes in the corona formation. Ac-
cordingly, this allowed us to reliably address the aforemen-
tioned research topic without considering the variabilities
caused by phenomena depending on the serum concentration.

The quantification of corona proteins was performed by Brad-
ford assay and revealed a significant higher protein content after
incubation with human serum (Figure 2). Nevertheless, this
result did not only reflect the higher total concentration of pro-
teins in pure human serum, which was determined right before
incubation and was about twice as high as that of FBS. For
instance, the protein amount bound to NPs following the addi-
tion of 50 uL serum is 160.91 pg/0.08 m? for human serum and
23.18 ng/0.08 m2 for FBS. This provides first evidence that the
different adsorptive capacities of PLGA NPs for the two serum
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types were due to a higher affinity of several human proteins to
the NP surface. Furthermore, the protein patterns on SDS-
PAGE gels confirm differences in the qualitative corona com-
position, and the significant lower zeta potential values after
exposure to human serum indicate a higher level of cationic
proteins in the corona (Figure 3 and Figure 4) [28]. Additional-
ly, the hard-corona proteins were identified by a shotgun
proteomics-based approach. The adsorbed proteins were trypti-
cally digested and the resulting peptides were analyzed by
LC-MS/MS and subsequently bioinformatically interpreted. In
three independent replicates, we detected numerous individual
proteins on the PLGA NPs surface in dependence of the origin
of the incubation solution. The complete list of identified pro-
teins including their physiological function in blood, My
values, as well as their isoelectric point (pI) is shown in Table
S1 and Table S2 (Supporting Information File 1). A total num-
ber of 53 to 59 different proteins was detected in the corona
after incubation with human serum. In contrast, the corona of
PLGA NPs exposed to FBS was found to be less enriched with
a total number of 22 to 36 identified proteins. Towards a better
understanding of protein adsorption processes in dependence of
the local biological environment and its consequences for the
fate of the NPs in vivo, we divided the identified proteins
roughly into seven groups according to their physiological func-
tion in the body (Figure 6). A substantial part of the coronas
consist of apolipoproteins. They are important components of
lipoproteins that facilitate the transport of cholesterol, triglyc-
erides, and phospholipids between plasma and cells [29]. Due to
their lipid-binding domains, they are even more attracted to NPs
composed of hydrophobic core materials [30,31] resulting in a
prolonged circulation time in blood [18]. Moreover, covalent
attachment of apolipoprotein A—I and apolipoprotein E to the
NP surface enables drug transport across the blood—brain barrier
[32]. Here, both proteins were identified as constituents of the
corona of PLGA NPs underlining the involvement in cellular
transport mechanisms and biodistribution.

It is noteworthy that, in particular, the number of identified
opsonins depends on the choice of protein source. This is im-
portant because the presence of opsonins on the NP surface
could shorten their circulation lifetime and increase their uptake
by immune cells [10,26]. In particular, the number of proteins
that are involved in immune response is considerably increased
in the corona formed during human serum incubation
(Figure 6). In Table S2 (Supporting Information File 1) many
immunoglobulin (Ig) fractions are listed that have been exclu-
sively identified in the hard corona after human serum expo-
sure, for instance IgG L chain, immunoglobulin kappa variable
3-20 and immunoglobulin J chain. This is readily conceivable
since fetal serum does not contain antibodies [17]. IgG is a

major effector molecule of the humoral immune response and
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Figure 6: Bioinformatic classification of proteins identified in the corona of PLGA NPs after exposure to FBS or human serum. Proteins were analyzed
by LC-MS/MS in three independent measurements (RUN 1-3) and grouped according to their function in blood. Abbreviations: fetal bovine serum

(FBS), human serum (HS), insulin-like growth factor (IGF).

takes part in the general process of opsonization for presenta-
tion to macrophages [26]. Besides, it activates the classical
pathway of the complement system. Immediately after binding
of IgG to foreign materials it forms a complex with comple-
ment component C1. We detected subcomponents of the
proteases Clr and Cls in the HS corona, which are part of the
C1 complex and ensure complement amplification (Table S2,
Supporting Information File 1) [33]. In a current study, Chen et
al. emphasized the role of the complement system in blood
clearance mechanisms of nanospheres [34]. However, one has
to keep in mind that this is probably not the sole mechanism of
elimination. For instance, Hu and co-workers supposed that
adsorption of platelet factor 4 also promotes rapid clearance
from the bloodstream (Table S2, Supporting Information File 1)
[35]. In contrast, we identified hemoglobin subunits exclusive-
ly in the corona derived from incubation with FBS (Figure 6
and Table S1, Supporting Information File 1). Systemically
administered NPs can interact with circulating blood cells re-
sulting in an erythrocyte aggregation that is in many cases
accompanied by hemoglobin release. Hemoglobin adsorbs to
NP surfaces and therefore facilitates phagocytosis by macro-
phages [36].

The LC-MS/MS results are consistent with the data presented
in Figures 24, leading us to the assumption that the origin of
the protein source plays a crucial role in defining the biological
identity of nanocarriers. Therefore, the results obtained in
animal models are not directly applicable to humans. For exam-
ple, due to the higher number of opsonins in the corona after NP
incubation with human serum, one may expect a reduced circu-

lation time in human patients [11]. Nevertheless, FBS is still

widely used as protein source for the investigation of the reac-
tion at the interface between NPs and biomolecules [14,18].
Consequently, we propose to examine the protein corona forma-
tion in the respective medium of the desired species (e.g.,
murine or human) for a better prediction of the NP biodistribu-
tion in vivo.

Protein corona alters nanoparticle-cell

interaction

It is now clearly emerging that the primary defining element of
NPs in biological media is their protein corona, which is the
entity actually seen by target cells [7]. In the present study we
convincingly demonstrated that the composition of the protein
corona formed around PLGA NPs strongly depends on the con-
centration and the species origin of the incubation solution. In
order to investigate the biological consequences of varying pro-
tein corona characteristics on the interaction of PLGA NPs and
cells, the human liver cancer cell line HepG2 was used for in

vitro incubation experiments.

For an easy tracking of NPs in cell culture experiments, the
fluorescent dye Lumogen® Red was incorporated into the
hydrophobic particle matrix. Due to the lipophilic properties of
the dye molecule an average of 8.14 pg Lumogen® Red/mg
NPs was entrapped, which corresponds to a high embedding
efficiency of 81.4% of the initially used substance (Table 1).
Furthermore, Raudszus and colleagues showed that only a very
slight Lumogen® Red amount of less than 0.1% was released
when polymeric NPs were incubated in serum-containing medi-
um [37]. Therefore, we assumed a stable entrapment of the

model drug even in the presence of proteins. Consequently, the
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Lumogen® Red fluorescence measured in cell culture experi-
ments could be directly associated with the interaction between

NPs and cells and is not distorted by effects of dye leakage.

The strategy used for this investigation was to preform coronas
around PLGA NPs before exposure to cells, by incubating the
NPs with 500 uL FBS (PLGA-500-FBS-NP), 500 pL human
serum (PLGA-500-HS-NP) or 5 pL human serum (PLGA-5-
HS-NP). Additionally, one sample was prepared by incubating
the NPs with water instead of serum (PLGA NPs). We then
added the NPs as well as the free dye Lumogen® Red to the
cells and monitored the cell interaction under serum-free condi-
tions over a time period of 24 h by live-cell imaging (Figure 7).
The results revealed that the interaction between the unformu-
lated Lumogen® Red and cells was neglectable. In contrast, all
NP formulations showed an increasing cell interaction over time
resulting in a plateau after approximately 18 h. The presence of
proteins on the PLGA NP surface facilitates the adhesion to
HepG2 cells compared to the bare particles. The significant
lower zeta potential after exposure to serum indicated higher
levels of cationic proteins in the corona (Figure 4) [28]. There-
fore, we suppose a higher electrostatic attraction between the
negatively charged cell membrane and the preincubated PLGA
NPs [38]. Moreover, it became apparent that not only the mere
presence of a protein corona but also the amount and type of
protein adsorbed onto the surface determines the NP-cell inter-

action (Figure 7).

40
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Figure 7: Time-dependent cell interaction of PLGA NPs with HepG2
cells in the absence or presence of a preformed protein corona

(mean = SD; n = 3). Statistical significances after 6 h versus PLGA
NPs are marked with asterisks. Nanoparticles were loaded with
Lumogen® Red to visualize the nanoparticle-cell-interaction. Abbrevia-
tions: fetal bovine serum (FBS), human serum (HS).

For instance, the interaction between cells and NPs after 6 h is
about two- and about fourfold higher for PLGA-500-HS-NP
and PLGA-5-HS-NP, respectively, when compared to the bare
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NPs. PLGA NPs preincubated with 500 pL FBS lead to the
highest total red object area of 18.22 mm?2/well. The results are
consistent with the fluorescence microscopy images which were
taken after an incubation time of 6 h (Figure 8). Furthermore,
the images clearly demonstrate that all NP formulations are
strongly attached to the cell membranes because they could not
be removed by repetitive washings steps during sample process-
ing. As can be seen in Figure 8F, lots of red dots are precisely
located in the cell membrane indicating that treatment with
PLGA NPs leads to an enrichment in the membrane. This step
is usually considered as a prerequisite for a successive internal-
ization by cells [38]. Besides, some of the proteins in the corona
could mediate the interaction with cells by the recognition of
specific receptor binding sites localized on the cell surface and
thus induce different cellular behavior [17,38].

In summary, even in the case of NPs with the same chemical
and physical properties, it is difficult to assess the biological
response as long as the reaction at the nano—biointerface is not
sufficiently understood. Therefore, the results of this study
confirm the need to carefully evaluate the data acquired so far
from in vitro studies in order to develop safe biomedical appli-

cations.

Conclusion

We investigated the importance of selecting a proper physiolog-
ical medium used for in vitro protein corona analysis. There-
fore, we employed several analytical approaches to examine the
protein corona that forms around PLGA NPs at different serum
concentrations using two substantially different serum types.
Our results showed that the amount of proteins bound to NPs
increased when passing from low to high FBS concentrations
while the identity of adsorbed proteins remained constant. In
contrast, the corona composition of PLGA NPs incubated with
human serum evolved considerably. Interestingly, the fraction
of proteins displaying a My of about 66 kDa vanished almost
entirely at higher concentrations. To further evaluate the effect
of source origin on the corona formation we analyzed the pro-
teins that bound under equilibrium conditions onto the NP sur-
face in order to ensure comparability between the obtained
results. Incubation with human serum led to a significantly
higher amount of bound protein and the number of proteins
involved in immune response was considerably increased indi-
cating that circulation times in human patients may be different
than that observed in animal models. However, one has to keep
in mind that variations in analytical methods as well as mea-
surement interpretation based on different databases can make
direct comparisons of individual studies challenging.

Additionally, our data revealed that the characteristics of the
protein corona altered the interaction between NPs and HepG2
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Figure 8: Visualization of the cell interaction of PLGA NPs after 6 h with HepG2 cells in the absence (C) or presence (D—F) of a preformed protein
corona. Cell nuclei were stained with DAPI (blue) and Lumogen® Red was detected through its autofluorescence (red). A: untreated cells; B: unformu-
lated Lumogen® Red; C: PLGA NPs; D: PLGA-500-HS-NP; E: PLGA-5-HS-NP; F: PLGA-500-FBS-NP. Abbreviations: fetal bovine serum (FBS),
human serum (HS).

cells underlining the importance of a careful control of experi- represents a fundamental step towards establishing detailed
mental parameters in order to improve the interpretation and  relations between the interaction of PLGA NPs and the environ-

extrapolation of in vitro based studies. Consequently, our study  mental surrounding, thus offering advances for accelerating the
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translation of new nanoparticulate dosage forms into the clini-

cal practice.

Experimental

Reagents

The biodegradable polymer poly(DL-lactide-co-glycolide)
(PLGA, Resomer® RG 502 H), which was used as NP matrix,
was obtained from Evonik Industries (Darmstadt, Germany).
The steric NP stabilizer poly(vinyl alcohol) (PVA; Emprove®
exp 8-88, molecular weight approx. 67,000 g/mol, degree of
hydrolysis 85-89%) was purchased from Merck KGaA (Darm-
stadt, Germany). The fluorescent dye Lumogen® F Red 305
was kindly provided by BASF SE (Ludwigshafen, Germany).
Fetal bovine serum (FBS) superior for NP incubation and cell
cultivation was received from Biochrom AG (Berlin, Germany).
Human serum was obtained from in.vent Diagnostica GmbH
(Henningsdorf, Germany), donors informed consent documents
and ethic votes are available. Roti-Load®1, Roti®-Mark STAN-
DARD and all other chemicals used for sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) were deliv-
ered by Carl Roth GmbH & Co. KG (Karlsruhe, Germany). The
dye Coomassie Brilliant Blue G-250 was purchased from VWR
Life science AMRESCO (Solon, Ohio). Bovine serum albumin
(BSA), DL-dithiothreitol (DTT), and iodoacetamide (IAA) were
obtained from Sigma-Aldrich (Steinheim, Germany). Trypsin
(sequencing grade) for protein digestion was obtained from
Promega Corporation (Madison, USA). Urea was purchased
from Acros Organics (New Jersey, USA).

Human liver cancer cells (HepG2) were kindly provided by the
Institute of Food Chemistry of the University of Muenster,
Germany. Phosphate-buffered saline (PBS), Dulbecco’s modi-
fied Eagle’s medium (DMEM) and all used supplements were
received from Biochrom AG. Vectashield® Mounting medium
with DAPI was purchased from Vector Laboratories Inc.
(Burlingname, USA) and wheat germ agglutinin (WGA) Alexa-
Fluor® 350 from Life Technologies (Carlsbad, USA). All other
chemicals and organic solvents were delivered in the highest

grade available.

Nanoparticle preparation

The NPs were prepared by an previously described emulsifica-
tion—diffusion method [19]. Briefly, 100 mg PLGA was dis-
solved in 2 mL ethyl acetate and subsequently added to 4 mL of
an aqueous solution containing PVA (2%, w/w). The mixture
was emulsified using a high-speed homogenizer (Ultra-
Turrax®, S25NK-10G, IKA, Staufen, Germany) at 21,000 rpm
for 30 min. The resulting pre-emulsion was poured into 6 mL of
PVA solution (2%, w/w) and stirred overnight at room tempera-
ture to remove the organic phase. Finally, the NPs were puri-

fied by three steps of centrifugation (10 min, 16,000g) and
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following resuspension into ultrapure water. The NPs were re-
ferred to as PLGA NPs.

In order to visualize the NPs during cell culture experiments a
fluorescent dye was embedded into the polymer matrix. There-
fore, 100 mg PLGA and 1 mg Lumogen® Red were dissolved in
2 mL ethyl acetate. All other preparation steps were conducted
as described above.

Nanoparticle diameter, size distribution and

zeta potential

The hydrodynamic NP diameter and polydispersity index (PDI)
were determined by photon correlation spectroscopy (PCS)
using a Malvern Zetasizer Nano ZS system (Malvern Instru-
ments Ltd., Malvern, United Kingdom). An appropriate volume
of the different NP formulations was diluted in 2 mL ultrapure
water in a disposable cuvette right before use and measured at a
temperature of 22 °C using a backscattering angle of 173°.

The zeta potential was measured in the same instrument by laser
Doppler microelectrophoresis to provide information about the
surface charge of the NPs. The NP dilutions described above
were transferred into a folded capillary cell and the determina-
tion was conducted at 22 °C.

Morphological analysis of nanoparticles by

SEM
A quantity of 3 pL diluted PLGA NP suspension (0.2 mg/mL)

M mem-

was applied on a 0.1 pm membrane filter (Isopore”
brane filter, Merck Millipore, Darmstadt, Germany) and dried
overnight in a desiccator. Afterwards, the membrane filter was
sputtered with gold (Sputter SCD 040, BALTEC, Liechtenstein)
under argon atmosphere. SEM was performed on a CamScan
CS4 microscope (Cambridge Scanning Company, Cambridge,
United Kingdom) and the sample was visualized with an accel-
erating voltage of 10 kV, a working distance of 10 mm, and

20,000 magnification.

Determination of Lumogen® Red loading

The amount of embedded Lumogen® Red was analyzed by
HPLC using a fluorescence detector (Agilent Technologies
1200 Series, Agilent Technologies GmbH, Boéblingen,
Germany) [37]. Therefore, an aliquot of NP suspension corre-
sponding to 1 mg of PLGA NPs was centrifuged for 30 min at
30,000g. Following this, the supernatant was discarded and the
pellet was extracted with 1 mL acetonitrile for 2 h under slight
shaking. Prior to HPLC analysis, the sample was centrifuged
again (30 min, 30,000g) and 10.0 pL of the supernatant was
injected onto a reversed-phase column (LiChroCart, Lichros-
phere RP-18, 5 um, 100 A, 125 x 4 mm, Merck Millipore,
Darmstadt, Germany). The elution was performed with pure
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acetonitrile as mobile phase at a constant flow rate of 1 mL/min
and Lumogen® Red was detected using a fluorescence detector
at an excitation wavelength of 575 nm and an emission wave-
length of 610 nm. Quantification was carried out using a cali-
bration curve ranging from 0.1-10 pg/mL.

Serum protein adsorption on nanoparticles
Serum protein adsorption on NPs was carried out according to a
modified method described by Gossmann and co-workers [18].
Therefore, increasing amounts of either FBS (50-1600 pL) or
human serum (1-1000 pL) were added to an aliquot of PLGA
NP suspension corresponding to a total surface area (4 = 47mr2)
of 0.08 m?2. Afterwards, samples were filled up to a total volume
of 2 mL with ultrapure water and were incubated for 30 min at
37 °C under gentle shaking (1200 rpm). Finally, the samples
were purified by at least two cycles of centrifugation (10 min,
16,000g) and redispersion into ultrapure water in order to
remove unbound serum proteins. For the purpose of cell culture
experiments, the Lumogen® Red-loaded PLGA NPs were incu-
bated likewise and resuspended after the last centrifugation step
in DMEM supplemented with 1% (v/v) non-essential amino
acids (NEA), 1% (v/v) L-alanyl-L-glutamine (200 mM), and
1% (v/v) penicillin/streptomycin (100 U/mL) (serum-free medi-
um).

For the identification of corona proteins by LC-MS/MS analy-
sis a larger particle surface area was required. Thus, 1000 puL of
either FBS or human serum were added to an aliquot of PLGA
NP suspension corresponding to a total surface area of 0.24 m?
and subsequently filled up to a total volume of 4 mL with ultra-
pure water. The further experimental procedure was conducted
as described above.

Quantification of total nanoparticle bound

protein amount

For the quantification of the proteins in the corona, a photomet-
ric method based on a protein determination protocol by Brad-
ford et al. [39] was used. The dye Coomassie Brilliant Blue
G-250 binds to the proteins and causes a shift in the absorption
maximum from 465 to 595 nm, which was monitored in a spec-
trophotometer Typ U-2900 (Hitachi High Technologies Corpo-
ration, Tokyo, Japan).

The previously obtained NP pellet was hydrolyzed with 100 uL
NaOH 1 M and 400 pL purified water (15 min, 60 °C,
1200 rpm). Afterwards, 1.9 mL Bradford reagent was added to
100 uL of the hydrolyzed sample. Incubation for 10 min at
1200 rpm led to a stable protein—dye complex that was read at
595 nm. The amount of proteins bound to the NPs was quanti-
fied using a BSA calibration curve (0.05-0.5 mg/mL) with ad-
dition of 1 M NaOH.
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In addition, the total protein amount in serum (FBS and human
serum) was determined. Consequently, the free fraction of pro-
tein in serum for the different incubation conditions could be
calculated by subtraction of the total amount of NP-bound pro-
teins. This relation was represented as Langmuir adsorption iso-
therm for a multicomponent fluid applying the following equa-
tion:

Ki{ “quax '€
q= L " 9max , )
1+KL - C

where ¢ is the amount of solute (serum protein) adsorbed per
weight of adsorbent (PLGA NPs), ¢ is the serum protein con-
centration at equilibrium, Ky is a constant related to the
enthalpy of adsorption and g,y is related to the surface area of
the solid. This equation was arranged into the linear form

T @
9  9max KL'qmax

The value of g,y is @ measure of the adsorptive capacity of the
adsorbent for the adsorbate under examination and was calcu-
lated for the adsorption of serum proteins on PLGA NPs.

SDS-PAGE analysis of corona proteins

After protein adsorption and the last centrifugation step the
pellet was resuspended under shaking (1200 rpm, 22 °C) in
30 pL reducing loading buffer (Roti-Load®1) overnight to
desorb the proteins from the NP surface. Hereafter, the samples
were centrifuged again (45 min, 30,000g) and the supernatant
containing the proteins was transferred into a new reaction
vessel and boiled for 5 min at 95 °C to denature the proteins.
Subsequently, a 10% polyacrylamide gel was prepared and the
samples as well as the protein standard (Roti®-Mark STAN-
DARD) and serum positive controls were applied on the gel.
For positive controls, serum was diluted 1:100 with ultrapure
water. The SDS-PAGE was carried out at a constant voltage of
200 V for 1 h on an OmniPAGE mini system (Omnilab-
Laborzentrum GmbH & Co. KG, Bremen, Germany). The re-
sulting gel was fixed (79% water, 1% orthophosphoric acid,
20% methanol), stained with a colloidal Coomassie Brilliant
Blue G-250 solution overnight and destained in methanol/water
(1:3, v/v). Finally, Gel ix Imager (INTAS Science Imaging
Instruments GmbH) was used for imaging.

In order to compare the density of protein bands after the visu-
alization step a densitometric analysis was performed by using

Imagel software (Vers. 1.52s, https://imagej.nih.gov/ij/down-
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load.html). For data analysis, the density of the bands was

expressed relative to the density of a selected standard band.

Determination of zeta potential after serum

protein adsorption

Following protein adsorption and the final centrifugation step
the NP pellet was resuspended into 1 mL ultrapure water. 10 uL
of the NP dispersion was diluted with 2 mL ultrapure water.
Subsequently, the sample was transferred into a folded capil-
lary cell and the zeta potential of the NP—protein complex was
determined as described above.

Identification of corona proteins by
LC-MS/MS

Corona proteins were identified using a shotgun proteomics-
based approach that has become the standard technique for the
investigation of complex protein mixtures in recent years.
Following tryptic digestion of the proteins, peptides were iden-
tified using LC-MS/MS on an orbitrap-based mass spectrome-
ter and software-based data evaluation to interpret the peptide
fragmentation data. In this study we referred to a protocol of
Gossmann and co-workers [18].

In-solution digestion of corona proteins

After washing and collecting the NPs with protein corona by
centrifugation, the resulting pellet was resuspended in 100 puL
TRIS buffer containing 6 M urea overnight at room tempera-
ture to desorb the proteins from the surface. Following this, the
samples were centrifuged again (45 min, 30,000g) in order to
isolate the desorbed proteins from the NPs. The supernatant
consisting of corona proteins was mixed with 5 pL of 200 mM
dithiothreitol for 1 h at room temperature to reduce the disul-
fide bonds. Subsequently, 20 uL of 200 mM iodoacetamide was
added to the solution in order to alkylate cysteines. The reac-
tion was conducted for 1 h in the dark. After that, the excess
iodoacetamide was inactivated by another addition of dithio-
threitol (20 puL, 200 mM) to the solution (1 h, 1200 rpm, 22 °C).
To prepare tryptic in-solution digestion of proteins, the samples
were diluted to a total volume of 1000 pL with ultrapure water
to a final concentration of 0.6 M urea to maintain the activity of
trypsin. Next, 10 uL of ice-cooled trypsin solution (200 ng/pL)
was added to the diluted samples and digestion was carried out
overnight under slight shaking (37 °C, 900 rpm). Finally, the
reaction was stopped by adjusting the pH to below 6 with
glacial acetic acid and the samples were filled up to a total
volume of 2 mL with ultrapure water for the further experimen-
tal procedure.

Sample preparation for mass spectrometry
To prepare for a successful mass spectrometric analysis of the

peptides the samples were purified by solid-phase extraction in
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order to remove salts and undesired impurities. Briefly,
StrataTM-X 33u RP 30 mg/l mL columns (Phenomenex,
Aschaffenburg, Germany) were sequentially activated and equi-
librated with 1 mL methanol and 1 mL 1% formic acid before
the digestion solutions were applied onto the columns in
aliquots of 1 mL. Thereafter, the samples were desalted by
washing with 1 mL of purified water. Then, the stationary phase
including the peptides was rinsed with 600 pL of Eluent I
(MeOH/H,0 + 1% FA (5:5)) followed by 400 puL of Eluent II
(MeOH/H,0 + 1% FA (7:3)). The eluents were collected and

® comfort

evaporated nearly to dryness in a Thermomixer
(40 °C, 300 rpm) under nitrogen atmosphere. Finally, the
residue was redissolved in a mixture of 100 uL acetonitrile,
formic acid, and purified water (3:1:96, v/v) and the samples

were stored at —20 °C until LC-MS/MS analysis.

Mass spectrometric detection of peptides

Data were acquired on an LTQ Orbitrap XL hybrid ion trap-
orbitrap mass spectrometer coupled to an Accela HPLC system
(both Thermo Scientific, Dreieich, Germany). The injection
volume was 20.0 pL and LC separation of enzymatic digests
was carried out on an 2.1 x 150 mm, 2.6 pm Accurore C18
column (Thermo Scientific) at a constant flow rate of
250 pL/min employing the following gradient of ACN +
1% formic acid (A) and H,O + 1% formic acid (B): 3% A for
6 min, 3 to 12% A in 6 min, 12 to 35% A in 79 min, 35 to
60% A in 9 min, holding 60% A for 8 min, 60 to 3% A in 2 min
and reequilibration at 3% A in 10 min. The mass spectrometer
was operated in positive full scan and data-dependent mode
(DDMS). Survey full-scan mass spectra (m/z 300-1500) were
acquired in the Orbitrap (» = 30,000) and the two most intense
ions were sequentially isolated, fragmented, and analyzed in the
linear ion trap, using collision-induced dissociation (CID,
normalized collision energy of 30% and an activation time of
30 ms). No charge states were rejected from fragmentation and
target ions were dynamically excluded from repeated fragmen-
tation for 45 s. Conditions for electrospray ionization (ESI)
were: capillary temperature 225 °C; vaporizer temperature
350 °C; sheath gas flow 40 (arbitrary units); auxiliary gas flow
20 (arbitrary units); sweep gas flow 5 (arbitrary units); source
voltage 3.5 kV; and tube lens 135 V.

Data analysis for protein identification

For protein identification a database search was performed with
PEAKS 7 (Bioinformatics Solutions, Waterloo, Canada) against
the UniProt KB databases (Bos taurus, created 2016-04-25,
43803 entries; Homo sapiens, created 2016-03-12, 1073900
entries) using the PEAKS de novo algorithm and the enhanced
target-decoy method (“decoy fusion”) for false discovery rate
(FDR) estimation and result validation [40,41]. Search parame-
ters were: (a) trypsin as specific enzyme, three missed cleavage

1013


https://imagej.nih.gov/ij/download.html

allowed; (b) fixed modification: carbamidomethylation of
cysteine and variable modification: oxidation of methionine,
allowing for three variable PTM per peptide; (c) precursor mass
error tolerance of 5 ppm; (d) fragment mass error tolerance of
1 Da. Proteins with a —log P value > 80 were considered to be
reliable.

Cell culture

HepG2 cells were cultivated in 75 cm? flasks with DMEM
supplemented with 10% (v/v) FBS, 1% (v/v) non-essential
amino acids (NEA), 1% (v/v) L-alanyl-L-glutamine (200 mM),
1% (v/v) penicillin/streptomycin (100 U/mL) at 37 °C, 100%
humidity in a 10% CO, atmosphere. Cells were subcultivated
twice a week at a ratio of approximately 1:5 after reaching

80-90% confluence or were used for cell culture experiments.

Determination of nanoparticle—cell

interaction by live-cell imaging

In order to investigate the interaction between PLGA NPs
displaying a protein corona of different characteristics and
HepG2 cells an IncuCyte®S3 Live-Cell Analysis Imaging
System (Essen Bioscience, Inc., Michigan, USA) was used.
Therefore, 1 x 10° cells/well were seeded into a collagen
coated 24-well plate and cultivated under serum-containing
conditions as described above. After four days, the medium was
replaced by 500 pL serum-free medium containing Lumogen®
Red-loaded PLGA NPs in a concentration corresponding to
0.2 nM Lumogen® Red. Furthermore, unformulated Lumogen®
Red dissolved in serum-free medium with addition of
1% DMSO and serum-free medium without NPs were
applied onto the cells as control. Subsequently, the cell interac-
tion was monitored over a time period of one day taking nine
images of each well every hour. Image channel red (excitation:
565-605 nm/emission: 625-705 nm) was used to determine
Lumogen® Red. Data evaluation was performed by calculation
of the total red object area using the system software.

Visualization of nanoparticle—cell interaction

by fluorescence microscopy

For fluorescence microscopy, HepG2 cells were seeded at a
density of 3 x 10* cells/chamber on Millicell® EZ slides (Merck
KGaA, Darmstadt, Germany) and cultivated overnight. After-
wards, the serum-containing medium was removed and cells
were incubated with Lumogen® Red-loaded PLGA NPs, free
Lumogen® Red or serum-free medium as previously described.
After 6 h, the cells were washed twice with phosphate-buffered
saline (PBS'™, containing Ca®* and Mg?") and fixed for 15 min
with 4% paraformaldehyde at room temperature. After an addi-
tional washing step, the cells were covered with Vectashield®
Mounting medium with DAPI (Vector Laboratories Inc.,

Burlingname, USA) for nuclear staining.
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All images were taken using a IX81 fluorescence microscope
(Olympus, Hamburg, Germany) with filter systems including
excitation at 360—370 nm, dichroic mirror at 400 nm, emission
at 426-446 nm for DAPI and Alexa Fluor® 350 and excitation
at 535-555 nm, dichroic mirror at 565 nm, emission at
570650 nm for Lumogen® Red. All images were taken as
multi-layer image stacks with a minimum of 15 images. To
reduce out of focus fluorescence the stacks were processed by
deconvolution (Wiener filter) using cellSens Dimensions Soft-
ware 1.8.1.

Statistical methods

All experiments were performed at least three times. The results
are shown as average value with standard deviation. Signifi-
cance tests were conducted with Sigma Plot 12.5 (Systat Soft-
ware GmbH, Erkrath, Germany), using a one-way ANOVA test
with the Holm—Sidak post test. Significance levels were
depicted as * for p < 0.05, ** for p < 0.01, and *** for
p <0.001.

Supporting Information

Supporting Information File 1

Proteins identified on NP surfaces.
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Abstract

smartPearls are a dermal delivery system for poorly soluble active agents, consisting of nanoporous silica particles loaded with a
long-term stable, amorphous active agent in its mesopores (2-50 nm). The amorphous state of the active agent is known to increase
dermal bioavailability. For use in marketed products, optimal silica types were identified from commercially available, regulatory
accepted silica. In addition, a scalable production process was demonstrated. The loading of the particles was performed by
applying the immersion—evaporation method. The antioxidant rutin was used as a model active agent and ethanol was applied as the
solvent. Various silica particles (Syloid®, Davisil®) differing in particle size (7-50 pm), pore diameter (3—25 nm) and pore volume
(0.4-1.75 mL/g) were investigated regarding their ease of processing. The evaporation from the silica—ethanol suspensions was per-
formed in a rotary evaporator. The finest powders were obtained with larger-sized silica. The maximum loading staying amorphous
was achieved between 10% and 25% (w/w), depending on the silica type. A loading mechanism was also proposed. The most suit-
able processing occurred with the large-sized Syloid® XDP 3050 silica with a 50 um particle size and a pore diameter of 25 nm, re-
sulting in 18% (w/w) maximum loading. Based on a 10% (w/w) loading and the amorphous solubility of the active agent, for a
100 kg dermal formulation, about 500 g of loaded particles were required. This corresponds to production of 5 kg of loaded smart-
Pearls for a formulation batch size of a ton. The production of 5 kg (i.e., about 25 L of solvent removal) can be industrially realized

in a commercial 50 L rotary evaporator.
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Introduction

Many interesting active agents in pharma and cosmetics are
poorly soluble. Active agents that are poorly soluble in water
but soluble in lipophilic media can easily be formulated as
creams or gels (e.g., the popular coenzyme Q10). The problems
start when the active agents are poorly soluble both in aqueous
and lipophilic/organic media. Classical examples are antioxi-
dants (e.g., rutin, hesperidin), which are presently en vogue in
cosmetics for antipollution products (e.g., the “molecular
barrier” against reactive oxygen species (ROS), infrared (IR) ra-
diation and blue light from computers) [1,2]. For the delivery of
such molecules, efficient delivery systems are the only
solution, because the application of simple suspensions to the
skin normally does not provide a sufficient dermal bioavail-

ability.

Classic delivery systems such as liposomes [3] or solid lipid
nanoparticles (SLNs) [4,5] do not work because the active
agents do not dissolve in the lipidic phase of these systems. A
simple but very effective approach is to increase the saturation
solubility of these active agents. This leads to an increased con-
centration gradient between the formulation and skin, Cy—Cgkin,
and thus to an increased diffusional flux into the skin. More-
over, using complexes with polymers or cyclodextrins,
for example, can be of limited effect because of insufficient
release of the molecules from such complexes (i.e., too high
binding constants) [6,7]. Additionally, many molecules are
not able to form such complexes. A highly effective solution
is the dermal administration of nanocrystals (trade name
smartCrystals®) [8-10]. These materials have been on the
market as commercial dermal cosmetic products since 2007
(e.g., hesperidin, la prairie Switzerland) [11,12]. They can be

considered as the current “gold standard”.

The trick with nanocrystals is that the physicochemical
properties on the micrometer scale differ from those on the
nanometer scale, and this results in distinct changes (e.g., the
saturation solubility distinctly increases) [13]. In general, amor-
phous materials have an even higher Cy than nanocrystalline
materials [14]. Thus, it would be more effective to use active
agents in the amorphous state. However, the amorphous state is
physically unstable. Because of their high free energy, amor-
phous phase materials tend to recrystallize [15], especially in
the presence of liquids [16]. This has hindered the broad appli-
cation of amorphous active agents in dermal formulations. The
company Capsulution (Berlin, Germany) incorporated active
agents in the amorphous state inside the pores of silica particles
with mesopores (2-50 nm) [17] using the technology from
CapsMorph for oral administration [18]. With this, the amor-
phous state could be stabilized over the course of years [19].

Porous silica particles are commercially available, for example,

Beilstein J. Nanotechnol. 2019, 10, 1666—1678.

from Grace, Merck Millipore and Formac [20]. They are
considered nanoporous materials because their pore diameter is
on the nanometer scale [21]. The silica they used had so-called
"mesopores"”, i.e., pores with dimensions in the range of
2-50 nm. In 2006 this delivery technology was transferred from
the oral to the dermal administration route [22] by applying a
technology called smartPearls [23]. The name was changed to
smartPearls to clearly differentiate them from silica used for

oral administration.

smartCrystals are found in products on the cosmetic market,
because industrial large-scale production is possible and an
industrial supplier is available (Dr. Rimpler GmbH, Germany)
for manufacturers of cosmetics. smartCrystals are crystals of
nanometer dimension, typically 200-400 nm, which can be pro-
duced on a large scale by bead milling or high-pressure homog-
enization. Skin penetration studies showed that the smartPearls
were actually superior to the nanocrystals [8,24,25]. However,
the market introduction in final cosmetic products was blocked
due to the lack of an industrial supplier of active agent-loaded
smartPearls. To establish an industrial supply, an industrially
feasible production method is required, which is the focus of
this work.

Silica particles can be loaded by co-milling [26,27], however,
with this technique, a large portion of the active agents are not
incorporated into the pores. Loading can be performed by
supercritical carbon dioxide processing [28], but it is expensive.
Loading is also possible by the impregnation—evaporation
method [29], but this is less suitable for large-scale production.
In this study, the immersion—evaporation method [30] was
applied and systematically investigated to define large-scale
production parameters for an industry friendly one-step produc-
tion process. Rutin was used as the model active agent because
it has high application potential in cosmetic products as well as
in dermal pharmaceutical products [31]. A loading mechanism
for this industrial process is proposed in this work. In addition,
the concentration of smartPearls in the final dermal products are
estimated based on the achieved loadings and on the solubility
data. This work could serve as a guideline for manufacturers of
dermal products. Different types of silica were investigated
having various parameters (e.g., particle size, pore diameter,
pore volume) in order to identify particles which are most easy

to process.

Materials and Methods

Materials

Rutin with a purity of 95% was purchased from Denk Ingredi-
ents (Munich, Germany). Various mesoporous silica particles
(Table 1) with pore diameter of 3 nm (Syloid® AL-1 FP), 6 nm
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Table 1: Silica particles used in this work and their properties according the certificate of analysis (manufacturer: W. R. Grace & Co., USA).

Product code Pore diameter [nm]

Syloid® XDP 3050 25 300
Syloid® 244 FP 17 380
Syloid® 72 FP 10 370
Davisil® SP53D 6 550
Syloid® AL-1 FP 3 740

(Davisil® LC 60 A 12 pm), 10 nm (Syloid® 72 FP), 17 nm
(Syloid® 244 FP), and 25 nm (Syloid® XDP 3050) were kindly
provided by Grace GmbH & Co. KG (Worms, Germany).
Ethanol, isopropanol, butanol, acetone, ethyl acetate, aceto-
nitrile and dimethyl sulfoxide (DMSO) in gradient grade were
purchased from VWR (Darmstadt, Germany), and purified
water produced by a Milli-Q system from Merck Millipore
(Darmstadt, Germany) was used.

Methods

Solubility investigation of rutin

To assess the maximum solubility of rutin, rutin suspensions
were prepared with different solvents (dimethyl sulfoxide
(DMSO0), ethanol, isopropanol, butanol, acetone, ethyl acetate,
acetonitrile, and water) (n = 1). The suspensions with
20% (w/w) rutin were shaken overnight at room temperature,
centrifuged, filtered and the rutin concentration in the filtrate
was analyzed after dilution in ethanol (by a factor of 100-1000)
by UV spectrophotometry (UV-1700 PharmaSpec, Shimadzu,
China) at 360 nm. The evaluation was conducted by the provi-
ded “UVprobe” software (version 2.21). The concentration was
calculated based on the calibration curves determined in

ethanol.

Particle loading

Prior to loading, the silica particles were dried in an oven at
120 °C for at least 2 h. The saturated rutin solution was pro-
duced by preparing a 2% (w/w) rutin suspension in ethanol
(96 vol %), heating it under agitation to 60 °C for 1 h and
subsequent filtration. After cooling, it was checked that no rutin
crystals precipitated out. The rutin content was determined prior
using the rutin solution for loading. For loading, 3 g of silica
particles were dispersed in a respective volume of rutin ethanol
solution. The volume used depended on how much rutin should
be loaded into the silica particles (increasing amounts of solu-
tion with increased percent of loading). The suspension was
stirred for 5 min to achieve a fine dispersion of the particles.
Then the suspension was placed into a rotary evaporator (Biichi,
Germany). The solvent evaporation took place at 40 + 2 °C and
150 = 10 mbar, until a film was formed on the wall of the evap-

oration flask. The evaporation time depends on the amount of

Specific surface area [m?/g]

Pore volume [mL/g] Particle size [um]

1.8 50
1.6 3
1.2 5
0.9 12
0.4 7

solvent used (i.e., increased evaporation time with an increase
of loading percentage). For removal/minimization of solvent
residues, a secondary drying phase at 40 = 2 °C and 20 mbar
was performed for 30 min. All fractions presented are weight
fractions unless otherwise stated. Each loading for each type of

silica was performed once.

Differential scanning calorimetry (DSC)

The physical state of the silica particles, the rutin raw active
agent powder and the rutin smartPearls was investigated by
differential scanning calorimetry (DSC, Mettler Toledo GmbH,
Germany) and calculated by the provided STARe software
(version 12.10b). Exact amounts between 1-5 mg of rutin-
loaded silica based on the respective mass of rutin (with a target
of 0.5-1 mg) were weighed in a punctured 40 pL aluminum pan
and sealed (n = 1). The measurements were performed at a
heating rate of 20 K/min between 25 and 300 °C under
80 mL/min nitrogen purge.

X-ray diffraction (XRD)

To determine the amorphous state and possible residual crystal
fractions of rutin in smartPearls, XRD was performed using a
Bruker D8 (Bruker, USA) instrument (n = 1). A scan rate of
0.02°/s (26 = 2-60°) was applied and the goniometer was
equipped with a Cu anode (Cu Ka, A= 0.15406 nm) at a voltage
of 40 kV and current of 35 mA.

Light microscopy (LM) and scanning electron
microscopy (SEM)

Light microscope imaging was performed using a Motic micro-
scope (BA210, Motic Deutschland GmbH, Germany) with a
Moticam camera and the software Motic Images Plus at 100,
400, and 1,000-fold magnification. SEM was performed at
10,000-fold magnification using a Zeiss DSM950 (Carl Zeiss
AG, Germany) instrument. The samples were sputter-coated
with gold—palladium in an argon atmosphere at 15-20 kV at
0.05 mbar for four minutes.

Determination of recovery rate

For photometric analysis, a precisely weighed amount of rutin-

loaded silica particles (around 25 mg) was dispersed in 5 mL of
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DMSO. DMSO was used because of the high rutin solubility in
this solvent. After 10 min of shaking and 10 min of ultrasonica-
tion the suspension was centrifuged at 10,000 rpm for 10 min
and an aliquot of the supernatant was diluted in ethanol by a
factor of 100. Absorption spectroscopy was performed at
360 nm on a PharmaSpec UV-1700 instrument (Shimadzu,
China). The peaks were evaluated using the PharmSpec soft-
ware “UVprobe” (version 2.21).

High-performance liquid chromatography (HPLC) measure-
ments of the same samples were performed at 25 °C using a
Kontron 400 system (Kontron Instruments GmbH, Germany)
equipped with a 20 pL loop and a Eurosper 100-5 C18 column
(250 X 4 mm, 5 um particle size) column. Determination was
performed at 360 nm with 20:80 acetonitrile/acetate buffer
(pH 4.8, 0.1 mol/L) as a mobile phase and at a flow rate of
1.25 mL/min. The peaks were evaluated with the provided soft-
ware, KromaSystem 2000 (version 1.82).

Solubility determination of rutin dissolved from
smartPearls

The solubility of the raw rutin active agent powder and the rutin
smartPearls was monitored over one hour in 0.15 molar NaCl
solution using in situ UV-vis measurements (Sirius inForm®,
UK) with a fiber optic collector and a path length of 5 mm. The
0.15 molar NaCl solution was placed in a beaker and the
aqueous phase was tempered to 25 °C. After calibration of the
pH electrode and the UV-vis fiber optic, the sample was
manually added immediately after and the UV-vis measure-
ment with the fiber optic was started. The spectra were
corrected using the Tyndall Rayleigh correction function. The
different concentrations of raw active agent powder and rutin
smartPearls were investigated, limited by a maximum overall
absorption up to 2.5. The pH was determined over the whole
measurement period.
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Results and Discussion
Considerations for selection of the

production method/variables

The production method should yield a high loading in the pores
and complete transformation of the active agent into the amor-
phous state, thus co-grinding was excluded as a potential pro-
duction method. Also excluded was supercritical CO, process-
ing, due to production cost reasons, complexity of the
process and cost of a production unit. Ideally, the processing
method should be a one-step method. This excludes the impreg-
nation—evaporation process, because in many cases one impreg-
nation step is not sufficient to reach the anticipated loading.
Thus, the immersion—evaporation process was selected.

The evaporation time of the solvent removal step ranged from
75 to 180 min, depending on the solvent volume. After the
second drying step, the obtained free flowing, dry powder was
removed. When a film was formed on the glass wall, the film
was removed from the wall using a spatula. Potential aggre-
gates were deaggregated by stirring the powder, whereby the
aggregates were easily dispersed. The results from the process-
ing steps are shown in Figure 1.

The principle of the procedure was to suspend the particles in
an amount of solvent containing the total amount of active
agent to be loaded into the pores of the particles. During the
evaporation process, the concentration of the active agent in-
creases, precipitation takes place, and continues until complete
removal of the solvent. It was expected that precipitation takes
place preferentially in the pores because of the largest available
surface area. Minor precipitation on the outer shell of the parti-
cles as a thin layer represents no problem as long as the active
agent on the surface remains amorphous. It is obvious that in
addition to the inner surface in the pores, localization on the
surface of silica particles also takes place. It is important to

rutin solution

silica dispersion

rutin smartPearls

before evaporation

after 1 hour

-

Figure 1: From left to right: rutin/ethanol solution, silica dispersed in rutin solution attached to the rotary evaporator, result after the first hour of sol-

vent evaporation, and the obtained rutin-loaded silica powder, SP53D (right).
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avoid the formation of crystals of the active agent on the shell
of the particles. This was checked by light microscopy and

scanning electron microscopy.

To study the suitability of the process, silica particles differing
in particle size, pore diameter and pore volume were selected
(Table 1). The investigation should also provide evidence as to
which particle type is optimal to achieve maximum loading.

Solubility of rutin in solvents

A compromise had to be made between the highest possible
solubility of rutin and the tolerability of the solvent by the skin.
Furthermore, processing parameters such as evaporation tem-
perature were crucial. DMSO was used in previous studies with
the impregnation—evaporation method [24] because it has a high
solubility and thus reduces the number of loading steps. The
disadvantage was the long time required for solvent removal at
high temperatures (>80 °C), which can cause degradation of the
active agent. In addition, it is tedious to remove DMSO effi-
ciently by rotary evaporation. Although DMSO can be found in
products applied to the skin, it is less skin friendly. The effi-
cient removal of critical solvents below the ppm specification is
also a cost factor in the production process. Thus, a different,
more skin-tolerable solvent was desirable.

Table 2 shows the obtained solubility of rutin in the various
tested solvents. Rutin has the highest solubility in DMSO
(17%), as expected, but it was decided to select ethanol as a
compromise. With a maximum of 2%, the rutin solubility is
substantial lower in ethanol than in DMSO, but distinctly higher
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Table 2: Solubility of rutin at room temperature in various solvents
(w/w %) and the macroscopic appearance of the solutions.

Solvent Solubility [% (w/w)] Appearance

DMSO 17.05 brown

ethanol 2.09 clear, bright yellow
n-butanol 2.07 clear, bright yellow
isopropanol 1.85 clear, bright yellow
acetone 0.83 pale yellow

ethyl acetate ~ 0.42 mildly cloudy
acetonitrile 0.22 mildly cloudy

water 0.03 cloudy, slight yellow

than in acetone (0.8%) and the other organic solvents. The
rutin/ethanol solution had a clear, yellowish appearance.

Loading of silica particles

Different silica materials (Table 1) were loaded with rutin by
dispersing them in a saturated rutin/ethanol solution and evapo-
rating the solvent in a rotary evaporator, resulting in dry
powders. Nitrogen adsorption/desorption studies were per-
formed, showing little decrease in the pore diameter, but a
reduction of the pore volume, supporting the bottom-to-top
filling hypothesis of the pores [32,33]. Depending on the parti-
cle size and the pore diameter, the powders showed different
macroscopic appearances (Figure 2). The silica AL-1 FP tended
to form aggregates, and possessed particle diameter of 7 um.
The silica materials with the smallest pore diameter, 244 FP and
72 FP (particle diameter 3 and 5 um; pore diameter 10 and
17 nm, respectively), showed slight agglomeration. SP53D,

AL-1 FP 72 FP 244 FP SP53D XDP
particle size [um] 7 5 50
pore size [nm] 3 10 25
pore volume [mL/g] 0.4 1.2 1.8
A
-

Figure 2: Macroscopic appearance of rutin-loaded silica powders, with decreasing agglomeration tendency from left to right (see text for details).
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having a medium-sized particle size of 12 pm, showed almost
no agglomeration, and at a higher loading of 28% and
30%, a film formed on the wall of the evaporator glass. The
XDP 3050 particles, having the largest diameter of 50 um (pore
diameter of 25 nm), showed neither agglomeration nor film for-
mation.

It is known that silica particles become more adhesive with de-
creasing size, which is easily explainable by powder technolo-
gy. With decreasing particle size, the surface and contact area
increase, thus promoting particle—particle interaction. Addition-
ally, with increasing pore diameter, the agglomeration tenden-
cy decreases. The particles with a strong agglomeration tenden-
cy (AL-1 FP) have the smallest pore diameter of 3 nm, and ad-
ditionally, the smallest pore volume. It is assumed that the pore
parameters only play a significant role in agglomeration tenden-
cy when the pore volume is completely filled with active agent
or when the pores are too small; this implies that an over-
loading takes place and the precipitating active agent acts as a
kind of glue between the silica particles. This was assumed for
the AL-1 FP samples since rutin with a molar weight of
610.5 g/mol and a minimum projection area of 9.2 nm? was
assumed to be too large to efficiently diffuse into the pores prior
to precipitation. Thus, such small pores promote agglomeration
on the outside of the pores. Based on the behavior observed,
silica particles with a larger size, larger pores and larger pore

volume are easier to process on a large scale.

Determination of amorphous-phase content
The degree of amorphous phase of the loading was determined
by performing DSC and XRD. An amount of 5% rutin in the

heat flow [a. u.]
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physical mixture with amorphous unloaded silica was
detectable by DSC. The analysis of the physical mixture of
silica with crystalline rutin powder showed that an amount of
only 3% crystalline rutin was clearly detectable by XRD, while
1.5% was hardly detectable (XRD not shown).

Figure 3 shows the DSC thermograms for the maximum-loaded
silica, SP53D, which was loaded using different solvents and
compared to unloaded silica, rutin and their physical mixture. In
the physical mixture, 5% rutin was clearly detectable. No rutin
peak was detectable for loadings up to 25% with ethanol, 28%
with butanol and 35% with DMSO. Crystalline rutin was
clearly detectable for a 28% loading with ethanol (detectable in
temperature range 175-190 °C). It was thus concluded that the
limit of loading in the amorphous state was 25% using ethanol
as the solvent. As reported by Jin [24], loadings of 32% are
achievable with DMSO using the impregnation—evaporation
method. The same loading, or even higher, can be achieved
using the immersion—evaporation method. However, the immer-
sion—evaporation method is scalable and thus of more practical
relevance. Since DMSO is a difficult to process solvent and
more expensive than ethanol, a loading of 25% using ethanol is
considered favorable.

Figure 4 shows XRD patterns of rutin in comparison to
unloaded amorphous silica, crystalline rutin and their physical
mixture. The respective XRD patterns of rutin-loaded SP53D
silica with ethanol (25% loading), butanol (28% loading) and
DMSO (35% loading) as solvents revealed the amorphous
nature of these samples. A rutin peak was detectable in the
physical mixture with 3% rutin. The crystalline rutin peaks

rutin

silica (6 nm)

5% physical mixture
loading level (solvent)
—— 28% (ethanol)
—— 25% (ethanol)
—— 28% (butanol)

—— 35% (DMSO)

IIIIIIIIIIIIIIIIIIIIIIIIIII

50 100 150

T.[°C]

200

250

Figure 3: DSC thermograms of crystalline rutin, unloaded silica, a physical mixture of 5% rutin, to be compared to rutin-loaded SP53D processed with

ethanol (28% and 25%), butanol (28%) and DMSO (35%).
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rutin

silica (6 nm)

3% physical mixture

loading level (solvent)

intensity [a. u.]

25% (EtOH)
———— 28% (BUOH)

——— 35% (DMSO)

20 7]

Figure 4: XRD of rutin, unloaded silica (SP53D), and a physical mixture (3% rutin) in comparison to the maximum loading with rutin-loaded silica

SP53D using different solvents (ethanol, butanol, DMSO).

were only detectable for SP53D loaded with 28% rutin using
ethanol as a solvent, which is in agreement with the DSC data.
Even the silica with a high loading of up to 35% (loaded with
DMSO) was a stable, amorphous material. As mentioned, the
industrial feasibility is more important maximizing the achiev-
able loading. To be on the safe side, 20% loadings produced
with ethanol were used for determination of the saturation solu-
bility, and this is recommended as the maximum loading for

commercial use.

Figure 5 shows a comparison between all investigated silica
samples, where the DSC curves (left) and XRD patterns (right)

DSC

heat flow [a. u.]

are plotted with the highest achievable loading of amorphous
material for each silica type, showing no peaks for appropri-
ately loaded silica samples. Only for 72 FP (the curve with no
peaks (20% loading), and the curve with peaks are plotted
(system overloaded, 25%). For AL-1 FP samples (the silica
with the smallest pore size of 3 nm) only the overloaded curves
are shown (12% and 15%). The comparison between DSC and
XRD reveals that XRD was more sensitive to detecting crys-
tallinity. In all overloaded systems, where peaks could be
detected by XRD, no peaks could be seen in DSC. Thus,
applying both methods in parallel was necessary. In conclusion,
silica with a very small pore size of 3 nm are deemed to be less

Jk,_/‘ —— XDP (25 nm, 18%)
A

244 FP (17 nm, 15%)
72 FP (10 nm, 25%)
72 FP (10 nm, 20%)
——— SP53D (6 nm, 25%)
Al-1 FP (3 nm, 15%)

——— AL-1 FP (3 nm, 12%)

LR L L L L L
50 100 150 200 250 300 O 20
T, [°C]

40 60

20 [7]

Figure 5: DSC thermograms (left) and XRD diffractograms (right) for selected silica nanopatrticles, all loaded using ethanol as the solvent for rutin,
showing curves with highest amorphous loading. For 72 FP (10 nm pores) the curves obtained with the overloaded system (25%) are also shown, and
for AL-1 FP, only overloaded curves are presented (pore size 3 nm, 12% and 15% loading).
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suitable. The loading of the other silica materials was generally
between 15% and 25%.

Light microscopy and scanning electron
microcopy

Light microscopy is readily accessible and fast to perform; thus,
it was also used to follow the loading process. Light microsco-
py provides a general overview with one glance. When rutin
crystals are present outside of the silica particles, they should be
easily detectable. Also, it was expected to see changes on the
surface of the silica, i.e., evidence of deposition of rutin.
Figure 6 (upper row) shows exemplarily images of XDP 3050
particles. When unloaded, the silica particles appear translucent
(upper left); loading rutin into the pores results in the coloring
of the particles (upper middle). It is apparent that after loading
some particles are still relatively translucent, while other parti-
cles become light to medium colored, although very dark
colored particles can also be seen. That means that not all parti-
cles are loaded to the same degree, and thus there is a wide
loading distribution among the particles. This is important for
understanding the process. When adding more rutin solution,
the heavily loaded particles will first show a crystalline fraction
(due to rutin crystallizing on the surface). The overloaded
system with 20% rutin (upper right) shows a majority of dark
colored particles.

In Figure 6 (lower low), the SEM of unloaded silica (lower left)
shows a smooth surface, almost free of fine particulate material.
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The maximum loaded particles (lower row, middle) show some
fine particulate material on the surface. From light microscopy
it can be concluded that there is a distribution in the degree of
particle loading. Thus, the problem in SEM analysis is to distin-
guish to which particles the microscope is focusing on. In the
sample XDP 3050 with overloaded silica (20% loading, lower
right), the particles can be found with pronounced fine particu-
late material on the surface of some of the 50 um silica parti-

cles.

In conclusion, light microscopy is a suitable complementary
tool for evaluating the loading process, while SEM provides ad-
ditional insight into the mechanism behind the loading process,
but is not essential for batch monitoring during an industrial
production process.

Based on this analysis, a loading mechanism is proposed
(Figure 7) using the example of a silica material with a pore
volume of 1.8 mL/g. At the beginning (before loading), all
pores are empty (0 mL/g, see the upper graph in Figure 7). As
seen from the light microscopy pictures (after the loading
process), obviously some of the particles remain unfilled (light/
transparent particles), some are partially filled, and some are
heavily filled (very dark particles). This is represented in
Figure 7 in the middle graph. The degree of solvent penetration
into different particles varies, leading to particles remaining
unfilled (at 0 mL/g filling) or particles that are partially or me-
dium filled (0-0.4 and 0.4-0.8 mL/g, respectively). There are

Figure 6: Upper row: light microscopy pictures of silica XDP 3050 unloaded (left), loaded with the maximum amorphous fraction of 18% (middle) and
overloaded silica (20% rutin, right). Lower row: corresponding SEM pictures (from left to right).
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Figure 7: Description of the silica particle loading mechanism showing the distribution of differently filled particles as a function of loading. Upper plot:
in the unloaded state, all particles fall within the 0 mL/g fraction. Middle plot: maximum loading condition where no crystallinity was detectable by
XRD; the particles are filled to various extents, possibly with some being overloaded (>1.8 mL/g). Lower plot: some particles are obviously over-
loaded; the population contains a particle fraction in which detectable crystallization occurred.

also particles with higher pore volume filling (0.8—-1.2 and
1.2-1.8 mL/g) and also particles with completely filled pores
(filled volume 1.8 mL), which additionally have rutin on the
surface. This implies that the rutin volume per gram of parti-
cles for these samples is >1.8 mL/g (Figure 7, middle). This
surface material is amorphous, since no evidence of crys-
tallinity was detected.

If too much rutin solution is used and evaporation continues,
rutin continues to precipitate on the surface of completely
loaded particles. When rutin deposits as a thin layer on the sur-
face, the rutin stays amorphous; when the layer thickness in-
creases above a critical threshold, crystallization occurs which
can be detected by DSC/XRD (Figure 7, lower plot). For the
use of the particles on the skin one could even argue that over-
loaded systems can be used, because the vast majority of the
particles contain the amorphous phase active agent.

Loading efficiency — recovery rate
It was also investigated whether the initial content of rutin in

the different particle types could be recovered. The rutin was

100% — +
T T
1 - =Sl
i
50%
0%
20 | 25 | 28 | 30 | 20 | 25 | 28 | 30
SP53D 72FP

Figure 8: Recovered fraction of rutin after extraction from silica SP53D
(left) and 72 FP (right) with rutin loadings of 20%, 25%, 28% and 30%,
as measured with HPLC (blue) and spectrophotometry (green). The
standard deviation is shown as the mean of all measurements (HPLC
n=2,UVn=1).

extracted with a solvent, and the amount was determined by
spectrophotometry and HPLC. The coefficient of determination
was 0.9943 for HPLC and 0.9921 for UV spectrophotometric
measurements. Figure 8 shows the amount recovered for two
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silica samples, SP53D and 72 FP, with loadings from 20% to
30%. The SP53D and 72 FP silica are shown because of their
high loading (>20%) and suitability for amorphous rutin stabi-

lization.

At lower loadings (i.e., 20%, 25%) a minor fraction could not
be recovered. It is reported in the literature that, due to the large
surface area, a delayed release takes place, where some active
agent is quite firmly bound to the surface and is thus not re-
leased [34]. Thus, the absolute retrieved amount increases with
increasing loading. Additionally, the higher recovery rates for
samples with a certain crystallinity is remarkable. This could
explain the higher recovery rate at higher loadings of 28-30%.
The silica sample with the smaller pores (3 nm, AL-1 FP)
showed at low maximum loading (12%) and a recovery rate of
only about 35%. The recovery rate was also analyzed by HPLC,
and the recovery fractions are all slightly below, but in agree-
ment with, the values obtained using spectrophotometry, as
shown in Figure 8.

The difference in the results obtained from UV spectrophotom-
etry and HPLC analysis can be explained by the extraction
times applied for HPLC and UV spectrophotometry samples. In
general, a higher recovery rate was found in the spectrophotom-
etry analysis due to the longer extraction time (about 30 min for
HPLC analysis versus 2 h for spectrophotometry). The incom-
plete release of the material from the small pores and the influ-
ence of extraction time is relevant for the in vivo situation.
Dermal formulations are often applied for 10-12 h (e.g.,
morning application to the face, followed by face washing in
the evening). To have a release as complete as possible, larger
pores are thus favorable for dermal products. Apart from the

consequence for dermal delivery, the data show that for better
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reproducibility, the extraction procedures need to be exactly
identical.

Solubility determination of rutin dissolved
from smartPearls

The saturation solubility, as reported by Mauludin et al., for
rutin nanocrystals and rutin raw material is about 130 ug/mL
[35]. Thus, the solubility of the raw active agent powder is attri-
buted to the presence of nanometer-sized rutin particles in the
raw material. Measuring the solubility of the rutin raw powder
with the setup used in this study at 25 °C yielded a saturation
solubility from 30 to 70 ug/mL at pH 5.5 = 0.5 (Figure 9, lower
curves). Apart from the nanometer-sized material, the general
high values reported in the literature can be attributed to disso-
lution in a higher pH (6.8) and at a higher temperature (37 °C)
than that used in this study (pH 5.5 for skin products and
25 °C). Additionally, the in situ measurement with baseline
correction and the 0.15 molar NaCl solution used in this study
also led to differences from the values reported in the literature.
The assumption that nanometer-sized rutin particles are present
in the raw material is supported by the fact that the measured Cg
value increased from 30 to 70 ug/mL with increasing amount of
rutin powder (from 0.28 mg/mL to 2.03 mg/mL) added to the
solvent (i.e., more nanometer-sized rutin was added which dis-
solved and led to this increase in the measured solubility).

In contrast to the rutin powder, in this study, an increased Cg of
about 160 ug/mL was obtained with amorphous rutin dissolved
from smartPearls. This implies an increase by about a factor of
two higher than the respective raw active agent powder. This
higher C; value leads to an increased concentration gradient be-
tween the dermal formulation and skin and thus to an increased

flux of rutin into the skin.

150 —,7

100 —

rutin smartPearls
0.24 mg/mL
—0.19 mg/mL

0.13 mg/mL

rutin raw drug powder

2.03 mg/mL
— 1.59 mg/mL

rutin concentration [ug/mL]

o

—0.79 mg/mL

0.28 mg/mL

30
time [min]

| LA DL
40 50 60

Figure 9: In situ determined saturation solubility of rutin raw active agent powder (lower curves, red) and amorphous rutin loaded into silica as smart-

Pearls (upper curves, green) with various rutin concentrations.
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The dissolution kinetics of rutin from the smartPearls is much
faster than from the raw rutin powder. With smartPearls, the
solubility saturation is reached after almost 1 min, for the raw
rutin powder, it takes 5—-10 min. For the dermal formulation the
kinetics is not relevant, only the saturation solubility, C. The
smartPearls are added in the preparation of the dermal formula-
tion, and a saturated state will occur in the formulation. When
applied to the skin, it can be predicted that the rate limiting step
is the slow diffusion of dissolved rutin into the skin. There will
be no difference if the diffused rutin molecules are replaced in
the dermal formulation by faster or slower dissolution.

In vitro skin penetration studies showed an even higher increase
in penetration when a gel with smartPearls was compared to a
gel with rutin powder (pig skin penetration test, tape stripping
[24]). Especially in the deeper skin layers, an increase by a
factor of about four was observed.

Concentration of smartPearls in final market
products

When adding smartPearls to the water phase of a dermal prod-
uct, some portion of the rutin in the pores will dissolve, forming
a supersaturated solution. Some portion must remain undis-
solved in the pores in order to provide a rutin source. When
rutin dissolved in the water phase has penetrated into the skin, it
should be replaced by new rutin molecules dissolving from the
pores. With this scheme, a constant supersaturated state will be
maintained. Based on this, the rutin concentration required for a
dermal product can be calculated.

The measured saturation solubility of rutin from smartPearls is
150 pg/mL (i.e., 0.15 mg/mL). This will be the amount of rutin
that dissolves when adding the smartPearls to the formulation.
In addition, one needs a rutin loading in the pores. Thus, it is
recommended to use about two times the amount dissolved. For
highly penetrating active agents, the required amount stored in
the pores might even be higher. Based on this, a minimum of
about 0.5 mg/mL in the final product is required. Assuming a
low loading of the smartPearls of 10% (w/w), a total of 5 mg of
loaded smartPearls need to be added per mL (g) of product (i.e.,
5 g/1 kg product).

Definition of large-scale production

parameters

Based on this, producing a 100 kg batch requires 500 g of
smartPearls; assuming only 10% loading, this corresponds to
50 g of rutin powder. In the production process, this 50 g of
rutin has to be dissolved in ethanol. Based on an ethanol solu-
bility of 2%, 2.5 kg of ethanol are required. In this rutin solu-
tion, 450 g of unloaded silica particles are dispersed. For evapo-

ration, a rotary evaporator with about 2.5 L solvent evaporation
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capacity is required, i.e., a rotary evaporator with a volume of
about 20 L.

Large rotary evaporators are available up to volumes of 200 L
(e.g., from GlasKeller AG, Basel, Switzerland). That means that
in one loading process, 5 kg of smartPearls are sufficient to
produce 1000 kg of final product. This proposed production
scheme indicates that the industrial production of smartPearls is

feasible.

Conclusion

For monitoring and understanding the mechanism behind the
loading process, a combination of DSC and XRD techniques is
most suitable. In this study, XRD was found to be more sensi-

tive to understanding the material crystallinity than DSC.

The particles demonstrated a maximum loading of amorphous-
phase rutin of 25% when loaded using ethanol as the solvent.
With DMSO as the solvent, a loading of up to 35% was
possibly. However, DMSO is difficult to remove because of its
high boiling point, and finally, ethanol is preferable because of

its better skin tolerability, price and ease of processing.

To ensure complete amorphization a loading of 20% rutin is
recommended given that recrystallization of excess rutin was
first detected at loadings >28%. The saturation solubility of the
loaded material was found to increase by a factor of two with
just one tenth the amount of amorphous rutin compared to raw
active agent powder.

Light microscopy contributed to the understanding of the
loading process. It efficiently revealed that the pore filling
follows a distribution in the degree of filling (ranging from
unloaded to highly loaded). Only a portion of the particles
achieve complete loading, and these are the particles that tend
to show the first crystalline fractions.

Regarding the ease of processability, as predicted, the smaller
particles (such as AL-1 FP, 7 um diameter) have a higher ten-
dency to agglomerate, and in combination with their small pore
size of 3 nm, the maximum loading is low (<12%). Better
processability was observed for larger particles with larger
pores and pore volume, where the best results among the silica
materials studied was found with Syloid® XDP 3050.

Due to the solubility properties, the amount of 5 kg loaded
smartPearls required for one ton of final product is relatively
low. However, with an established process, large-scale produc-
tion should be possible using commercially available industrial-
sized 50 L evaporators (i.e., the process is scalable). To repro-

duce the small-scale laboratory results on a large scale, only the
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temperature and vacuum parameters need to be set so that the
same amount of solvent evaporates in a given time (i.e., the

Ostwald—Miers range is satisfied).
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Abstract

Resistance to systemic drug therapy is a major reason for the failure of anticancer therapies. Here, we tested doxorubicin-loaded
human serum albumin (HSA) nanoparticles in the neuroblastoma cell line UKF-NB-3 and its ABCB1-expressing sublines adapted
to vincristine (UKF-NB-3"VCR!) and doxorubicin (UKF-NB-3"DOX2%). Doxorubicin-loaded nanoparticles displayed increased
anticancer activity in UKF-NB-3'VCR! and UKF-NB-3"DOX?° cells relative to doxorubicin solution, but not in UKF-NB-3 cells.
UKF-NB-3'VCR! cells were re-sensitised by nanoparticle-encapsulated doxorubicin to the level of UKF-NB-3 cells. UKF-NB-
3'DOX?0 cells displayed a more pronounced resistance phenotype than UKF-NB-3"VCR! cells and were not re-sensitised by
doxorubicin-loaded nanoparticles to the level of parental cells. ABCBI1 inhibition using zosuquidar resulted in similar effects like
nanoparticle incorporation, indicating that doxorubicin-loaded nanoparticles successfully circumvent ABCB1-mediated drug efflux.
The limited re-sensitisation of UKF-NB-3"DOX20 cells to doxorubicin by circumvention of ABCB1-mediated efflux is probably
due to the presence of multiple doxorubicin resistance mechanisms. So far, ABCBI1 inhibitors have failed in clinical trials probably
because systemic ABCBI1 inhibition results in a modified body distribution of its many substrates including drugs, xenobiotics, and

other molecules. HSA nanoparticles may provide an alternative, more specific way to overcome transporter-mediated resistance.
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Introduction

According to Globocan there "were 14.1 million new cancer
cases, 8.2 million cancer deaths and 32.6 million people living
with cancer (within 5 years of diagnosis) in 2012 worldwide"
[1]. Despite substantial improvements over recent decades, the
prognosis for many cancer patients remains unacceptably poor.
The outlook is particularly grim for patients that are diagnosed
with disseminated (metastatic) disease who cannot be success-
fully treated by local treatment (surgery, radiotherapy) and
depend on systemic drug therapy, because the success of sys-
temic therapies is typically limited by therapy resistance [2-4].

Drug efflux mediated by transporters including adenosine
triphosphate (ATP)-binding cassette (ABC) transporters has
been shown to play a crucial role in cancer cell drug resistance
[2,5]. ABCBI (also known as P-glycoprotein or MDR1) seems
to play a particularly important role in cancer cell drug resis-
tance as a highly promiscuous transporter that mediates the cel-
lular efflux of a wide range of structurally different substrates
including many anticancer drugs. Different studies have re-
ported that nanometer-sized drug carrier systems can bypass
efflux-mediated drug resistance [6]. This includes various nano-
particle and liposome formulations of the ABCB1 substrate
doxorubicin [7-12].

Here, we here investigated the effects of doxorubicin-loaded
human serum albumin (HSA) nanoparticles in ABCBI1-
expressing neuroblastoma cells. HSA nanoparticles are easy to
produce [13-17], and HSA is a well-tolerated material. It is the
most abundant protein in human blood plasma and used in
many pharmaceutical formulations, in particular as part of criti-

cal care treatment [18].

Results

Nanopatrticle size, polydispersity and drug
load

HSA nanoparticles were prepared by desolvation as previously
described [13-17]. The nanoparticles were stabilised by the
cross-linking of free amino groups present in albumin. Three
different nanoparticle preparations were produced using
glutaraldehyde at amounts that corresponded to a theoretical
cross-linking of 40% (HSA 40% nanoparticles), 100% (HSA

Table 1: Nanoparticle diameter, polydispersity, and drug load.

Beilstein J. Nanotechnol. 2019, 10, 1707-1715.

100% nanoparticles), or 200% (HSA 200% nanoparticles) of
the amino groups that are available in the HSA molecules. A
nonstabilised (0% cross-linking) formulation was used as a
control. The resulting particle sizes and polydispersity indices
are shown in Table 1. HSA (0%) nanoparticles displayed a large
particle size of almost 1 um and a high polydispersity of 0.5,
confirming that no stable nanoparticles had formed (Table 1).
The three HSA nanoparticle preparations stabilised by the dif-
ferent glutaraldehyde concentrations displayed similar diame-
ters between 460 and 500 nm and polydispersity indices in the
range of 0.153 and 0.213, indicating a narrow but not monodis-
perse size distribution (Table 1).

The spherical shape and narrow size distribution of HSA nano-
particles was confirmed by scanning electron microscopy
(SEM) as depicted for nanoparticles stabilised by a 100% cross-
linking degree (Figure 1). For these nanoparticles a zeta poten-
tial of —12.5 £ 1.8 mV (n = 6) was detected, indicating only a

moderate stabilisation by electrostatic repulsion.

While HSA (40%), HSA (100%), and HSA (200%) nanoparti-
cles displayed similar drug loads between 152 and 191 pg
doxorubicin/mg nanoparticle, HSA (0%) nanoparticles had
bound 371 pg doxorubicin/mg HSA (Table 1). This probably
reflected the higher accessibility of doxorubicin binding sites,
which are known to be available on HSA [19], in HSA mole-
cules in solution compared to the accessible binding sites avail-
able in HSA nanoparticles.

Doxorubicin sensitivity of the used

neuroblastoma cell lines

The parental neuroblastoma cell line UKF-NB-3 and its doxoru-
bicin- (UKF-NB-3"DOX?°) and vincristine-adapted (UKF-NB-
3'VCR!) sub-lines substantially differed in their doxorubicin
sensitivity (Figure 2). UKF-NB-3 displayed the lowest doxoru-
bicin ICsq (3.8 ng/mL). UKF-NB-3"VCR! was 4-fold more
resistant to doxorubicin than UKF-NB-3 (doxorubicin ICs:
15.5 ng/mL). UKF-NB-3"DOX?? showed the highest doxoru-
bicin ICs5q (89.0 ng/mL), resulting in a 23-fold increase in
doxorubicin resistance compared to UKF-NB-3 (Figure 2, Sup-
porting Information File 1, Table S1).

Nanoparticle formulations Diameter (nm) Polydispersity Drug load (ug doxorubicin/mg nanoparticle)
HSA (0%) 848.7 0.500 370.9
HSA (40%) 485.8 0.189 151.9
HSA (100%) 496.4 0.213 190.5
HSA (200%) 463.4 0.153 164.8
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Figure 1: SEM confirmed the spherical shape and narrow size distribution of doxorubicin-loaded HSA (100%) nanoparticles.

A UKF-NB3"VCR! [ Doxorubicin
UKF-NB-3'DOX? F———%
UKF-NB-3 [*
0 50 100 150
1C, (ng/mL)
B UKF-NB.3"VCR! i Fold change
UKF-NB-3'DOX?
UKF-NB-3 [
0 10 20 30

doxorubicin IC, subline/
doxorubicin IC, UKF-NB-3

Figure 2: Doxorubicin sensitivity of UKF-NB-3, its doxorubicin-adapted
sub-line UKF-NB-3'DOX?° and its vincristine-adapted sub-line UKF-
NB-3'VCR!. A) Doxorubicin concentrations that reduce cell viability by
50% (ICsp) as indicated by MTT assay after 120 h of incubation. B)
Fold change in doxorubicin sensitivity (doxorubicin ICsqg UKF-NB-3
sub-line/doxorubicin IC59 UKF-NB-3). Numerical values are presented
in Supporting Information File 1, Table S1. *P < 0.05 relative to UKF-
NB-3.

Effects of doxorubicin-loaded nanoparticles

on neuroblastoma cells

The effects of doxorubicin applied in solution or incorporated
into HSA (0%), HSA (40%), HSA (100%), or HSA (200%)
nanoparticles on neuroblastoma cell viability are shown in
Figure 3. The numerical values are presented in Supporting
Information File 1, Table S1. Empty control nanoparticles did

not affect cell viability in the investigated concentrations.

In the neuroblastoma cell line UKF-NB-3, the nanoparticle
preparations displayed similar activity as doxorubicin solution,
with doxorubicin-loaded HSA (40%), HSA (100%), and HSA
(200%) nanoparticles potentially showing a trend towards a
slightly increased activity (Figure 3). However, the differences
did not reach statistical significance. Similar results were ob-
tained in the doxorubicin-adapted UKF-NB-3 sub-line UKF-
NB-3'DOX20, although the difference between doxorubicin-
loaded HSA (200%) nanoparticles and doxorubicin solution
reached statistical significance (Figure 3). Notably, non-
stabilised doxorubicin-bound HSA (0%) nanoparticles differed
in their relative activity and did not reduce UKF-NB-3'DOX?0
viability by 50% within the observed concentration range up to
200 ng/mL.

The vincristine-adapted UKF-NB-3 sub-line UKF-NB-3rVCR1
displayed decreased doxorubicin sensitivity. However, doxoru-
bicin-loaded HSA (40%), HSA (100%), and HSA (200%) nano-
particles displayed a higher relative potency compared to
doxorubicin solution in UKF-NB-3"VCR! (Figure 3, Figure 4).
The fold sensitisation doxorubicin IC5q doxorubicin solution/
doxorubicin ICs nanoparticle-bound doxorubicin for HSA
(40%), HSA (100%), and HSA (200%) nanoparticles
(3.6-4.5-fold) was higher than for UKF-NB-3 (1.9-2.5-fold),
and UKF-NB-3'DOX?’ (2.1-2.9-fold). The differences be-
tween doxorubicin-loaded HSA (40%) nanoparticles, HSA
(100%) nanoparticles, and HSA (200%) nanoparticles and
doxorubicin solution reached statistical significance (P < 0.05)
(Figure 3). Doxorubicin encapsulation into HSA (40%), HSA
(100%), or HSA (200%) nanoparticles reduced the doxorubicin
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Figure 3: Effects of doxorubicin (Dox) applied as a solution or incorpo-
rated into human serum albumin (HSA) nanoparticles on neuroblas-
toma cell viability. The investigated nanoparticles differed in the
amount of the cross-linker glutaraldehyde that was used for nanoparti-
cle stabilisation. The amount of glutaraldehyde corresponded to 40%
(Dox HSA (40%) NP), 100% (Dox HSA (100%) NP), or 200% (Dox
HSA (200%) NP) theoretical cross-linking of the available amino
groups present on HSA. Preparations prepared without glutaralde-
hyde served as a control (Dox HSA (0%) NP). Values are expressed
as concentrations that reduce cell viability by 50% (ICsq) as deter-
mined by MTT assay after 120 h of incubation. Numerical values are
presented in Supporting Information File 1, Table S1. Empty nanoparti-
cles did not affect cell viability in the investigated concentrations.

*P < 0.05 relative to doxorubicin solution; # ICso > 200 ng/mL.

ICs in UKF-NB-3"VCR! cells to the levels of doxorubicin
solution in parental UKF-NB-3 cells (Figure 3, Supporting
Information File 1, Table S1). In contrast, the doxorubicin ICs
of doxorubicin-loaded HSA nanoparticles remained clearly
(8-11-fold) higher in UKF-NB-3"DOX?0 cells than the doxoru-
bicin ICs of doxorubicin solution in parental UKF-NB-3 cells.

Effects of the ABCB1 inhibitor zosuquidar on
the efficacy of nanoparticle-bound

doxorubicin in UKF-NB-3'DOX20 cells
Doxorubicin is an ABCB1 substrate, and UKF-NB-3'DOX?20
cells are characterised by high ABCB1 expression [20,21].

Beilstein J. Nanotechnol. 2019, 10, 1707-1715.

UKF-NB-3
Dox HSA(200%) NP |——————

Dox HSA(100%) NP
Dox HSA(40%)NP [
0 1 2 3 4 5

UKF-NB-3'DOX2
Dox HSA(200%) NP 1

Dox HSA(100%) NP ———

Dox HSA(40%) NP [
0 1 2 3 4 5

UKF-NB-3'VCR!
Dox HSA(200%) NP

Dox HSA(100%) NP
Dox HSA(40%) NP

0 1 2 3 4 5

IC,, Dox solution/
IC,, Dox NPs

Figure 4: Fold sensitisation to doxorubicin by doxorubicin-bound nano-
particles (NPs). Values are expressed as fold changes doxorubicin
(Dox) ICsq of doxorubicin solution/doxorubicin ICsq of doxorubicin-
bound NPs. Human serum albumin (HSA) nanoparticles were
stabilised by glutaraldehyde concentrations corresponding to 40%
(Dox HSA (40%) NP), 100% (Dox HSA (100%) NP), or 200% (Dox
HSA (200%) NP) theoretical cross-linking of the available amino
groups present on HSA.

Vincristine is also an ABCB1 substrate, and vincristine-adapted
cancer cell lines often display enhanced ABCB1 levels
[20,22,23]. Accordingly, UKF-NB-3"VCR! cells are sensitised
by the ABCBI1 inhibitor zosuquidar [2-6] to doxorubicin to the
level of parental UKF-NB-3 cells (Supporting Information
File 1, Figure S1), which indicates that ABCB1 expression con-
tributes to the resistance phenotype observed in UKF-NB-
3'VCR! cells.

Doxorubicin bound to nanometer-sized drug carrier systems has
been shown to bypass ABCB1-mediated drug efflux [7-12]. In
UKF-NB-3"VCR! cells, combining both doxorubicin with
zosuquidar and doxorubicin encapsulation into HSA nanoparti-
cles reduced the doxorubicin ICs to the level of parental UKF-
NB-3 cells (Figure 3, Supporting Information File 1, Figure S1,
Table S1), which do not display detectable ABCB1 activity
[20,22,23]. Hence, the increased activity of nanoparticle-bound
doxorubicin that we observed in UKF-NB-3"VCR10 cells is
likely to be attributed to the circumvention of ABCB1-medi-
ated doxorubicin efflux.

In UKF-NB-3"DOX?0 cells, however, the differences between

doxorubicin solution and doxorubicin nanoparticles only

reached statistical significance for doxorubicin-loaded HSA
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(200%) nanoparticles (Figure 3). The reasons for this may
include that nanoparticle-incorporated doxorubicin does not
completely avoid ABCB1-mediated efflux from UKF-NB-
3'DOX?0 cells and/or that doxorubicin resistance is caused by
multiple resistance mechanisms and that avoidance of ABCB1-
mediated transport is not sufficient to re-sensitise UKF-NB-
3'DOX?0 cells to doxorubicin to the level of UKF-NB-3 cells.

To further study the role of ABCBI1 as a doxorubicin resistance
mechanism in UKF-NB-3"DOXZ° cells, we performed addition-
al experiments in which we combined the ABCB1 inhibitor
zosuquidar and doxorubicin applied as a solution or nanoparti-
cle preparations in UKF-NB-3'DOX?Y and UKF-NB-3 cells.
Zosuquidar (1 pM) did not affect the efficacy of doxorubicin
solution or nanoparticle-bound doxorubicin in parental UKF-
NB-3 cells (Figure 5), which do not display noticeable ABCB1
activity [20,22,23]. These experiments also confirmed that there
is no significant difference in the anticancer activity between
doxorubicin solution and doxorubicin nanoparticles in UKF-
NB-3 cells, despite an apparent trend in the first set of experi-

ments (Figure 3).

In UKF-NB-3"DOX? cells, the addition of zosuquidar resulted
in an increased sensitivity to free doxorubicin (Figure 5). The
doxorubicin ICsg decreased by 2.5-fold from 91 ng/mL in the
absence of zosuquidar to 37 ng/mL in the presence of
zosuquidar, but not to the level of UKF-NB-3 cells (4.6 ng/mL)
(Supporting Information File 1, Table S2). This confirmed that
ABCBI is one among multiple resistance mechanisms that con-
tribute to the doxorubicin resistance phenotype observed in
UKF-NB-3"'DOX?0.

In this set of experiments, doxorubicin-loaded nanoparticles
displayed a significantly increased activity compared to doxoru-
bicin solution in UKF-NB-3'DOX?? cells (Figure 5). This
finding together with the non-significant trend observed in the
first set of experiments (Figure 3) suggests that doxorubicin-
loaded nanoparticles do indeed exert stronger effects against
UKF-NB-3"DOX? cells than doxorubicin solution. Zosuquidar
only moderately increased the efficacy of doxorubicin
nanoparticles further (1.1-1.8-fold) in UKF-NB-3'DOX? cells
(Figure 5, Supporting Information File 1, Table S2). In particu-
lar, the anticancer effects of doxorubicin-loaded HSA (200%)
nanoparticles, the most active nanoparticle preparation in UKF-
NB-3"DOX? cells, displayed a doxorubicin ICsq of 20 ng/mL,
which was not further reduced by addition of zosuquidar
(doxorubicin ICsq: 18 ng/mL) (Figure 5, Table S2). Hence, the
increased anticancer activity of doxorubicin incorporated into
HSA nanoparticles appears to be primarily caused by circum-
venting the ABCB1-mediated doxorubicin efflux in UKF-NB-
3'DOX?0 cells.
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Figure 5: Doxorubicin (Dox) concentrations that reduce neuroblas-
toma cell viability by 50% (ICsp) in the presence or absence of the
ABCB1 inhibitor zosuquidar (1 pM) as determined by MTT assay after
120 h incubation. Doxorubicin was either applied as a solution or incor-
porated into human serum albumin (HSA) nanoparticles which had
been stabilised by addition of glutaraldehyde concentrations corre-
sponding to 40% (Dox HSA (40%) NP), 100% (Dox HSA (100%) NP),
or 200% (Dox HSA (200%) NP) theoretical cross-linking of the avail-
able amino groups present on HSA. Zosuquidar (1 uM) did not affect
cell viability on its own. Numerical data are presented in Supporting
Information File 1, Table S2. *P < 0.05 relative to the doxorubicin ICsq
in the absence of zosuquidar; SP < 0.05 relative to doxorubicin solu-
tion.

Discussion

The occurrence of drug resistance is the major reason for the
failure of systemic anticancer therapies [2]. Here, we investigat-
ed the effects of doxorubicin-loaded HSA nanoparticles on the
viability of the neuroblastoma cell line UKF-NB-3 and its sub-
lines adapted to doxorubicin (UKE-NB-3"D0OX2%) and
vincristine (UKF-NB-3"VCR!), which both display ABCB1 ac-
tivity and resistance to doxorubicin. The HSA nanoparticles
were prepared by desolvation and stabilised by glutaraldehyde,
which crosslinks amino groups present in albumin molecules
[13-17]. Glutaraldehyde was used at molar concentrations that
corresponded to 40% (Dox HSA (40%) nanoparticles), 100%
(Dox HSA (100%) nanoparticles), or 200% (Dox HSA (200%)

nanoparticles) theoretical cross-linking of the 59 amino groups

1711



available per HSA molecule [24]. The resulting nanoparticles
ranged from 463 to 486 nm in diameter and had a low polydis-

persity index in the range of 0.2.

Doxorubicin-loaded nanoparticles displayed similar activity as
doxorubicin solution in the parental UKF-NB-3 cell line, but
exerted stronger effects than doxorubicin solution in the
ABCB1-expressing UKF-NB-3 sub-lines. The UKF-NB-
3"VCR! cells were similarly sensitive to doxorubicin-loaded
nanoparticles as parental UKF-NB-3 cells to doxorubicin solu-
tion (and doxorubicin-loaded nanoparticles). This suggests that
the doxorubicin resistance of UKF-NB-3"VCR! cells exclusive-
ly depends on ABCBI1 expression. In concordance, the ABCB1
inhibitor zosuquidar re-sensitised UKF-NB-3'VCR! cells to the
level of parental UKF-NB-3 cells.

The UKF-NB-3"DOX?20 cells displayed a more pronounced
doxorubicin resistance phenotype than UKF-NB-3"VCR! cells
and were neither re-sensitised by nanoparticle-encapsulated
doxorubicin nor by zosuquidar to the level of UKF-NB-3 cells.
This suggests that UKF-NB-3"DOX?? cells have developed
multiple doxorubicin resistance mechanisms. In contrast, adap-
tation of UKF-NB-3"VCR! cells to vincristine, a tubulin-
binding agent with an anticancer mechanism of action that is
not related to that of the topoisomerase II inhibitor doxorubicin
[2,20,25,26], did not result in the acquisition of changes that

confer doxorubicin resistance beyond ABCB1 expression.

Furthermore, zosuquidar did not increase the efficacy of
doxorubicin-loaded HSA (100%) and HSA (200%) nanoparti-
cles and only modestly enhanced the efficacy of doxorubicin-
loaded HSA (40%) nanoparticles. Together, these data confirm
that administration of doxorubicin as HSA nanoparticles
resulted in the circumvention of ABCB1-mediated drug efflux.
The difference between HSA (40%) nanoparticles and the other
two preparations may be explained by elevated drug release due
to the lower degree of cross-linking.

Interestingly, high concentrations of the cross-linker glutaralde-
hyde did not affect the efficacy of the resulting doxorubicin-
loaded nanoparticles although high glutaraldehyde concentra-
tions might have been expected to affect drug release and/or to
covalently bind to doxorubicin via its amino group.

Notably, the results differ from a recent similar study in which
nanoparticles prepared from poly(lactic-co-glycolic acid)
(PLGA) or polylactic acid (PLA), two other biodegradable ma-
terials approved by the FDA and EMA for human use [27,28],
did not bypass ABCB1-mediated drug efflux [29]. Differences
in the mode of uptake and cellular distribution of the nanoparti-

cles from different materials may be responsible for these
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discrepancies. HSA nanoparticles may be internalised upon
interaction with cellular albumin receptors [30,31]. Notably,
nab-paclitaxel, an HSA nanoparticle-based preparation of pacli-
taxel (another ABCB1 substrate [21]), which is approved for
the treatment of different forms of cancer [32], had previously
been shown not to avoid ABCB1-mediated drug efflux [33].
However, nab-paclitaxel is not produced by the use of cross-
linkers, and the interaction of paclitaxel with albumin may
differ from that of doxorubicin. Hence, variations in drug
binding and drug release kinetics may be responsible for this
difference.

Despite the prominent role of ABCBI1 as a drug resistance
mechanism, attempts to exploit it as drug target have failed so
far, despite the development of highly specific allosteric
ABCBI1 inhibitors (of which zosuquidar is one) [5,21]. One
reason for this is that ABCB1 is expressed at various physiolog-
ical borders and involved in the control of the body distribution
of its many endogenous and exogenous substrates. Systemic
ABCBI inhibition can therefore result in toxicity as a conse-
quence of a modified body distribution of anticancer drugs (and
other drugs that are co-administered for conditions other than
cancer), xenobiotics, and other molecules. Hence, the use of
drug carrier systems to bypass ABC transporter-mediated drug
efflux is conceptually very attractive because it can (in contrast
to inhibitors of ABCB1 or other transporters) overcome resis-
tance mediated by multiple transporters and does not result in
the systemic inhibition of transporter function at physiological
barriers. However, cancer cells may be characterised by
multiple further resistance mechanisms and just bypassing
transporter-mediated efflux may not be sufficient to achieve
therapeutic response (as illustrated by our current finding that
UKF-NB-3"DOX?20 cells cannot be fully re-sensitised to
doxorubicin by zosuquidar) [2,5,21]. Hence, our results demon-
strate that more sophisticated, personalised therapies will need
to be developed. Such therapies will depend on an improved
understanding of the resistance status of cancer cells to a certain
drug beyond its transporter status. If biomarkers become avail-
able that predict cancer cell response to a certain drug more reli-
ably, nanoparticles can be used to transport drugs under circum-
vention of transporter-mediated efflux into cancer cells that are
likely to respond to them.

In conclusion, doxorubicin-loaded HSA nanoparticles pro-
duced by desolvation and cross-linking using glutaraldehyde
overcome (in contrast to other nanoparticle systems) trans-
porter-mediated drug resistance in drug-adapted neuroblastoma
cells. However, our data also show that bypassing of trans-
porter-mediated drug efflux may not be sufficient to sensitise
cancer cells, which have developed multiple resistance mecha-

nisms, to the level of sensitive parental cells.
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Experimental

Reagents and chemicals

HSA and glutaraldehyde were obtained from Sigma-Aldrich
Chemie GmbH (Karlsruhe, Germany). Dulbecco's phosphate
buffered saline (PBS) was purchased from Biochrom GmbH
(Berlin, Germany). Doxorubicin was obtained from LGC Stan-
dards GmbH (Wesel, Germany). All chemicals were of analyti-

cal grade and used as received.

Human serum albumin (HSA) nanoparticle

preparation by desolvation

HSA nanoparticles were prepared by desolvation as previously
described [13-17]. 100 uL of a 1% (w/v) aqueous doxorubicin
solution was added to 500 pL of a 40 mg/mL (w/v) HSA solu-
tion and incubated for 2 h at room temperature under stirring
(550 rpm, Cimaric i Multipoint Stirrer, ThermoFisher Scien-
tific, Langenselbold, Germany). 4 mL of ethanol 96% was
added at room temperature under stirring using a peristaltic
pump (Ismatec ecoline, Ismatec, Wertheim-Mondfeld,
Germany) at a flow rate of 1 mL/min. After the desolvation
process, the resulting nanoparticles were stabilised/cross-linked
using different amounts of glutaraldehyde that corresponded to
different percentages of the theoretical amount that is necessary
for the quantitative cross-linking of the 60 primary amino
groups present in the HSA molecules of the particle matrix. The
addition of 4.7 uL 8% (w/v) aqueous glutaraldehyde solution
resulted in a theoretical cross-linking of 40% of the HSA amino
groups, the addition of 11.8 uL 8% (w/v) aqueous glutaralde-
hyde solution in 100% cross-linking, and the addition of
23.6 uL 8% (w/v) aqueous glutaraldehyde solution in
200% cross-linking. The suspension was then stirred for 12 h at
550 rpm. The particles were purified by centrifugation (at
16,000g for 12 min) and resuspension steps performed three
times in purified water. During the particle purification the
supernatants were collected and the drug content was measured
by high-performance liquid chromatography (HPLC) as de-
scribed below. The loading efficiency of doxorubicin in the
nanoparticles was calculated based on the difference between
the doxorubicin amount used for nanoparticle preparation and

the unbound amount detected in the collected supernatants.

Determination of particle size distribution

The average particle size and the polydispersity were measured
by photon correlation spectroscopy (PCS) using a Malvern zeta-
sizer nano instrument (Malvern Instruments, Herrenberg,
Germany). The resulting particle suspensions were diluted
1:100 with purified water and measured at a temperature of
22 °C using a backscattering angle of 173°.

The zeta potential was measured in the same instrument by

laser Doppler microelectrophoresis to provide information
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about the surface charge of the nanoparticles. Thus, the nano-
particle dilutions described above were transferred into a folded

capillary cell and the experiment was conducted at 22 °C.

Morphological analysis of nanoparticles by

scanning electron microscopy (SEM)
3 uL of diluted HAS nanoparticle suspension (0.25 mg/mL)

M mem-

was applied on a 0.1 pm membrane filter (IsoporeT
brane filter, Merck Millipore, Darmstadt, Germany) and dried
overnight in a desiccator. Afterwards, the membrane filter was
sputtered with gold (Sputter SCD 040, BALTEC, Liechtenstein)
under argon atmosphere. SEM was performed on a CamScan
CS4 microscope (Cambridge Scanning Company, Cambridge,
United Kingdom) and the sample was visualised with an accel-
erating voltage of 10 kV, a working distance of 10 mm, and

10,000-fold magnification.

Doxorubicin quantification via HPLC-UV

The amount of doxorubicin that was incorporated into the nano-
particles was determined by HPLC-UV (HPLC 1200 series,
Agilent Technologies GmbH, Boblingen, Germany) using a
LiChroCART 250 X 4 mm LiChrospher 100 RP 18 column
(Merck KGaA, Darmstadt, Germany). The mobile phase was a
mixture of water and acetonitrile (70:30) containing 0.1% tri-
fluoroacetic acid [16]. In order to obtain symmetric peaks a
gradient was used. In the first 6 min the percentage of A was
reduced from 70% to 50%. Subsequently within 2 min the
amount of A was further decreased to 20% and then within
another 2 min increased again to 70%. These conditions were
held for a final 5 min, resulting in a total runtime of 15 min.
While using a flow rate of 0.8 mL/min, an elution time for
doxorubicin of = 7.5 min was achieved. The detection of

doxorubicin was performed at a wavelength of 485 nm [34].

Cell culture

The neuroblastoma cell line UKF-NB-3, which harbours a
MYCN amplification (a major indicator of high-risk disease
and poor prognosis [35]), was established from a stage 4
neuroblastoma patient [20]. The UKF-NB-3 sub-lines adapted
to growth in the presence of doxorubicin 20 ng/mL (UKF-NB-
3'DOX2%) [20] or vincristine 1 ng/mL (UKF-NB-3"VCR!)
were established by continuous exposure to step-wise increas-
ing drug concentrations as previously described [20,36] and
derived from the resistant cancer cell line (RCCL) collection
[37].

All cells were propagated in Iscove’s modified Dulbecco’s me-
dium (IMDM) supplemented with 10% foetal calf serum,
100 IU/mL penicillin and 100 pg/mL streptomycin at 37 °C.
The drug-adapted sub-lines were continuously cultured in the

presence of the indicated drug concentrations. The cells were
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routinely tested for mycoplasma contamination and authenti-
cated by short tandem repeat profiling.

Cell viability assay

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay modified after
Mosman [38], as previously described [39]. 2 x 104 cells
suspended in 100 pL of cell culture medium were plated per
well in 96-well plates and incubated in the presence of various
doxorubicin concentrations (free or nanoparticle-encapsulated)
for 120 h. Where indicated, free or nanoparticle-encapsulated
doxorubicin was combined with a fixed concentration of 1 uM
of the ABCB1 inhibitor zosuquidar. Then, 25 uL of MTT solu-
tion (2 mg/mL (w/v) in PBS) was added per well, and the plates
were incubated at 37 °C for an additional 4 h. After this, the
cells were lysed using 200 uL of a buffer containing 20% (w/v)
sodium dodecylsulfate and 50% (v/v) N,N-dimethylformamide
with the pH adjusted to 4.7 at 37 °C for 4 h. The absorbance
was determined at 570 nm for each well using a 96-well multi-
scanner. After subtracting of the background absorption, the
results are expressed as percentage viability relative to control
cultures which received no drug. The drug concentrations that
inhibited cell viability by 50% (ICsq) were determined using
CalcuSyn (Biosoft, Cambridge, UK).

Statistical testing

The results are expressed as the mean * standard deviation of at
least three experiments. The Student’s z-test was used for
comparing two groups. Three and more groups were compared
by ANOVA followed by the Student—-Newman—Keuls test.
P-values lower than 0.05 were considered to be significant.

Supporting Information

Doxorubicin IC5qs in neuroblastoma cells in the absence or
presence of the ABCB1 inhibitor zosuquidar. Effects of
doxorubicin applied as solution or incorporated into HSA
nanoparticles on neuroblastoma cell viability. Effects of
doxorubicin solution or doxorubicin HSA nanoparticles on

neuroblastoma cells with or without zosuquidar.

Supporting Information File 1

Additional experimental details.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-166-S1.pdf]
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Abstract

This investigation is a study of new lipid nanoparticles for cutaneous antioxidant delivery. Several molecules, such as a-tocopherol
and retinoic acid, have been shown to improve skin condition and even counteract the effects of exogenous stress factors such as
smoking on skin aging. This work describes the design and development of lipid nanoparticles containing antioxidant agents
(a-tocopherol or retinoic acid) to protect human skin against pollutants. Namely, solid lipid nanoparticles and nanostructured lipid
carriers were prepared using different lipids (tristearin, compritol, precirol or suppocire) in the presence or absence of caprylic/
capric triglycerides. The formulations were characterized by particle size analysis, cryogenic transmission electron microscopy,
small-angle X-ray diffraction, encapsulation efficiency, preliminary stability, in vitro cytotoxicity and protection against cigarette
smoke. Nanostructured lipid carriers were found to reduce agglomerate formation and provided better dimensional stability, as
compared to solid lipid nanoparticles, suggesting their suitability for antioxidant loading. Based on the preformulation study, tris-
tearin-based nanostructured lipid carriers loaded with a-tocopherol were selected for ex vivo studies since they displayed superior
physico-chemical properties as compared to the other nanostructured lipid carriers compositions. Human skin explants were treated
with a-tocopherol-loaded nanostructured lipid carriers and then exposed to cigarette smoke, and the protein levels of the stress-in-

duced enzyme heme oxygenase were analyzed in skin homogenates. Interestingly, it was found that pretreatment with the nanofor-
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mulation resulted in significantly reduced heme oxygenase upregulation as compared to control samples, suggesting a protective

effect provided by the nanoparticles.

Introduction

Air pollution increasingly affects industrialized urban areas in a
negative manner with dramatic consequences for the environ-
ment and human health. This problem also affects rural areas,
worsening the air quality all over the world. Besides being the
primary cause of many respiratory diseases (e.g., chronic
obstructive pulmonary disease, asthma and lung cancer), pollu-
tion is also responsible for cutaneous pathologies, spanning
from skin aging, inflammation and allergy to skin cancer [1].

Cigarette smoke (CS) is one of the major toxic pollutants,
exerting an important role in the onset of many serious and fatal
diseases. Indeed, it is well known that CS can provoke various
pathologies especially related to the lungs (e.g., cancer, emphy-
sema, bronchitis) as well as the cardiovascular apparatus [2,3].
In the last two decades, the noxious effect of CS on skin has
been well demonstrated [4-6]. For instance, the chronic expo-
sure of skin to CS induces premature skin ageing, delayed
wound healing, psoriasis and inflammatory skin diseases [3].
CS increases the risk of squamous cell carcinoma, with respect
to non-smokers, as well as oral leukoplakia and oral cancers,
such as lip cancer. Indeed, tobacco smoke is constituted of
thousands of toxic compounds, including benzene, formalde-
hyde, hydrogen cyanide, carbon monoxide, arsenic and radioac-
tive components, producing free radicals that cause oxidative
stress [7]. The release of reactive oxygen species from tobacco
smoke provokes a series of systemic immunomodulatory effects
that leads to a compromised inflammatory response. These
destructive mechanisms also affect collagen synthesis and the
skin cellular reparative effects [8,9]. It has been found that anti-
oxidants play a key role in the regulation of the deleterious ac-
tivity exerted by CS in humans, nevertheless CS alters the
requirements of antioxidants, such as vitamins E and A [9-14].
In this respect, quitting smoking does not always resolve the
issue, since even more toxic effects have been shown from

exposure to second-hand smoke.

Recently many cosmetic producers have focused their efforts
towards antipollution dermocosmetics that are able to defend
the skin against prolonged and repetitive daily exposure to
pollutants; for instance, film-formers or skin rejuvenating
excipients have been developed. Nevertheless, these strategies
offer merely a short-term improvement of skin barrier function.
Thus, in this respect, there is an unmet need for an effective
product that endows skin protection from pollutants from long-
term exposure, as well as for antipollution test methods suitable

for assessing product efficacy and safety [15].

Vitamin E is a potent antioxidant, able to counteract the reac-
tive oxygen species production during fat oxidation and free
radical propagation — indeed it can protect the cell membranes
from free radical attack, acting against lipid peroxidation.
Vitamin E exists in 8 different forms, 4 tocopherols and
4 tocotrienols [16]. Among them a-tocopherol (TOC) can be
mostly adsorbed and accumulated, thus it is largely employed
as an antioxidant for edible oils and in anti-aging products.
Notably, TOC has been proposed for the treatment of cancer

and skin barrier improvement [17-19].

Vitamin A is defined as a group of lipophilic retinoids, includ-
ing retinoic acid (RA), derived from food and stored in the
liver. Due to its antioxidant action, RA plays a role in cancer
chemoprevention and differentiation [20]. Particularly, RA has
been proposed in the treatment of breast, lung and liver cancers
[21,22]. Notably, it has been demonstrated that CS induces RA
deficiency [23].

Despite the enormous potential of TOC and RA, some draw-
backs are associated to their topical use, such as photodegrada-
tion, poor water solubility and irritative skin effects when em-
ployed in high dosage [24,25]. Thus, TOC and RA need to be
loaded in specialized formulations suitable for skin application
and able to adequately protect them from degradation. In this
respect, recently different lipid nanoparticles have been pro-
posed, including solid lipid nanoparticles (SLNs) and nano-
structured lipid carriers (NLCs) [26-28]. SLNs possess several
advantages over conventional lipid formulations being able to
carry drugs in a biocompatible solid nanometric matrix, thus
achieving

1. improvement of solubility,

2. stability of the loaded active molecule and

3. suitability of administration through different routes
[29,30].

NLCs represent a smart generation of lipid nanoparticles, being
based on a blend of solid and liquid lipids that creates a disor-
dered nano-matrix, able to load higher amounts of lipophilic
molecules than SLNs and avoiding leakage during storage [31-
34].

The choice of the type and concentration of the nanoparticle

lipid matrix is crucial since it can affect the physico-chemical

aspects of SLNs and NLCs, the encapsulation parameters, as
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well as the long-term stability of the formulation. Thus, in view
of an industrial production, a preliminary formulation screening

appears imperative [35,36].

The present investigation has been conducted to develop a
nanoparticulate approach for counteracting skin pollution. In
particular, a preformulation study was performed to select the
type and composition of lipid nanoparticles suitable for encap-
sulation of TOC and RA. To assess the effect of antioxidant
loaded in nanoparticles, a Western blot analysis has been per-
formed to evaluate heme oxygenase expression on human skin

explants treated with nanoparticles and exposed to CS.

Experimental

Reagents

The copolymer poly(ethylene oxide) (80)—poly(propylene
oxide) (27) (poloxamer 188) was a gift from BASF ChemTrade
GmbH (Burgbernheim, Germany). Miglyol 812 N, caprylic/
capric triglycerides (miglyol) was a gift of Cremer Oleo Divi-
sion (Witten, Germany). Glyceryl distearate (precirol ATOS,
precirol), glyceryl dibehenate (compritol 888 ATO, compritol)
and mono-, di-, tri-glyceride esters of fatty acids (C;¢o—Cqg)
(suppocire AM, suppocire) were kind gifts of Gattefosse

Table 1: Composition of solid lipid nanoparticles (SLNs).

preparation

Beilstein J. Nanotechnol. 2019, 10, 1789-1801.

(Milan, Italy). Glyceryl tristearate (tristearin), a-tocopherol
(TOC), retinoic acid (RA) and HPLC solvents were purchased
from Sigma-Aldrich, Merck (Darmstadt, Germany).

Preparation of lipid nanoparticles

Lipid nanoparticles were prepared by a hot homogenization
technique based on ultrasound treatment. In both cases the
dispersing phase was an aqueous solution of poloxamer 188
(2.5% w/w) [37]. In the case of SLN the disperse phase was
constituted of one solid lipid (i.e., tristearin, precirol, compritol
or suppocire), while in the case of NLC, a mixture between one
solid lipid and the liquid lipid caprylic/capric triglycerides
(miglyol) (1:1 w/w ratio) was employed. In both cases the lipid
phase was 5 or 10% by weight, with respect to the whole weight
of the dispersion. The nanoparticle dispersion acronyms and

compositions are reported in Table 1 and Table 2.

Firstly, an emulsion was obtained adding the poloxamer 188
aqueous phase (4.5/4.75 mL) heated at 80 °C to the molten lipid
phase (250/500 mg), followed by mixing at 15000 rpm, at 80 °C
for 1 min (IKA T25 digital ultraturrax). Secondly, the emulsion
was subjected to ultrasound homogenization at 6.75 kHz for
15 min (Microson ultrasonic Cell Disruptor-XL Minisonix) and

composition % (w/w)

lipid phase water phase

tristearin compritol precirol suppocire poloxamer water
SLN T5 5 - - - 2.37 92.63
SLN T10 10 - - - 2.25 87.75
SLN C5 - 5 - - 2.37 92.63
SLN C10 - 10 - - 2.25 87.75
SLN P5 - - 5 - 2.37 92.63
SLN P10 - - 10 2.25 87.75
SLN S5 - - - 5 2.37 92.63
SLN S10 - - - 10 2.25 87.75

Table 2: Composition of nanostructured lipid carriers (NLCs).

preparation

composition % (w/w)

lipid phase water phase

tristearin compritol precirol suppocire miglyol poloxamer water
NLC T5 25 - - - 25 2.37 92.63
NLC T10 5.0 - - - 5.0 2.25 87.75
NLC C5 - 25 - - 25 2.37 92.63
NLC C10 - 5.0 - - 5.0 2.25 87.75
NLC P5 - - 25 - 25 2.37 92.63
NLC P10 - - 5.0 - 5.0 2.25 87.75
NLC S5 - - - 25 25 2.37 92.63
NLC S10 - - - 5.0 5.0 2.25 87.75
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allowed to cool at 25 °C. Lipid nanoparticle dispersions were
stored at room temperature. In the case of drug-loaded
nanoparticles, TOC (0.4-0.8% w/w with respect to the whole
dispersion; 8% w/w with respect to the lipid phase) or RA
(0.02% w/w with respect to the whole dispersion; 0.4% w/w
with respect to the lipid phase) were solubilized in caprylic/
capric triglycerides (miglyol) and then added to the fused lipid
phase before the emulsification step. The nanoparticle

acronyms are reported in Table 3.

Photon correlation spectroscopy (PCS)
analysis

Submicrometer particle analysis was performed using a Zeta-
sizer Nano S90 device (Malvern Instruments, Malvern,
England) equipped with a 5 mW helium neon laser with a
wavelength output of 633 nm. The glassware was cleaned of
dust by washing with detergent and rinsing twice with water for
injections. The measurements were made in triplicate at 25 °C
at an angle of 90°, and the data were interpreted using the
“CONTIN” method [38].

Cryogenic transmission electron microscopy
(cryo-TEM) analysis

The samples were vitrified as previously described [39]. The
vitrified specimen was transferred to a Zeiss EM922 Omega
transmission electron microscope for imaging using a cryohold-
er (CT3500, Gatan). The temperature of the sample was kept
below —175 °C throughout the examination. The specimens
were examined with doses of about 1000-2000 e/nm? at
200 kV. The images were digitally recorded by a CCD camera
(Ultrascan 1000, Gatan) using an image processing system
(GMS 1.9 software, Gatan). In addition, the size distribution of
the nanoparticles was performed by measuring 1000 nanoparti-
cles for each cryo-TEM image by the digital analyzer ImageJ
1.48v.

Table 3: Composition of antioxidant-containing NLCs.

preparation

Beilstein J. Nanotechnol. 2019, 10, 1789-1801.

Small-angle X-ray scattering (SAXS) mea-
surements

Small-angle X-ray scattering (SAXS) experiments were per-
formed at the SAXS BM29 beamline of the European Synchro-
tron (ESRF) in Grenoble, France. NLC samples were filled in
glass capillaries. The experiments were performed at 30 and
37 °C, both in the presence and absence of TOC and RA. The
investigated Q-range (Q = 4m sin/\, where 20 is the scattering
angle and X is the X-ray wavelength) was from 0.01 to 0.5 A™1,
the wavelength used was 0.99 A. The sample exposure time
was 160 s, which ensured enough statistical accuracy without
degrading the samples by radiation. The Bragg peaks observed
were indexed considering the possible symmetries commonly
observed in lipid systems (lamellar, hexagonal or cubic) [40].
Accordingly, from the averaged spacing of the observed peaks

the unit cell dimension of the phase was calculated.

Encapsulation efficiency and loading capacity

of lipid nanoparticles

The encapsulation efficiency (EE) and loading capacity (LC) of
TOC and RA in NLCs were determined as previously de-
scribed [41]. A 0.5 mL aliquot of each NLC batch was loaded
into a centrifugal filter (Microcon centrifugal filter unit YM-10
membrane, NMWCO 10 kDa, Sigma-Aldrich, St. Louis, MO,
USA) and centrifuged (Spectrafuge ™ 24D Digital Microcen-
trifuge, Woodbridge, NJ, USA) at 8,000 rpm for 20 min. The
amount of drug was determined after dissolving the lipid phase
with a known amount of methanol (1:10 v/v) for 2 h under stir-
ring. The TOC and RA content was analyzed after filtration by
high-performance liquid chromatography (HPLC) using a
Knauer Eurospher II RP C18 column (Knauer, Germany)
(15 x 0.4 cm) stainless steel packed with 5 um particles, eluted
at room temperature with different mobile phases. Samples of
50 uL were injected through the rheodyne injector system fitted
with a 50 pL fixed loop and compared with standards of known

composition % (w/w)

lipid phase water phase

tristearin compritol  precirol suppocire  miglyol TOC? RAb poloxamer water
NLC T5-TOC 25 - - - 25 0.4 - 2.37 92.23
NLC T10-TOC 5.0 - - - 5.0 0.8 - 2.25 86.95
NLC C5-TOC - 25 - - 2.5 0.4 - 2.37 92.23
NLC C10-TOC - 5.0 - - 5.0 0.8 - 2.25 86.95
NLC P5-TOC - - 25 - 25 0.4 - 2.37 92.23
NLC P10-TOC - - 5.0 - 5.0 0.8 - 2.25 86.95
NLC S5-TOC - - - 2.5 2.5 0.4 - 2.37 92.23
NLC S10-TOC - - - 5.0 5.0 0.8 - 2.25 86.95
NLC T10-RA 5.0 - - - 4.98 - 0.02 2.25 87.75

aTOC: a-tocopherol; PRA: retinoic acid.
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concentration. In the case of TOC, the mobile phase was metha-
nol, and the flow rate was 1 mL/min at 295 nm, while for RA,
acetonitrile/methanol/methylene chloride (70:15:15, v/v) was
employed, with a flow rate of 1 mL/min at 325 nm. The
analyses were conducted in triplicate. EE and LC were deter-
mined using Equation 1 and Equation 2

EE = L/T x100 (1)

LC = L/Tiipiq phase X100 )

where L is the amount of drug effectively present within the
nanoparticles, T stands for the total amount of drug initially
added to the lipid phase and Tjjpiq phase 1S the total weight of
lipid phase in the formulation. Determinations were performed
six times in independent experiments and the mean values %
standard deviations were calculated.

Stability studies

After production, the nanoparticles were stored in glass
containers at 25 °C for 6 months [42]. To assess the physical
and chemical stability, particle size analysis and TOC encapsu-
lation efficiency were periodically evaluated by PCS and
HPLC, respectively, as above reported.

Western blot analysis for HO-1 and HO-2

protein

Cytotoxicity determination

Experiments were carried out to assess the range of NLC T10-
TOC, NLC C10-TOC, NLC P10-TOC and NLC S10-TOC con-
centrations that are nontoxic for cells. Briefly, human immortal-
ized keratinocytes (HaCaT) were treated for 24 h with the dif-
ferent NLC formulations at various TOC concentrations,
ranging from 25 to 200 uM. Cytotoxicity was evaluated by
spectrophotometric quantification of the LDH released in cul-
ture medium, using a commercial kit (Sigma-Aldrich, Merck,
Darmstadt, Germany), as previously described [43].

Human skin explant (HSE) culture

Skin explants were prepared from the superfluous skin of
healthy adult donors (18-60 years old). Breast or abdominal
tissue specimens were obtained from patients undergoing
plastic surgery. Skin biopsies (12 mm punches) were cultured
into standard 6-well plates in contact with culture medium at
37 °C in 5% CO, humidified air. The culture medium was
Dulbecco’s Modified Eagle Medium (DMEM) with 1% antibi-
otic-antimycotic solution (10,000 units penicillin, 10 mg
streptomycin and 25 pug amphotericin B — Sigma-Aldrich,
Germany) and 1% r-glutamine (Sigma-Aldrich, Germany) [43].

After 1 day in culture, the medium was changed and HSEs were

Beilstein J. Nanotechnol. 2019, 10, 1789-1801.

topically treated with 50 uL of NLC T10 and NLC T10-TOC
for 24 h.

Cigarette smoke (CS) exposure

After 24 h of treatment, the HSEs were exposed for 30 minutes
to CS generated by burning one research cigarette (12 mg tar,
1.1 mg nicotine) using a vacuum pump, as previously de-
scribed [44]. Control HSEs were exposed to filtered air. After
exposure, the explants were incubated in fresh media at 37 °C
in a humidified 5% CO, atmosphere for 24 h.

Protein extraction

Samples for Western blot analysis were washed in PBS and
frozen in liquid nitrogen. The biopsies were extracted in ice-
cold conditions using a tissue protein extraction reagent (T-PER
buffer, Thermo Fisher Scientific, MA, USA) added consisting
of protease and phosphatase inhibitor cocktails (Sigma, Milan,
Italy), using a bead-based homogenizer at 12400 rpm at 4 °C
for 15 min. The protein concentration was measured by the
Bradford method (BioRad, CA, USA) [40].

Western blot analysis

The samples (25 pg protein) were loaded onto 10% sodium
dodecyl sulfate polyacrylamide gel (SDS-PAGE) and then
transferred onto nitrocellulose membranes. Blots were blocked
in PBS containing 0.5% Tween 20 and 5% not-fat milk
(BioRad). The membranes were incubated overnight at 4 °C
with the appropriate primary antibody HO-1 (Abcam,
Cambridge, UK). The membranes were then incubated with
horseradish peroxidase conjugated secondary antibody for 1 h
at RT, and the bound antibodies were detected in a chemilumi-
nescent reaction (ECL, BioRad). Chemiluminescence was
detected on a ChemiDoc imager (BioRad) [45]. The blots were
reprobed with B-actin as the loading control. Images of the
bands were digitized, and the densitometry of the bands was
performed using ImagelJ software [46].

Statistical analysis

For each of the variables tested, two-way analysis of variance
(ANOVA) was used. A significant result was indicated by a
p value <0.05. All the results are expressed as mean * SD of
6 determinations for nanoparticle characterization experiments
and 3 determinations obtained in 3 independent experiments for
in vitro cultured cells tests.

Results and Discussion
Effect of lipid composition on nanoparticle

macrostructure
In order to obtain a nanoparticulate system suitable for cuta-
neous administration of antioxidants, different lipid composi-

tions have been considered, as reported in Table 1 and Table 2.
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The selection of the lipid composition has been performed by
choosing nottoxic, commercial lipids with similar chemical
composition and different carbon chain lengths on the basis of
our expertise concerning tristearin and caprylic/capric triglyc-
erides (miglyol) [39]. Namely, SLNs were produced based on
the use of solid di- or tri-glycerides, with chain lengths ranging
between 18 and 21 carbon atoms, while for NLC production,
the same solid lipids were employed in mixture (1:1 w/w) with
the liquid caprylic/capric triglycerides (miglyol), characterized
by Cg—Cg chains.

With regard to surfactant concentration, higher poloxamer
amounts, namely 3 and 4% w/w with respect to the aqueous
phase, have been tested. However, the increase of poloxamer
led to foam formation during the preparation, which caused ir-
regular and inhomogeneous formulations; thus 2.5% w/w of
poloxamer was used.

The hot homogenization method followed by ultrasound [39]
lead to production of milky and homogeneous dispersions.
Immediately after cooling, in most cases, a small amount of
coalesced lipid phase appeared on the surface of the dispersion.
The weight of this agglomerate, spanning between 0 and 4.65%
by weight with respect to the total amount of the lipid phase,
was a function of the lipid composition. Indeed, both the
amount and the type of lipid phase appear to influence the
agglomerate formation. Particularly, the longer the lipid chain,
the higher the agglomerate weight according to the following
trend: compritol (2 C,; chains) > tristearin (3 C;g chains) >
precirol (2 C;g chains) > suppocire (3 C1y—C;g chains). Specifi-
cally, in the latter case, the agglomerate was almost absent
(Table 4). In addition, the extent of agglomeration was lower

for NLC, probably due to the presence of the liquid lipid.

Effect of lipid composition on nanoparticle

size distribution

The SLN and NLC dimensions, measured by PCS and
expressed by the Z-average, D,, are reported in Figure 1 and
Table 4. In the case of SLN with 5% lipid phase concentration,
mean diameters were comprised between 148 and 245 nm, with
some differences due to the lipid composition. The doubling of
the lipid phase concentration, however, induced an increase of
the mean diameter, especially in the case of SLN P10 and SLN
C10, whose Z-average reached almost 500 nm. In the case of
NLGC, the lipid phase composition scarcely affected the mean
diameter, ranging between 125 and 160 nm both for 5% and
10% of lipid phase. The polydispersity index was always below
0.39, with smaller values in the case of NLCs.

The Z-average mean diameters of SLNs and NLCs stored at

25 °C were measured after 3 months from production. In the

Beilstein J. Nanotechnol. 2019, 10, 1789-1801.

Table 4: Dimensional characteristics of SLNs or NLCs and the pres-
ence of agglomerates.

Preparation Z-average, Polydispersity ~ Agglomerate?®
D, (nm) index (%)

SLNT5 148.6 £+ 745 0.35+0.11 2.86 £ 0.04
SLNT10 164.9+94 0.33+0.04 4.65 + 0.03
SLN C5 2445+26.5 0.36 +0.01 3.43 £0.02
SLN C10 488.9+25.3 0.32+0.04 3.77 £ 0.04
SLN P5 2455+31.9 0.31£0.03 2.48 £ 0.03
SLN P10 453.1+9.3 0.39+0.02 2.99 + 0.04
SLN S5 2209+ 156 0.37+0.06 1.13+0.03
SLN S10 201.8+82.1 0.39 £0.06 0.60 £ 0.04
NLC T5 122.6 £34.2 0.32+0.07 2.14 £ 0.02
NLC T10 127.9+29.1 0.29+0.03 2.54 £ 0.01
NLC C5 160.2+£25.5 0.29+0.03 3.15+0.02
NLC C10 136.8+51.5 0.24+0.04 3.25+£0.01
NLC P5 1481 £29.5 0.22+0.10 1.51 £ 0.01
NLC P10 159.8 £ 33.7 0.30 +0.08 1.84 +0.02
NLC S5 131.3+£30.5 0.31+0.05 0 +0.01
NLC S10 136.1 £13.5 0.29 +0.07 0+ 0.01

3L oss of lipids (lipid phase) due to the partial coalescence of the lipid
phase during the formation of the O/W emulsion. % refers to the weight
of the lipid phase. Data represent the mean + SD of 6 independent ex-
periments.

case of SLNs, the mean diameter dramatically increased, as re-
ported in Figure 1A and 1B, especially for SLN T10, SLN C10
and SLN P10, reaching values undetectable by PCS, where
instead, the mean diameter of SLN S5 and SLN S10 did not
improve. This behavior can be attributed to the lipid phase con-
taining SLN that influences both agglomerate and the mean di-
ameter of the nanoparticles. On the contrary, the NLCs main-
tained their mean diameters almost unvaried, irrespectively of
the lipid phase type and concentration (Figure 1C and 1D).

In order to avoid agglomeration phenomena and to control the
mean size, only NLCs have been considered for antioxidant
loading.

Production and characterization of NLCs

containing antioxidants

To produce antioxidant-containing NLCs, different amounts of
TOC and RA were loaded in NLCs, as reported in Table 3.
Particularly, since TOC is practically insoluble in water
(logP 8.84), it was directly added to caprylic/capric triglyc-
erides (miglyol) in order to improve its solubility (reaching
16 mg/mL) before addition of solid lipids [47]. The doubling of
the lipid phase concentration enabled to doubling the amount of
TOC loading. The macroscopic characteristic of NLCs contain-
ing TOC was milky and homogeneous, similar to the empty

NLCs. Both the presence of agglomerates and the mean size of
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Figure 1: Variation of the Z-average mean diameters, D,, of SLNs (A, B) and NLCs (C, D) produced in the absence of antioxidants and NLC loaded
with TOC (E, F) evaluated at 1 (light grey) and 90 (grey) days after nanoparticle production. In the case of SLN T10, SLN C10 and SLN P10, mean di-
ameters were not measurable by PCS 90 days after production.

NLCs containing TOC were lower with respect to their empty  nanoparticles. The agglomerate presence was more evident in
counterparts (Table 5). This trend suggest that TOC could con-  the case of compritol and absent in the case of suppocire, as in
tribute to stabilize the interface between the lipid and the the case of empty NLCs, while mean dimensions were inversely

aqueous phase, leading to smaller droplets and finally to smaller ~ proportional to the amount of lipid phase and TOC. As ob-
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Table 5: Dimensional characteristics, agglomeration and encapsulation parameters of antioxidant-containing NLCs.

NLC preparation

Z-average, D, (nm) Polydispersity index Agglomerate? (%) Encapsulation efficiency?

Loading capacity®

NLC T5-TOC 104.5 + 32.0 0.33+0.11 1.22 +0.02 90.96 +1.3 7.27 01
NLC T10-TOC 82.8+10.7 0.36 £ 0.05 1.24 +0.01 90.69+2.8 72502
NLC C5-TOC 149.4 + 36.9 0.22 +0.03 2.25 £ 0.01 95.61+1.5 76402
NLC C10-TOC 132.7 £51.3 0.34 £ 0.05 3.17 £0.02 79.15+2.5 6.33 0.1
NLC P5-TOC 149.5 + 30.3 0.30 £ 0.02 1.11 £0.01 93.58 + 1.7 7.48 £0.1
NLC P10-TOC 1185+ 31.9 0.30 £ 0.05 1.12+0.02 90.99+2.2 7.27+0.2
NLC S5-TOC 164.6 £21.7 0.29 £ 0.06 0.00 £ 0.01 88.16 + 1.3 7.05+0.1
NLC S10-TOC 106.1 £24.2 0.29 £ 0.07 0.00 £ 0.01 60.72 + 2.1 4.85+0.1
NLC T10-RA 98.4 £20.2 0.27 £0.12 2.52 £ 0.01 67.24+0.8 0.16 £ 0.0

8L oss of lipids (lipid phase) due to the partial coalescence of the lipid phase during the formation of the O/W emulsion. After cooling the coalesced
lipid phase appeared as a small flake floating on the surface of the NLC dispersion. PPercentage (w/w) of drug in the whole dispersion with respect to
the total amount used for the preparation. °Percentage (w/w) of drug within nanoparticles as compared to the amount of lipid used for the preparation.

Data represent the mean + S.D. of 6 independent experiments.

served in the case of the empty counterparts, Z-average mean
diameters, D,, of antioxidants containing NLC stored at 25 °C
for 3 months were almost unvaried (Figure 1E and 1F). Particu-
larly, NLC T10-TOC displayed the smallest mean diameter,
even after 3 months.

Due to the encouraging results obtained using tristearin 10%,
RA was loaded into NLC T10. Due to its poor water solubility
(logP 6.3), as in the case of TOC, RA was added to caprylic/
capric triglycerides (miglyol), improving its solubility to
4 mg/mL [48]. In the case of NLC T10-RA, despite the small
mean diameter (98 nm), the agglomeration phenomenon was
more noticeable as compared to NLC T10-TOC (Table 5).

The NLC morphology was investigated by cryo-TEM and a few
images are reported in Figure 2. In general, the NLC shape
appears discoid in the top view, or more electron-dense and rod-
like in the edge-on view. In the case of tristearin-based NLCs,
the shape was roundish, both for empty (Figure 2A) and antiox-
idant-loaded NLC T10 (Figure 2B and C). In the case of
compritol (Figure 2D) and precirol (Figure 2E) based NLCs,
ovoid and triangular structures were observed. At last, in the
case of suppocire NLCs, besides the presence of some irregular
structures (Figure 2F), spherical structures were detected (inset
of Figure 2F), resembling vesicles rather than to solid particles.

The inner morphology of the NLCs was further characterized
by SAXS [39,40]. In particular, SAXS experiments were per-
formed on NLC samples prepared by using tristearin or
suppocire both in the presence and in the absence of TOC and
RA. By way of illustration, Figure 3 shows the low-angle
diffraction profiles obtained as a function of the lipid phase
concentration from tristearin-based NLCs (top graph, A) and
from suppocire-based NLCs (middle graph, B), both containing

Figure 2: Cryo-TEM images of NLC T10 (A), NLC T10-TOC (B), NLC
T10-RA (C), NLC C5-TOC (D), NLC P5-TOC (E), NLC S5-TOC (F).
The scale bar below corresponds to 200 nm in panels A-E and

300 nm in panel F.

TOC. The presence of Bragg peaks in the NLC T5-TOC and
NLC T10-TOC samples shows that the inner structure of the
NLC at 30 °C depends on the used lipid: tristearin guarantees
the presence of an ordered structural organization inside the
NLC, while suppocire is not able to preserve such an organiza-
tion. According to the cryo-TEM findings, vesicles rather than
nanoparticles probably form in this condition.
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The analysis of the position of the peaks observed in tristearin-
based NLCs allowed the identification of the internal structural
organization for NLC T5-TOC and NLC T10-TOC: because the
spacing ratios scale as 1:2:3.., a lamellar organization was
derived [34,35]. The corresponding unit cell dimension, which
in a lamellar organization is the repeated distance between two
lamellae, was 43.9 A. Tt should be noted that similar results

were obtained from empty tristearin-based NLCs: the packing

Beilstein J. Nanotechnol. 2019, 10, 1789-1801.

of the lamellae in the nanoparticle inner region is not affected
by the presence of the antioxidant. The scattering profiles ob-
tained from NLC T5-RA and NLC T10-RA were very similar
(data not shown), confirming the described behavior.

Encapsulation of antioxidants in NLCs

The influence of the NLC lipid composition on the capability to
incorporate antioxidants was studied by evaluating the EE and
LC. The values reported in Table 5 and Figure 3C evidenced
that in the case of tristearin or precirol based NLCs, the EE of
TOC was >90%, irrespective of the lipid phase concentration.
In the case of NLC C10-TOC, both a decrease in the EE value
and an increase in agglomeration were detected with respect to
NLC C5-TOC, suggesting that the doubling of the lipid concen-
tration promoted agglomeration of the lipid phase, partially
avoiding TOC encapsulation within the nanoparticles. This
hypothesis was corroborated by disaggregation and HPLC anal-
ysis of the lipid phase agglomerate, revealing the presence of
13% w/w TOC with respect to the total amount used for NLC

production.

The lowest EE values were found in the case of NLC S10-TOC
and NLC T10-RA. In the case of suppocire, TOC EE values de-
creased from 88 to 60% by doubling the lipid phase concentra-
tion, suggesting that the presence of vesicles instead of nano-
particles prevented high loading of the antioxidant within their

structure.

Regarding NLC T10-RA, as for NLC C10-TOC, an amount of
antioxidant (11%) was found within the agglomerate of the lipid
phase, justifying the reason for the low EE value of RA. LC
values of NLCs containing TOC were between 4.85 and 7.64%,
whilst in the case of RA, the LC was only 0.16% due to
the lower amount of RA employed for NLC production
(0.05 mg/100 mg lipid phase, instead of 8 mg/100 mg lipid
phase used in the case of TOC).

In order to detect the capability of NLC to control the encapsu-
lation of antioxidants under storage, the EE values were evalu-
ated for 90 days (Figure 3C). Particularly, NLCs containing
10% lipid phase were selected due to their marked dimensional
stability.

The TOC EE values were almost unvaried in the case of NLC
T10-TOC - they slightly decreased in the case of NLC C10-
TOC and NLC P10-TOC, whilst the decrease was more evident
in the case of NLC S10-TOC, passing from 60 to 48%. It can be
hypothesized that the prevalence of vesicles in NLC S10-TOC,
instead of more structured carriers, hindered the TOC encapsu-
lation. Lastly, in the case of NLC T10-RA, RA encapsulation

dramatically decreased —the EE value halved one month after
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production (data not shown). Due to their poor stability, NLC

T10-RA samples were not considered for further studies.

Cytotoxicity of NLCs containing TOC

As the produced formulations are intended for topical adminis-
tration on the skin, experiments on human keratinocytes were
conducted in order to test the cytotoxicity of NLC T10-TOC,
NLC C10-TOC, NLC P10-TOC and NLC S10-TOC. The LDH
release in the media was assessed 24 h after TOC treatment at
the concentrations of 25, 50, 100 and 200 uM.

As shown in Figure 4, no NLC cytotoxicity was observed with
respect to control cells and no significant difference among the
different NLCs was noticed, confirming the biocompatibility of

the components.
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Due to the obtained results, NLC T10-TOC samples were
selected for further ex vivo studies. Indeed, this kind of NLC
displayed better physico-chemical properties with respect to
NLC based on different lipid compositions, being able to longer
maintain the size and the EE of TOC.

Antioxidant effect of NLCs containing TOC

Following the results obtained in the 2D cell model, the study
of the protective effect of NLC T10-TOC was carried out on
HSE.

CS contains many components able to elicit oxidative stress,
which can induce the cytoprotective enzyme heme oxygenase
(HO-1). An HO-1 increase promotes protection against inflam-
mation and/or cell death induced by CS [49,50]. In order to

B

120
100
80
60
40 % %
a| BNy |
; il

25yM 50 M 100 pM 200 puM

LDH release (% of Triton X-100)

Control
cells

Triton

D

120

100

=]
o

H
o

n
o

LDH release (% of Triton X-100)
(2]
o

Hlnael

25uM  50pM 100 pM 200 puM

Control
cells

Triton

Figure 4: Cytotoxicity of NLC T10-TOC (A), NLC C10-TOC (B), NLC P10-TOC (C) and NLC S10-TOC (D) evaluated by LDH release from HaCaT
cells in the media after 24 h of treatment. Data are expressed as percentage LDH release as compared to the maximum release of LDH from Triton-
X100-treated cells. Data are given as mean + SD, representative of three independent experiments with at least three technical replicates each time.
* indicates statistically significant difference to untreated control cells (unpaired t-test, p < 0.01).
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evaluate the effect of NLC T10-TOC in preventing damage
caused by CS, the HO-1 expression was evaluated on HSE
cultures exposed to CS or to air for 24 h. Namely HO-1 has
been determined by Western blot analysis, quantified by densit-
ometry and normalized to the beta-actin level for each sample
(Figure SA). The mean relative density ratios of three experi-
ments are shown in Figure 5B. As depicted, the expression of
the HO-1 protein level is significantly induced by the CS expo-
sure because of the ability of this outdoor stressor to promote
oxidative-related cellular modifications to the skin [39]. On the
other hand, HO-1 levels in skin explants treated with NLC T10-
TOC and exposed to CS were dramatically and significantly
prevented (47% decrease, p < 0.001 vs control).
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Figure 5: Effect of cigarette smoke (CS) on heme-oxygenase (HO-1)
expression evaluated on human skin explants (HSE) treated with
NLCT 10 or NLCT 10-TOC, exposed to air or CS for 30 min and
harvested after 24 h. A) Representative Western blot analyses of HO-1
protein expression (with the respective B-actin controls). B) Mean
expression of HO-1 as a ratio of B-actin. The results are shown as the
mean of three experiments. * p < 0.05 with respect to the control.

These results suggest that NLC T10-TOC can effectively
reduce the induction of cutaneous HO-1, which is a sensor of
tissue stress, suggesting the ability of this topical application to
prevent CS-induced skin damage. Further studies will be re-

quired to investigate the dose and type-dependent manner of

Beilstein J. Nanotechnol. 2019, 10, 1789-1801.

action of TOC loaded in NLCs with respect to an unloaded
TOC solution.

Conclusion

This work has underlined the importance of technological
screening in the design of a nanoparticulate lipid dosage formu-
lation. Notably, dimensional and morphological characteriza-
tion of nanoparticles should be performed at different durations
of time after production. This investigation has demonstrated
that the type and concentration of the lipid phase affect the
physico-chemical stability of nanoparticles. The NLC T10-TOC
sample that was selected by the preformulation study deserved
further in vitro and in vivo studies. Indeed, supplementary
studies will be performed to investigate the activity of hydro-
philic antioxidant molecules, such as ascorbic acid and
N-acetyl-cysteine, loaded in NLCs and in comparison with
conventional “non-nano” formulations. In addition, since some
authors have demonstrated that CS induces depletion of some
essential vitamins, such as TOC and RA [23], it should be inter-
esting to evaluate the suitability of NLC T10-TOC as an oral

antioxidant supplement.
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Nanocrystals are used as universal approach to improve the bioactivity of poorly soluble active ingredients. They are produced by
various techniques, typically yielding aqueous nanosuspensions, which are prone to microbial contamination. Preservation of nano-
crystals is possible but might not always be feasible, as preservatives might interfere with other excipients in the formulations or
with chemicals used in assays, cell cultures or animal models. Therefore, to enable an easier use of nanocrystals, preservative-free
nanosuspensions would be a good alternative. In this study, rutin nanocrystals were frozen and stored for three months at —20 °C.
The chemical, physical and microbial stability were monitored, and the results were compared to preserved nanosuspensions. The
frozen nanosuspensions remained stable and possessed excellent stability over the whole time of storage, indicating that the
freeze—thaw process is suitable for the production of preservative-free nanosuspensions with excellent long-term stability. The
freeze—thaw process for nanosuspensions is a simple concept and is suggested as alternative, when preserved nanosuspensions
cannot be used.

Introduction

Nanocrystals for pharmaceutical use were invented in the early
1990s [1-4]. They are composed of 100% substance, are stabi-
lized with only small amounts of surfactants, and possess parti-
cle sizes below 1 um. According to the Ostwald—Freundlich
equation nanocrystals possess a higher curvature leading to an
enhanced dissolution pressure and thus to an enhanced kinetic

saturation solubility [5]. Due to their small size they possess an

increased surface area, resulting in an increased dissolution rate
expressed by the Noyes—Whitney equation. In addition, they
also possess an increased adhesiveness and thus, represent a
universal, powerful and well-known formulation principle to
overcome poor aqueous solubility and poor bioavailability of
class-1II and class-VI active ingredients of the biopharmaceutics

classification system (BCS) [6,7]. Nanocrystals are already used
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in various pharmaceutical drug products for oral use. Examples
are Rapamune® (Sirolimus, Wyeth), Emend® (Aprepitant,
Merck), Tricor® (Fenofibrate, Abbott), Megace ES® (Mege-
strol, Par Pharm) or Triglide® (First Horizon Pharmaceuticals).
In 2009 the first parenteral drug product, Invega Sustenna®
(Paliperidone palmitate, Johnson & Johnson), was approved by
the FDA. However, besides oral or parenteral administration,
nanocrystals can also be used to improve the bioactivity of
poorly soluble active ingredients via other routes of administra-
tion. Examples include pulmonal, ocular or dermal application
[8-12].

Nanocrystals can be produced by different methods. Examples
are precipitation, wet milling, high-pressure homogenization or
combinations of these methods [1-4]. Regardless of the process
used, all these methods will yield nanosuspensions, i.e., nano-
crystals dispersed in a liquid. As liquid formulations are not
always a convenient dosage form for the final drug product, in
most cases nanosuspensions need to be formulated into other,
more convenient, dosage forms. Depending on the route of
administration this could be tablets, pellets, powders, gels or
creams. However, prior to the formulation into final drug prod-
ucts, the aqueous nanosuspensions need to be stored, which
certainly requires a sufficient stability of the nanosuspension.
For this, besides chemical and physical stability, also the micro-

bial stability needs to be considered.

One method to avoid microbial contamination of aqueous
formulations during storage is the use of preservatives. In
previous studies it was already found that preservatives can
strongly impair the physical stability of the nanosuspensions.
Reasons for this are changes of pH value or of the conductivity
of the dispersion medium, or the adsorption of the preserva-
tives onto the surface of the particles, which changes the charge
of the particles (zeta potential) and forces agglomeration of the
nanocrystals. To avoid instabilities of nanosuspensions only
very hydrophilic and non-charged preservatives, which will not
interact with the nanocrystals, should be used. Due to the
above-mentioned reasons, only a few preservatives are avail-
able for the preservation of nanocrystals. Suitable preservatives
for the preservation of nanocrystals include different alcohols,
i.e., pentylene glycol or mixtures of phenoxyethanol and ethyl
hexyl glycerol [13-15].

The limited number of preservatives and sometimes the incom-
patibility of these preservatives with other excipients in the final
formulation are inconvenient for a successful formulation of
nanosuspensions. Therefore, to enable a more convenient
formulation of nanocrystals in the future, this work aimed at in-
vestigating an alternative method to maintain the microbial

stability of nanosuspensions during storage.

Beilstein J. Nanotechnol. 2019, 10, 1902—1913.

Considering that bacterial growth strongly depends on the tem-
perature, it was hypothesized that freezing of non-preserved
nanosuspensions might prevent bacterial growth of the nanosus-
pensions during storage. However, the harsh conditions during
freezing and thawing might also impair the physical stability of
the nanocrystals and might cause agglomeration of the particles,
which would then lead to a loss of the “nano properties”.
Hence, in this case the method could not be exploited to

preserve nanosuspensions without preservative.

To investigate whether the freeze—thaw method is suitable for
the production of long-term stable non-preserved nanosuspen-
sions with high microbial quality, previously developed
nanosuspensions containing the flavonoid rutin as model
substance and either Plantacare 2000 or Poloxamer 188 (PLX
188) as stabilizers were produced by high-pressure homoge-
nization as described previously [16-19]. Each of the nanosus-
pensions obtained was allocated into two parts. One part was
preserved, and the other part remained non-preserved. All
formulations were stored at different temperatures for a period
of three months and size, zeta potential, antioxidant capacity
and the microbial quality were determined and monitored over
this period of time (Figure 1).

Results and Discussion
Production and characterization of

nanosuspensions

High-pressure homogenization yielded rutin nanosuspensions
with a relatively broad size distribution, i.e., polydispersity
indices (PdI values) above 0.3 and some larger particles with
sizes above 4 um (Table 1). Because of this, the nanosuspen-
sions were expected to be prone to Ostwald ripening, i.e., parti-
cle growth during storage was expected. Limited physical
stability of suspensions is advantageous if a study aims at inves-
tigating different stabilizing and destabilizing effects, because
in comparison to highly physically stable formulations, destabi-
lizing effects can be detected earlier during storage, making a
discrimination between stabilizing and destabilizing effects

clearer.

The suspension stabilized with PLX 188 yielded sizes of about
410 nm. Slightly larger nanocrystals with a slight agglomera-
tion were obtained when Plantacare was used as stabilizer
(Table 1 and Table 2). From this it was expected that non-
preserved nanosuspensions stabilized with PLX 188 might pos-
sess a slightly better physical stability than the Plantacare-stabi-
lized formulations. Upon the addition of the preservatives only
very minor changes in size were observed for both formula-
tions (Table 1) and for the Plantacare-stabilized formulation
even a slight deagglomeration was determined (Table 2). Also

the zeta potential values did not change significantly in both
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Figure 1: Scheme of the study. Rutin nanosuspensions with two different stabilizers were produced. The formulations were allocated, one aliquot was
preserved, and the other part remained non-preserved. All formulations obtained were stored at different temperatures for three months. During this
time changes in size, zeta potential, antioxidant capacity and microbial quality were monitored.

Table 1: Overview of results obtained from the characterization of the nanocrystals at the day of production.

stabilizer preservative DLS data zeta potential [mV] LD data [um]2
z-ave [nm] Pdl in water in medium d(v)0.50 d(v)0.95
PLX 188 no preservative 408 + 45 0.31£0.08 -294+29 -248+26 13+0.17 4.09+0.15
with preservative 412+ 29 0.30+£0.05 -270+78 -246+30 13+0.12 4.13+0.15
Plantacare 2000  no preservative 436 + 30 0.32+0.06 -306+4.0 -395+27 1.2x0.11 4.02+0.11
with preservative 447 £ 15 0.33+0.06 -29.3+27 -376+33 12+0.12 3.99z%0.11

ad(v): volumetric median diameter.

water and original dispersion medium (Table 1), again indicat-
ing no, or only a very limited, impairment of the stabilization
mechanisms of the nanocrystals by the hydrophilic preservative
[20].

Physical stability

The physical stability was assessed by size measurements over
a period of three months of samples under all storage condi-
tions. Increases in d(v) values, z-average, and polydispersity
index (PdI) over time indicated instability. The laser diffractom-
etry (LD) data and the dynamic light scattering (DLS)
data obtained from this part of the study are shown in Figures
2-17.

For the non-preserved nanosuspensions, increasing storage tem-
peratures reduced the physical stability of the non-preserved
suspensions (Figure 2, Figure 3, Figure 6, Figure 7). Conse-
quently, the least stable formulations were obtained when the
formulations were stored at 30 °C. Reasons for this are the more
pronounced particle growth due to Ostwald ripening at elevated

temperatures and/or destabilization due to accelerated bacterial

growth, which might excrete compounds that contribute to
changes in pH value or conductivity in the medium or interact
with the particles. Such changes should become visible in the
zeta potential values. However, this was not the case in this
study (Figure 8). Therefore, the observed destabilization at
elevated temperatures of the non-preserved nanosuspensions
might be more related to Ostwald ripening. The assumption is
also underlined by the fact that the Poloxamer-stabilized formu-
lations, which possessed a narrower size distribution, i.e., no
agglomerates at the day of production (c.f. Table 2), were found
to be more stable than the Plantacare-stabilized formulations
with a broader size distribution due to a slight agglomeration of
the nanocrystals at the day of production.

The trend for physical stability was different for the preserved
nanosuspensions. The most stable formulations were obtained
when the samples were stored at room temperature. Lower
(except freezing) and higher temperatures reduced the stability
(Figures 4-7). Reasons for this cannot be explained completely
but might be due to the presence of the preservatives that were

added to the samples at room temperature. Changes in tempera-
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Table 2: Microscopic images of the nanosuspensions stabilized with Poloxamer 188 (left) and Plantacare 2000 (right) at the day of production. Magni-
fication: 400-fold.

stabilized with Poloxamer 188 stabilized with Plantacare 2000

non-preserved

preserved
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Figure 2: Physical stability during three months of storage at different storage temperatures for the non-preserved nanosuspensions stabilized with
Poloxamer 188 (LD data).

ture might change the interaction between preservative and par-  Most interesting results were obtained for the samples that were
ticles and thus the stability. More research is needed to under-  stored in frozen state. Physically stable formulations, i.e., with-
stand these phenomena in detail. out pronounced changes in z-average, PdI and LD values, were
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25 & ld(V)OlO
m d(v)0.50
® d(v)0.90
20
md(v)0.95
E ® d(v)0.99
215 -
8
o
£ 10
8
|
5
,I=111‘!| 1 a0 4 4
REFRRERERFRERY

d0 | d7 |d14(d28|d60|d90
-20°C 5°C

nanosuspension stabilize

d0 | d7 |d14|d28|d60|d90

[

i g 4 4 g | ) I

EEEFEREFERRF

d0 | d7 |d14|d28|d60/d90 dO | d7 |d14/d28|d60|d90;
21°C 30°C

d with Poloxamer 188 - preserved

Figure 4: Physical stability during three months of storage at different storage temperatures for the preserved nanosuspensions stabilized with Polox-

amer 188 (LD data).

obtained for the non-preserved suspensions when stored at
—20 °C. These results were not expected, because in general it is
assumed that freezing of colloidal formulations leads to changes
in the stabilizing layer and the particle interactions, being the
cause for agglomeration of the nanoparticles. Especially
freezing of nanosuspensions that contain dissolved active ingre-
dients in “supersaturation” is hazardous, because due to the
reduction in temperature, re-crystallization of dissolved active
ingredients can easily occur. Nevertheless, the data obtained

from this study indicate that it is possible to freeze—thaw
nanosuspensions with good steric and/or electrostatic stabiliza-
tion, without impairing their physical stability. The later fact
seems to be highly important, especially when looking at the
data obtained for the frozen and preserved nanosuspensions.
Here, it was found that preserved nanosuspensions that were
stabilized with PLX 188 became unstable during the
freeze—thaw process, whereas Plantacare-stabilized formula-

tions remained stable.
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Figure 6: Physical stability during three months of storage at different storage temperatures for the nanosuspensions stabilized with Poloxamer 188

(DLS data).

Reasons for the differences might be the different stabilizers
that interact differently with the preservative. Poloxamer 188 is
a non-ionic surfactant, providing steric stabilization for the
nanocrystals. In general, a thick surfactant layer that is indicat-
ed by a zeta potential (ZP) near zero should be obtained for
good steric stabilization [21]. However, in our study ZP analy-
sis revealed that the thickness of the layer is relatively low
(ZP > 20 mV, cf. Table 1). Hence, steric stabilization of the
formulation stabilized with PLX 188 is relatively poor. Upon
the addition of the preservative to the formulations stabilized
with PLX 188 a very limited decrease in ZP was detected when

the suspensions were analysed in original dispersion medium

(c.f. Table 1). This might indicate that small amounts of the
non-charged preservative are adsorbed onto the surface of the
nanocrystals where it might interact with the polymer layer.
This interaction might cause a re-arrangement of the already
thin stabilizing layer around the nanocrystals and might there-
fore explain the decreased stabilization efficacy of the polox-
amer in the preserved formulations. The destabilizing effect of
PLX 188 in combination with other excipients in nanocrystal
formulations was also shown by a study of Beirowski and
co-workers, who showed that some combinations of poloxamer
and cryoprotectant were unsuitable for stabilizing nanocrystals

during a freezing process [22].
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Figure 8: Determination of zeta potentials of the non-preserved and preserved rutin nanosuspensions during three months of storage at different

storage temperatures.

In contrast to PLX 188, Plantacare, which is an alkyl polygluco-
side, is mostly providing electrostatic stabilization. This can be
seen by the differences in ZP analysed in water and original
dispersion medium, respectively. The zeta potential is about
—40 mV in original dispersion medium and is reduced to about
—30 mV when analysed in water, because upon dilution with
water surfactant is “washed off” from the particle surface,
which results in less electrostatic stabilization of the particles.
However, due to its chemical structure, Plantacare is also able
to provide steric stabilization. This leads to an excellent stabi-
lization capacity combining steric and electrostatic stabilization

[23,24]. Upon addition of the preservative only very small

differences in ZP values were detected for both, water and orig-
inal dispersion medium (c.f. Table 1), indicating only very
minor impairment of the preservative. In fact, Plantacare
provides a very efficient stabilization mechanism, which is not
significantly impaired by the addition of the preservative. This
explains the slightly better physical stability than that of the
preserved PLX-stabilized nanosuspensions.

Antioxidant capacity
The antioxidant capacity (AOC) was measured with the DPPH
assay in which the ICs value is determined. The ICs value de-

termines the amount of antioxidant needed to scavenge 50% of
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the free radical. Consequently, the smaller the ICs value the
higher is the antioxidant capacity. In this study, the ICs values
for the different formulations did not change during storage, in-
dependent on preservative, storage time and storage tempera-
ture (Figure 9). Hence, all these parameters did not affect the
AOC of the formulations. As the AOC is an indirect measure
for the chemical stability, data indicate excellent chemical
stability of all aliquots during storage. The data are in good
agreement with a recent study by Miiller et al. in which the
authors could prove chemical stability of a rutin nanosuspen-
sion for more than nine years [25].

Microbial quality
The growth of bacteria and fungi was determined for all formu-
lations after one, two and three months of storage. All preserved

formulations showed excellent microbial quality. No fungi or
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bacteria were detected during the three months of storage
(Figure 10). For the non-preserved nanosuspensions, data indi-
cated that for all formulations the number of bacteria was fairly
low upon the production with high-pressure homogenization,
which is a well-described technique to reduce the number of
bacteria in liquids [26]. The growth of microorganisms during
storage was temperature-dependent and was also found to be
slightly influenced by the type of stabilizer, i.e., a slightly lower
and slower increase in microbial growth was found for the Plan-
tacare-stabilized formulations (Figure 10 and Table 3). A
possible reason for this observation could be the antimicrobial
activity of the stabilizer Plantacare, which was already de-
scribed in previous works by Jurado and co-workers [27,28].

Finally, it was found that for all formulations that were stored in

frozen state at —20 °C no bacterial growth occurred. Hence, the
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Table 3: Determination of microbial quality during three months of storage. P188: rutin nanosuspension stabilized with Poloxamer 188, PLC: rutin
nanosuspension stabilized with Plantacare 2000, (+) = preserved with Euxyl 9010, (=) non-preserved.

storage temperature
-20 °C 5°C 21 °C 30 °C

d28 bacteria

d28 fungi

d60 bacteria

dé0 fungi

d90 bacteria

doo fungi

PLC (+)
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hypothesis, that storing nanosuspensions after production in
frozen state might prevent bacterial growth during storage with-
out the use of preservatives, could be confirmed by this set of
data. The same trend was also observed for the growth of fungi.
However, there was one exception, which was observed for the
Plantacare-stabilized formulation at day 60 of storage. At this
time point a slight contamination with fungi was observed for
one aliquot (Figure 10 and Table 3). However, no contamina-
tion with fungi was observed at the next time point, i.e., after
90 days of storage. In fact, after three months of storage at
—20 °C and upon thawing all non-preserved nanosuspensions
were found to possess an excellent microbial quality, as no
fungal and no bacterial growth was detected.

These findings so far are very promising and could enable a
new concept to produce preservative-free nanosuspensions that
can be stored over a longer period until further use or process-
ing into final dosage forms. Preservative-free aqueous nanosus-
pensions would be a convenient formulation principle, because
there will be no need to take possible interactions with preserv-
atives and/or other excipients into consideration. Allergies of
consumers and/or regulatory hurdles can also be circumvented
with this concept.

The freeze—thaw concept is simple and can be exploited not
only in industry but also in early drug development, where
nanosuspensions are often used for early formulation of poorly
soluble drug candidates. In this environment, the freeze—thaw
concept could improve the predictability of screenings. At
present, due to the lack of microbial stability, nanosuspensions
need to be prepared shortly before the experiments, i.e., assays,
cell culture or in vivo studies, are performed. Any repeating of
the tests or continued tests will require the production of new
suspensions, which might possess slightly different properties,
which in turn might then cause differences in the (in vivo) data.
By using thawed nanosuspensions from only one batch, these
variations could be circumvented.

In conclusion, the freeze—thaw concept was shown to be a
simple method to prevent microbial contamination during
storage of aqueous rutin nanosuspensions. The new method is
believed to enable new possibilities for the use of nanosuspen-
sions and thus can be seen as a highly promising concept, not
only in pharma, but also in food and cosmetics. Next steps
should now investigate if the concept can also be exploited for

other active ingredients and other stabilizers.

Conclusion
Preserved and non-preserved rutin nanosuspensions stabilized
with different stabilizers were produced in this study and were

stored for three months at different storage temperatures.
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During this time physical stability and microbial quality were
monitored. In addition, the antioxidant capacity, as an indicator
for the chemical stability, was assessed. All formulations were
chemically stable over the whole time of observation. Physical
stability was influenced by the type of surfactant, the preserva-
tive and the storage temperature. Preserved samples were only
stable when stored at room temperature. Storage at higher or
lower temperatures strongly impaired their physical stability.
However, the microbial quality was excellent for all preserved
nanosuspensions. Non-preserved samples possessed a better
physical stability than the preserved nanosuspension. Proving
again that preservatives impair the physical stability of nanosus-
pensions. Most interestingly, it was found that freezing did not
alter the physical stability of the non-preserved suspensions.
Hence, nanosuspensions could be frozen, stored up to three
months at —20 °C and possessed unchanged particle sizes upon
thawing. Storage at —20 °C also prevented bacterial growth of
the non-preserved nanosuspensions, whereas storage at higher
temperatures caused microbial contamination of the suspen-
sions. The freeze—thaw concept was therefore found to be a
suitable method to produce not only physically and chemically
but also microbially stable rutin nanosuspensions. More
research is now needed to investigate if the method can also be
transferred to other nanosuspensions or nanosized formulations.
All in all, the method seems to be a promising method to enable
long time storage of aqueous nanosuspensions with excellent
stability and without the use of preservatives. It can be used for
improved formulation development of poorly soluble active
ingredients in both lab scale and industrial scale.

Experimental

Materials

Rutin was purchased from Denk Ingredients GmbH (Germany).
The stabilizers Poloxamer 188 (PLX 188, Kolliphor® P 188)
and alkyl polyglucoside C8-C16 (Plantacare® 2000 UP) were
kindly provided from BASF AG (Germany). The preservative
was composed of 90% (w/w) 2-phenoxyethanol and 10% (w/w)
of 1,2-propanediol as ready to use mixture (Euxyl® 9010) and
was obtained from Schiilke & Mayr GmbH (Germany). Puri-
fied water was obtained from a PURELAB Flex 2 (ELGA
LabWater & Veolia, Germany). All other analytical chemicals
were of analytical grade and used as received.

Methods

Production of nanosuspensions

Rutin nanosuspensions [16-19] were produced by high-pres-
sure homogenization (HPH) using an EmulsiFlex-C50 (Avestin,
Germany). For this, bulk suspensions containing 5% (w/w)
rutin and 1% (w/w) surfactant were prepared. The pre-disper-
sions were homogenized with a high-speed stirrer (D-27,

Miccra GmbH, Germany) at 24,000 rpm for 5 min in continu-
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ous mode and were subsequently subjected to HPH (20 cycles
at 1500 bar). During homogenization and between each cycle
the suspensions were cooled to below 10 °C by using a cooling
bath to avoid heating of the suspensions and subsequent
agglomeration of the crystals [29].

Characterization of nanosuspensions

Determination of particle size and physical stability:
Nanosuspensions were characterized regarding size by three
different and independent methods. The hydrodynamic diame-
ter and the polydispersity (z-average (z-ave) and Pdl) were
analysed by dynamic light scattering (DLS) with a Zetasizer
Nano ZS (Malvern Panalytical GmbH, Germany). As DLS
measurements, when used as stand-alone method for the charac-
terization of submicron-sized particles, can be misleading
because larger sized particles are not detected [30-33], light
microscopy (Olympus BX53, equipped with an Olympus SC50
CMOS color camera, Japan) and laser diffraction (LD) were
used as additional techniques to securely detect possible larger
particles and agglomerates within the suspensions. By LD anal-
ysis the volumetric median diameters d(v)0.1, d(v)0.5, d(v)0.9,
d(v)0.95 and d(v)0.99 were analysed with a Mastersizer 3000
(Malvern Panalytical GmbH, Germany). Particle diameters
were calculated with Mie-theory by using 1.57 as real refrac-
tive index and 0.01 as imaginary refractive index.

The zeta potential (ZP) of the nanocrystals was determined in
water (adjusted to a constant conductivity of 50 uS/cm) and in
original dispersion media, i.e., surfactant solution, containing
either 1% (w/w) PLX 188 or Plantacare 2000, respectively.
Measurements were performed via laser-Doppler-anemometry
(LDA) by using a Zetasizer Nano ZS (Malvern Panalytical
GmbH, Germany), which determines the electrophoretic
mobility (EM), which was then converted into the ZP by using
the Helmholtz—Smoluchowski equation [21].

Determination of antioxidant capacity: The antioxidant
capacity was assessed by calculating the ICs( value, which was
determined by using the DPPH assay [34]. DPPH (1,1-
diphenyl-2-picryl-hydrazyl, Sigma-Aldrich, Germany) is a free
radical that can be reduced by antioxidants. Upon reduction the
colour of the free radical changes and thus the amount of
reduced DPPH can be accessed via UV-vis spectroscopy. For
the determination of the ICs values, 100 uL of the samples
containing different concentrations of the nanocrystals (200,
100, 50, 25, 12.5, 6.25, 3.125 pg/mL) were added to 100 pL of
a 0.3 mM methanolic solution of DPPH. After 30 min incuba-
tion time in the dark, the absorbance was measured by a
UV-vis plate reader (Multiskan GO, Thermo scientific,
Germany) at 517 nm. The inhibition activity (inhibition [%])
was calculated as
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inhibition[%] = (1 - Asamp%o J 100,

where Agymple is the absorbance of the sample and Ay is the ab-
sorbance of the control (DPPH solution). The resulting linear
function of inhibition against concentration was used to calcu-
late the ICs( value (ug/mL). The ICsq value represents the con-
centration needed to scavenge 50% of the free radical. Rutin,
which was used in this study as model drug, is a well-known
antioxidant. Hence, if chemical degradation of the active ingre-
dient occurs, changes in the ICsq value during storage can be
observed [35]. As methanol is a good solvent for rutin, the addi-
tion of the nanocrystals to the methanolic DPPH solution led to
a complete dissolution of the rutin nanocrystals. Hence, all rutin
remaining in the formulations was dissolved during the test and
thus the DPPH assay was used as a surrogate for the determina-
tion of the chemical stability.

Determination of microbial quality: To verify the biological
stability, a simple agar plate test after Ph. Eur. 8 was used. The
agar (Miiller—Hinton agar, Sigma) was dispersed in water, auto-
claved and directly poured into sterile petri dishes (60 mm in di-
ameter) at 28, 60 and 90 days after preparation of the nanosus-
pensions and used immediately after cooling. Subsequently,
10 pL of the nanosuspension or a 1:100 dilution in water were
distributed evenly over the entire surface by means of a cell
spreader. For detection of existing bacteria, the agar plate con-
taining the suspension or dilution was incubated for 24 h at
36 °C and 90% humidity. Fungal contamination was detected
after 7 days at 25 °C storage by using undiluted nanosuspen-
sions. For evaluation, the visible bacterial colonies were
counted, or the presence of fungal growth was noted. With
dense colonization, the number of colony forming units (CFU)
was set to 10000 CFU/uL.
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Abstract

Background: Nanoparticles are under investigation as carrier systems for anticancer drugs. The expression of efflux transporters
such as the ATP-binding cassette (ABC) transporter ABCB1 is an important resistance mechanism in therapy-refractory cancer
cells. Drug encapsulation into nanoparticles has been shown to bypass efflux-mediated drug resistance, but there are also
conflicting results. To investigate whether easy-to-prepare nanoparticles made of well-tolerated polymers may circumvent trans-
porter-mediated drug efflux, we prepared poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), and PEGylated PLGA
(PLGA-PEG) nanoparticles loaded with the ABCB1 substrate doxorubicin by solvent displacement and emulsion diffusion ap-
proaches and assessed their anticancer efficiency in neuroblastoma cells, including ABCB1-expressing cell lines, in comparison to
doxorubicin solution.

Results: The resulting nanoparticles covered a size range between 73 and 246 nm. PLGA-PEG nanoparticle preparation by solvent
displacement led to the smallest nanoparticles. In PLGA nanoparticles, the drug load could be optimised using solvent displace-
ment at pH 7 reaching 53 pg doxorubicin/mg nanoparticle. These PLGA nanoparticles displayed sustained doxorubicin release
kinetics compared to the more burst-like kinetics of the other preparations. In neuroblastoma cells, doxorubicin-loaded PLGA-PEG
nanoparticles (presumably due to their small size) and PLGA nanoparticles prepared by solvent displacement at pH 7 (presumably
due to their high drug load and superior drug release kinetics) exerted the strongest anticancer effects. However, nanoparticle-

encapsulated doxorubicin did not display increased efficacy in ABCB1-expressing cells relative to doxorubicin solution.
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Conclusion: Doxorubicin-loaded nanoparticles made by different methods from different materials displayed substantial discrepan-

cies in their anticancer activity at the cellular level. Optimised preparation methods resulted in PLGA nanoparticles characterised

by increased drug load, controlled drug release, and high anticancer efficacy. The design of drug-loaded nanoparticles with opti-

mised anticancer activity at the cellular level is an important step in the development of improved nanoparticle preparations for

anticancer therapy. Further research is required to understand under which circumstances nanoparticles can be used to overcome

efflux-mediated resistance in cancer cells.

Introduction

According to Globocan, there “were 14.1 million new cancer
cases, 8.2 million cancer deaths and 32.6 million people living
with cancer (within five years of diagnosis) in 2012 worldwide”
[1]. Despite substantial improvements over recent decades, the
prognosis for many cancer patients remains unacceptably poor.
In particular, the outlook is grim for patients that are diagnosed
with disseminated (metastatic) disease who cannot be success-
fully treated by local treatment (surgery, radiotherapy). These
patients depend on systemic drug therapy. However, the thera-
peutic window is small, and anticancer therapies are typically

associated with severe side-effects [2,3].

One strategy to develop more effective cancer therapies is to
use nano-sized drug delivery systems that mediate a more spe-
cific tumour accumulation of transported drugs. Tumour target-
ing can be achieved via the enhanced permeability and reten-
tion (EPR) effect, which is the consequence of increased leaki-
ness of the tumour vasculature and a lack of lymph drainage
[4]. Nano-sized drug carrier systems can also prolong the circu-
lation time of anticancer drugs, protect them from degradation,
and sustain therapeutic drug concentrations due to prolonged/
controlled drug release. In addition, nanoparticles can be used
to administer poorly soluble agents, as demonstrated for nab-
paclitaxel, a HSA nanoparticle-based paclitaxel preparation ap-

proved for the treatment of different forms of cancer [4-9].

Another important aspect of the efficacy of nanoparticles as
delivery system for anticancer is their uptake and, in turn, the
drug transport into cancer cells. Uptake mechanisms may differ
between different types of nanoparticles, which may affect their
effectiveness as carriers for anticancer drugs. Here, we pre-
pared and directly compared the effects of doxorubicin-loaded
polylactic acid (PLA) and poly(lactic-co-glycolic acid) (PLGA)
nanoparticles in neuroblastoma cells. PLA and PLGA are well-
known ingredients of FDA- and EMA-approved drugs for
human use [10,11] and are easily degraded into their monomers,
lactic acid and glycolic acid. Furthermore, a copolymer
composed of polyethylene glycol (PEG) and PLGA (PLGA-
PEG) was used for nanoparticle preparation. PEGylated
(“stealth”) nanoparticles display prolonged systemic circulation
time, because they avoid agglomeration, opsonisation, and

phagocytosis [12].

In previous studies PLA-, PLGA-, PLA-PEG-, and PLGA-
PEG-based nanometre-sized drug carriers loaded with or cova-
lently linked to doxorubicin have been prepared by methods in-
cluding emulsion diffusion, solvent displacement, micelle for-
mation, and film rehydration followed by pH-gradient method
[13-19].

The expression of ATP-binding cassette (ABC) transporters
such as ABCB1 (also known as MDR1 or P-glycoprotein/P-gp),
which efflux a range of anticancer drugs, is an important drug
resistance mechanism in cancer cells [20,21]. Different nano-
sized drug carrier systems including PLA-, PLGA-, and PEG-
based preparations have been reported to bypass the transporter-
mediated efflux of anticancer drugs including doxorubicin
[20,22-31]. However, there are also conflicting results from
studies in which encapsulation of anticancer drugs into nano-
particles did not result in increased efficacy in ABCB1-
expressing cancer cells relative to drug solution [19,32,33].
Hence, systematic studies are required to better understand the
prospects and limitations of nanoparticles as carriers for anti-
cancer drugs, in particular in the context of efflux-mediated
resistance.

Since nanoparticles prepared by simple methods have the
highest chance of clinical translation, doxorubicin was incorpo-
rated into nanoparticles prepared from PLA, PLGA, and PLGA-
PEG by emulsion diffusion or solvent displacement approaches,
two well-established and comparatively simple preparation
methods. The resulting nanoparticles were compared by parti-
cle diameter, polydispersity index, zeta potential, drug load, and
drug release behaviour. Preliminary results on the preparation
of doxorubicin-loaded PLGA nanoparticles have been previ-
ously published [34]. Selected preparations were tested for anti-
cancer efficacy in cancer cell lines, including cell lines that
express ABCBI.

Results and Discussion
Influence of the preparation technique on

particle diameter and polydispersity index

Nanoparticles based on poly(lactic-co-glycolic acid) (PLGA), a
copolymer composed of polyethylene glycol (PEG) and PLGA
(PLGA-PEG) and polylactic acid (PLA), respectively, were pre-

2063



pared in the presence of doxorubicin by either emulsion diffu-
sion or solvent displacement technique. The resulting particle

diameters are presented in Figure 1.
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Figure 1: Resulting particle diameters and loading efficiencies for dif-
ferent nanoparticle formulations using emulsion diffusion (ED) or sol-
vent displacement (SD) techniques (data expressed as means + SD,
n=3).

Emulsion diffusion (173.5 = 5.9 nm) and solvent displacement
(179.4 £ 7.6 nm) resulted in PLGA nanoparticles with similar
diameters. In contrast, solvent displacement resulted in PLGA-
PEG nanoparticles of 72.6 + 3.3 nm whereas emulsion diffu-
sion resulted in PLGA-PEG nanoparticles of 222.6 + 3.1 nm. In
accordance, solvent displacement using the stabiliser PVA at
concentrations between 2% and 4% (w/v) and controlled injec-
tion at mild stirring had previously been shown to produce
PLGA-PEG nanoparticles with a diameter below 100 nm [35-
37]. The hydrophilic PEG chains may sterically stabilise the
nanoparticles by reducing PLGA aggregation during nanoparti-
cle formation resulting in smaller particle diameters [38].

Emulsion diffusion resulted in PLA nanoparticles of
246.2 £ 2.9 nm and solvent displacement in PLA nanoparticles
of 192.1 = 2.5 nm. The detailed reason for this is not clear, but
in the case of the emulsion diffusion technique the resulting
particle size is mainly influenced by the droplet size during the
initial emulsification step. In principle, PLA nanoparticles can
be prepared at a range of sizes that is determined by parameters
including the preparation method, the exact polymer used, and
the encapsulated drug [39-42]. Optimisation is possible [39,42]
but was not subject of this study focused on the comparison of
different nanoparticle systems prepared by simple methods.
Polydispersity indices smaller than 0.1 indicated a monodis-
perse size distribution for all nanoparticle preparations.
Monodispersity and particle diameters were confirmed by scan-

ning electron microscopy (SEM) images (Figure 2).
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Influence of the preparation technique on
loading efficiency and drug release

Loading efficiencies ranging from 25.5 = 1.0% to 44.8 = 5.8%
of the applied doxorubicin were detected in the different nano-
particle preparations as shown in Figure 1, resulting in drug
loads between 2.6 = 0.2 ug doxorubicin/mg nanoparticle and
6.7 £ 0.3 pug doxorubicin/mg nanoparticle (Table 1).

Table 1: Nanoparticle (NP) yield and doxorubicin (Dox) drug load
results for nanoparticles prepared by either emulsion diffusion (ED) or
solvent displacement (SD) technique (data expressed as means + SD,
n=3).

NP system NP yield NP yield  drug load
[mg NP/mL] [%] [ug Dox/mg NP]
PLGA ED 33+04 66.8+72 6.7+0.3
PLGA SD 85+04 70.4+3.0 5.1+£0.2
PLGA-PEGED 4.2+0.1 844+18 3.0x0.2
PLGA-PEGSD 7.6+0.9 636+74 41x06
PLA ED 80+1.0 79.6+98 26+0.2
PLA SD 53+0.2 441+1.8 6.3+0.1

In the case of PLGA and PLGA-PEG nanoparticles, emulsion
diffusion and solvent displacement resulted in nanoparticles
with a similar drug load. In PLA nanoparticles, there was a sub-
stantial difference between the techniques (solvent displace-
ment: 6.3 + 0.1 pg doxorubicin/mg nanoparticle, emulsion
diffusion: 2.6 = 0.2 pug doxorubicin/mg nanoparticle) (Table 1).
The reasons underlying this difference are not clear, but emul-
sion diffusion has been considered of limited efficacy for the
encapsulation of hydrophilic drugs [43,44].

All nanoparticles displayed a similar drug release behaviour
characterised by an initial burst release (Figure 3), which is in
accordance to previous studies and may be caused by processes
including the release of drug adsorbed to the nanoparticles and/
or rapid drug diffusion through the particle matrix [15,39,45-
47].

PEGylated polymers may result in a more porous particle struc-
ture, which is caused by aqueous channels created by PEG
chains and anticipated to further increase the initial burst release
[48]. However, the burst release was not increased substantially
further using PLGA-PEG nanoparticles. A slight drop in the
doxorubicin concentration was noticeable in the medium of the
PLGA nanoparticles. This may be the consequence of doxoru-
bicin adsorption to BSA [49], which was added to simulate the
presence of plasma proteins, in combination with a slower post-
burst doxorubicin release compared to the other nanoparticle
systems. Such a burst release should be avoided, because it may

result in drug release shortly after i.v. application before the
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Figure 2: SEM images of nanoparticles using emulsion diffusion (ED) or solvent displacement (SD) preparation technique. (A) PLGA nanoparticles
ED, (B) PLGA nanopatrticles SD, (C) PLGA-PEG nanoparticles ED, (D) PLGA-PEG nanopatrticles SD, (E) PLA nanoparticles ED, (F) PLA nanoparti-
cles SD. Images were taken at 10,000x magnification.
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Figure 3: Doxorubicin (Dox) release profiles over 24 h for all nanopar-
ticle systems using (A) emulsion diffusion (ED) or (B) solvent displace-
ment (SD) preparation technique (data expressed as means + SD,
n=3).

nanoparticles reach the desired site of drug action, e.g., the

tumour tissue [50].

To optimise the loading efficiency and drug release kinetics of
PLGA nanoparticles the pH value of the stabiliser solution used
during nanoparticle preparation was increased to 7. At this
pH value, doxorubicin exists in the more lipophilic deproto-
nated form [51]. The use of PVA solution at pH 7 had no influ-
ence on the nanoparticle characteristics such as particle diame-
ter, PDI, and zeta potential (Table 2).

Table 2: Resulting particle diameter, polydispersity index (PDI), and
zeta potential (ZP) for PLGA nanoparticles prepared by an unmodified
PVA solution and a PVA solution adjusted to pH 7 (data expressed as
means + SD, n = 3).

PVA diameter [nm] PDI ZP [mV]
solution

withoutpH 177.9+1.0  0.039 £ 0.031 -41.6+2.0
adjustment

pH7 1741 +28 0.057+0.030 -43.8+3.7

Beilstein J. Nanotechnol. 2019, 10, 2062—2072.

However, loading efficiency and drug load increased. The drug
load raised from 6.7 = 0.3 pg doxorubicin/mg nanoparticle
(44.8 £ 5.8% loading efficiency) without pH adjustment to
7.9 = 0.8 ug doxorubicin/mg nanoparticle (60.2 *+ 3.8% loading
efficiency) at pH 7. By increasing the amount of doxorubicin to
2 mg, the drug load of PLGA nanoparticles could be further en-
hanced (non-adjusted pH: 18.0 £ 3.2 pg doxorubicin/mg nano-
particle; pH 7: 31.6 = 3.1 pg doxorubicin/mg nanoparticle, re-
spectively) (Figure 4).
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Figure 4: Doxorubicin (Dox) drug load and loading efficiency for PLGA
nanoparticles (NPs) prepared using a PVA solution without pH adjust-
ment and a PVA solution adjusted to pH 7 (data expressed as means
+SD,n=3).

Different amounts of doxorubicin did not change the loading
efficiency at pH 7. Using aqueous solutions instead of metha-
nol, we increased the doxorubicin amount during preparation to
5 mg and 7.5 mg per 50 mg PLGA. While 5 mg resulted in an
increase of the drug load to 52.5 + 0.4 pug doxorubicin/mg nano-
particle, 7.5 mg doxorubicin did not result in a significant
further increase (54.4 *+ 3.4 ug doxorubicin/mg nanoparticle)
(Figure 5A).

This was an improvement in drug load compared to a nanoparti-
cle preparation in the presence of 2 mg doxorubicin. However,
a further increase of doxorubicin resulted in unstable nanoparti-
cle systems, as indicated by increasing particle diameter and
polydispersity index (Figure 5B). The loading efficiency for
PLGA nanoparticles prepared at pH 7 with 5 mg doxorubicin
was higher than this for nanoparticles manufactured with
7.5 mg doxorubicin (50.6 = 0.6% and 33.9 £ 0.5%, respective-
ly). These loading efficiencies are in the range of those de-
scribed for similar preparations, although higher drug loads
have been described when using alternative PLGA-based
formulations such as nanoparticles or micelles with doxoru-
bicin covalently bound to the polymer, nanoparticles produced
by nanoprecipitation, micelles based on multi-arm star-shaped

PLGA-PEG block copolymers, or nanopolymersomes [14-18].
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Figure 5: (A) Drug load and loading efficiencies as well as (B) particle
diameter and PDI for different amounts of doxorubicin (Dox) used for
the preparation of PLGA nanoparticles by emulsion diffusion tech-
nique (data expressed as means + SD, n = 3).

In addition, PLGA nanoparticles prepared at pH 7 displayed a
more controlled and sustained doxorubicin release than PLGA
nanoparticles prepared without pH adjustment (Figure 6).
Hence, PLGA nanoparticles prepared at pH 7 with 5 mg
doxorubicin were selected for cell culture experiments.
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Figure 6: Release profiles of doxorubicin from PLGA nanoparticles
prepared using an unmodified PVA solution and a PVA solution
adjusted to pH 7 (data expressed as means + SD, n = 3).
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The different release kinetics from PLGA nanoparticles pre-
pared at pH 7, may be attributed to the higher lipophilicity of
doxorubicin at this pH value and, in turn, a stronger incorpora-
tion into the lipophilic PLGA nanoparticle matrix. This expla-
nation is consistent with data showing that PLGA nanoparticle
degradation is unlikely to occur in a 24 h timeframe [50,52].
More sustained release patterns have been shown to be achiev-
able by alternative nanoparticle approaches based on PLGA
such as nanoparticles or micelles with doxorubicin covalently
bound to the polymer, nanoparticles produced by nanoprecipita-
tion, micelles based on multi-arm star-shaped PLGA-PEG
block copolymers, or nanopolymersomes [14-18].

Nanoparticle efficacy in cell culture

Finally, the effects of doxorubicin-loaded PLA nanoparticles
prepared by solvent displacement (because they were smaller
and the drug load was higher compared to those prepared by
emulsion diffusion), PLGA nanoparticles prepared by solvent
displacement at a non-adjusted pH value and at pH 7, and
PLGA-PEG nanoparticles prepared by emulsion diffusion and
solvent displacement were tested for their effects on the
viability of the neuroblastoma cell line UKF-NB-3, its doxoru-
bicin-adapted sub-line UKF-NB-3"DOX?2Y, and its vincristine-
resistant sub-line UKF-NB-3"VCR!. In all three cell lines, PLA
nanoparticles, PLGA nanoparticles prepared by solvent dis-
placement at a non-adjusted pH value, and PLGA-PEG nano-
particles prepared by emulsion diffusion displayed reduced effi-

cacy compared to doxorubicin solution (Figure 7).

In contrast, PLGA nanoparticles prepared by solvent displace-
ment at pH 7 and PLGA-PEG nanoparticles prepared by sol-
vent displacement were similarly active as free doxorubicin
(Figure 7). The corresponding empty nanoparticles did not

affect cell viability in the tested concentrations.

The main difference between the doxorubicin-loaded PLGA-
PEG nanoparticles prepared by solvent displacement and the
other preparations is the size. It is the only preparation in which
nanoparticles have a size clearly smaller than 100 nm
(72.6 £ 3.3 nm, Figure 1). This might indicate that the cellular
uptake of smaller nanoparticles is higher than that of larger
nanoparticles, which is coherent with previous findings
showing that cellular uptake of nanoparticles decreases with an
increase of size [53]. PLGA nanoparticles prepared by solvent
displacement at pH 7 displayed the highest drug load. Hence,
their superior effects may be explained by an increased drug

transport per nanoparticle into cancer cells.
Nano-sized drug carriers have been shown to bypass efflux-

mediated drug resistance [25]. This included various nanoparti-

cle and liposome formulations of the ABCB1 substrate doxoru-
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Figure 7: Doxorubicin concentrations that reduce neuroblastoma cell
viability by 50% (IC50) when administered encapsulated into different
nanoparticle preparations (PLA-NP, PLA nanoparticles prepared by
solvent displacement; PLGA-NP, PLGA nanoparticles prepared by sol-
vent displacement at a non-adjusted pH value; PLGA-NPpH7, PLGA
nanoparticles prepared by solvent displacement at pH 7; PLGA-PEG-
ED, PLGA-PEG nanoparticles prepared by emulsion diffusion; PLGA-
PEG-SD, PLGA-PEG nanoparticles prepared by solvent displacement)
compared to doxorubicin solution (doxorubicin). Unloaded nanoparti-
cles did not affect cell viability in the tested concentration range.

*IC50 > 500 ng/mL.

bicin that were shown to modify the cellular uptake and intra-
cellular distribution of doxorubicin resulting in enhanced effects
against ABCB1-expressing cancer cells, when compared to free
doxorubicin in solution [26-31]. The doxorubicin-adapted UKF-
NB-3 sub-line UKF-NB-3"DOX?0 is characterised by high
ABCBI expression [54]. In addition, the vincristine-resistant
UKF-NB-3 sub-line UKF-NB-3"VCR! displays cross-resis-
tance to doxorubicin and becomes sensitised to doxorubicin by
the specific ABCBI1 inhibitor zosuquidar (Figure 8). This indi-
cates that drug resistance is at least in part mediated by ABCB1
in this cell line. However, free doxorubicin solution and
doxorubicin bound to PLGA-PEG nanoparticles prepared by
solvent displacement or PLGA nanoparticles prepared by sol-
vent displacement at pH 7 displayed similar efficacy in UKF-
NB-3"DOX20 and UKF-NB-3"VCR! cells (Figure 7). Hence,
these drug carrier systems are not able to overcome transporter-

mediated drug resistance. One reason for this may be that the
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doxorubicin burst release kinetics observed for these nanoparti-
cles do not enable a sufficient bypassing of transporter-medi-
ated drug efflux. However, PLGA nanoparticles prepared by
solvent displacement at pH 7 did not display improved efficacy
in ABCB1-expressing cells despite improved drug release
kinetics. Possibly, other PLGA-based preparations, which
display more sustained drug release, such as nanoparticles or
micelles with doxorubicin covalently bound to the polymer,
nanoparticles produced by nanoprecipitation, micelles based on
multi-arm star-shaped PLGA-PEG block copolymers, or
nanopolymersomes [14-18] may overcome such limitations.

UKF-NB-3"VCR!

doxorubicin +
zosuquidar

doxorubicin

0 5 10 15 20
IC50 (ng doxorubicin/ mL)

Figure 8: Doxorubicin concentrations that reduce UKF-NB-3"VCR!
viability by 50% (IC50) in the absence or presence of the ABCB1 inhib-
itor zosuquidar (1 uM). Zosuquidar did not affect cell viability when
administered alone.

Conclusion

In this study, we synthesised a range of doxorubicin-loaded
PLA- and PLGA-based nanoparticle systems using emulsion
diffusion and solvent displacement approaches. Our results
show that particle size, loading efficiency, and drug release
kinetics can be controlled by the production procedure. Testing
of the nanoparticle preparations in the neuroblastoma cell line
UKEF-NB-3 and its sub-lines with acquired resistance to doxoru-
bicin or vincristine indicated that smaller nanoparticles and a
high drug load result in nanoparticle preparations that have a
similar efficacy at the cellular level as doxorubicin solution. In
particular, doxorubicin-loaded PLGA-PEG nanoparticles pre-
pared by solvent displacement, which displayed the smallest di-
ameter, and PLGA nanoparticles prepared by solvent displace-
ment at pH 7, which displayed the highest drug load, exerted
the most pronounced anticancer effects, which were compa-
rable to doxorubicin solution. Since nanoparticle preparations
are known to have the capacity to improve the in vivo activity
of anticancer drugs by tumour targeting through the EPR effect,
this is an important step in the development of improved nano-
particle preparations. However, the investigated nanoparticle
preparations did not circumvent transporter-mediated drug
efflux. Hence, more research is required to identify drug carrier

systems that reliably bypass efflux-mediated drug resistance.
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Experimental

Reagents

PLGA (Resomer® RG502H), PLA (Resomer® R203H), and
PLGA-PEG (Resomer® RGP d 50155) were obtained from
Evonik Industries AG (Essen, Germany). Ethyl acetate,
dichloromethane, and methanol were purchased from VWR
International GmbH (Darmstadt, Germany). Acetone, aceto-
nitrile and dimethyl sulfoxide (DMSO) were obtained from Carl
Roth GmbH (Karlsruhe, Germany). Poly(vinyl alcohol) (PVA,
30,000-70,000 Da), bovine serum albumin (BSA), HSA, and
glutaraldehyde were obtained from Sigma-Aldrich Chemie
GmbH (Karlsruhe, Germany). Dulbecco's Phosphate buffered
saline (PBS) was purchased from Biochrom GmbH (Berlin,
Germany). Doxorubicin was obtained from LGC Standards
GmbH (Wesel, Germany). All chemicals were of analytical
grade and used as received.

Nanoparticle preparation via emulsion

diffusion

PLA and PLGA nanoparticles were prepared by a previously
described emulsion diffusion technique [35,55]. PLA, PLGA, or
PLGA-PEG were dissolved in organic solvents (Table 3) and
200 pL of a methanolic doxorubicin solution (2.5 mg/mL) was
added.

This solution was then poured into 5 mL (1%, m/v) PVA solu-
tion and afterwards homogenized with an Ultra Turrax (IKA-
Werke, Staufen, Germany) as indicated in Table 3. Subse-
quently this pre-emulsion was mixed with another 5 mL (1%,
m/v) PVA solution. After stirring overnight, the resultant nano-
particles were purified three times by centrifugation at 21,000g
for 15 min (Eppendorf Centrifuge 5430 R, Eppendorf,

Hamburg, Germany) and re-dispersion in purified water.

After the final purification step, an aliquot of the nanoparticle
suspension was centrifuged and the resulting pellet was dis-
solved in 1 mL DMSO in order to measure the entrapped
amount of doxorubicin by HPLC (see below).

In order to increase the drug load for PLGA nanoparticles dif-
ferent volumes of the methanolic doxorubicin solution
(2.5 mg/mL) were used corresponding to 1.0, 1.5, and 2.0 mg
total doxorubicin. For a further increase in drug load different
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aqueous doxorubicin solutions (ranging from 10.0 to
50.0 mg/mL) were used to achieve total doxorubicin amounts of
0.5,2.5,5.0,7.5, 12.5, and 25.0 mg. Here, the PLGA solution in
ethyl acetate was homogenized with the aqueous doxorubicin
solution and 5 mL (1%, m/v) PVA solution to achieve the pre-
emulsion. In all experiments to increase the drug load the
amount of the polymer was kept constant at 50 mg. To prepare
doxorubicin-loaded nanoparticles at a defined pH value of 7, a
PVA solution (1%, m/v) in phosphate buffer (15.6 mg/mL
NaH,;PO4:2H,0; pH adjusted to pH 7 with NaOH) was used.

Nanoparticle preparation via solvent dis-
placement

Nanoparticle preparation via solvent displacement was per-
formed modified after Murakami et al. [13] as previously de-
scribed by Pieper and Langer [34]. 60 mg polymer were dis-
solved in 2 mL acetone and combined with 200 pL methanolic
doxorubicin solution (2.5 mg/mL). This mixture was injected
into 4 mL 2% (m/v) PVA solution to produce PLGA and
PLGA-PEG nanoparticles or into 4 mL 1% (m/v) PVA solution
to produce PLA nanoparticles. After stirring overnight at
550 rpm and evaporation of the organic solvent, PLA and
PLGA nanoparticles were purified three times by centrifuga-
tion at 21,000 g for 15 min and re-dispersion in purified water.
PLGA-PEG nanoparticles were purified three times by centrifu-
gation at 30,000g for 60 min and re-dispersion in purified

water.

Determination of particle size, size

distribution and zeta potential

Average particle size and the polydispersity were measured by
photon correlation spectroscopy (PCS) using a Malvern zeta-
sizer nano (Malvern Instruments, Herrenberg, Germany). The
resulting particle suspensions were diluted 1:100 with purified
water and measured at a temperature of 22 °C using a backscat-
tering angle of 173°. The zeta potential was determined with the
same instrument and the same diluted nanoparticle suspension

by laser Doppler microelectrophoresis.

Scanning electron microscopy (SEM)

For scanning electron microscopy (SEM), the particle suspen-
sions were diluted with purified water to 0.25 mg/mL. The
suspension was dripped on a filter (MF-Millipore ™ membrane

Table 3: Preparation parameters for nanoparticles based on different polymers using emulsion diffusion technique.

polymer amount of polymer
PLGA 50 mg

PLA 100 mg
PLGA-PEG 50 mg

organic solvent homogenisation

15,000 rpm for 5 min
18,000 rpm for 15 min
15,000 rpm for 5 min

2.5 mL ethyl acetate
2.0 mL dicholoromethane
2.5 mL ethyl acetate
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filter VSWP, 0.1 pm) and dried for 24 h in a desiccator. After-
wards, the membranes were sputtered with gold under argon at-
mosphere (SCD 040, BAL-TEC, Balzers, Liechtenstein). The
SEM pictures were received at an accelerating voltage of
10,000 V and a working distance of 10 mm (CamScan CS4,
Cambridge Scanning Company, Cambridge, UK).

Doxorubicin quantification via HPLC-UV

The amount of doxorubicin that had been incorporated into the
nanoparticles was determined by HPLC-UV (HPLC 1200
series, Agilent Technologies GmbH, Boblingen, Germany)
using a LiChroCART 250 x 4 mm LiChrospher 100 RP
18 column (Merck KGaA, Darmstadt, Germany). The mobile
phase was a mixture of water and acetonitrile (70:30) contain-
ing 0.1% trifluoroacetic acid [56]. In order to obtain symmetric
peaks a gradient was used. In the first 6 min the percentage of
water was reduced from 70% to 50%. Subsequently within
2 min the amount of water was further decreased to 20% and
then within another 2 min increased again to 70%. These condi-
tions were hold for a final 5 min resulting in a total runtime of
15 min. While using a flow rate of 0.8 mL/min, an elution time
for doxorubicin of = 7.5 min was achieved. The detection of
doxorubicin was performed at a wavelength of 485 nm [57].

In vitro drug release studies

To study drug release in vitro, a nanoparticle suspension of
1 mg nanoparticles in 1 mL of PBS containing 5% (m/v) bovine
serum albumin (BSA) was shaken at 37 °C with 500 rpm.
Nanoparticle suspensions were centrifuged (30,000g, 15 min)
after 0, 0.5, 1, 2, 4, 6, 8, and 24 h, and an aliquot (250 puL) of
the supernatant was diluted with 750 uL ethanol (96%, v/v) in
order to precipitate BSA. After a second centrifugation step
(30,000g, 10 min) the supernatant was analysed for the amount
of released doxorubicin by HPLC as mentioned above. Addi-
tionally, the resulting pellet was dissolved in DMSO in order to
calculate doxorubicin recovery.

Cell culture

The MYCN-amplified neuroblastoma cell line UKF-NB-3 was
established from stage-4 neuroblastoma patients [54]. UKF-NB-
3 sub-lines adapted to growth in the presence of doxorubicin
20 ng/mL (UKF-NB-3"DOX2%) [54] or vincristine 1 ng/mL
(UKF-NB-3"VCR!) were established by continuous exposure to
step-wise increasing drug concentrations as previously de-
scribed [54,58] and derived from the Resistant Cancer Cell Line
(RCCL) collection (https://research.kent.ac.uk/ibc/the-resistant-
cancer-cell-line-rccl-collection/).

All cells were propagated in Iscove’s modified Dulbecco’s me-
dium (IMDM) supplemented with 10% foetal calf serum,
100 U/mL penicillin and 100 mg/mL streptomycin at 37 °C.
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The drug-adapted sub-lines were continuously cultured in the
presence of the indicated drug concentrations. Cells were
routinely tested for mycoplasma contamination and authenti-

cated by short tandem repeat profiling.

Cell viability assay

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay modified after
Mosmann [59], as previously described [55]. 2 x 104 cells
suspended in 100 pL cell culture medium were plated per well
in 96-well plates and incubated in the presence of various con-
centrations of drug or drug preparations for 120 h. Where indi-
cated, the ABCBI1 inhibitor zosuquidar was added at a fixed
concentration of 1 uM. Then, 25 puL of MTT solution (1 mg/mL
(w/v) in PBS) were added per well, and the plates were incubat-
ed at 37 °C for an additional 4 h. After this, cells were lysed
using 200 pL of a buffer containing 20% (w/v) sodium dodecyl-
sulfate and 50% (v/v) N,N-dimethylformamide (pH 4.7) at
37 °C for 4 h. Absorbance was determined at 570 nm for each
well using a 96-well multiscanner. After subtracting of the
background absorption, the results are expressed as percentage
viability relative to untreated control cultures. Drug concentra-
tions that inhibited cell viability by 50% (IC50) were deter-
mined using CalcuSyn (Biosoft, Cambridge, UK).

Statistical methods

All experiments of nanoparticle preparation and characterisa-
tion were performed at least three times. The results are shown
as average value with standard deviation. Significance tests
were conducted with Sigma Plot 12.5 (Systat Software GmbH,
Erkrath, Germany), using a one-way ANOVA test with the
Holm-Sidak post test. Significance levels were depicted as *
for p <0.05, ** for p < 0.01, and *** for p < 0.001.
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Abstract

SmartLipids are the latest generation of dermal lipid nanoparticles with solid particle matrix. Their characteristic properties result-

ing from the “chaotic” and disordered particle matrix structure are reviewed. These properties are high loading and firm inclusion

of active agents, physical stability of the particle matrix lipid modification (primarily «, B'), and related to these three properties the

improved chemical stabilization of labile active agents. Exemplarily data for these effects are shown and underlying mechanisms

are discussed. Further, general properties of lipid nanoparticles, which are also exhibited by the SmartLipids, are reviewed. These

include the restauration of the protective lipid skin barrier (anti-pollution effect), penetration enhancement by occlusion (invisible

patch effect) and the option to control the release of active agents for optimized biological effect and reduction of side effects (e.g.,

skin irritation through sensitizing active agents), which improves the skin tolerability. Regulatory aspects, such as submicron parti-

cle status, excipients, and certifications, are also discussed.

Introduction

To meet the increasing expectations and demands of consumers
in personal care and cosmetics, as well of patients in medical
care, dermal delivery systems are needed to improve the perfor-
mance of dermal formulations. There are also requirements
from the formulation manufacturer regarding perfected delivery
systems. The primary requirements for an optimized carrier

system are:

1. Sufficiently high loading capacity allowing for the
utilization of low amounts of carrier, so as to not
distinctly affect the properties of the formulation, e.g.,
skin feeling;

2. physical stability, i.e., firm inclusion of active agents and

remaining integrity of the carriers in the final formula-

tion during shelf life;
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3. effective protection and stabilization of chemically labile
active agents, e.g., retinol as a classical example;

4. restoration of the natural skin barrier (recently in focus in
the framework of “anti-pollution” strategies);

5. penetration enhancement and increased bioavailability
allowing for a reduced application frequency, enabling
the use of active agents that could not be used before due
to lack of penetration, e.g., certain antioxidants;

6. controlled and prolonged release in order to avoid too
high concentrations on the skin that may cause irritancy
(e.g., retinol and tretinoin);

7. composition preferentially of natural or naturally derived
and modified raw materials that are ideally biodegrad-
able and in conformity to ECOCERT/COSMOS (e.g.,
natural lipids or semisynthetic lipids derived from

natural lipids).

Emulsions can only partially meet these requirements. For ex-
ample, the protection of chemically lipophilic active agents is
limited by the diffusional exchange with water. Controlled
release is not possible due to the high diffusion coefficient, D,
in oils of low viscosity (Einstein equation). Release typically
takes place very fast within seconds or milliseconds [1]. The
age of smart delivery systems for skin started with the introduc-
tion of liposomes to the cosmetic market in 1986 from the
company Dior with the product Capture. Liposomes have
several advantages for dermal delivery, e.g., adhesiveness to
skin due to the small nanometric size, increase of skin moisture
related leading to wrinkle reduction, and a stabilization of
active agents to some extent.

In the following years attempts were made to come up with
better delivery systems of the next generation. Looking back,
these efforts were of limited or no success. For example, many
expectations were raised with dermal microemulsions. Howev-
er, the need of relatively high surfactant concentrations (skin
irritating/damaging effects) and the often unpleasant applica-
tion feeling did lead to a market failure. Polymeric nanoparti-
cles, developed by P. P. Speiser for pharmaceutical purposes in
the middle of the 1970s [2], found only limited use in consum-
er care/cosmetics. Problems are often the lack of regulatory
status of many polymers used, expensive large-scale produc-
tion and the lack of biodegradability (no “green” products
possible, thus no certification after ECOCERT/COSMOS).
There were also developments of various “somes”, being
derived from the liposomes and finding few applications (e.g.,
niosomes, ethosomes, transfersomes, pharmacosomes, herbo-

somes, colloidosomes, sphinosomes and cubosomes [3].

A step forward in 1991 was the development of a carrier made

from solid lipids, the solid lipid nanoparticles (SLNs). They are

Beilstein J. Nanotechnol. 2019, 10, 2152-2162.

derived from the emulsions by replacing the liquid lipid (oil)
with a solid lipid and therefore are solid at body temperature.
The second generation of these particles, the nanostructured
lipid carriers (NLCs), made it to the cosmetic market in 2005
and are typically a mixture of one solid lipid and one liquid
lipid [4], e.g., tristearin and caprylic/capric triglyceride, also
being solid at body temperature.

In 2014 a new generation of carriers was developed, called
SmartLipids [5,6]. They combine all the existing advantages of
the previous particles made from solid lipids/lipid blends and
add new key features. These are distinctly increased loading
capacity and firm inclusion of the active agents, together with
improved physical stability and increased chemical stabiliza-
tion. This was achieved by creating a “chaotic” matrix structure
by blending many different lipids, e.g., up to ten solid lipids, or
mixture of solid and liquid lipids [7]. The structure of the
SmartLipids and related key advantages are discussed. Briefly
reviewed are the properties of SmartLipids originating from
being solid lipid particles, i.e., possessing the same beneficial
properties as abovementioned SLNs and NLCs. Industrial
aspects such as regulatory issues and technical questions are
covered regarding the production of marketable products in
cosmetics and consumer care.

Review

What exactly are SmartLipids — definition

SLN were made from typically one solid lipid only. Such lipids
can form highly ordered lipid crystalline structures (f modifica-
tion), which leaves little space to accommodate active agents
and limits its loading capacity. Sometimes expulsion of the
active agent takes place during storage, when the lipid re-orders
from o and/or f’ modification to primarily f modification. To
overcome the loading limitation in NLCs, oil was admixed to
the solid lipid, since liquid lipids (oils) exhibit higher solubili-
ties for active agents compared to solid lipids. In NLCs, the
solubilities of solid and liquid lipid are approximately additive,
i.e., the solubility of active agents in the NLC particle blend is
increased. However, the increase comes at the expense of an
accelerated reordering during storage, as oils can accelerate the
transition process to the f modification.

In the SmartLipids principle many structurally very different
lipids (typically up to ten) are blended on purpose, being
spatially incompatible due to differences in structure (mixture
of mono-, di and triglycerides, or waxes) and length of the fatty
acid chains. This was achieved by blending solid lipids only
(e.g., with chains C14—C22), or by admixing limited amounts of
oils (e.g., containing C8—C12 fatty acids). This leads to a lipid
particle matrix structure being primarily or to a considerable

extent in a modification with some B’ modification, having
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many imperfections for an enhanced loading capacity of active
agents (Figure 1). Due to the structural differences of the lipid
molecules, reordering during storage to the highly ordered f
modification is blocked or distinctly slowed down. Thus, no
expulsion of active agents takes place leading to firm inclusion.
The addition of oils increases the loading capacity further, but
oil addition needs to be limited in order to prevent an acceler-

ated reordering of the lipid matrix.

Figure 1: Simple representation of the structure of SmartLipids. The
mixture of structurally very different solid and liquid lipids leads to a
chaotic, less ordered structure (o, B’) with many imperfections, provid-
ing high loading capacity. The structure remains unchanged during
storage leading to a firm inclusion of active agents with chemical stabi-
lization and no expulsion of the active agents [10].

Some of the previously described NLC particles already repre-
sent the “SmartLipids principle”. This is the case when the one
solid lipid used in the mixture of one solid/one liquid lipid is a
commercial lipid that is already a blend of multiple lipids, or
when it is a priori a “wild mixture” of different structures, e.g.,
carnauba wax, mostly consisting of aliphatic esters (40.0 wt %),
diesters of 4-hydroxy cinnamic acid (21.0 wt %), w-hydroxy
carboxylic acids (13.0 wt %) and fatty acid alcohols
(12.0 wt %). The chain length of fatty acids and alcohols is
mainly in the range of C26—C30 [8]. Another classical example
of a commercial lipid blend is Cutina LM, which is composed
of three pure lipids and three natural lipid mixtures (cetearyl
alcohol, cetearyl glucoside, octyldodecanol, carnauba wax,
candelilla wax, and beeswax). Different from the SmartLipids
principle are, e.g., NLCs made from a relatively uniform solid
lipid, e.g., tristearin (mainly C18 triglyceride) blended with
caprylic/capric triglyceride [9].

Dermal application — main key features of

SmartLipids

High loading capacity and firm inclusion of active
agents

The unordered “chaotic” matrix state of SmartLipids provides
enough defects to accommodate distinctly higher amounts of
active agents compared to SLNs and NLCs. This can be seen
regarding the maximum loading achieved for retinol and lido-
caine (Figure 2). In this case the loading increases by a factor of
about 15 and 3, respectively.
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Figure 2: Maximum loading reported for SLNs, NLCs and SmartLipids
for the dermal active agents retinol [11-13] (left) and lidocaine [14]
(right).

The higher loading capacity ensures the firm inclusion of the
active agent as well. In NLCs it was sometimes necessary to in-
corporate, e.g., 5% retinol (= maximum loading) to achieve the
desired retinol concentration in the final product. At the
maximum loading capacity, reordering could cause the expul-
sion of the active agent into the water phase (crystal formation).
This is not the case in SmartLipids, since the maximum loading
capacity is increased to 15. Even slight reordering will not lead
to active expulsion when lower loadings than the maximum
possible are employed. Of course, the degree of loading affects

also the release (cf. section 3.4).

Physical stability in products

The aspects of physical stability in lipid particle dispersions
during storage and in final products are (1) an unchanged crys-
talline structure of the particle matrix and (2) the quantitative
proof of remaining existence/presence of particles. The created
crystalline structure should primarily remain in the unordered
state for firm inclusion of loaded active agents, which can be
measured by combining differential scanning calorimetry
(DSC) with X-ray diffraction. Ruick showed a fast transition
from the o modification to the f modification when SLNs were
produced with tristearin (Figure 3), while a SmartLipids mix-
ture with eight solid lipids remained practically unchanged
during one year of storage.

Carriers, especially fluid carriers such as liposomes, can reduce
in number in a final product during shelf life. Liposomes have a
tendency to fuse with the stabilizer layers of oil droplets in oil/
water creams. For the best quality, the quantitative stability of
the carriers is desirable. Especially, quantitative stability is re-
quired in case of pharmaceutical formulations. Quantitative
analysis of, e.g., liposomes in final products is relatively diffi-
cult, but required in some countries from regulatory authorities.

The difficulty of such analysis was tried to circumvent, e.g., by
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Figure 3: X-ray diffraction patterns of SLNs (pink curve) and SmartLipids mixture (red curve) determined directly after production and after one month
(SLNs: blue curve) and one year (SmartLipids: black curve) storage at room temperature [5].

only specifying “lecithin” in the product, despite knowing that a
main contribution of the product performance is coming from
the existing liposomes formed by lecithin. In contrast, the quan-
titative proof of 100% existing lipid particles with solid particle
matrix is very easy by measuring the melting enthalpy using
differential scanning calorimetry (DSC). The melting enthalpy
of a SmartLipids suspension can be determined before addition
to the product, after addition to a gel or a cream and after
storage. In case the particles dissolve, e.g., in an oil of a cream,
the melting enthalpy will decrease. Thus, the physical stability

of SmartLipids is easy to analyze and to prove.

Chemical stabilization of active agents

Classical fluid carriers such as nanoemulsion and liposomes
have a limited ability to protect labile lipophilic active agents.
Due to the partitioning coefficient, K, after Nernst, the
lipophilic active agents are primarily enriched in the lipid phase
and only to a small extent in the water phase. But there is a
diffusional exchange between the oil and the water phase. The
active agent diffuses from the oil into the water phase, the
active agent is degraded in the water phase (e.g., hydrolyzed),
the degraded active agent diffuses back into the oil phase and is
replaced in the water phase by new non-degraded active agent
from the oil. This is a kind of vicious circle (Figure 4, right).
Due to the relatively low viscosity, n, of oil (70-100 mPa-s) and
phospholipid bilayers (184 mPa-s [15]), this process takes place
relatively fast. The diffusion coefficient D can be calculated

using the Einstein equation:

Do kgT ,
6nnr

with kg being the Boltzmann constant and 7 being the absolute
temperature. In contrast, the viscosity 1 in solid particles is very

high, e.g., 653 mPa:s for solid paraffin. Thus, the abovemen-

water phase

solid lipid oil droplet

Figure 4: Fast degradation of lipophilic active agents (R) in fluid
carriers (blue), such as oil/water emulsions or creams and liposomes,
through fast exchange with the water phase (right) in comparison to a
minimized exchange of active between a highly viscous solid carrier
(red) and the water phase (left) (P: partitioning coefficient); modified
with permission from [17], copyright 2017 Elsevier.

tioned exchange is practically avoided or at least strongly mini-
mized [16] (Figure 4).

Retinol is a chemically highly labile molecule, and thus the effi-
cient stabilization in dermal products is a challenge. Retinol
was incorporated into various carrier systems, but only with
limited increase in stability. Stabilities reported were 20% after
ten days in liposomes [18], 40% after 24 h in a nanoemulsion
[19], 50% after 24 h in zein colloidal particles [19] and 60%
after one month in a nanoemulsion stabilized by silica [20]. A
screening was performed in two SmartLipids mixtures. The
solid particle matrix itself is protective for labile molecules as
outlined above. Up to 86% retinol remained after six months of
storage at room temperature (Figure 5, lower right). This stabi-
lization is due to the solid character of the carrier matrix with
limited exchange of active agent with the water phase, and the
protection of the active agent inside the solid carrier matrix,
e.g., against access of oxygen and light. To have an even better
stabilized system, lipophilic anti-oxidants were added leading to

about 85-95% retinol remaining at room temperature (Figure 5,
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Figure 5: Storage study with retinol loaded SmartLipids particles over six months. Remaining retinol content in SmartLipids formulation P (left) and R
(right) before and after incorporation of lipophilic antioxidants Tinogard TT and BHT at 40°C (upper) and room temperature (25°C, lower), [10].

lower row), and 65-70% at a stress temperature of 40 °C
(Figure 5, upper row). More complex particle structures of
SmartLipids lead to better incorporation and protection of
active agents.

Size of SmartLipids submicrometer particles — legal
aspects

By definition, nanoparticles possess a size in the nanometer
range, i.e., from a few nanometers to below 1000 nm. Legally,
after the EU cosmetic guideline [21], nanoparticles are only
particles with a size below 100 nm, precisely a particle popula-
tion with more than 50% of the particles below 100 nm based
on the number distribution. Incorporating a nanoparticle materi-
al needs to be declared in the INCI nomenclature by the addi-

tion of “nano”.

A typical mean size of SmartLipids particles is in the range of
200—-400 nm, measured by laser light scattering, i.e., photon
correlation spectroscopy (PCS). The calculated size is based on

the intensity signal of the scattered laser light, which is used to

calculate a so-called correlation function g(t). The obtained
mean diameter is the intensity-weighted so-called z-average
(z-ave). The correlation function g(t) can be converted to a size
distribution by Fourier transformation. EU regulations require a
measuring method that can cover the full size range of a parti-
cle population. The measuring range of PCS is roughly from
about 3 nm to 6 um. Suspensions of SmartLipids do not contain
particles below 3 nm, and practically no, or only negligible
contents of, particles larger than 6 um. Thus, PCS is a suitable
method to meet the EU requirements for SmartLipids products.
The absence of particles above 6 pm could be proven by laser
diffraction (Malvern Mastersizer 2000, Malvern, UK). In this
case the volume distribution was taken, because it is more
sensitive to show a few large particles than the number distribu-
tion.

To avoid the linguistic confusions: technically the particles are
nanoparticles but at the same time are legally not nanoparticles.
Those particle populations should be classified as “submicrom-

eter particles”. Submicrometer particles are in the size range be-
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tween 100 nm and 1000 nm, nanoparticles are smaller than

100 nm. Hence, SmartLipids are submicrometer particles.

Industrial production of SmartLipids - standard &
customized products

The production of SmartLipids is identical to that of SLNs and
NLCs [22]. The lipid mixture is heated to approximately
5-10 °C above the melting point of the highest melting lipid,
then the active agent is dissolved in the lipid melt and the melt
containing the active agent is dispersed in a hot aqueous stabi-
lizer solution (surfactant, polymer) of identical temperature by
high-speed stirring to form a coarse emulsion. This pre-emul-
sion is then passed through a high-pressure homogenizer, and
typically one or two homogenization cycles are applied.
Homogenizers used are typically piston—gap homogenizers,
e.g., the APV Gaulin 5.5. homogenizer with a production
capacity of up to 150 L/h (medium scale) [7], and the GEA Niro
Soavi homogenizer with production capacities of up to
10.000 L/h (large scale). The obtained hot nanoemulsion is
cooled, the lipid blend re-crystallizes and forms solid lipid par-
ticles. The suspensions are preserved by standard preservatives
(e.g., euxyl® PE 9010) or are alternatively prepared preserva-
tive-free by adding, e.g., pentylene glycol. Standard products
are available on the market, while coenzyme Q10 and retinol
are in preparation. Formulations with customer-specific active
agents can also be prepared on an exclusive basis. Concentrates
have a typical particle content of 10% or 20%. For the incorpo-
ration into cosmetic products, the dermal formulations are pro-
duced as normal, but with slightly reduced water content. At the
end of the production, the SmartLipids concentrates are
admixed under blending with a stirrer.

Dermal application — general features of lipid
nanoparticles with solid particle matrix
Adhesion onto skin with increased residence time/
prolonged release

There are many properties that are identical for the several
types of lipid nanoparticles — SLNs, NLCs and SmartLipids —

nanoemulsion

lipid nanoparticles
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because they only depend on physical characteristics (e.g., par-
ticle size or general adhesiveness of small particles) or chemi-
cal characteristics (e.g., nature of the particle material, in this
case lipid). Thus, data published previously regarding these
general features also apply to the newly developed SmartLipids
particles.

It is well known that decreasing the particle size leads to a
larger interaction area between particles and substrate and
thereby the adhesiveness increases. The classical and often cited
example from food industry is the different adhesiveness of
crystalline sugar and icing sugar onto bakery products. Large
crystals tend to fall off, whereas icing sugar forms sticky layers
on bakery products. Thus, all nanoparticles, e.g., as reported for
liposomes [23,24], have an increased adhesiveness to skin. In a
recent study it could be shown that the adhesiveness of solid
lipid particle suspensions to human skin is superior to fluid
nanoemulsion droplets. Both, similar in size, were labeled with
Nile red and applied in a square onto the inner forearm. The
presence of applied particles was detected using an UV lamp
with a wavelength of 365 nm (Figure 6, left). Then the fore-
arms were washed under flowing water and rubbed with the
thumb. Most of the nanoemulsion was washed off, whereas the
lipid particles mostly remained on the skin (Figure 6, right).
This increased adhesiveness and related residence time on the
skin promotes a prolonged release of active agents, especially
when sweating occurs with subsequent tissue wiping by the

consumer or when skin areas are covered with clothes.

Restauration of the natural skin barrier and
anti-pollution effect

Due to unhealthy skin conditions or general stress by environ-
mental factors, the natural skin barrier (lipid film on the stratum
corneum) can be damaged, i.e., thinned or even partially lost
(bare patches). This has negative effects on the cells below and
could lead to a higher transepidermal water loss (TEWL). In ad-
dition, the skin is more exposed to environmental stress,

ranging from UV/IR radiation to pollution from the air, e.g.,

nanoemulsion lipid nanoparticles

Figure 6: Left: Nile red-labeled lipid nanoparticle suspension (right arm) and nanoemulsion (left arm) applied to human forearm directly after applica-
tion. Right: Both arms after washing under flowing water with rubbing. The lipid nanoparticles are highly adhesive and mostly remain on the skin (right

arm).
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particulate matter. Especially in the last two years, skin care
products/cosmetics with “anti-pollution” effect are a key topic.
Cosmetic formulations can reduce the adsorption of particulate
matter onto the skin and minimize related negative skin effects.
Thus, the effective restauration of the skin barrier is an impor-
tant feature of lipid nanoparticles [25], and a long residence
time of the particles on the skin even under mechanical stress is

beneficial to fight pollution factors.

The lipid particles adhere onto the skin as any nanosized parti-
cle does and form a film. This film formation can be followed
by measuring the dielectric constant of the skin, using a
Corneometer® (Courage + Khazaka Electronic GmbH,
Germany) [26]. The probe determines the dielectric constant, D,
of the skin through a condenser in the probe. An insulator medi-
um in the condenser reduces the measured D value. For exam-
ple, D is O for a complete insulator (vacuum), about 5 for lipids
and organic liquids, and 80 for pure water. The reading is given
in arbitrary units. If the skin moisture increases through the ap-
plication of a cosmetic cream, the obtained D value increases.
However, if an insulator material is between the probe and the
skin (i.e., a lipid film), the D value decreases (Figure 7, lower
row). This was shown in [27,28]. Applying a lipid particle film
to the skin led to the formation of a lipid layer thicker than the
normal barrier, resulting in D values below the D values of the
normal lipid film on skin (Figure 7, upper row). The thickness
of the created lipid film by applying lipid particle suspensions is
controlled by the particle concentration in the suspension. The
formation of a film can also be concluded by measuring the de-
crease in transepidermal water loss (TEWL) after application of
the lipid particles in a formulation.
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Figure 7: Determination of the relative film thickness by measuring the
dielectric constant D on skin. Probe readings of untreated skin and
skin with applied increasing concentration of lipid particle suspension;
reproduced with permission from [27], copyright 2013 Euro Cosmetics.

Beilstein J. Nanotechnol. 2019, 10, 2152-2162.

Following this model, any lipid particle can be used to repair
the stratum corneum film, independent on its lipid composition
and loaded active agent, as it was the case in [27,28]. Restaura-
tion of the natural lipid barrier is thus a beneficial effect gener-
ated already by unloaded SmartLipids on the skin. Also,
ceramides can be used to produce SmartLipids, albeit primarily
for the higher priced cosmetic sector.

Increased penetration and bioavailability

Occlusion increases the dermal penetration of many active
agents. Occlusion leads to increased moisture content of the
skin as well as increased percutaneous absorption of most active
agents [29,30]. A simple but efficient way to obtain occlusion
in the hospital is to cover a cream-treated skin area with a
plastic foil. Pharmaceutical transdermal patches benefit also
from the occlusion effect of their polymer films, promoting
penetration. However, such patches are of no or limited use for
facial cosmetics. A compromise is to apply cosmetic masks for
a limited time, requiring consumer patience and compliance to
the regular treatment. In contrast, lipid particle formulations are
described in the literature as “invisible patch” [27]. After being
applied to the skin, they show controlled occlusive and delivery
effects comparable to patches (or some masks) but are “invis-
ible” and thus create their effect up to 24 h. Increased penetra-
tion of active agents due to occlusion is extensively described in
the literature [29].

To show the ability of SmartLipids to provide efficient skin
penetration, a particle suspension was prepared containing 0.2%
curcumin. Curcumin has many positive effects on the skin
[31,32] and is at the same time fluorescent, allowing for a good
and easy detection in the skin by fluorescence microscopy. The
suspension was applied to pig ear skin in a covered Franz cell,
incubated for 24 h and then skin slices were investigated by
normal light and fluorescence microscopy (Figure 8, left
column). Figure 8 (upper row) shows the fluorescence micros-
copy images. The lower row shows overlays of fluorescence
and light microscopy images, allowing to locate the fluores-
cence in the epidermis. For comparison, a tenfold higher
concentrated 2% curcumin suspension is shown in Figure 8
(middle column). The curcumin remains as a thick fluorescent
layer on top of the stratum corneum, showing practically no
fluorescence inside the epidermis. Finally, a curcumin contain-
ing marketed product from the US is shown, according to
HPLC analysis containing 0.0001% curcumin in dissolved
form, corresponding to its maximum solubility. Only negligible
fluorescence in the skin was detectable (Figure 8, right column).
This shows that SmartLipids are an enabling technology to
provide efficient skin penetration even for such problematic,
poorly soluble active agents such as curcumin. This increased

bioavailability in the skin enables real skin effects.
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Figure 8: Penetration of curcumin into pig ear skin, vertical pig ear slices, fluorescence microscopy images (upper row) and overlay of fluorescence
and light microscopy images (lower row); after application of 0.2% curcumin suspension in SmartLipids (left column), 2.0% curcumin micrometer-size
crystal suspension (middle) and a commercial curcumin containing gel product (right). Incubation time was 24 h. Both laser strength (35%) and fluo-

rescence detector gain (720 V) were kept constant during all measurements.

This study based on curcumin fluorescence was a qualitative
study as the fluourescence intensity was not measured quantita-
tively. However, strong fluorescence (SmartLipids), limited
fluorescence (suspension) and practically no fluorescence
(marketed product) show clear differences. The comparison
with the marketed product was meant to show that there is an
urgent need for improved dermal curcumin formulations. It
should be kept in mind, that both the SmartLipids and the
micrometer-crystal formulation contained a mixture of non-dis-
solved curcumin and curcumin dissolved in the outer phase of
the dermal formulation. The non-dissolved curcumin acts as a
depot to replace the curcumin in the formulation penetrating the
skin. This is the way, how the formulations work, and the
SmartLipids work better.

Controlled and prolonged release

Optimized performance of active agents might depend strongly
on the rate of their release from the carrier. Desirable release
might be fast, prolonged/sustained or should be as slow as
possible (even to no release at all). That means, a carrier system
should provide the ability to control the release of active agents.
A prolonged release is desirable in many formulations, e.g., in

anti-aging compounds such as retinol. A controlled release is

also desirable for active agents having a skin irritation potential,
because concentrations that are too high and promote irritation
need to be avoided. It was shown for tretinoin, that incorpora-
tion into lipid particles avoided skin irritation [33]. Little or no
release is ideal for molecular sunscreens for UV protection,
which should not penetrate into but remain on the skin, ideally
inside the carrier, to generate their protective effect. At best,
they should remain inside the lipid particle, since it was shown
that there is a synergistic effect of the particle matrix on the mo-
lecular sunscreen increasing its protective efficiency [34]. This
allows the reduction of molecular sunscreen concentration in a

product.

The release can be controlled by the localization of the active
agent inside the solid lipid particle matrix. Without going into
technical details, the localization of the active agent can be
modified by the composition of the lipid particle matrix, con-
centration of active agent and production parameters. A very
fast release is generated, when the active agent is primarily lo-
cated in the outer shell of the particles (enriched shell model), a
prolonged release when the active is evenly distributed throug-
hout the whole carrier matrix (solid solution model), and a very

slow/strongly delayed release when the active is mainly located
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in the core (enriched core model) (Figure 9). For example, a  prolonged release of only 37.1% of prednisolone after 5 weeks
very fast and complete release within minutes was shown for ~ was achieved with solid lipid nanoparticles (Figure 10, lower
cyclosporine (Figure 10, upper row) [35], and an extremely row) [36] The distinctly reduced side effects of tretinoin re-
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time time time
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Figure 9: Models of cosmetic active agents or drugs (green) incorporated into lipid nanoparticles, from left to right: enriched shell model (fast release),
solid solution model (prolonged release) and enriched core model (very slow release); reproduced with permission from [17], copyright 2017 Elsevier.
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Figure 10: Examples of release profiles from lipid nanoparticles: very fast release of cyclosporine within minutes (upper row, after [35]), and the other
extreme of very slow release of prednisolone over 35 days (lower row, after [36], explainable by enriched shell and enriched core model, respectively.
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leased from lipid nanoparticles can be explained by a con-
trolled release, avoiding high peak concentrations of free

tretinoin on the skin.

In dermal sunscreen formulations, the lipophilic sunscreens are
normally dissolved in the oil phase of oil/water emulsions. Due
to the liquid state of the oil droplets, the evenly and molecu-
larly dispersed sunscreen within the droplets can be released
quickly and penetrate into the skin. The release of oxybenzone
from an emulsion and SLNs was compared in an in vitro Franz
cell model. The release from emulsions was two times faster
(Figure 11) [37]. The distinctly slower release from the lipid
nanoparticles shows their potential of reducing undesired side

effects by large amounts of sunscreen penetrating into the skin.

100 ’ ——SLN Emulsion

release [%]
|

time [h]

Figure 11: In vitro release of the sunscreen oxybenzone from a
nanoemulsion (grey) and from a SLN suspension (black) measured in
Franz diffusion cells, after [37].

Conclusion

The lipid nanoparticle history started in 1991 with SLNs, the
second generation of NLCs entered the cosmetic market just
14 years later in 2005, much faster than the liposomes did (they
needed about 20 years from invention to cosmetic market in
1986). With the “SmartLipids concept” a mature industrial
delivery system is available since 2016. The outstanding fea-
ture is the number of delivery advantages combined in one
single system. Specific to SmartLipids are:

1. High loading capacity,

2. firm inclusion of active agents,

3. physical stability of the carrier in the final formulation
(and easy to prove) and thus

4. improved chemical stabilization of active agents.

General features of all lipid nanoparticles are the restauration of
the natural protective lipid barrier, and penetration enhance-
ment with increased dermal bioavailability and controlled/opti-
mized release.

Even if a different carrier system is superior in one or two prop-

erties, the sum of the combined delivery advantages in

Beilstein J. Nanotechnol. 2019, 10, 2152-2162.

SmartLipids outweighs this in most cases. On top, to meet
upcoming consumer expectations, conformity to ECOCERT/
COSMOS can be provided and the particles are not nanosized
but submicrometer carriers. Contract manufacturing on indus-
trial scale under GMP is available, also for customized formula-
tions. Thus, the basis for broad use in cosmetics and consumer
care products is given.
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Abstract

Great challenges still remain to develop drug carriers able to penetrate biological barriers (such as the dense mucus in cystic
fibrosis) and for the treatment of bacteria residing in biofilms, embedded in mucus. Drug carrier systems such as nanoparticles
(NPs) require proper surface chemistry and small size to ensure their permeability through the hydrogel-like systems. We have em-
ployed a microfluidic system to fabricate poly(lactic-co-glycolic acid) (PLGA) nanoparticles coated with a muco-penetrating stabi-
lizer (Pluronic), with a tunable hydrodynamic diameter ranging from 40 nm to 160 nm. The size dependence was evaluated by
varying different parameters during preparation, namely polymer concentration, stabilizer concentration, solvent nature, the width
of the focus mixing channel, flow rate ratio and total flow rate. Furthermore, the influence of the length of the focus mixing channel
on the size was evaluated in order to better understand the nucleation—growth mechanism. Surprisingly, the channel length was
revealed to have no effect on particle size for the chosen settings. In addition, curcumin was loaded (EE% of ~68%) very effi-
ciently into the nanoparticles. Finally, the permeability of muco-penetrating PLGA NPs through pulmonary human mucus was
assessed; small NPs with a diameter of less than 100 nm showed fast permeation, underlining the potential of microfluidics for such

pharmaceutical applications.
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Introduction

In the last decades, the application of nanotechnology in medi-
cine has gained significant attention, especially in the biomedi-
cal field for vaccine delivery [1,2], in anticancer therapies [3.,4],
as well as for gene delivery [5,6]. Owing to the unique physico-
chemical properties of nanoparticles, the nanoparticle surface
can be specifically modified to meet the needs of the desired ap-
plication [7,8]. Such surface modifications can also be applied
to protect drug carriers from being inactivated by avoiding
interaction with mucus [9-11]. Nanoparticles (NPs) have shown
a tremendous effect in terms of facilitating the diffusion of
drugs through biological barriers, for example, through thick
mucus in cystic fibrosis [10,12-16]. Notably, only NPs with size
less than 200 nm have the ability to permeate easily through
mucus without being immobilized by the natural size-filtering
mechanism [10,17-19]. Furthermore, modifying the surface
chemistry of NPs is beneficial for avoiding the interaction/
filtering mechanisms such as H-bond interaction and electro-
static interactions [15,17,20-24]. Moreover, NPs as a carrier
system have shown the ability to protect the loaded drug from
inactivation, reduce unwanted side effects and enhance the effi-
cacy of the active pharmaceutical ingredient (API) due to im-
proved solubility and bioavailability [25]. As penetrating partic-
ulate systems also raise the question of toxicity, biocompatible
systems such as poly(lactide-co-glycolide) (PLGA) (a very
benign material) are considered to be well-suited. PLGA NPs
have been extensively studied in the pharmaceutical field,
relying on PLGA's biodegradability and the fact that it is FDA
approved for some products [26,27]. Many different methods
have been established to prepare PLGA NPs, such as double
emulsion and nanoprecipitation [28,29]. Among many other
techniques, nanoprecipitation was adopted very quickly to
prepare sub-micrometer particles, because it is a simple and
straightforward technique, without the involvement of any
chemical additives, and also does not require harsh formulation
parameters, such as high energy input or mechanical shear
stress (e.g., by sonification) [30,31]. Nonetheless, the prepara-
tion of sub-micrometer NPs in a conventional “bench-top”
nanoprecipitation method still faces several critical challenges,
such as the lack of reproducibility, which restricts it from being
widely adopted in the pharmaceutical industry [32,33]. This
issue is mainly attributed to the poor control of the mixing time
in many approaches. This problem holds true especially for the
preparation of NPs of size less than 200 nm, which are
preferred with respect to their biological penetration potential.
Improved control with respect to the mixing time can be
achieved by utilizing impinging jets or microfluidic systems, as
they allow to control the mixing time on the order of millisec-
onds instead of minutes [34,35]. The mixing time was proven to
be the major factor that influences the size and monodispersity

of colloidal particles [36]. The mixing time can be tuned by
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adjusting the flow rate of the solvents or channel geometry. Ad-
ditionally, fast mixing (as in microfluidics) has shown a variety
of advantages over conventional methods (bench-top) regarding
the physicochemical and encapsulation properties of the nano-
particles [36]. A LabSmith system (LabSmith, Inc., Livermore,
USA) was used for the manufacture of PLGA NPs using the
nanoprecipitation method. This system offers stable conditions
to produce monodisperse particles of small size. At the same
time, it offers the possibility to vary some additional factors
during preparation, such as channel diameter and channel length
[37]. For the successful permeation of the particles through
mucus, small particles are required. To ensure proper treatment,
it is necessary to reach the target dose; therefore, a high drug
loading into the NP carrier is necessary to compensate for their
small size in order to reach the target dose. In this study, the en-
capsulation of a lipophilic model drug (curcumin, a nons-
teroidal naturally anti-inflammatory drug) was assessed by
comparing different preparation approaches, such as bench-top
preparations with different injection procedures. The choice of
an anti-inflammatory drug for potential loading into PLGA NPs
was made to address strong and continuous inflammatory
responses which could have an impact in, for example, cystic
fibrosis treatment [38]. The potential for application in cystic
fibrosis treatment was highlighted monitoring the penetration of

the particles through human pulmonary mucus.

Results and Discussion

Influence of different parameters on the NP
size

Smaller nanoparticles (NPs) are known to have a better diffu-
sion through mucus, whereby they can evade the natural size-
filtration mechanism [10,14,39]. Furthermore, the surface
chemistry of NPs plays a crucial role in facilitating their pene-
tration through mucus [9]. In this context, we have used
microfluidics to produce size-tunable PLGA NPs coated with a
muco-penetrating stabilizer (Pluronic F68). Relevant factors
influencing the NP size were examined, such as flow rate ratio,
PLGA concentration, solvent type, diameter of the mixing
channel, and stabilizer concentration. Furthermore, as our
system allows us to cut different lengths of mixing channels,
the impact of the length of the mixing channel on the nucle-
ation—growth mechanism of the nanoprecipitation process was
evaluated, which is an underestimated aspect of current micro-

fluidic research.

Effect of flow rate ratio and total flow speed
The flow rate ratio was calculated as

. flow rate of organic phase
Flow rate ratio = & p

flow rate of aqueous phase
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We varied the flow rate ratio (FRR) of the organic phase to the
aqueous phase from 0.05-1 and the flow speed of the aqueous
phase was set to a fixed value ranging from 10 to 100 pL/min
while adapting the organic phase volume accordingly. At a flow
rate ratio of 0.05, a substantial reduction of the NP size from
~150 to 70 nm was obtained (Figure 1).

The reduction in the NP size is attributed to the rapid and effi-
cient mixing process as described in literature [36]. Further, the
Ostwald ripening phenomena could be avoided at short mixing
times [40]. Additionally, for FRRs above 0.2 (by adjusting only
the flow rate of the organic phase) larger NPs were obtained.
This implies that an increase in the width of the focus point of
the organic phase occurred as a result of the higher FRR as
illustrated in Figure 2 [41]. For this reason, a longer time was
required for the diffusive material to be mixed. Another
scenario was proposed by Wang et al. [42], who suggested that
the increase in NP size at higher FRR is related to the use of
larger amounts of solvent causing swelling of the NPs. After-
wards, the influence of increasing the flow speed was studied
when using higher flow speeds of the aqueous phase (but
adjusting the same FRR) on the size of the NPs. The aqueous
phase flow was set to 10, 50 or 100 uL/min while keeping the
flow of the organic phase constant at 10 uL/min. It was ob-
served that an increase in the flow speed of the aqueous phase

from 10-100 pL/min led to a reduction in the mean diameter of
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] Water PLGA + Solvent

] Low Flow Rate Ratio (0.05)

J Medium Flow Rate Ratio (0.1)

L J L L

]

J High Flow Rate Ratio (0.2)

Figure 2: lllustration the impact of increasing the flow rate ratio on the
mixing pattern and the geometry of the flowing solvents. The increas-
ing mixing time at higher ratios could lead to larger particle sizes.

the NPs from 150 to 70 nm at a flow ratio of 0.05 (Figure 1).
This evidence points to the fact that most likely the polymer
concentration decreases by increasing the aqueous phase flow
rate, thus small NPs were obtained. Another reason could be
that the rate of the NP growth decreased as well [43,44].
Markedly, the tendency of NP aggregation decreased at a higher

flow of the aqueous phase due to the large volume of the

B10ul/min  B50ul/min @100 pL/min
180
160
_ 140
£
= 120
@
£ 100
£
S 80
c
g 60
40
20
0
PDI 0.05 0.1 0.2 0.4 0.6 0.8 1
10 ulfimi 0.100 0.098 0.107 0.054 0.024 0.031 0.064
1 min
Y +0.025 +0.04 +0.016 +0.014 +0.018 +0.009 +0.022
sou/min | 0143 | 012 | 0048 | 0040 | 0033 | 0081 | 0.082
+0.004 +0.007 +0.010 +(0.032 +0.023 +0.010 +0.003
100 pl/min 0.142 0.197 0.089 0.05 0.077 0.083 0.085
) +0.022 +0.006 +0.009 +0.017 +0.004 +0.018 +0.013

Figure 1: The effect of the flow rate ratio (0.05—-1.0) and flow speed of the aqueous phase (10—100 pL/min) on NP size and size distribution.
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aqueous phase, which prevents particle interaction (this was in-
dicated by PDI (polydispersity index, respreswenting the size
distribution) values always being <0.1 for all particles prepared
by microfluidics). Moreover, the particles are easier to redis-
perse and are more stable within the aqueous suspension.

Effect of polymer concentration

The nanoprecipitation mechanism is predicted to be primarily
ruled by the Marangoni effect where the concentration gradient
and the concentration of the polymer play a role in influencing
the colloidal properties [45]. For this purpose, the influence of
the polymer concentration (PLGA) on the NP mean diameter
was tested. It can be observed that by varying the polymer con-
centration (PLGA) from 1 mg/mL up to 10 mg/mL the particle
size increased from 65 nm up to 150 nm for a FRR of 0.05. The
same behavior was found for all other flow rate ratios investi-
gated (Figure 3).

This effect is most likely related to the increasing viscosity of
the organic phase, which led to impeded diffusivity of the
organic phase into the aqueous phase, and thus to a longer
mixing time. Also, it appears that a large number of nuclei are
formed and the high concentration of polymer per unit volume
promotes particle growth, therefore larger particles were ob-
tained [43]. Using a PLGA concentration of >10 mg/mL

resulted in clogging of the mixing channel due to agglomera-
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tion. For concentrations less than 1 mg/mL, we were not able to
produce monodisperse PLGA NPs; several peaks ranging from
20 nm up to 100 nm were observed in DLS (data not shown).
This was supported by a large PDI (>0.7), indicating a polydis-
perse sample [44]. Furthermore, the presence of very small par-
ticles could originate from micelle formation from the stabi-
lizer present, as previously discussed in literature [42].

Effect of the diameter of the focus channel
Besides the flow rate, flow rate ratio and polymer concentra-
tion, the channel geometry is an important factor impacting on
the NP size. This holds true especially for the width of the focus
channel in which NP formation takes place. Literature has
demonstrated that the key factor to control the NP properties is
the mixing time (t™X), which is directly connected to the
channel dimensions. The mixing time depends on the geometry
as described by [36]:

mix W% _ W2
4D 1\ )
OD| 1+ ——
FRR

where D is the diffusivity of the used solvent, wy is the width of
the focus channel, w is the width of the other channels, and

FRR is the flow rate ratio of the organic phase to the aqueous

B1mg/mL QA3 mg/mL m@6mg/mL B@10mg/mL
200
180 =
- -
160 = _ -
3 )
é 140
o 120
2
@
£ 100
]
= 80
c
S 60
=
40
20
0
PDI 0.05 0.1 0.2 0.4 0.5 0.6
1 mg/mL 0.231+0.004 | 0.070+0.011 | 0.078 +0.011 | 0.054 +0.020 | 0.091 +0.008 | 0.075 £0.015
3 mg/mL 0.095+0.007 | 0.154 +0.007 | 0.106+0.013 | 0.094 +0.010 | 0.069 +0.012 | 0.063 +0.013
6 mg/ml 0.098 +0.010 | 0.100 £0.006 | 0.138 +0.008 | 0.140+0.013 ( 0.128 £0.014 | 0.122 +0.006
10mg/mL | 0.102 +0.015 | 0.146 +0.004 | 0.141+0.022 | 0.106 +0.019 | 0.033 +0.032 | 0.069 +0.025

Figure 3: Effect of different PLGA concentrations (1-10 mg/mL) on NP size and PDI at different flow rate ratios.

2283



phase. According to this equation, modulating the width of the
focus channel w¢ will modulate the flow rate of the organic
phase to the aqueous phase. As the focus channels in our micro-
fluidic system can be varied from 20 um up to 300 um, we
could elucidate the influence of the channel width on the nano-
particle properties. In Figure 4 it can be seen that the NP size
was reduced from 120 to 70 nm as a result of modulating the
width of the mixing channel from 280 to 100 pum at a 0.05 flow
rate ratio due to shortened mixing times. This effect can be
clearly seen for the slowest FRR. For larger FRR values, the
effect between channel sizes of 180 and 280 um is no longer
evident as the effect of mixing time on particle size has less in-
fluence (this behavior is similar to that of a batch reactor [46]).
Due to the reduction of the channel diameter, the mixing time
was minimized to a FRR of 0.05 (0.27 ms) in contrast to
X =2 19 ms at a FRR of 0.6. Additionally, a focus channel of
50 um was tested, but this, unfortunately, resulted in a multi-
modal size distribution of NPs, which is most likely due to the
non-stable flow pattern (turbulent flow instead of laminar flow).

Effect of stabilizer concentration

Additionally, to aid the successfully permeation of the NPs
through mucus without being trapped, the PLGA NPs can be
coated with a muco-inert stabilizer. Using the appropriate stabi-

B100 pum
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80

60

Mean diameter [nm]

40

20

0

K180 um
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lizing molecules could reduce the interaction with mucus, and
at the same time, foster stability of the colloidal system, thus
minimizing NP agglomeration and nucleation growth [40].
Pluronic F68 was proven to be a muco-inert material [11,47]
and was therefore chosen as a stabilizer. The addition of
Pluronic F68 (1%) resulted in a slight decrease of the NP diam-
eter to ~70 nm at 0.05 flow rate ratio in comparison to the stabi-
lizer-free (water) NPs with a 90 nm particle diameter (Figure 5).

These observations are consistent with previously presented
results with respect to the presence or absence of stabilizers
[48]. The slight effect on the size might be due to an increased
viscosity of the aqueous phase and thus a prolonged mixing
time. Also, the small particle size at low concentrations of
Pluronic F68 might be due to the dominating effect of the sur-
face tension over the change in viscosity [49].

The viscosity of low concentrated Pluronic F68 solutions might
not be strong enough to play a crucial role in influencing the NP
size, although it might aid in stabilizing the surface and to avoid
nuclei growth. These results were in accordance with results
from the conventional methods indicating a more stable system
using stabilizers (data not shown). Overall the size differences
are very small and the stability of the colloidal system is im-

280 um

PDI 0.05 0.1 0.2

0.4 0.5 0.6

100 um

0.142 +0.025

0.098 £0.006

0.116+0.010

0.163+0.014

0.182 £0.015

0.179+0.010

180 um

0.063 £0.012

0.062 +0.022

0.069 +0.016

0.073 +0.004

0.109 £0.011

0.104 +0.012

280 pm

0.134+0.038

0.084+0.018

0.043 +0.005

0.057 £0.011

0.057 £0.017

0.036+0.033

Figure 4: Effect of adjusting the diameter of the focusing channel (100 pm, 180 pm and 280 um) on NP size and size distribution at different flow rate

ratios.
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Figure 5: Effect of stabilizer concentration (0.1% and 1% of F68) on NP size and size distribution compared to NPs without stabilizer.

proved with higher stabilizer concentrations. Therefore, 1%

Pluronic F68 might be the most suitable system.

Effect of solvent nature and solvent mixture
Drug solubility relies fundamentally on the solvent used. There-
fore, assessing the influence of the nature of the solvent on the
colloidal properties of our drug carrier would be meaningful.
Different solvents were used to elaborate their impact on NP
size namely, dimethyl sulfoxide (DMSO), acetonitrile and ace-
tone. We observe no correlation between the viscosity of the
used solvent and the final NP size but the Hildebrand solubility
parameter (Table 1) correlates with the formation of small NPs
[50].

When DMSO was used as solvent, the NP size was reduced
from 120 to 40 nm at a 0.05 flow rate ratio in comparison to
acetone and acetonitrile (ACN), as can be seen in Figure 6.

This data illustrates that the nature of the organic phase plays a
decisive role in controlling the diffusion of the organic phase to
the aqueous phase, which induces as well a change in the
mixing time [50,51].

Effect of the length of the focus mixing
channel

Attempts have been made to explain the mechanisms of nano-
precipitation in order to have better control over the kinetics of
the colloid formation. To the best of our knowledge, no
comprehensive study has presented relevant experimental evi-
dence enabling more insight into the nanoprecipitation mecha-
nism. Our microfluidic system has a unique feature allowing us
to select different mixing channel lengths. The impact of the
length of the mixing channel was investigated, using 1 cm, 3 cm
and 5 cm long mixing channels. Figure 7 shows that the length
of the mixing channel has no impact on particle size in our

Table 1: Properties and miscibility of organic solvents with water according to the Hildebrand solubility parameter.

My Density Molar volume Heat of evaporation Hildebrand solubility parameter
[g/mol]  [g/cm3] [cm3/mol] [J/mol] [MPa'/2]

acetonitrile  41.05 0.786 52.23 33225 24.28

DMSO 78.13 1.1 71.03 52900 26.65

water 18.01 1 18.01 44000 48.03

acetone 58.08 0.784 74.08 31300 19.74
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Figure 6: Effect of solvent nature (acetonitrile (ACN), dimethyl sulfoxide (DMSO) and acetone) on NP size and PDI at different flow rate ratios.
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Figure 7: Effect of using different mixing channel lengths (1 cm, 2 cm and 5 cm) on the NP size and size distribution.
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setup, suggesting that possible effects occur at shorter distances
after the mixing point.

It can be seen at the 0.05 flow rate ratio that for all channel
lengths the NP diameter was between 50-60 nm. Also for the
other flow rate ratios, no influence of the channel length could
be observed (Figure 7); only for the highest flow rate ratio, a
difference between the different channel lengths could be ob-
served. According to literature, nanoprecipitation is more linked
to nucleation and growth, which consists of three stages: nucle-
ation, growth, and aggregation, as illustrated in Figure 8 [52].

] Water PLGA + Solvent
L] [ J [ J
e, o AN °®
° o e ® g0 @ ® ’
e ° ®e o W °©
d @ [ ]
Nucleation NP Growth Agglomeration

Figure 8: lllustration of nucleation and growth mechanism of nanopre-
cipitation along the focus mixing channel in a microfluidic system.

Based on the theoretical description of the mechanism, the par-
ticle formation is dependent on the time available for growth
and agglomeration. Aggregation is assumed to happen after the
initial formation and it is assumed to depend on the length of
the mixing channel [36]. Therefore, adjusting the length of the
mixing channel to only allow for nuclei formation should hinder
NP growth, thus ensuring that only the nuclei (small NPs)
would be collected.

Overall, the separation of the three stages could be meaningful
to understand their respective influence on the colloidal size.
We can conclude that on a length scale of >1 cm, the process is
already completed.

Encapsulation of curcumin into PLGA NPs
using different techniques

Finally, after evaluating the parameters which are relevant to
have an influence on the colloidal properties, the incorporation
of the drug into the nanocarrier was addressed. The goal was to
compare the encapsulation efficiency of curcumin into PLGA
NPs while using different approaches (microfluidics, injected
by hand (bulk) or using a syringe pump (conventional)). As can

be seen from Figure 9, loading curcumin in PLGA NPs using

Beilstein J. Nanotechnol. 2019, 10, 2280-2293.
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Figure 9: Comparison of the NP size after encapsulation using differ-
ent approaches, namely the microfluidic system and two benchtop pro-
cedures.

microfluidics resulted in an increase in particle size from 90 nm
up to 100 nm.

In contrast, by loading the PLGA NPs using injection by hand
(bulk) or using a syringe pump (conventional), larger sizes were
found of up to 145 nm. Thus, microfluidics is an optimal
method for producing small, loaded nanoparticles with a good
reproducibility and small variability in size. This is most likely
due to the ability of microfluidics to mix solutions under
laminar flow conditions, ensuring controlled precipitation and
short mixing times. Moreover, the microfluidic approach
revealed a higher encapsulation of the lipophilic curcumin into
PLGA. Using microfluidics, #67.15% of the curcumin was
encapsulated while the average encapsulation was around ~50%
for the conventional approach (syringe pump) and 30% for
hand-injection (bulk) approach (Figure 10), due to the lack of

90
80

70

Encapsulation efficiency [%]

Microfluidics Conventional Bulk

Figure 10: Encapsulation efficiency of curcumin using the different ap-
proaches.

2287



laminar flow conditions and longer mixing time. Higher encap-
sulation was previously reported for other drugs [36], but for

curcumin, no other reports are available to our knowledge.

Nanoparticle interaction with mucin

The stability of NPs within biological fluids is an essential
factor with respect to their potential biological effects [53]. This
holds especially true for the interaction of the particles with
mucus. To estimate this, a mucin solution was chosen as a
simple model for assessing the interaction of different types of
surfactant-coated PLGA NPs with mucin [46,47]. The interac-
tion with mucin as a major component for mucus is reflected in
size changes and aggregation of the particles. PLGA NPs stabi-
lized with Pluronic F68 or Pluronic 10500 showed no strong
interaction with mucin from O to 180 min (Figure 11) as no
change of size was determined. However, the size distribution
for F68-coated particles increased from 0.035 to 0.5. For
Pluronic 10500 stabilized particles, the increase was less pro-
nounced, but still observable. In contrast, other types of
Pluronic (9400, 3100 and 6400) have directly shown aggrega-

Beilstein J. Nanotechnol. 2019, 10, 2280-2293.

tion (from ¢4, = 0 min) as obvious from the increase in size
(mean diameter up to 400 nm). A considerable shift in PDI
from 0.026 to 0.5 was also noticed. The findings could be corre-
lated with the amount of PEG in the polymers, which is more
than 50% for Pluronic F68 and Pluronic 10500.

A considerable increase in size and size distribution would
hamper the ability of the particles to serve as efficient drug
delivery systems. Thus, all stabilizers that do not prohibit
agglomeration are not suitable for our application. To investi-
gate if the increase in PDI has a negative influence of the mucus
penetration, the diffusion of Pluronic F68 stabilized particles
with different sizes was analyzed.

Permeability of NPs through human
pulmonary mucus

The interaction of NPs with mucin is a crude estimate for the
interaction with mucus. Besides a specific surface chemistry
with a tendency to avoid the interaction with mucins, NPs

smaller than the pore size of mucus [54] need to be applied to
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© Al E
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PDI No Mucin 0 10 20 60 120 180
9400 0.074 0.514 0.521 0.526 0.547 0.471 0.498
3 +0.007 +0.005 +0.037 +0.037 +0.015 +0.089 +0.030
3100 0.127 0.463 0.484 0.529 0.477 0.501 0.489
B +0.039 +0.031 +0.005 +0.023 +0.008 +0.011 +0.030
6400 0.032 0.495 0.581 0.510 0.555 0.512 0.507
+0.023 +0.005 +0.023 +0.027 +0.016 +0.007 +0.007
F127 0.045 0.451 0.498 0.453 0.482 0.453 0.436
N +0.003 +0.004 +0.018 +0.014 +0.012 +0.018 +0.022
F68 0.034 0.433 0.522 0.536 0.468 0.437 0.413
+0.020 +0.017 +0.116 +0.120 +0.070 +0.021 +0.018
10500 0.064 0.232 0.226 0.233 0.230 0.221 0.238
N +0.006 +0.008 +0.005 +0.007 +0.004 +0.006 +0.012

Figure 11: Size and size distribution of nanoparticles stabilized with different types of Pluronic before and after their distribution and interaction with

mucin.
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avoid the size-filtering mechanism [5,10]. A confocal laser
scanning microscopy (CLSM)-based set up was used to study
the penetration of NPs through pulmonary human mucus [39].
Different sized PLGA NPs (60 nm, 120 nm and 400 nm) were
synthesized using microfluidics (fluorescently labelled). NPs in
aqueous suspension were added on top of a thin layer of human
pulmonary mucus. Then, the penetration kinetics was analyzed
by scanning a defined volume at a fixed distance from the
objective at different time points.

As illustrated in Figure 12, stabilizer-coated 60 nm PLGA NPs
permeated through the human mucus directly when applied.

Penetration was observed up to 1 h after application. In contrast
to the 60 nm particles, the 120 nm NPs reached the detection
volume only after 30 min, whereas 400 nm particles were
hardly observed in the respective volume, indicating no or at
least a very slow penetration compared to the two other particle
sizes. As all particles were stabilized with Pluronic F68, the
stabilizer does not have an influence in this experiment. The
only parameter varied was the nanoparticle size, playing a key
role for the penetration behavior [10].

Conclusion

The ability of microfluidics to precisely mix reagents with short
mixing times under laminar flow conditions allowed for the
generation of monodisperse PLGA NPs of tunable size. Upon
varying different factors during the preparation, the results
showed that the most dominating influence on the NP size was
governed by controlling the mixing time. Furthermore, we
could show that the formation of particles is not influenced by a
particle growth mechanism due to the diffusion in the mixing

channel after a certain channel length (longer mixing times). In
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addition, the small particles produced in microfluidics were
perfectly suited to diffuse through pulmonary mucus as a bio-
logical barrier without being immobilized. NPs of approxi-
mately 60 nm in diameter have demonstrated improved penetra-
tion through pulmonary human mucus in contrast to larger par-
ticles of 120 nm and 400 nm diameter. The latter could not
reach the observation volume within 1 h, which was attributed
to the size-filtering effect. This highly controllable preparation
of small particles using microfluidics in combination with a
specific muco-inert surface chemistry led to a promising drug
delivery system with enhanced mucus penetration. Moreover, a
high absolute curcumin encapsulation efficiency of ~67.15%
was obtained using microfluidics. Furthermore, the encapsula-
tion was clearly improved in comparison with conventional
bench-top nanoprecipitation methods.

Materials and methods

Materials

Porcine mucin, curcumin, rhodamine B (for covalent labelling
of PLGA), dichlormethane, dicyclohexylcarbodiimide,
4-(dimethylamino)pyridine and acetonitrile (ACN) were pur-
chased from Sigma-Aldrich (Steinheim, Germany) and
poly(lactic-co-glycolic acid) (PLGA) (Resomer RG 503 H,
50:50 ratio, average My, = 24,000-38,000 Da) was obtained
from Evonik Industries (Darmstadt, Germany). Amphiphilic
block copolymer Poloxamer (Pluronic F68, F127, 9400, 6200,
3100, 10500 and 6400) was a kind gift from BASF SE
(Ludwigshafen, Germany). Pulmonary human mucus was
collected by the endotracheal tube method after informed
consent from patients (Winterberg Hospital, Saarbriicken,
Germany). AlexaFluor-WGA (wheat germ agglutinin) was pur-
chased from Invitrogen (Oregon, USA). All materials em-
ployed in the preparation of nanoparticles were of HPLC grade.

F68 stabilized PLGA-NPs
120 nm

60 nm

0 min

30 min

60 min

400 nm

Figure 12: xz-micrographs taken in confocal laser scanning microscopy study of the penetration of differently sized F68-stabilized PLGA NPs. Fluo-
rescently labelled (red fluorescence) 60, 120 and 400 nm NPs were imaged along 40 um of pulmonary human mucus at predetermined time intervals.

The mucus was stained with wheat germ agglutinin (green fluorescence).
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Fluorescence labelling of PLGA

In a first step 1.1 equiv of rhodamine B was dissolved in dried
dichloromethane (DCM) and activated with 1.5 equiv of
dicyclohexylcarbodiimide (DCC, Scheme 1). This solution was
stirred at room temperature. Subsequently, a solution with
1 equiv of PLGA and 0.1 equiv of 4-(dimethylamino)pyridine
(DMAP), also in dried DCM, were added. The reaction was
carried out at room temperature for 24 h. It was quenched by
the addition of 1 mL of water. The organic solvent was re-
moved with a rotational evaporator, and the remaining water
was discarded. An overview of the concentration of the differ-
ent components is given in Table 2. The indicated volume of
solvents was used for synthesis with 600 mg PLGA and should

be adjusted accordingly for other quantities.

Table 2: Overview of the concentration of the different components
used for labelling.

M [g/mol] equiv n [umol]
PLGA RG 502 H 7000-17000 1.0 50
rhodamine B 479.01 1.1 55
DCC 206.33 1.5 75
DMAP 122.17 0.1 5

For the purification step, the polymer was dissolved in 20 mL
of acetone and precipitated by adding the same volume of

) g
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ethanol. The phases were separated by centrifugation at 20,000g
for 20 min. The colored supernatant was removed and the
polymer was obtained as a pink residue. The purification step
was repeated for five cycles. After the last centrifugation, the
polymer was dried under vacuum.

Synthesis of PLGA nanoparticles in a
microfluidics system

A microfluidic system was assembled using a cross-channel
microreactor design, connected via glass capillaries (180 um ID
and 300 OD, Labsmith, Livermore, USA). Monodispersed
PLGA NPs coated with Pluronic F68 on the surface were syn-
thesized as illustrated in Figure 13.

In brief, the stock solution of stabilizer containing Pluronic F68
(0.1%) was dissolved in water and injected into the side chan-
nels of the microfluidic reactor using a syringe pump (Harvard
Apparatus PHD 2000 Syringe, Holliston, USA). In parallel, the
organic phase containing 3 mg of PLGA in 1 mL ACN was
pumped into the middle channel using another syringe pump
(Multi Programmable Syringe Pump, Sarasota, USA). The flow
rate ratios (FRR) of the two phases were varied from (0.05 up
1). The two liquids were brought together in the mixing channel
and the PLGA started to precipitate and form NPs. The PLGA
NP sample was collected from the outlet of the channel. Then
the PLGA NP suspension was left overnight under stirring to

o
~_N O N~
y Ol ~fH , O ‘ © DCC, DMAP HOH/
Z bem

0 RT

X y 24h
OH

1 2 3

Scheme 1: Sketch of the reaction scheme for PLGA labelling with rhodamine B. The carboxy group of the fluorescence dye (2) is activated with DCC
in water-free DCM and reacts with the terminal alcohol group of PLGA (1) under DMAP catalysis to the functionalized polymer (3).

Aqueous phase

|

I Water

PLGA + Solvent

Organic phase

1

Aqueous phase

Figure 13: Design and flow pattern of the microfluidic system.
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evaporate the organic solvent. Finally, the PLGA NP suspen-
sion was washed twice using centrifugation (30 min at 10,000g
at 4 °C) and redispersed with Milli-Q water to remove excess
stabilizer. The experiments were conducted under the same
conditions in triplicate for all formulations.

Characterization of colloidal PLGA NPs
Measurement of size distribution

The colloidal properties of PLGA NPs such as size and size dis-
tribution (via the polydispersity index, PDI) were measured
utilizing a Zetasizer Nano ZS90 (Malvern Instruments,
Malvern, UK) instrument. All measurements were performed
after a dilution step to adjust the particle concentration at least

in triplicate under the same conditions.

In vitro assessment the interaction of NPs with
mucin as a simple model

Mucin (1%) was dissolved in water containing 1% NaCl and
left overnight under stirring at room temperature to form a kind
of artificial mucus (AM). The sample was stored in the refriger-
ator (4 °C) until use. The AM was incubated with the suspen-
sion of PLGA NPs that were stabilized with different types of
Pluronic (F68, F127, 9400, 6200, 3100,10500 and 6400) with
different block lengths and thus different HLB values in a 1:1
volume ratio at ambient conditions for predefined time inter-
vals. Afterwards, the nano-suspension was centrifuged at 5000g
for 10 min to separate the NPs from mucin prior to analysis. As
a reference, the PLGA NPs before incubation were measured.
The properties of the NPs after incubation with AM were
measured using DLS to determine whether the NP size in-
creased as a response to strong interactions with AM or if it

remain unchanged.

The permeability of size-tunable muco-penetrating
PLGA NPs through pulmonary human mucus

The permeation of rhodamine B labelled, F68-stabilized PLGA
NPs (preparation with 0.1% Pluronic F68) was confirmed by
3D time lapse imaging utilizing confocal laser scanning micros-
copy (LSM710, Zeiss, Jena, Germany). Each 40 puL of pulmo-
nary human mucus without air bubbles was labelled with 1 uL.
of AlexaFluor-wheat germ agglutinin. Afterwards, the stained
mucus was placed in an imaging chamber made by nail polish
on a cover slip resulting in an equally thick mucus layer [55].
At time zero, PLGA NPs were added on top of the mucus and
z-stacks within the mucus sample were obtained at constant dis-
tance from the bottom of the slide. The permeability of PLGA
NPs through mucus was tracked by the change in the fluores-
cence signal. This approach allowed us to study the size-de-
pendent permeation of PLGA NP through pulmonary human
mucus. One day before the experiments, frozen native pulmo-

nary human mucus samples were left to thaw in the refrigerator
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at 4 °C. Rhodamine B labelled PLGA NPs of 60, 140 and
400 nm diameter were dispersed in Milli-Q water at 0.1% w/v.
5 pL of the nano-suspension was added on top of the mucus.
Then, the time-dependent vertical penetration was observed by
a 40x/1.1 objective at 37 °C utilizing humidified and tempera-
ture-controlled air in an incubation chamber (Zeiss, Jena,
Germany) in order to avoid drying. The labelled pulmonary
mucus was detected with A.x = 488 nm at a detection wave-
length between 467-554 nm. PLGA NPs were excited at
Aex = 561 nm and the signal was collected between
624-707 nm. The permeability of NPs within mucus was
assessed from O min up to 1 h after their application. All experi-
ments were made in triplicate.

Evaluation of drug encapsulation efficiency using
different NP preparation approaches

To evaluate the encapsulation efficiency of curcumin (EE-Cur)
into PLGA NPs, the influence of using different techniques was
investigated. The EE-Cur after adding the organic phase into
the aqueous phase by hand, by using a syringe pump or by
using the microfluidic system was compared. In brief, a 9:1
ratio of PLGA to curcumin with a final concentration of
3 mg/mL was dissolved in 1 mL of ACN. Then, the organic
phase was precipitated in an aqueous phase containing 0.1%
Pluronic F68 as stabilizer. First, to prepare a conventional nano-
precipitation, a plastic syringe was used to inject the organic
phase containing (PLGA curcumin) mixture into the aqueous
phase by hand (bulk). In parallel to this, the second approach
was carried out using a syringe pump (Harvard Apparatus PHD
2000 Syringe, Holliston, USA) with a flow rate setting of 0.1,
while in the third approach, an organic phase flow of 20 pL/min
and an aqueous phase flow of 200 pL/min were used in a
microfluidic setup. The resulting flow rate ratio of 0.1 was used
as a standard for NP preparation. All experiments were carried
out at least in triplicate.

Determination of the encapsulation efficiency of
curcumin

For analyzing the EE-Cur, 3 mg of the prepared nanoparticles
(PLGA NPs) was dissolved in 2 mL of acetonitrile. 200 puL of
each solution was then transferred to a solvent-resistant plate
reader plate. The plate was placed in a Tecan plate reader
(Tecan, Ménnedorf, Switzerland) and analyzed using an excita-
tion wavelength of 460 nm and an emission wavelength of
515 nm. A calibration curve for curcumin was prepared using
ACN as the solvent. Using the calibration curve, the amount of
curcumin inside the sample solution was determined as [Drug
encapsulated]. The stock solution for NP preparation contained
0.1 mg of curcumin for each 0.9 mg of PLGA NPs in 10 mL of
acetonitrile and was defined as [Drug used]. With this and the

analyzed amount of curcumin in the sample solution, the encap-
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sulation efficiency (EE%) can be determined using following
formula:

[Drug encapsulated |

EE% =
[Drug used]

¥100%. 3)
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Abstract

Mucoadhesive nanostructured systems comprising poloxamer 407 and Carbopol 974P® have already demonstrated good mucoad-
hesion, as well as improved mechanical and rheological properties. Curcumin displays excellent biological activity, mainly in oral
squamous cancer; however, its physicochemical characteristics hinder its application. Therefore, the aim of this study was to
develop nanostructured formulations containing curcumin for oral cancer therapy. The photophysical interactions between
curcumin and the formulations were elucidated by incorporation kinetics and location studies. They revealed that the drug was
quickly incorporated and located in the hydrophobic portion of nanometer-sized polymeric micelles. Moreover, the systems
displayed plastic behavior with rheopexy characteristics at 37 °C, viscoelastic properties and a gelation temperature of 36 °C, which
ensures increased retention after application in the oral cavity. The mucoadhesion results confirmed the previous findings with the
nanostructured systems showing a residence time of 20 min in porcine oral mucosa under flow system conditions. Curcumin was
released after 8 h and could permeate through the porcine oral mucosa. Cytotoxicity testing revealed that the formulations were
selective to cancer cells over healthy cells. Therefore, these systems could improve the physicochemical characteristics of curcumin

by providing improved release and permeation, while selectivity targeting cancer cells.
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Introduction

The development of nanostructured systems containing polox-
amer 407 (P407) and Carbopol 974P® (C974P) have previ-
ously been shown to have rheological and mechanical charac-
teristics beneficial for pharmaceutical and biomedical use [1].
P407 is a non-ionic block copolymer with polypropylene oxide
(PPO) and polyethylene oxide (PEO) segments, which can
display thermoresponsive properties forming nanometer-sized
micelles, hydrogels and lyotropic liquid crystals [2,3]. The
increase of temperature can promote the self-assembly from
unimers to micelles, with large endothermic heat. In this sense,
PPO-groups dehydrate in a hydrophobic core with a surround-
ing hydrated shell. Higher concentrations of P407 are used
(15% to 20%, w/w) as colloidal gelling systems in a cubic hex-
agonal core with ordered structure, which enable the solubiliza-
tion of hydrophilic and hydrophobic drugs [4-9]. Moreover,
C974P is an acrylic-acid derivative, highly cross-linked, hydro-
philic, and displays mucoadhesive properties [1]. In this sense,
an increase in temperature promotes the nanometer-sized
assembly into three-dimensional micelles with a hydrophobic
core of PPO and a hydrophilic shell of PEO that can interact by
hydrogen bonds with the hydrophilic acrylic-acid derivative
polymer. This results in a binary polymeric system with good
viscoelasticity, mucoadhesion, softness and flow properties
[1,10,11]. Therefore, different combinations and the characteri-
zation of their different functionalities have been reported in the
literature [1-3]. These nanostructured systems with mucoadhe-
sive and thermoresponsive properties could provide new prop-
erties, including biocompatibility, improved mechanical charac-
teristics tailored for the specific application, in addition to new
release mechanisms and improved permeability [9,12-14].

The delivery through the mucosa via buccal administration has
shown several advantages as a drug delivery target site. The
ease of accessibility for administration and removal, more
permeable than skin and containing a rich blood flow and
avoidance of first-pass effects, makes this route useful for
systemic or local applications [15]. However, the dynamic
physiological properties of the oral cavity, such as the variable
salivary flow due to different types of stimulation, during masti-
cation, speech and swallowing, could hinder the development of
drug delivery systems for this route [15,16]. In order to avoid
these drawbacks, nanostructured systems with mucoadhesive
polymers, such as acrylic-acid derivatives, have been investigat-
ed due to some important characteristics. They can provide inti-
mate contact between the dosage form and tissue, which could
guarantee high drug flux through the absorbing tissue to subse-
quently increase drug permeation and bioavailability [14,15]. In
addition, the incorporation of thermoresponsive materials, like
P407, could facilitate the administration and preparation of
these formulations [10,17].

Beilstein J. Nanotechnol. 2019, 10, 2304—2328.

Head and neck cancer is the sixth most common malignancy
worldwide and the prognosis is poor, with a five-year survival
of less than 54% and accounting for around 300,000 deaths and
more than 550,000 new cases each year worldwide [18,19].
Oral squamous cell carcinoma (OSCC), the primary cause of
this cancer type, has been associated with many risk factors,
mainly related to excessive intake of alcoholic beverages,
tobacco use, high exposure to UV radiation, immunosuppres-
sion and age. These risk factors are involved in the transformat-
ion of healthy oral mucosal cells (called keratinocytes) to
premalignant dysplastic lesions, which can develop to OSCC.
Although these lesions can develop in different regions of the
oral cavity, including the lip, buccal mucosa, and hard and soft
palate, they are most commonly found on the tongue and floor
of the mouth [18,20-24]. Despite the advances in conventional
methods (chemotherapy, radiotherapy and surgery), the prog-
nosis of OSCC has not improved. In addition, many adverse
effects and complications have been reported with current treat-
ment strategies including, facial disfigurement, loss of speech,
mastication and swallowing and even in the mildest cases oral
mucositis and candidiasis, which drastically reduce the life
quality of the patient [21,25]. Early diagnosis by a dentist or
physician ensures early treatment to avoid metastatic spread
[26-28].

Curcuminoids, derived from curcuma root (Curcuma longa),
have been used for many centuries in Asian countries as a spice
and coloring agent, but also as a medicine [29]. This group of
yellow polyphenols are composed of curcumin (CUR), deme-
toxycurcumin and bis-demetoxycurcumin, which represent
77%, 17% and 3% of the content of the dried extract from
curcuma root, respectively [30,31]. CUR has shown anti-in-
flammatory, antirheumatic and antioxidant activities and it has
been used in hepatic and other chronic diseases including diabe-
tes [32]. Recently, the activity of CUR as an anticancer drug has
been evidenced and shown to act on a variety of molecular
targets that regulate the proliferation and apoptosis, decrease the
expression of NF-kB and increase insulin-like growth factor-
binding protein 5 (IGFBP-5) and cytochrome P450, family 1,
member A1 (CYP1A1) [32-34]. Moreover, CUR can be useful
as adjuvant in cancer treatment, after surgical procedure, or in
combination with chemotherapy [35-41]. Despite its broad ther-
apeutic potential, CUR has limited stability to light and pH, as
well as poor solubility. CUR is also susceptible to degradation
due to the formation of phenylate anions and high production of
CUR radicals, since this polyphenol has demonstrated high
lipophilicity (log P 3.29) and low solubility in aqueous solu-
tions and under alkaline conditions (pH > 7) [30,31,42]. These
physicochemical characteristics hinder the bioavailability and

therapeutic efficacy of this drug. Consequently, there is a need
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to associate CUR with carriers to ensure the delivery to the
target site and thereby protect the drug from degradation,
increase the solubility and provide controlled release as well as

permeation, while maintaining biological activity [31,43-45].

To our knowledge, systems containing P407 and C974P have
not been investigated to carry CUR and therefore the aim of this
study was to develop nanostructured systems containing P407,
C974P and CUR to target OSCC. Once developed, we investi-
gated the behavior of the drug in the formulations for their
chemical, rheological, mechanical and mucoadhesive character-
istics. We also measured the in vitro drug release profile,
permeation and the cytotoxic potential of these systems.

Results and Discussion
Interaction studies of curcumin in

mucoadhesive nanostructured systems

As CUR is highly hydrophobic, unstable and susceptible to deg-
radation by light and pH [31], the interaction of CUR formula-
tions was studied by photophysical methods. The aim was to
understand the interaction between this hydrophobic drug with
the hydrophobic core of the three-dimensional structure of
P407-micelles.

Investigation of CUR interaction with the system

In order to improve the understanding of these interactions be-
tween CUR and the formulations, stability assays using photo-
physical studies were performed to provide information about
the interactions of CUR with the polymer blends under differ-
ent conditions, including the cool storage temperature in refrig-
erator (10 °C), administration temperature of the formulation to
the patient (25 °C), body temperature (37 °C) and over body
temperature (45 °C) at pH 7, but also at pH 5 and 10 at 37 °C
[46]. The formulations composed of P407, C974P and CUR
showed pH 5 during the preparation and before the pH adjust-
ment step, due to the acidic properties of the mucoadhesive
polymers [47]. Furthermore, the stability by photophysical
studies of polymer blends containing 0.01% (w/w) P407,
1.6 x 107%% (w/w) C974P and 1.8 x 1075 mol/L CUR were
spectroscopically evaluated using an emission slit of 5-10 nm.
The spectra are displayed in Figure 1. The systems showed a
higher emission intensity and larger widths at pH 7, due to the
thermal energy employed for CUR encapsulation during the

rotary evaporation.
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Figure 1: Emission spectra of systems containing 0.01% (w/w) P407,
1.6 x 1074% (w/w) C974P and 1.8 x 10~ mol/L CUR at 10 °C, 25 °C,
37 °C,45 °CinpH 7,37 °C in pH 5 and pH 10, obtained with an
emission slit of 5-10 nm.

Moreover, the emission intensity of the formulations was lower
at pH 10 in comparison to pH 7 at 37 °C. These results could be
explained by new chemical species from pKa that do not appear
in the emission spectra due to the excitation wavelength of
422 nm (CUR maximum absorption).

Anisotropy of fluorescence (r) was also investigated for the

samples with maximum peak spectral emission (Table 1).

Anisotropy is considered a powerful technique to investigate
the molecular dynamics of fluorescent solutes, such as CUR.
During the fluorescence analysis, the molecules are excited by
linearly polarized light, and they absorb and emit the fluores-
cence in a polarized way. If the emission is highly polarized
(approximately or equal to one), the molecules will not rotate
between absorption and emission, which would suggest that
they are associated with macromolecules. Therefore, the emis-
sion of polarization is described as anisotropy [48,49]. Further-
more, this measurement can be used to characterize specific or
nonspecific linking as it is dependent on the fraction of fluores-
cent solute interacting with macromolecules or on the rigidity of
the formed complex [48]. Anisotropy values close to zero are
related to depolarized emission and intense molecule rotation
[49].

Table 1: Anisotropy (r) of formulation containing poloxamer 407 (P407), Carbopol 974P(C974P) and curcumin (CUR) under different conditions of pH

and temperature.

Formulation
37 °C (pH 5)
P407/C974P/ CUR

0.2104 0.2517

37 °C (pH 7)

r

45 °C (pH 7) 37 °C (pH 10)

0.2881 0.2863
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Furthermore, the temperature changes were more remarkable
than the variation in pH, with the systems investigated at 45 °C
displaying higher anisotropy values in comparison to those
evaluated at 37 °C.

Incorporation kinetics

Incorporation kinetics were evaluated by observing the fluores-
cence emission properties of CUR in order to evaluate if the
spectra obtained from the thermal analysis were influenced by
the end time of the sample preparation. The time required for
CUR incorporation into the polymeric micelles was also deter-
mined. Moreover, this analysis allows for the understanding of
diffusion and interaction of CUR at a micellar interface. The
analyses were carried out in a fluorescence spectrometer with
emission and excitation slits of 5-10 nm at 25 °C, once the
polymeric micelles were formed, to ensure higher specificity of
the results [4]. This evaluation simulates the incorporation of
CUR into polymeric systems by the second method of prepara-
tion, since the binary polymeric system was prepared and then
CUR was incorporated, without pH adjustment at pH 5. On the
other hand, by the first method of preparation, the incorpora-
tion of CUR was performed during the evaporation of ethanol
in the rotary evaporator. Therefore, the incorporation kinetic
profile was carried out at 25 and 37 °C, for simulation of the
temperature of CUR incorporation by the second and the first
preparation method, respectively. Furthermore, the analysis at
37 °C results in the condition where P407 micelles are well-
structured. The profiles and kinetic adjustments of CUR incor-
poration into the polymeric systems is shown in Figure 2.

In general, the effect of temperature did not change the pattern

of CUR incorporation. The emission intensity displayed an

| @ P407 C974P CUR

25°C

Emission (a.u.)

%035000000°

t (min)
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initial peak with further decrease and maintained emission until
the end of the analysis, which hampered the generation of a
kinetic pattern for first or second order in both analyzed temper-
atures. These mechanisms would improve the understanding of
the involved mechanisms of this interaction. Kinetic studies of
CUR and P407 were carried out by Braga [50], and the initial
peak was not observed. Thus, the existence of this initial peak
(pattern I) is suggested to occur due to the reorganization of the
nanostructured system when CUR is quickly incorporated, as
well as the presence of C974P in the micelle structure and
subsequent redistribution of CUR in the micellar interface in
order to ensure the same concentration of the molecule in the
polymeric micelles. Moreover, CUR is incorporated from a
highly concentrated medium (ethanolic stock solution) to a low
concentrated medium (binary polymeric systems), where a
partitioning process take place in a dynamic exchange between
CUR molecules incorporated in the micelle and those dissolved
in the ethanol until the equilibrium is achieved with decrease in
the emission intensity [51]. Two distinct stages (pattern II and
III) after pattern I could be observed due to the stabilization of
these micellar systems, where CUR becomes aggregated with

lower emission intensity.

The temperature was found to influence the velocity of CUR in-
corporation. This micellar system at 25 °C showed fast incorpo-
ration in different locations, at around 1 min, due to the facili-
tated accessibility of CUR in the monomeric aggregates of P407
and C974P. In addition, lower intensity emission peaks could be
observed for these systems at 25 °C, since at lower tempera-
tures PPO groups are hydrated and display weak hydrophobic
interactions [6]. On the other hand, the systems evaluated at

37 °C demonstrated slower incorporation, around 60 min, due

1000

@ P407 C974P CUR

37 °C
11

800 4

f
A
/

L]

Emission (a.u.)

1
1
I
'
i
I
|
1
1
I
1
1
1
1
|
]
1
1
I
I
I
[
[
I
1
1
1
|
1
I

0

I
25 50

o
=1
]
o

Time (min)

Figure 2: Incorporation kinetic profiles of systems containing poloxamer 407 (P407), Carbopol 974P (C974P) and curcumin (CUR) obtained at 25 °C
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to the structuring of the micelles to promote a steric hindrance
as well as higher emission intensity that promotes increased
hydrophobicity of PPO blocks with higher affinity with CUR.

CUR localization by fluorescence quenching

The localization of CUR in the polymeric systems was per-
formed by fluorescence quenching, using iodide as a hydro-
soluble suppressor [2,52-54]. The studies were performed at
25 °C (room and administration temperature) and 37 °C (body
temperature). Using this assay, it is possible to evaluate the
location of CUR in the polymeric system during drug release
and to determine the location of encapsulated drugs. If the drug
is located in an external location, it forms a complex with
iodide, and consequently, the intensity of the spectra decreases
[52]. The fluorescence quenching studies were carried out with
formulations composed of 0.02% (w/w) P407, 3.2 x 1074%
(w/w) C974P and 3.6 x 107> mol/L CUR prepared by solid
dispersion and stored at 25 °C (Figure 3). Considering the high
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concentration of water, this analysis was not influenced by the
viscosity of the formulations. Moreover, the system was con-

stantly agitated with a magnetic stir bar.

In the spectra shown in Figure 3, it was evident that formula-
tions evaluated at 37 °C showed a higher spectral intensity in
comparison to studies performed at 25 °C. These results can be
explained by the structure of thermoresponsive systems in
response to an increase in temperature. Moreover, for the
formulations evaluated at 25 °C, a decrease in emission was ob-
served during iodide addition, which demonstrates the higher
accessibility of the hydro-soluble suppressor, and consequently,
higher collisions with CUR [52,54,55]. However, the spectra of
the systems evaluated at 37 °C exhibited overlapping peaks,
which demonstrates that CUR is not accessible to complex with
the hydro-soluble suppressor. This suggests that the CUR is
localized in the micelle core at 37 °C, which results in a slower
release from the nanostructured system.
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Figure 3: Fluorescence emission spectra and K, determination by Equation 3 of CUR (3.6 x 1075 mol/L) at 25 °C (A and B) and 37 °C (C and D) for
P407 (0.2%, w/w) and C974P (3.2 x 1074%, w/w); Aeye = 422 nm with a 5-10 nm slit width. The spectral variation of CUR with I~ concentration as de-
termined by fluorescence emission at 25 °C (B) and 37 °C (D). The arrows in (A) and (C) indicate the fluorescence suppression direction of CUR with

I~ concentration.
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High Stern—Volmer constant (Kg,) values are correlated with
the CUR being externally located, with accessibility for
complexation with iodide. Conversely, low K, values
suggest an internal location, and consequently, no accessibility
to the suppressor molecule. The system evaluated at 37 °C
displayed lower Ky values (K, = 1.3403 mol/L), whereas
formulations evaluated at 25 °C showed higher Ky, values
(Kgy = 5.8090 mol/L).

In this context, systems containing C974P displayed spectros-
copic characteristics that favored further studies, as they
presented lower K, values, indicating internal location of CUR
in P407-micelles as well as higher anisotropy values. This result
suggested that the viscosity of the microenvironment helped to
obtain stronger interactions. In addition, the system stored at
25 °C also showed interesting results, in that they did not show
any visible sign of CUR precipitates after 15 days of storage
(Figure S1 in Supporting Information File 1), indicating that
CUR was in an internal location.

Morphological analysis by scanning electron
microscopy

The morphological characteristics of the preparations with and
without CUR were evaluated by scanning electron microscopy
(SEM) (Figure 4). Micrographs of formulations containing
P407 and C974P revealed polymeric fragments with heterogen-
eous, but well defined, structures. This was probably due to the
presence and movement of water that was removed due to
the freeze-drying process. Besides, the portion of the micro-
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structures or microchannels exhibiting exposed breakage
(Figure 4B) were probably due to the interaction between P407
and C974P.

SEM micrographs of preparation containing CUR showed the
presence of more irregular structures and channels without
defined orientation. These data can be explained by the prepara-
tion method since the samples were frozen at —20 °C, where
restructuring of the polymer can be observed. Moreover, the
negative charge of C974P and CUR hindered the exploration of
the structure at higher magnification due to the interaction of
these components and the microscopic filaments.

Morphological analysis by transmission electron
microscopy

The nanostructured organization of the polymeric systems is ev-
idenced in Figure 5. In the absence of CUR, the micelles
(Figure SA and 5B) are represented by the white spherical
shapes of approximately 20 nm in diameter. Some authors have
performed transmission electron microscopy (TEM) of P407-
systems and showed smaller micelles (<10 nm) with higher

homogeneity [56-58].

These differences in the micelle size could be due to the pres-
ence of C974P and interactions between PEO segments of P407
and hydroxyls of C974P.

Moreover, the TEM images of the nanostructured systems con-
taining CUR have been obtained at 37 °C (Figure 5C and 5D).

1 \‘ J
b c Ay o

Figure 4: SEM micrographs of systems containing 15% (w/w) P407, 0.25% (w/w) C974P: without CUR original magnification x1500 (A, scale bar =
100 pm) and x4000 (B, scale bar = 40 um); containing CUR original magnification x1800 (C, scale bar = 50 pm) and x5000 (D, scale bar = 30 pm).
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Figure 5: TEM images of nanostructured systems at 37 °C demonstrating the individual micellar organization: (A) and (B) represent the nanostruc-
tured systems in the absence of CUR, scale bar equals to 200 and 100 nm, respectively. (C) and (D) represent the nanostructured systems contain-

ing CUR, scale bar equals to 200 and 100 nm, respectively.

Considering that CUR is found in the hydrophobic PPO core, as
demonstrated in the localization studies, it was observed to have
better homogenization of the size and shape of the micelles in
comparison to the systems without the drug. Additionally, the
micelles were larger (=40 nm), probably due to the interaction
of PPO and CUR. In this sense, the presence of CUR promoted
a better structuring of the system.

Micelle size analysis

The micelle size, polydispersity index (PDI) and D90% of the
nanostructured systems with and without CUR were deter-
mined by dynamic light scattering (DLS) and the results are
displayed in Table 2.

The polymer concentration should be low enough to circum-
vent multiple scattering in DLS measurements [56]. Thus, the

systems were diluted in two different concentrations, 0.3% and

1.5% (w/w), in relationship to the amount of P407 in the formu-
lations. It was observed that the system is quite dynamic. Thus,
the most diluted system (0.3%, w/w) showed a significantly
higher micelle size and PDI (p < 0.05), probably due to the
presence of water, which can enable higher hydration of the
polymeric chains. The presence of CUR significantly reduced
the PDI (p < 0.05) for the system diluted at 0.3% (w/w) P407 at
both temperatures, and at 37 °C for the system diluted at 1.5%
(w/w) P407. Moreover, the presence of CUR did not change the
PDI for the different P407 dilutions (0.3 and 1.5%, w/w) at
37 °C. The presence of CUR decreased the micelle size (D) in
the 0.3% (w/w) P407 dilution at 25 °C, but significantly in-
creased D for all other conditions of (p < 0.05). Thus, the
increase in the P407 concentration results in nanometer-sized
micelles with a lower PDI. In addition, the presence of CUR in-
creases the micelle size and also results in a low PDI. The TEM

results and particle size when diluted to 0.3% (w/w) P407 were
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Table 2: Micelle size (D), polydispersion index (PDI) and micelle size distribution (D10%, D50% and D90%) of the nanostructured systems with and

without CUR, evaluated at 25 °C and 37 °C2.

System dilution (%, w/w)b Analysis
P407/C974P
0.3 D (nm) 26.87 + 5.37
PDI 1.04 £ 0.04
D10% (nm) 21.70 £ 0.00
D50% (nm) 21.87 £0.70
D90% (nm) 25.57 + 3.39
15 D (nm) 510+0.17
PDI 0.29 £ 0.01
D10% (nm) 3.73+0.15
D50% (nm) 4.57 +0.21
D90% (nm) 6.30 +0.26

Temperature
25 °C 37 °C

P407/C974P/CUR  P407/C974P P407/C974P/CUR
12.83+0.12 14.50 £ 6.32 19.23 £ 0.06
0.39 £ 0.02 0.24 £ 0.02 0.23 £ 0.01
10.77 £ 0.06 10.97 £ 0.31 15.50 £ 0.17
11.77 £ 0.06 13.23 £ 0.76 18.17 £0.12
15.47 + 0.15 18.20 £ 1.21 22.30+£0.10
15.90 + 1.31 13.50 £ 0.35 11.33 £ 0.64
0.17 £ 0.00 0.14 £ 0.02 0.19 £ 0.01
11.53 £ 1.06 9.83 + 0.21 8.37£0.42
14.00 £ 1.28 12.13 £ 0.38 10.20 £ 0.44
20.20 + 1.67 17.03 £ 0.47 14.50 £ 0.53

aResults represents the average of at least three replicate analyses. PIn relationship to P407 amount in the formulation.

similar (but not the same) due to water removal during the sam-
ple preparation for TEM analysis [56]. Therefore, the results
showed the nanometer-sized structuring of the systems.

Rheology

The flow properties of binary polymeric systems containing
15% (w/w) P407, 0.25% (w/w) C974P, 0.08% (w/w) CUR were
evaluated at 25 and 37 °C (Figure 6).

The nonlinear behavior to shear stress due to the shear rate
(non-Newtonian), resulting in structural changes, was main-
tained even after the incorporation of CUR in the polymer
blends. Moreover, the addition of CUR in binary polymeric
systems did not lead to a change in flow rheological profiles at
25 °C, whereas a slight decrease of shear stress was observed
for systems evaluated at 37 °C. In this way, CUR did not
change the structuring of the system. Conversely, the increase
in temperature leads to an increase in shear stress due to the

thermoresponsive properties of the preparations.

Low hysteresis areas and different yield values could be ob-
served in a prominent way at 37 °C, in comparison to systems
investigated at 25 °C. Consequently, these systems showed
shear thinning behavior flow, which is considered to be a desir-
able characteristic for pharmaceutical semi-solid formulations
in order to facilitate clinical administration in a uniform way
over the mucous tissue of the buccal cavity. Subsequently, it
can recover the rheological properties that these systems
presented before the shear stress application [10,59,60].

The effect of the presence of CUR and the increase in tempera-

ture were statistically evaluated by the consistency index (K),

flow behavior index (n) and yield value. These indexes were
calculated by the rheological models, Ostwald de Waele,
Casson and Herschel-Bulkley. In order to verify the rheologi-
cal model that could properly fit the K and n value, R or X2
were calculated and it was observed that R values were closer to
1, according to Herschel-Bulkley theory (Table 3).

The presence of CUR did not lead to any significant differ-
ences (p = 0.6875) in the consistency index (K) of the prepara-
tions, and the formulations kept the same resistance to deforma-
tion [11], confirming that CUR is located in the core of the
polymeric micelle (as shown by the localization analysis) and
therefore did not alter the interactions between P407 and C974P
in order to change the viscosity. Otherwise, the increase in tem-
perature led to the significant increase of K (p = 0.000210) due
to the thermoresponsive properties of P407 [4].

The formulations with and without CUR showed shear thinning
behavior due to n values lower than 1 (Table 2). The positive
yield values demonstrated that these systems are plastic [9].
Thus, the increase in temperature significantly decreased the n
values (p < 0.05), whereas the presence of CUR had no signifi-
cant influence on the n values (p = 0.138912).

The yield value and hysteresis area results are shown in
Table 2. The yield value demonstrates the ability of the formu-
lations to withstand a significant shear stress without flow, and
then after the weakening of the structure, the ability to start to
flow [61]. Both an increase in temperature and incorporation of
CUR led to significant differences (p < 0.05) in the yield value.
The significant increase in yield value with an increase in tem-

perature and subsequent micelle structuring can be explained by
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Figure 6: Flow rheograms of formulations containing 15% (w/w) P407, 0.25% (w/w) C974P (A - green) and 15% (w/w) P407, 0.25% (w/w) C974P and
0.08% (w/w) CUR (¢ - blue). The closed symbols represent up-curve and open symbols represent down-curve. Error bars have been omitted for
clarity, and each rheogram represents the average of at least three replicates with variation coefficient 10%.

Table 3: Consistency index (K), flow behavior index (n), yield value and hysteresis area at 25 and 37 °C for systems containing P407, C974P with

and without CUR.

Rheological properties Temperature (°C)

P407/C974P/CUR (%, w/w)

(15/0.25/0) (15/0.25/0.08)
K (Pa-s)"@ 25 5.4027 + 0.2110 6.1910 + 0.6374
37 15.8867 + 0.7379 15.4367 + 0.8164
n (dimensionless)? 25 0.6311 + 0.0058 0.6094 + 0.0130
37 0.5371 + 0.0030 0.5395 + 0.0068
Yield value (Pa)2 25 7.7960 + 0.4634 2.2065 + 0.8565
37 48.6033 + 3.0647 26.4000 + 0.5200
Hysteresis area (Pa/s)2P 25 7036.80 + 2423.70 14381.16 + 3607.37
37 ~17520.00 + 8553.99 -26805.00 + 2725.00

aEach number represents the mean of at least three replicates; °Positive number represents rheopexy and negative numbers represent thixotropy.

the transition from liquid to gel. However, the increase of
CUR led to a significant decrease in the yield value, probably
due to the higher exposure of the hydrophilic portion to water
[62,63].

The hysteresis area of the formulations was investigated by
RheoWin 4.10.0000 software (Haake®). The formulations
displayed thixotropic behavior at 25 °C, which provides resis-

tance to breakage in addition to higher structural flexibility,
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which is due to the lower viscosity after the application of shear
stress [64,65]. Conversely, the formulations exhibited a signifi-
cant decrease (p < 0.05) in the hysteresis area at 37 °C (Tukey).
Thus, both formulations (with and without CUR) demonstrated
rheopetic behavior due to the higher influence of P407 in the
structuring of the system at 37 °C. This behavior is considered
important in order to increase the retention of preparations in
the buccal cavity [59,60]. Moreover, the presence of CUR sig-
nificantly decreased the hysteresis area (p < 0.05) at 37 °C.
These systems displayed rheopexy at 37 °C, which are negative
values. In this sense, the decrease in the hysteresis area means
that the systems showed higher rheopexy areas. The presence of
CUR resulted in an increase in the micelle size and homo-
geneity, as evidenced by TEM and the size analysis. Thus, an
improved organization and higher resistance to the stress and
shear rate applied were observed. This higher resistance to the
flow explains the higher rheopexy of the systems containing
CUR, mainly at 37 °C.

The effects of the presence of CUR and the change in tempera-
ture on the viscoelastic properties (G’, G”, n’ and tan 6) of the

systems was also evaluated (Figure 7).

An increase in frequency for both the elastic and viscous
modulus was observed (Figure 6A and 6B). A decrease in the
dynamic viscosity and loss tangent were observed with increas-
ing frequency (Figure 6C and 6D). The exception is for the loss
tangent of the CUR systems evaluated at 25 °C, which remain

01
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constant at the majority of the frequencies. Moreover, the
increase in temperature led to the increase of G’, G”, n’ and a
decrease in tan O for formulations with and without CUR. This
behavior has already been previously observed for systems con-
taining P407 and other acrylic acid derivatives [9,11], as well as
polymer blends containing P407 and C974P or PCB [1,10].

Regarding the effect of the presence of CUR at 25 °C, an
increase of G’, G” and n’ and a decrease of tan d was observed
for most frequencies. Hence, these changes provided better
structuring and elasticity at 25 °C. However, polymer blends
containing CUR investigated at 37 °C displayed lower G’, G”
and n’ with an absence of significant changes for tan d. These
results could be explained by the difficult micelle structuring of

P407 and jellified three-dimensional chains.

Furthermore, both preparations exhibited viscoelastic behavior,
except for the polymer blends containing P407 and C974P with-
out CUR at 25 °C. In these formulations, the G’ values
exceeded G” and the loss tangent was smaller than 1 for the
viscoelastic preparations. Thus, the viscoelasticity is favorable
to oscillatory movements performed at 25 °C, occurring during
transport and storage of formulations [9].

The gelation temperature, To)_ge|, Of the formulations with and
without CUR was investigated as well. The systems displayed
lower G’ values at low temperatures; however, high G” values

were observed as the temperature was increased. Even with
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Figure 7: (A) Elastic modulus, G’ (Pa), (B) viscous modulus, G” (Pa), (C) dynamic viscosity, n’ (Pa), and (D) tan & of the formulations containing P407
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three replicates with a variation coefficient lower than 10%.
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the incorporation of CUR, the dynamic viscosity increased
significantly due to the increase in temperature and gelation
temperature [59,66]. The presence of CUR significantly in-
creased (p < 0.05) the gelation temperature of the preparations
from 36.03 = 0.06 °C in systems without CUR (15/0.25) to
36.94 +£ 0.12 °C in systems with CUR (15/0.25/0.08). Conse-
quently, the structuring of the jellified three-dimensional chain
is explained by the difficulty of the externalization of the hydro-
philic portion (i.e., ethylene oxide (EO)) of micelles to interact
with water and initiate the interaction between EO and C974P-
hydroxil [43]. Despite the significant increase in the gelation
temperature of the formulations containing CUR, the To1_gey is
considered suitable (between 25 and 37 °C).

Texture profile analysis

The mechanical properties of the preparations with and without
CUR were evaluated by texture profile analysis (TPA). The
information about the physical structure of gels obtained by
TPA are useful for the development of nanostructured mucoad-

hesive systems related to the preparation, packaging, adminis-

Beilstein J. Nanotechnol. 2019, 10, 2304—2328.

tration and structuring from development until the application
and performance evaluation at the application site. In this way,
the formulations should be resistant to the forces applied by the
environment. This is also true for saliva, which can also be
considered as a natural protection in the organism against impu-
rities exposed to the mucosa and can hinder the retention of
such systems and thereby impair the clinical efficacy [65-67].

Hardness, compressibility, adhesiveness, elasticity and cohe-
siveness results for the formulations with or without CUR at 25
and 37 °C are given in Figure 8. In addition, the effects of the
presence of CUR and the increase in temperature were statisti-
cally evaluated for each parameter.

Hardness is an indicator of the ability to remove the formula-
tion from the packaging material and its subsequent spread-
ability on the mucous tissue in a uniform layer to avoid any
discomfort to the patient. Conversely, compressibility expresses
the application of the formulation in the buccal cavity. Low

compressibility and hardness values are desirable in order to
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Figure 8: Textural properties of the systems containing P407, C974P and CUR, investigated at 25 and 37 °C: (A) hardness, (B) compressibility,
(C) adhesiveness, (D) elasticity and (E) cohesiveness. Each value represents at least three replicates.
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facilitate the removal of the preparation from the packaging ma-
terial and administration in the buccal cavity and topically
applied over the mucosa [66-68]. However, formulations should
display enough resistance to avoid the product flowing from the
packaging material and application site [10]. Adhesiveness,
considered as the required work necessary to overcome the
attraction forces between the sample surface and the polycar-
bonate probe surface, is a desirable parameter for mucoadhe-
sive preparations aimed at buccal applications. In this sense, a
higher adhesion could implicate higher retention, and conse-
quently, higher clinical efficacy of preparations for buccal drug
[67,68].

The incorporation of CUR significantly decreased (p < 0.05) the
hardness and compressibility, which is a desirable character-
istic to facilitate application of the formulation in the buccal
cavity. This behavior has been observed previously for polymer
blends containing P407 and other acrylic acid derivative with a
similar cross-linking degree as C974P to carry hypericin [69].
In this study, the polymeric micelle relaxation due to the hydro-
phobic drug could explain this behavior and be related to the
low yield values in the flow rheology analysis. On the other
hand, CUR did not significantly (p = 0.06597) influence the
adhesiveness values of different preparations. This phenome-
non has been observed for other polymer blends containing
hydrophobic drugs [7] since the mucoadhesive properties are
obtained by the interaction between the hydrophilic portion of

the polymeric micelles and mucosa [70].

It was also observed that an increase in temperature significant-
ly (p < 0.05) increased hardness, compressibility and adhesive-
ness due to the thermoreversilibity of the material, which favors
the structuring of the systems, as previously observed in the
flow rheology with higher consistency index numbers. These
higher values are desirable for a higher adhesion to the buccal
cavity, leading to longer contact time. These results confirm
that the system is mucoadhesive but also warrant further

mucoadhesion investigations [11,59,71].

The gel ability to flow and return to the initial state is defined as
elasticity [9]. In addition, cohesiveness is related to the restruc-
turation and molecular interactions after subsequent shear stress
during the application of the system [67,72]. The incorporation
of CUR did not significantly influence (p < 0.05) the elasticity
and cohesiveness, which could be explained by the influence by
hydrogen bonds and water mobility in the sample. As elucidat-
ed in location studies, CUR is a hydrophobic molecule that is
located in the core of polymeric micelles and thus it should not
influence this parameter [9]. Regarding the temperature effect
(at 25 and 37 °C), the preparations demonstrated elasticity and

cohesiveness values significantly lower (p < 0.05) at 37 °C.
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Syringeability

The work required to expel the formulation from a syringe
(syringeability) at 25 °C was investigated by a texture analyzer.
This test was performed in order to simulate extrusion of the
formulation from the packaging material and during the admin-
istration over a lesion in the buccal cavity [59]. The effect of
CUR incorporation in this system was evaluated, and despite
the fact that the formulation containing CUR displayed a lower
syringeability (32.6383 + 2.1814 N-mm), it was not significant-
ly lower (p > 0.05) than the syringeability of preparations with-
out CUR (34.0390 £ 1.3390 N-mm). Thus, CUR incorporation
did not influence the syringeability of the formulations and the
results indicated the ability to administer the system [59].

Mucoadhesive properties

In vitro evaluation of mucoadhesive strength by
detachment force

The mucoadhesive characteristics of preparations with and
without CUR were evaluated by detachment force using a
partially hydrated mucin disc as substrate [59,70]. According to
this method, it is possible to obtain a graph with the force re-
quired to separate two surfaces with time and the maximum re-
quired force to separate the formulation from the mucin disc
(mucoadhesive force). In addition, the adhesion work values
were calculated.

The incorporation of CUR in mucoadhesive thermoresponsive
systems led to a significant increase (p < 0.05) for both
the mucoadhesive force from 0.2109 + 0.0054 N without
CUR to 0.2175 £ 0.0016 N with CUR and increase in the adhe-
sion work from 0.6890 + 0.0377 N-mm without CUR to
0.7667 + 0.0475 N-mm with it incorporated. However, these
results were not observed for adhesiveness, which could
provide evidence of adhesion. This parameter evaluates the
interaction between the formulation and polycarbonate probe,
where this lower specificity explains this result. Conversely, the
detachment force method relates the interaction of C974P-
hydroxyls and the mucin chain. This is provided by the nano-
structuring of polymer blends at body temperature, and hence, a
P407 micelle structure with a hydrophobic nucleus and hydro-
philic shell, which interacts with a mucoadhesive polymer in
the external portion of polymeric micelles [10]. Moreover, these
results are clinically relevant since the formulations containing
CUR would display a longer residence time than the systems in
the absence of this drug. Hence, the formulation should demon-
strate the intimate contact with the oral mucosa, for prolonged
periods, which could provide the concentration of the drug
close to the cancer lesions with higher bioavailability [73].

The calculation of mucoadhesive force and adhesion work has

already been discussed by other authors [70] since mucoadhe-
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sive force is the most commonly used parameter to describe
mucoadhesion. However, adhesion work seems to be influ-
enced by the elasticity and plasticity of the investigated
systems. It is suggested in the literature as the most suitable
term for the evaluation of the detachment force since it can
better detect the differences in mucoadhesive ability [74], as
was observed for the formulations with and without CUR.
Moreover, the work calculation (if converted to units of Joule)
reflects the necessary energy to separate two surfaces. Thus, the
significant increase of adhesion work correlates with higher
interaction between the mucin surface and the preparations con-
taining CUR.

Ex vivo mucoadhesive properties by falling liquid
Besides the detachment force, the determination of the mucoad-
hesive properties of nanostructured systems could also be
explored by liquid falling experiments [30,74,75]. This method
is related to the ability of systems stay adhered to surface
mucosa with the falling liquid (PBS buffer) at 4 mL/min during
20 min. Higher flow resistance evidences strong adhesive inter-
actions between preparations and mucosa. The amount of
adhered gel is calculated in an indirect method. Thus the formu-
lation eluted with buffer in a beaker containing Tween 80 and
the drug in the formulation was quantified by chromatographic
methods. Consequently, it was evaluated only for the CUR
systems. The retention of the systems without CUR have
already been evaluated by a similar method, where the formula-
tions were marked with FITC-dextran and the retention was in-
vestigated by fluorescence microscopy [70]. The cumulative
formulation percentage adhered versus time is displayed in
Figure 9.

The time buffer elution effect as a function of time over the

sample was statistically investigated and it was verified to sig-
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nificantly decrease (p < 0.05) the gel retention with time.
Besides, the high variability observed is due to the irregulari-
ties of the mucosa surface. Thus, the formulation has already
been eluted completely after 5 min. Even if the methodology
used to evaluate the retention of the formulations without CUR
was different [70], it is possible to compare the results, since the
PBS flow rate used was the same (4 mL/min). In this sense, the
tests carried out by Bassi da Silva and collaborators [70]
demonstrated that the systems were eluted completely after
5 mL elution, which corresponds to 1 min 15 s. In this sense,
the systems containing CUR demonstrated improved retention
in comparison with the systems without CUR. This result
agrees with the mechanical and rheological characteristics ob-

served. One of the replicate images is showed in Figure 9B.

In vitro drug release profile

During the development of drug delivery systems for buccal ap-
plication, in vitro drug release is highly important and is consid-
ered a prerequisite for absorption as it contributes to the rate
and extension of drug bioavailability in the body [76]. More-
over, these investigations can distinguish between different
systems containing the same drug, the same formulations after
aging, and process changes during the preparation process
[17,72].

CUR release profiles were obtained by the continuous monitor-
ing of drug release over time. The key factors which could
affect CUR release are release media volume, temperature and
agitation or flow and cellulose acetate membrane [77]. Thus, in
vitro drug release of CUR from the mucoadhesive nanostruc-
tured systems was carried out with controlled temperature and
agitation in order to simulate conditions in the buccal cavity
without regard to other physiological aspects (pH, salt concen-

tration, enzymes and mouth movements during swallowing and

Figure 9: (A) Cumulative retention profile of a polymeric system containing poloxamer 407, Carbopol 974P® and curcumin retained in a mucous layer

versus time. (B) Oral porcine mucosa after the end of the test.
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speaking). These initial tests are important to verify if the drug
could be released from the drug delivery system and how the
applied technology influences the availability of the drug.

Another aspect to be considered for the in vitro drug release
analysis is the choice of release medium. For hydrophobic
drugs, sometimes it is necessary to add surfactants that can
provide the sink condition. In this study, Tween 80 was used as
a surfactant, as previously used in other in vitro CUR drug
release investigations [30,78]. Tween 80 can interfere with the
structure and rheological properties of the peripheral area of the
gel. However, this situation is similar to in vivo conditions,
where other substances with surfactant properties can be present

in buccal environment [59,79].

The complete release of CUR (100%) occurred after approxi-
mately 8 h (Figure 10), making it suitable for buccal applica-
tions. The general equation (Equation 7) described for poly-
meric systems [80] was used to evaluate the release mechanism
of CUR. Here, the release exponent (n), which determines if the
drug release mechanism is Fickian (Case I) or non-Fickian
(transport Case II, anomalous or super case II) revealed an n
value of 0.6517. The nanostructured systems displayed anom-
alous release kinetics, hence, the polymeric chains were slowly
reorganized, whereas CUR diffused by time-dependent anom-
alous effects. The solvent diffusion velocity displayed similar

relaxation of the polymeric chains [77].

Ex vivo permeation of curcumin in porcine oral
mucosa

Permeation studies are considered fundamental to determine the
viability of oral mucosa as a targeting site for drug delivery
[81,82]. These studies can be performed ex vivo, in vitro or in
vivo and are dependent of the drug physicochemical character-
istics and its behavior when incorporated in drug delivery
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systems and biological target tissue. The buccal cavity presents
significant differences in permeability due to the composition
and thickening of the mucosa [81,82].

Different animal species display varying thickness and kera-
tinization patterns with porcine oral mucosa the most common-
ly employed for ex vivo testing due to the physiological similar-
ities with human tissue, ethical considerations and low cost [81-
83].

Permeation assay using a Franz cell is a quantitative technique
where the amount of drug in the receptor medium is measured
according to its physicochemical characteristics, for example,
by chromatography or spectrophotometry. Thus, the perme-
ation kinetic profile and the amount of retained drug in the
mucosa can be measured. Considering the local application, it is
advantageous for the drug to slowly permeate the mucosa with-
out reaching blood vessels and systemic circulation [8].

The cumulative permeation percentage was calculated after
each time point in porcine oral mucosa. However, even after
24 hours no drug in the receptor compartment was detected
suggesting that the amount of CUR was below the detection
limit for the chromatographic method used.

The retention of CUR in porcine oral mucosa was 6.99 + 0.49%
(or 47.67 £ 3.33 pg/cm?), which demonstrates that the drug was
retained in the mucosa but did not reach the blood flow. These
results were influenced by the absence of the water in the donor
acceptor. This condition promoted the relation with permeation
by the PAS technique. These results were favorable for local
application over the initial stages (Stage 0 — carcinoma in situ,
Stage I — less than 2 cm tumor and Stage II — more than 2 and
less than 4 cm tumor) after surgical procedure. Additionally,
localized and initial tumors enable the choice of less aggressive

10

15 20

Time {h)

Figure 10: Release profile of CUR from a mucoadhesive nanostructured system containing 15% (w/w) P407, 0.25% (w/w) C974P and 0.08% (w/w)

CUR.
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treatments, such as the administration of nanostructured CUR
[26,27]. According to Sannomiya and Furukawa [84], the
surgical procedure is indicated for buccal squamous cells in
initial stages, achieving tissue without tumor margin. For more
advanced tumors, the use of chemotherapy and radiotherapy
adjuvants is recommended [84].

Photoacoustic spectroscopy is useful in the investigation of
permeation and distribution of substances in biological tissues
in vitro, ex vivo and in vivo. This technique is based on the de-
termination of optical spectral absorption by a photoacoustic
signal created by the interaction of matter with radiation of a
known wavelength [7,85]. Besides, the relatively low cost, non-
destructible manner, and ability to detect low amounts of sam-
ple are interesting for investigation of opaque samples [7].
Moreover, this is a qualitative technique that determines if a
drug can permeate or not and, if so, the depth of tissue that can
be permeated. The permeation of CUR from polymer blends
containing P407 and C974P® were performed in porcine
mucosa by photoacoustic spectroscopy and the photoacoustic
spectra of the formulations, tissues and permeation of CUR are

shown in Figure 11.

The optical absorption spectra of CUR and formulations are
presented in Figure 11A. A Gaussian adjustment was per-
formed in order to decompose the spectra into its components.
It can be observed that the drug exhibits an intense band that
varies from 250 to 700 nm, with peaks around 250, 315, 427,
515 and 659 nm. The main absorption band of CUR is located
at 427 nm and is due to the aromatic rings of hydroxyl groups
and ether [86]. The polymer blend 15/0.25 demonstrated a large
band that varies from 250 to 350 nm, with peaks at 250 to
295 nm. On the other hand, the blend 15/0.25/0.08 displays
variation from 250 to 500 nm with peaks at 250, 295, 315, 359
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and 427 nm. In this sense, the detection of these characteristic

bands in the mucosa is indicative of the presence of the drug.

Regarding the photoacoustic spectra of porcine oral mucosa
(Figure 11B), all samples displayed a band at 415 nm related to
the blood vessels. Figure 9C exhibits that CUR from formula-
tions could permeate the mucosa. Moreover, the thermal
diffusion length (ug) was 31 um on both sides of the oral
mucosa. Thus, CUR permeated the total sample thickness
(818 pm).

In this sense, the results of the PAS and Franz cell technique are
complementary, since PAS can elucidate if the drug could
permeate and the former is able to quantify the concentration of
drug that went through the receptor vessel and was retained in

the mucosa.

Drug and formulation cytotoxicity

The cytotoxicity potential of the drug and formulations with and
without CUR were investigated on squamous carcinoma cells
(FaDu and Cal27) and normal oral immortalized keratinocytes
(FNB6). The three cell lines were exposed to a wide range of
drug concentrations (0, 2.5, 5, 10, 20, 40, 80, 120 and 240 uM)
for 24 h. Moreover, another range of drug concentrations (2000,
1500, 1000, 500, 300, 100, 20, 10 uM) was utilized for the
formulations. After this period, cell viability was indirectly de-

termined by MTT metabolic assay (Figure 12).

The viability of Cal27 was significantly decreased (p < 0.05) by
the presence of the formulations, regardless of the presence of
CUR. This cytotoxic effect was not observed in the FaDu and
FNBG6 cells. The cytotoxic effect of the formulations could be
explained by the presence of P407, a known surfactant. The in-

corporation of CUR into nanostructured systems caused a sig-
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Figure 11: Optical absorption spectra obtained from PAS with (A) CUR and polymeric systems with and without CUR, (B) permeation of CUR through
mucosa and (C) area of behavior of permeation of absorption band in 427 nm in mucosa.
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Figure 12: Cytotoxicity of formulations: (A) cell survival curves of drug and formulations, (B) ICsq comparisons of drug and formulations for two SCC
(FaDu and Cal27) and one normal oral (FNB6) cell lines. Each ICsq value and percent cell survival represent average + SEM (n = 3). CUR dispersed
in DMSO aqueous solution exhibited cytotoxicity on all three cell types with average 1Csq of 24.90 + 2.30, 7.205 + 1.831, 15.916 + 3.440 pM, for
FaDu, Cal27 and FNBS, respectively. The possible DMSO interference on methodology was investigated (Supporting Information File 1, Figure S2).

nificant (p < 0.05) increase in the ICs( values for both FaDu
and FNB6 compared to Cal27.

This behavior indicated that CUR could be released and
permeate before it could kill the cells. Moreover, the presence
of CUR significantly decreased the ICs( due to its cytotoxicity
properties [87]. The formulations were diluted in order to main-
tain the viability of the cells. Therefore, CUR is released into
the medium that has a large amount of organic molecules and
low water activity to disperse the drug. However, each cell line
was cultivated in a different type of medium, DMEM, RPMI
and Green’s medium for Cal27, FaDu and FNBG, respectively.
These different media could explain the results. The Cal27
viability was quite similar when treated with the drug and with
the formulations, thus the same drug concentration is likely
available. The slow drug release, ex vivo retention of CUR in
the mucosa and the cytotoxic results suggest that these formula-
tions would not be effective in primary therapy. However, it
could be very useful after surgical procedure in order to kill the

remaining cells.

Conclusion

The physicochemical, mechanical, pharmaceutical and biologi-
cal properties of mucoadhesive nanostructured systems contain-
ing CUR were explored in this study. The photophysical inter-
actions, CUR incorporation kinetics and the location of drug in
the micelles were elucidated. The pharmaceutical aspects, in-
cluding rheology, mechanical properties, CUR release and
permeation using two complementary methods were also inves-
tigated. Moreover, the biological characterization involved in-
vestigation of the cytotoxicity in tumor and healthy cell lines.
The formulations prepared from solid dispersions stored at
25 °C containing P407, C974P and CUR displayed viscoelastic
properties, plastic behavior with rheopexy at body temperature
(which provides better retention), and increased mucoadhesive
force due to the presence of CUR. CUR tends to be located in
the core of the micelles; consequently, the drug displayed slow
and complete release after 8 h but did not permeate the porcine
oral mucosa. The cytotoxicity studies revealed the increase in
the cytotoxic effects for some tumor cell lines (Cal 27) when in-

corporated into the formulation but decreased cytotoxic effects
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in healthy cells. Therefore, the nanostructured system demon-
strated promising results due to the selectivity towards cancer
cells in a monolayer cell culture in addition to exhibiting excel-
lent physicochemical properties. Hence, further activity studies
should be performed in tissue-engineered and in vivo models in
order to test the performance of these systems in a more com-
plex environment.

Experimental

Materials

Curcumin (>98% purity), poloxamer 407 and mucin from
porcine stomach type II were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Carbopol 974P® was kindly donated by
Lubrizol (Sao Paulo, SP, Brazil). Curcumin C3 complex® was
received from Sabinsa® (West Windsor, USA) and triethanol-
amine, used as a neutralizing agent, was purchased from Galena
(Campinas, SP, Brazil). Potassium iodide was purchased from
Biotec (S@o Paulo, SP, Brazil), sodium chloride was purchased
from Nuclear (Diadema, SP, Brazil) and polyssorbate 80
(Tween 80®) came from Synth® (Diadema, SP, Brazil).

Dulbecco’s Modified Eagle’s Medium high glucose (DMEM),
fetal bovine serum (FBS), L-glutamine, penicillin, streptomycin
and trypsin were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Preparation of formulations

C974P (0.25%, w/w) was dispersed in purified water using a
mechanical stirrer until complete dispersion. P407 (15%, w/w)
was added to this mixture and the preparation was stored at
4 °C to ensure the complete wetting of the compounds. After
12 h, the formulations were stirred to provide the complete mix-
ture of the two polymers. The final preparation was neutralized
with triethanolamine, centrifuged at 3000 rpm to remove air
bubbles, and stored at 4 °C for at least 24 h before further anal-
ysis [1,10,11]. Regarding the nanostructured systems contain-
ing curcumin, 15% (w/w) P407 was dispersed in ethanol and
0.08% (w/w) curcumin was added to the mixture and homoge-
nized until complete mixture. The ethanol was eliminated using
arotary evaporator at 60 °C. When a thin film was obtained, the
preparation was stored in a desiccator for 24 h. Afterwards, the
thin film was added to the dispersion containing a mucoadhe-
sive polymer (C974P), which was previously prepared. The
system was stirred and finally the pH was adjusted to 7.0 using

triethanolamine.

The nanostructured system containing CUR was also prepared
by a second method (direct addition of CUR after preparation of
binary polymeric system). Firstly, 0.25% of C974P was added
to purified water and agitated until complete dispersion. Subse-

quently, 15% P407 was added to this mixture and stored in the
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refrigerator for 12 h. Afterwards, the mixture was agitated,
CUR (0.08%, w/w) was added and the system pH was adjusted
to 7 with triethanolamine.

Interaction studies of curcumin in

mucoadhesive nanostructured systems
Interaction evaluation by photophysical studies

The interaction between CUR and the polymer blend was evalu-
ated by fluorescence spectrophotometry, where the formula-
tions were diluted in water and the final concentration of the
components were 1.8 X 1075 mol/L curcumin, 0.01% (w/w)
P407 and 0.0001675% (w/w) C974P. The behavior of the
formulations was monitored regarding the increase of tempera-
ture and pH changes in the fluorescence emission spectra and
anisotropy values obtained by the fluorescence spectropho-
tometer (Varian Agilent Technologies®). The anisotropy (r)
was automatically calculated by the software Eclipse ADL
Program Selector, according to the Equation 1:

_ Iyy —Glyy

" Tyy +2GIyy M

where Iyy and Iyy represent the intensity measured by the exci-
tation of the vertically aligned polarizer and the horizontally
aligned polarizer, respectively. G is the instrumental correction
factor of the ratio of the sensitivities for vertically and horizon-
tally polarized light [48,88,89].

The excitation wavelength was 422 nm with emission wave-
length 440 to 700 nm and the emission slit was set to 5—10 nm.
All the systems were evaluated at 10 (below the critical micellar
temperature), 25, 37 and 45 °C (above the critical micellar tem-
perature) at pH 7. In addition, the systems containing P407 and
CUR were evaluated at pH 7 and 10 at a temperature of 37 °C.
At the same time, the binary polymeric systems were moni-
tored in pH 5, 7 and 10 at 37 °C. All the measurements were
performed after thermal equilibrium was achieved [46,90,91].

Studies of curcumin incorporation kinetics

In order to simulate the mechanism of incorporation of
curcumin and the required time for the drug to reach the core of
the polymeric micelles, the incorporation kinetic profile was de-
termined using the CUR addition sequence based on the second
method of preparation. In a quartz cuvette, 22 uL of CUR stock
solution (4.8 x 1073 mol/L) was added to the P407 and C974P
polymeric dispersion without pH adjustment, totaling 3 mL.
The final concentration was 3.6 x 107 mol/L CUR, 0.02%
(w/w) P407 and 0.0032% (w/w) C974P. The kinetic profile was
evaluated at 25 °C and 37 °C, over 125 min by monitoring the
fluorescence emission spectra, where the excitation wavelength

was 422 nm and the emission slit was set to 5-10 nm [92].
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Localization of curcumin in nanostructured systems
The relative location of curcumin in the polymer blends con-
taining P407, C974P and CUR prepared by solid dispersion
stored at 25 °C and 5 °C was performed using iodide (I") as a
hydrophilic suppressor. Firstly, 133 uL of gel containing
CUR and purified water were added to a 100 mL volumetric
flask. Subsequently, increasing aliquots of KI (1 mol/L) were
added in a solution containing polymeric micelles of CUR
(3.6 x 107 mol/L), 0.02% (w/w) P407, and 0.0032% (w/w)
C974P. The spectral emission profile from 440 to 700 nm was
monitored after each iodide addition using an excitation wave-
length of 422 nm and in most cases the emission slit was set to
5-10 nm. The Stern—Volmer (K,) constant was obtained at 25
and 37 °C by Equation 2:

%:1+K$V-[1‘] @

where the emission values in the presence and absence of a
suppressor are represented by F(y and F, respectively, and the
concentration of iodide in the solution is given by [/7]
[91,93,94]. The dilution effect promoted by the addition of each
hydrophilic suppressor aliquot was corrected for each spectral
emission profile.

Morphological analysis by scanning electron
microscopy

The morphological characteristics of formulations in the pres-
ence and absence of curcumin were evaluated by an electron
scanning microscope (Quanta FEI, Thermo®, Oregon, USA).
Approximately 2 g of the formulation was freeze-dried and a
sample of material was placed on double-sided tape, and the

sample was coated with colloidal gold under argon atmosphere.

Morphological analysis by transmittance electron
microscopy

The morphology of the formulations was also determined using
a JOEL JEM 1400 transmission electron microscope (Peabody,
MA, USA). 0.2 mL of the nanostructured material was diluted
in a 10 mL volumetric flask and placed on a formvar/Carbon
200 mesh, copper grid (Ted Tella, Redding, CA, USA). This set
was negatively stained with 2% (w/v) uranyl acetate solution
for observation [57,95,96]. The samples were prepared at 37 °C.

Micelle size analysis

The hydrodynamic diameter (D), polydispersity index (PDI)
and size distribution of 10%, 50% and 90% (D10%, D50% and
D90%) of micelles of the nanostructured systems was carried
out by dynamic light scattering (DLS) analysis using a

NanoPlus Particle Size Analyzer (Particulate Systems,
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Norcross, GA, USA). The formulation samples were diluted 50
and 10 times to provide P407 concentrations of 0.3% and 1.5%
(w/w), respectively. The measurements were performed at
25 °C and 37 °C with at least three replicates.

Rheometry

The rheological analysis of the formulations was determined
using a controlled stress rheometer (MARSII, Haake Thermo
Fisher Scientific Inc., Newington, Germany) at 25 °C and
37 £ 0.1 °C with a geometry employing a parallel steel cone-
plate (35 mm diameter, separated by a fixed distance of
0.052 mm, where the cone angle is 2°), as shown in Figure 13.

The samples were carefully placed in the device, and it was
allowed to equilibrate for at least 1 min before analysis to

ensure the minimized shearing of the sample.

Continuous shear flow rheology

In flow mode, the downward and upward curves were obtained
over shear rates from 0 to 2000 s™!, increasing over a period of
150 s, retained at the high limit during 10 s, and then decreas-
ing over a period of 150 s. The flow properties were deter-
mined from at least five replicates and the upward flow curves
were modelled using the power-law fluid (or the Ostwald—de
Waele) relationship (Equation 3) [28,31,47]:

T=K7y" 3)

where T is shear stress (Pa), K is the consistency index [(Pa-s)"],
y is shear rate (s7!), and n is the flow behavior index (dimen-

sionless).

The yield stress was evaluated by the rheological models of
Casson (Equation 4) and Herschel-Bulkley (Equation 5) [97]:

=1 (1:8 +(ynp))" @)
T=10+K7" &)

where T, is yield stress (Pa) and ny, is the Casson plastic
viscosity. Moreover, the hysteresis area was calculated by the
software RheoWin 4.10.0000 (Haake®).

Oscillatory rheology

In oscillatory mode, the linear viscoelastic region (LVR) was
determined for each binary polymeric system. Subsequently, the
frequency sweep analysis was performed from 0.1 to 10.0 Hz at
25 and 37 °C. The viscoelastic properties of the preparations,

storage modulus (G’), loss modulus (G”), dynamic viscosity
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Figure 13: Schematic presentation of the rheological analysis setup utilized for continuous shear (flow) and oscillatory rheometry analysis of the

formulations.

(n’) and the loss tangent (tan 8) were calculated using the soft-
ware RheoWin 4.10.0000 (Haake®). The analyses were per-
formed at least in five replicate samples [27,28,98,99].

Sol—gel transition temperature

In oscillatory mode with a controlled temperature ramp, the
sol—gel transition temperature (Tso)_gep) of the formulations was
investigated as well. The LVR of each system was performed at
5 °C and 60 °C. Afterwards, over a range of 5-60 °C, the tem-
perature sweep analysis was performed at a defined frequency
(1.0 Hz) with a heating rate of 10 °C/min with controlled stress.
The viscoelastic properties, G’, G”, n’ and tan 6 were calcu-
lated using the software RheoWin 4.10.0000 (Haake®) with at
least five replicate samples in each case. Tso)_gey is defined as
the temperature at which G” was halfway between the values
for solution and gel and was calculated for all preparations
where n’ increased with the significant increase of temperature
[47,49-51].

Texture profile analysis

The texture profile analysis (TPA) of preparations with and
without CUR was carried out using a texture profile analyzer
TA-XTplus (Stable Micro Systems®, Surrey, UK) at 25 and
37 °C, in TPA mode, for at least three replicates [59]. A 13 g
formulation was compressed at a depth of 15 mm, two times, by
an analytical probe of polycarbonate (10 mm diameter) at a
speed of 2 mm/s and with 15 s between the first and the begin-

ning of the second compression. The resultant force versus dis-

tance plot provided the texture parameters, hardness, compress-
ibility, adhesiveness, elasticity and cohesiveness [59].

Mucoadhesive properties

In vitro evaluation of mucoadhesive strength by
detachment force

The mucoadhesive properties of the formulations (with and
without CUR) were investigated using a texture analyser (TA-
XTplus, Stable Micro Systems®) in tension mode at 37 °C,
repeated at least three times. Firstly, the mucin disc was pre-
pared by the compression of crude mucin, hydrated in mucin
solution 5% (w/w) for 30 s and fixed in the TPA probe. The
excess liquid was gently removed with absorbent paper. The
samples were placed behind the analytical probe, which was
lowered until both surfaces were in contact. Subsequently, a
force of 0.1 N was applied for 30 s in order to ensure the inti-
mate contact between the mucin disc and sample. Afterwards,
the probe was raised at speed of 1.0 mm/s and the force re-
quired to detach the mucin disc from the formulations was de-
termined from the plot of force versus time.

Ex vivo analysis of mucoadhesive properties by
falling liquid method

The mucoadhesive properties of the formulations were also in-
vestigated by an ex vivo methodology using porcine oral
mucosa on a flow through method. Porcine oral mucosa was
taken from the cheek of young, white and freshly slaughtered

pigs from a slaughterhouse authorized for human consumption
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by the Brazilian Agriculture Ministry. After the oral mucosa
was excised with scissors and a surgical scalpel, the samples
were stored at —18 °C in a PBS solution and defrosted at room
temperature on the experimental day (48 hours after the oral
mucosa preparation) [30].

Inside a temperature-controlled chamber (37 °C), the oral
mucosa samples were placed on the test channel behind a
syringe-pump system, where phosphate sodium buffer was
dropped over the mucosal samples (flow of 4 mL/min)
(Figure 14). 100 uL of the formulation was placed over the oral
mucosa and kept warm, in order to allow the adhesion between
the mucosa and formulation. After 5 min, PBS was flowed over
the set for 20 min. The samples of the elution liquid were
collected after 1, 2, 5, 10, 15 and 20 min, with 1% (v/v)
Tween 80 to allow the complete dispersion of CUR. The sam-
ples were diluted with methanol (1:2) and analyzed by the
HPLC method. 20 puL of the sample was injected into a
Shimadzu LC CBM 20 system (Tokyo, Japan) equipped with a
UV-vis detector (SPD 20 A) and manual injector (7725i). A
C18 reversed phase column (5 pm X 4.6 mm X 250 mm, Luna
PFP, Phenomenex®, Torrance, USA) was used as a stationary
phase and the mobile phase was acetonitrile and acetic acid
solution (1.5%, v/v) in a gradient elution. The flow was
adjusted to 1.0 mL/min and the peak area was detected at 425
nm. The amount of formulation removed from the surface of the
substrate was calculated and deducted from the total, providing
the retention data. The analysis was performed in triplicate
using new oral mucosa for each experimental essay [10,52,53].

Syringeability determination

The formulation resistance to compression inside a syringe was
determined by the syringeability work. The investigations were
performed in a texture analyzer (TA-XTplus) in compression
mode [100]. In order to avoid the entrapment of air, the formu-
lations were carefully packed in 1 mL plastic syringes at
30 mm. Each syringe was vertically fixed in the texture meter

and pressed at 2.0 mm-s~!, to a depth of 30 mm, until initial
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contact with the syringe plunger was made. The analysis was
performed at 25 °C with at least three replicates [47,55]. During
the compression of the plunger, a graph of force versus dis-
tance was derived and the work demonstrates the resistance of
the compression of syringe content.

In vitro drug release

The kinetics of the release of curcumin from the binary poly-
meric system was carried out using double-wall glass beaker
with water bath temperature control at 37 = 0.5 °C. 1.0 g poly-
meric system was placed on the bottom of the vessel at 37 °C to
ensure the complete gelation of the formulation. Subsequently,
16 mL of the release media (Tween 80 aqueous solution; 1%,
v/v) was carefully added in the recipient to obtain sink condi-
tions and kept under constant agitation (Figure 15) [11,56,101].
500 uL aliquots of samples were collected and replaced with
the same volume of fresh medium at fixed time intervals, 0.5 h,
1h,2h,3h,4h,6h, 8hand 24 h. These samples were diluted
with methanol (1:2), filtered with PTFE membranes and quanti-
fied by the HPLC method, as previously described [30]. The
release profiles were calculated by plotting the amount released
versus time. These release profiles were fitted with the
Korsmeyer—Peppas equation (Equation 6), which describes the
drug release from matrix polymeric systems [102]:

F=k-t" (6)

where F represents the fraction of the drug released, 7 is the
time released, k is the combined kinetic constant of structural
and geometric characteristics of the apparatus and n is the
release exponent, which reveals the drug release mechanism.

Ex vivo analysis of curcumin permeation in
oral mucosa

Mucosa permeation by Franz cells

The permeation was investigated using porcine oral mucosa ob-
tained as previously described in the section on ex vivo analy-

sis of mucoadhesive properties by falling liquid method. Firstly,

Figure 14: Schematic presentation of the setup utilized for ex vivo liquid falling mucoadhesion tests.
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Figure 15: Schematic presentation of the modified Franz’s cell used for the in vitro curcumin release measurements from the nanostructured system.

the tissues were defrosted at room temperature, then cut and
placed between the donor and receptor compartment of the
Franz cell. The receptor media, composed of 1% (v/v)
Tween 80 in PBS buffer (pH 7.4), which provided the
solublization of CUR, was placed in the receptor compartment.
This system was maintained at 37 °C at constant stirring. 1 mL
of the formulation was placed homogeneously over the mucosa
in the donor compartment. The temperature of the formulation
was maintained at 37 °C by thermal exchange between the
tissue and the formulation and also the temperature control pro-
vided by the equipment [103,104]. Afterwards, 500 pL of the
receptor medium was collected and replaced by fresh medium
to ensure sink condition at 0.5 h, 1 h,2h,3h,4h, 6 h, 8 h and
24 h. The samples were diluted in methanol (1:2), filtered in
PTFE and quantified by the HPLC method. At least three repli-
cates were performed [56,61].

For the retention of CUR in the tissue, the porcine mucosa was
taken from the recipient. The tissue was cut into small pieces
and placed in a 5 mL volumetric flask with methanol and soni-
cated for 15 min. Subsequently, the 5 mL volumetric flask was
completed, filtered with PTFE and quantified using the HPLC
method. The analysis was performed for at least three samples.

Mucosal permeation by photoacoustic spectroscopy
The permeation of curcumin from the mucoadhesive thermore-
sponsive systems, performed in porcine oral mucosa, was inves-
tigated by photoacoustic spectroscopy. The oral mucosa was
taken from porcine cheek as described previously. Firstly, 30 ug
of the formulation was homogeneously placed over a 1 cm? sur-
face of the oral mucosa. After 30 min, the sample was evalu-
ated by photoacoustic spectroscopy. This essay was performed

on home-built experimental equipment composed of a 1000 W

Xenon arc lamp (Oriel, model 68820) as the light source with a
nominal power of 800 W. The light was diffracted when
passing through the 3.16 mm input and output slits of the mono-
chromator (Oriel, model 77250) and then modulated at 13 Hz
with a mechanical chopper (Stanford Research Systems, model
SR 540) and then focused on the sample. Band-pass filters were
used to eliminate higher order diffraction. The sample was
placed inside the photoacoustic cell and sealed with a trans-
parent quartz window (diameter of 8 mm and thickness of
2 mm). The photoacoustic signal generated by pressure changes
resulting from the periodic heating of the sample was collected
by a capacitive microphone (Briiel and Klaer, model 2669). A
lock-in amplifier by EG&G Instruments, model 5110, was used.
The thermal diffusion length (us) was used to calculate the

depth of tissue that contributed to the photoacoustic signal:

D
— O]

u:
S\

where D is the sample thermal diffusivity (cm™2-s~!) and f is the
light modulation frequency (Hz). Considering the thermal diffu-
sivity of mucosa equal to skin, due to the similarity overall in
terms of molecule distribution and histological architecture
[105], D = 4.1 x 10~* cm?s~! [106,107] and f =13 Hz. Conse-
quently, pg was 31 um for oral mucosa and the total sample

thickness was constant around 818 pm.

The photoacoustic signal was interpreted from the band absorp-
tion spectra, since the final photoacoustic signal is proportional
to the sample absorption coefficient [107]. All spectra were
normalized with a sample of carbon black in order to correct the

source emission intensity in each wavelength [108].
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Moreover, the spectra of at least three porcine oral mucosa were
obtained by placing the tissue inside the photoacoustic cell and
illuminating the side to be measured; then the tissue was turned

upside down to illuminate the opposite side [56,60].

Cell culture

The cell lines FaDu (LGC Promochem, Middlesex, UK), origi-
nally isolated from a hypopharyngeal tumor and Cal27 (ATCC,
Manassas, VA, USA, CRL-2095) from tongue squamous cell
carcinoma (ECACC, Health Protection Agency Culture Collec-
tions, Salisbury, UK) were used in this study. FaDu cells were
cultured in RPMI-1640, whereas Cal27 was cultured in
Dulbecco’s modified Eagle’s (DMEM) medium high glucose.
Both media were supplemented with 10% (v/v) fetal bovine
serum (FBS), 2 mM ir-glutamine, 100 UI/mL penicillin and
100 pg/mL streptomycin. The immortalized cell line FNB6 (a
kind gift from Professor Keith Hunter), originally isolated from
normal oral keratinocytes, were cultured in adenine enriched
medium; DMEM and Ham’s F12 medium in a 3:1 (v/v) supple-
mented with 10% (v/v) FBS, 0.1 mM cholera toxin, 10 ng/mL
epidermal growing factor, 0.4 pg/mL hydrocortisone, 0.18 mM
adenine, 5 mg/mL transferrin, 2 mM vr-glutamine, 0.2 mM
triiodothyronine, 0.625 mg/mL amphotericin B, 100 Ul/mL
penicillin and 100 pg/mL streptomycin. All cells were incubat-
ed at 37 °C in a 5% CO; humidified atmosphere and sub-culti-

vated using trypsin-EDTA when 80% confluence was reached.

Cytotoxicity and biological activity evaluation

The in vitro cytotoxicity of preparations with and without CUR,
as well as the drug alone, were carried out on FNB6, Cal27 and
FaDu cells using an MTT assay as previously described [85].
Briefly, 2 x 10° cells were seeded in each well of a 96-well
plate before addition of the formulations with and without CUR
with increased polymeric content (2000, 1500, 1000, 500, 300,
100, 20, 10 uM CUR) and free CUR (240,120, 80, 40, 20, 10, 5
and 2.5 uM). After 24 h, the media with CUR and/or the formu-
lations was aspirated, the cells were washed three times with
PBS and more 200 pL media was added to each well and the
cells were incubated for a further 24 h. Monolayer cultures were
incubated for 1 h at 37 °C with 0.5 mg/mL MTT solution, after
which the solution removed and acidified isopropanol was
added to remove the blue formazan crystals. The optical densi-
ty was measured at 570 nm with a 630 nm reference correction.

Statistical analysis

The effect of CUR presence and temperature in micelle size
analysis, consistency index (K), flow index (n), yield value,
hysteresis area and texture profile analysis parameters (hard-
ness, compressibility, adhesiveness, elasticity and cohesiveness)
were statistically compared using two-way ANOVA. On the
other hand, the effect of the presence of CUR on the mucoadhe-
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sive strength, softness and syringeability were statistically eval-
uated by one-way ANOVA. Moreover, the effect of the drug
and formulation on cell viability was evaluated by two-way
ANOVA. Student #-test was used to determine the influence of
temperature on dynamic viscosity of the formulations. All the
cases of ANOVA post hoc comparison of individual groups
were carried out using Tukey. For all cases, p < 0.05 was
accepted as significant [23,28,31].

Supporting Information

Supporting Information File 1

The results of the evaluation of the storage temperature of
the formulations and the investigation on the DMSO
interference in the CUR cytotoxicity studies.
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Abstract

In today’s modern era of medicine, macromolecular compounds such as proteins, peptides and nucleic acids are dethroning small
molecules as leading therapeutics. Given their immense potential, they are highly sought after. However, their application is limited
mostly due to their poor in vivo stability, limited cellular uptake and insufficient target specificity. Cell-penetrating peptides (CPPs)
represent a major breakthrough for the transport of macromolecules. They have been shown to successfully deliver proteins,
peptides, siRNAs and pDNA in different cell types. In general, CPPs are basic peptides with a positive charge at physiological pH.
They are able to translocate membranes and gain entry to the cell interior. Nevertheless, the mechanism they use to enter cells still
remains an unsolved piece of the puzzle. Endocytosis and direct penetration have been suggested as the two major mechanisms
used for internalization, however, it is not all black and white in the nanoworld. Studies have shown that several CPPs are able to
induce and shift between different uptake mechanisms depending on their concentration, cargo or the cell line used. This review
will focus on the major internalization pathways CPPs exploit, their characteristics and regulation, as well as some of the factors
that influence the cellular uptake mechanism.

Introduction

The cell membrane is a semipermeable barrier, serving as a
protective layer for the cells. It is an essential organelle for cell
survival and function. As a barrier, it only allows the transport
of compounds with small molecular size, which can be trans-
ported using channels and specific carriers [1,2]. Macromole-

cules, however, are unable to use these modes of entry [2].

The production of novel therapeutic molecules, which do not
adhere to the “canonical” rules defining what a drug molecule
should be like, has been accelerated these days. One part of this
new group are proteins, peptides and nucleic acids, all de-
veloped with one thing in mind — bypassing the limitations of

conventional therapeutics [3]. The novelty of these macromo-
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lecular compounds lies in their ability to target specific mole-
cules and biological pathways, and thus, modulate molecular
activities in a positive or negative manner [4]. The outstanding
possibilities offered by the use of such molecules (proteins,
peptides and nucleic acids) in the diagnostics and treatment of
a number of diseases render them exceptionally attractive.
Nonetheless, there are some obstacles that need to be overcome,
such as the limited cellular uptake and low target specificity of
these molecules. In order to do so, we are in great need for new

delivery and administration strategies.

Thus far, a plethora of cellular translocation techniques have
been developed — either using biophysical methods (such as
microinjection, electroporation and magnetofection), biochem-
ical methods (for example, the use of amphipathic detergents)
and viral vectors [5]. However, no matter how effective, these
methods have shown to cause cytotoxic effects, and when it
comes to viral vectors, a high probability of viral gene insertion
into the host genome exists [6]. Therefore, the delivery strategy
for macromolecules is still left as an unanswered question. In
the best case scenario, an efficient delivery system would
provide enzymatic protection and stability for the drug, an im-
proved distribution and target specificity, as well as a lack of
toxicity [3].

Cell-penetrating peptides as drug delivery
systems

Having in mind the attention they have gained, cell-penetrating
peptides (CPPs) have become a current hotspot in medical
research [7]. Compared to the other translocation techniques
mentioned, CPPs are capable of entering the cells in a noninva-
sive manner, they do not destroy the integrity of the cellular
membranes and are considered highly efficient and safe. Thus,
they provide new avenues for research and applications in life
sciences [8]. In general, CPPs can be defined as diverse
peptides with a maximal length of 30 amino acids. They are
characterized by a high content of basic amino acids and an

overall positive charge. CPPs are known to have a high rate of

Beilstein J. Nanotechnol. 2020, 11, 101-123.

permeation into cells and are able to cross membranes of differ-
ent cell types, while showing low cytotoxicity and no immuno-

logical response [6].

This class of peptides was first introduced in the late 1980s,
with the discovery of the TAT peptide, encoded by the human
immunodeficiency virus type 1 (HIV-1) by Frankel et al. [9],
who showed that the TAT peptide could enter cells and translo-
cate into the nucleus. The following decade unfolded with the
discovery of the neuronal cell internalization of penetratin, the
first ever CPP. Penetratin was derived from the third helix of
the homeodomain of Drosophila antennapedia. This discovery
was closely followed by the development of two peptides used
for the noncovalent delivery of proteins and peptides, MPG and
Pep-1 [10]. Today, we have a myriad of CPPs and databases
which allow one to browse existing CPPs based on chemical
modifications, category, cargo or peptide lengths [6].

Classification of cell penetrating peptides

CPPs are currently classified in several ways, depending on
their individual properties. Table 1 presents a short overview of
some of the most commonly used CPPs, listing their amino acid
sequence and properties. In this review, only a short outlook of
their classification will be given. For more detailed information
about the classification of CPPs, reviews are listed in refer-
ences [5,7,11].

Based on the interaction between the CPP and the therapeutic
agent, two main classes of peptides can be distinguished. The
first class includes CPPs which form a covalent conjugate with
the cargo by chemical cross-linking or by cloning, followed by
the expression of a CPP fusion protein. Such interactions have
been seen in several CPPs such as TAT derivatives, penetratin
or polyarginines [10]. It seems that covalent modification is
most suitable for charge-neutral oligonucleotides such as
peptide nucleic acids (PNAs) and phosphorodiamidate
morpholino oligonucleotides (PMOs) [3,12]. Concerning

charged molecules such as siRNA or miRNA, the covalent

Table 1: Overview of some the most commonly used CPPs describing their sequence, class and charge.

Name Amino acid sequence CPP class Charge Ref.
TAT YGRKKRRQRRR cationic 8 [9]
penetratin RQIKIWFQNRRMK WKK cationic 7 [24]
R9 RRRRRRRRR cationic 9 [67]
MPG GALFLGWLGAAGSTMGAPKKKRKV amphipathic 24 [31]
Pep-1 KETWWETWWTEWSQPKKRKV amphipathic 2 [30]
transportan-10 AGYLLGKINLKALAALAKKIL-amide amphipathic 4 [5]
PepFect6 stearyl-AGYLLGK(e-TMQ)INLKALAALAKKIL amphipathic 10 [20]
Bac7 RRIRPRPPRLPRPRPRPLPFPRPG proline-rich 9 [7]
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conjugation leads to restricted biological activity, most likely
due to the steric hindrance caused by the covalently-linked
CPP, which is an obstacle for the incorporation of
siRNA/miRNA into the RISC complex. Because of this, the
siRNA/miRNA molecule cannot be loaded into the complex
and manifest its effect [13].

Regarding covalent strategies of cargo-attachment, there is a
great promise in biorthogonal chemistry, which allows for the
design of efficient conjugation reactions even in a complex bio-
logical environment [14-16]. Provided that a cleavable covalent
bond is achieved, the charged molecule could be released
in the cytoplasm and exert its effect. Thus, a bond such as
the disulfide one, could be the Holy Grail in covalent
CPP-siRNA/miRNA delivery [17]. It has been reported that
CPP-siRNA conjugates have reduced transient and stable
expression of reporter transgenes in a number of mammalian
cell lines [18]. In this case, thiol-containing siRNAs were syn-
thesized and conjugated to penetratin or transportan by a
reducible disulfide bond, and there was no change in the struc-
ture or activity of the siRNA molecule. Another report for a
successful disulfide link between the TAT peptide and siRNA
comes from Chiu and co-workers [19]. The stable complex was
able to achieve the localization of the siRNA in specific cyto-
plasmic compartments in the perinuclear region. Andaloussi et
al. also developed a stable CPP-siRNA system, derived from
transportan-10, containing a proton-acceptor moiety and a
stearyl group (for lipophilic interaction), called PepFect6. This
system has shown to promote siRNA delivery to difficult-to-
transfect cells [20].

The second class within this classification scheme is formed by
CPPs which noncovalently complex their cargo. They occur
mostly as amphipathic peptides, consisting of a hydrophilic and
a hydrophobic domain. Pep-1 and MPG are amphipathic
peptides which are reported to form stable, noncovalent com-
plexes with cargo molecules through electrostatic interaction.
Pep-1 has successfully been used to deliver small peptides and
proteins into cells, while MPG has shown to efficiently deliver
small interfering RNA (siRNA) into cultured cell lines [3,10].

The interplay between hydrophilic and hydrophobic amino
acids in the sequence of CPPs as well as their length give rise to
the second type of classification. According to these properties,
CPPs can be regarded as primary or secondary amphipathic or
nonamphipathic peptides. Primary amphipathic peptides contain
typically more than 20 amino acids and have sequentially
hydrophilic and hydrophobic amino acids in their primary struc-
ture [5,21]. This group includes MPG, penetratin, CADY,
pVec, and other peptides. Secondary amphipathic peptides com-

monly have less than 20 amino acids in their sequence and are
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able to take their a-helix or f-sheet conformation after interac-
tion with phospholipid membranes [5]. Secondary a-helical
CPPs have a highly hydrophobic patch on one face, whereas the
other face can be cationic, anionic or polar. Amphipathic
B-sheet CPPs are based on one hydrophobic and one hydro-
philic stretch of amino acids exposed to the solvent. A class of
secondary amphipathic CPPs are the proline-rich peptides [7].
Nonamphipathic peptides are rather short peptides, such as
HIV-TAT, which have a high content of positively charged
amino acids such as arginine or lysine. Studies suggest that at
least eight positive charges are necessary for efficient uptake to
occur [7].

Cellular uptake of CPPs

Over 30 years of the discovery of CPPs have passed, and their
internalization mechanism remains yet to be deciphered. Al-
though their uptake has been reported in a wide variety of cell
types and in combination with different cargoes, the exact entry
path still remains a question. It is of crucial importance for the
overall safety and efficacy assessment that the internalization
behavior of CPPs is evaluated. Furthermore, knowledge of the
uptake mechanism can be essential for the development of CPP-
delivery systems with cell-specificity and low toxicity.

The complexity in resolving this matter arises from the intrinsic
properties of the peptides, such as their charge distribution and
length. These characteristics allow them to interact with numer-
ous cell surface molecules, which can influence the choice of an
entrance path in a great manner [7]. The above mentioned
factors, just a few out of many, guide the internalization paths
of CPPs to two major routes: endocytosis (active or energy-de-
pendent uptake) and membrane translocation (direct/passive or
energy-independent uptake). Overall, the type of uptake which
will be selected mainly depends on the physicochemical proper-
ties of the peptide and the cargo as well as the concentration
applied, in combination with the structural properties of the
plasma membrane. As an example, nowadays it is well estab-
lished that at physiological conditions and low peptide concen-
tration endocytosis prevails, while when a peptide is applied at
higher amounts, it translocates the plasma membrane directly.
A deviation from this rule is penetratin, which at low concentra-
tion passes the membrane in an energy-independent manner,
while at higher concentration, it switches to endocytosis [22].
Thus, the challenge which remains, from a therapeutic point of
view, is to recognize and point out the uptake route which

produces a relevant biological response.

Despite the deciphering of the uptake mechanism of CPPs being
a work in progress, it is still not a scheme which should be build
up from scratch. A “core” consensus exists, according to which

the initial step toward CPPs’ uptake is the interaction with cell
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surface proteoglycans, via electrostatic forces. Additionally,
interactions with several membrane proteins have been de-
scribed as well [7]. The following parts will focus on the major
internalization paths CPPs exploit, as well as the parameters
which have a major impact on the selection of uptake mecha-
nism. Furthermore, the recent advances in the knowledge of the
uptake mechanisms used by the most prominent CPPs are dis-
cussed. Figure 1 gives an overview of the active and passive

uptake mechanisms CPPs use to enter cells.

Review
Direct translocation through the
cell membrane

The direct translocation of CPPs through the cell membrane as
an energy-independent mechanism and an alternative to endo-
cytosis was suggested after internalization of CPPs was ob-
served at low temperature [23]. As a process which requires no
energy, direct translocation is regarded as a single-step process
including mechanisms involving the formation of inverted
micelles, pores and the ‘carpet’ model [21]. This process can be
tested under specific experimental conditions — low tempera-
ture, energy depletion and the use of endocytic inhibitors for
instance. In general, direct translocation requires the interaction

of positively charged CPPs with negatively charged compo-
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nents of the cellular membrane such as the phospholipid bilay-
er, which then leads to the CPP entrance [6]. Furthermore,
direct translocation requires permanent or temporary destabi-
lization of the membrane for internalization to occur. It is gen-
erally accepted that direct translocation occurs at high CPP con-
centration and is most probable for primary amphipathic CPPs
such as transportan analogues and MPG [1].

Inverted micelle formation

Direct translocation via the formation of inverted micelles was
initially reported for penetratin as a mechanism involved at the
early stages of cellular uptake [24]. Penetratin is a protein trans-
duction domain derived from the homeoprotein Antennapeadia.
It is one of the first peptides described that was able to success-
fully carry active molecules into cells and is one of the most
studied CPPs thus far [25].

The first step in the internalization process is the formation of
electrostatic interaction between the peptide and the cellular
membrane, which affects the lipid supramolecular organization.
This process may lead to changes in the membrane curvature
[26]. Such membrane curvatures or invaginations can lead to
the formation of inverted micelles that entrap the peptide. The
hydrophilic environment inside the inverted micelle allows

29 1EHL
R5888

CARPET
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BARREL STAVE PORE

TOROIDAL PORE

T DYNAMIN
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i CELLPENETRATING PEPTIDE
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Figure 1: Mechanisms of CPP uptake. Two main mechanisms have been proposed: direct translocation through the cellular membrane, which
requires no energy, and endocytosis, an energy-dependent process. Reprinted from [23], copyright Trabulo et al., 2010. CC-BY 3.0

(https://creativecommons.org/licenses/by/3.0/).
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accumulation of the peptide and is favorable for the transport of
hydrophilic compounds conjugated to the peptide. Subse-
quently, the micelle is destabilized and the peptide—cargo com-
plex is released in the cytoplasm. However, recent data suggest
that penetratin internalization occurs via direct translocation or

endocytosis depending on the penetratin concentration.

Direct translocation via pore formation

In analogy to the inverted micelle formation model, the mem-
brane perturbation observed during internalization of peptides
led to the proposition of alternative uptake mechanisms. Direct
translocation via pore formation includes two different models,
the ‘barrel-stave’ model and the ‘toroidal’ model.

The ‘barrel-stave’ model is characteristic of amphipathic
a-helical peptides. These peptides form bundles after inter-
acting with the cellular membrane, which have channels in their
centers. The pore is formed by the inwardly facing hydrophilic
surfaces and the interaction between the outwardly facing
hydrophobic residues with the lipid membrane [27].

On the other hand, the ‘toroidal’ model applies for peptides
which are able to form a-helices when they come in touch with
cellular membranes. According to this model, the interaction
between the positive side chains of the peptide and the phos-
phate groups leads to the accumulation of the peptide on the
outer leaflet of the membrane [28]. The peptides then cause
bending of the lipid monolayer into the interior, forming a
hydrophilic gap in the membrane, in which phospholipid heads
and peptides are found.

The transient pore formation models are in general proposed as
mechanisms used by primary amphipathic peptides [1]. The
Pep-family of peptides belongs to the group of primary amphi-

TAT

®eq

MPG/DNA

i

=
':v

Beilstein J. Nanotechnol. 2020, 11, 101-123.

pathic peptides. The leader peptide, Pep-1, is a short peptide
which efficiently promotes the delivery and cellular localiza-
tion of a variety of peptides, proteins and antibodies in a broad
spectrum of cell lines. It has a length of 21 amino acids and
consists of three domains, each conferring a specific function:
(i) a hydrophobic, tryptophan-rich sequence required for the
interaction with macromolecules and cell-membrane targeting,
(i) a hydrophilic sequence, rich in lysine, derived from the
nuclear localization sequence (NLS) of SV-40 large T antigen,
necessary for improving the solubility and the intracellular lo-
calization of the peptide and (iii) a spacer domain, which im-
proves the flexibility. It has been reported by Deshayes et al.
[29] that the internalization of Pep-1 occurs via transient pore

formation depending on the formation of a-helices.

Pep-1 internalization has been claimed to be independent of the
endosomal pathway, which results in limited degradation of the
peptide and its cargo inside the cells as well as rapid release of
the cargo as soon as the cell membrane has been crossed. It was
demonstrated that the free form of Pep-1 interacts strongly with
the lipid components in the membrane, leading to a conforma-
tional change — the peptide tends to form a-helices. The confor-
mational transitions have been confirmed by CD, NMR and
FTIR data. The helical structure that Pep-1 obtains when inter-
acting with the cell membrane favors its insertion into the mem-
brane by forming a transient, transmembrane pore-like struc-
ture. Helical folding has also been observed for Pep-1/cargo
complexes, suggesting that the cargo does not affect the peptide
uptake process [30]. Membrane perturbation as an internaliza-
tion mechanism has also been proposed for the MPG-family of
amphipathic peptides (Figure 2) [3,17,31].

MPG carriers are amphipathic peptides able to form stable com-

plexes with antisense oligonucleotides, plasmid DNA, siRNA

Rac1

2]

Figure 2: Model for the initial step of cellular uptake of MPG or MPG/cargo complexes. (1) Binding of MPG or MPG/cargo to the extracellular matrix
via the proteoglycan platform; (2) clustering of glycosaminoglycans (GAGs), which in turn activates the Rac1 GTPase; (3) actin network remodeling;
(4) increase of membrane fluidity, promoting MPG uptake. Reprinted with permission from [32], copyright 2007 The Royal Society of Chemistry.
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and peptides, which improve their stability and cellular uptake.
MPG bears three domains: (i) a hydrophobic domain derived
from the fusion domain of HIV-1 gp41, (ii) a lysine-rich nuclear
localization sequence (NLS) derived from SV-40 large
T antigen with five positive charges and (iii) a spacer sequence.
Studies performed at low temperature with several inhibitors
present, which interfere with the endosomal pathway, have sug-
gested that the uptake of MPG and MPG-cargo complexes does
not involve endocytosis. Most likely, MPG internalization is as-
sociated with the ability of the peptide to interact with lipids
and induce membrane destabilization rather than with active
uptake [32].

Studies on the conformational states of MPG and its ability to
interact with phospholipids demonstrate that MPG undergoes a
transition from unordered into a folded state upon interaction
with lipids. What is interesting here is that the new conforma-
tional state of MPG is a f-sheet, which differs from the helices
that Pep-1 forms, although the two peptides have only slight
differences in their structure. Furthermore, MPG folds into
B-sheets upon interaction with its cargo, an action that leads to a
more pronounced -sheet folding induced by the phospholipids.
This new conformational state eases the formation of transient
pore-like structures in the membrane, which leads to the
translocation of the MPG/cargo complexes [33].

MPG also shows an inherent ability to induce membrane
permeability, whether associated with cargo or not. This
process might be due to the actin remodeling allowed by the
GTPase Rac 1, a regulatory molecule activated by electrostatic
interaction between MPG and GAGs in the extracellular matrix.
The two aforementioned actions might constitute the ‘onset’ of
the internalization mechanism and have a part in the impact of

MPG on membrane fluidity and permeability [32].

Carpet model

The ‘carpet’ model describing the direct penetration of some
peptides was proposed in 1992 by Pouny and co-workers [34].
According to this model, the positively charged segments of the
peptide lie parallel to the membrane surface and are bound to
the acidic phospholipid headgroups. The peptides self-associate
in a ‘carpet’-like manner. It is postulated that the hydrophobic
sites are embedded in the lipid region of the membrane, while
the hydrophilic parts orient towards the hydrophilic region,
which in turn causes structural reorganization and internaliza-
tion of the CPP. Since the hydrophobic interaction is necessary
for this model, it seems unlikely that it is being used for the
internalization of strongly cationic peptides such as TAT. Ac-
cording to this, it is logical that this mechanism was first pro-
posed for dermaseptin, which is an antimicrobial, amphipathic

peptide. Electrostatic interaction is essential for the binding be-
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tween the CPP and the membrane. Achieving a high local con-
centration at the membrane’s surface is also a key factor for in-

ducing membrane penetration by this model [35].

An alternative to the ‘carpet’ model is the ‘membrane-thinning’
effect, which was first proposed for maganin. Maganin is an
amphipathic peptide, composed of 23 residues, which exhibits a
broad-spectrum of antimicrobial activity. This model is charac-
terized by a ‘carpet’ formation followed by a perturbation re-
sulting from the interaction of the negatively charged lipids in
the outer leaflet in the membrane and the cationic groups of the
CPP. This causes a lateral rearrangement of the negative
charges and a thinning of the membrane. The aggregation of the
CPPs at the membrane surface provokes a reduction of the local
surface tension and allows for intercalation of the CPP within
the membrane. After the internalization of the peptide, the
membrane reseals [36,37].

Direct translocation mechanisms used by arginine-
rich peptides

The debate regarding the internalization of cationic, arginine-
rich peptides, has been long going, and still, the exact mecha-
nism remains to be understood. Initial studies indicated a direct
translocation across the cellular membrane that bypassed endo-
cytosis and the involvement of specific receptors. Indeed,
cationic CPPs were shown to traverse membranes at low tem-
perature and in the presence of metabolic or endocytic inhibi-
tors. However, in 2003, Richard et al. [38] showed that the
results obtained might be a misconception due to the use of
fixed cells. They postulated that the fixatives could change the
intracellular distribution of the peptides. Additionally, it was
shown that flow cytometry (a method frequently used for inter-
nalization studies) could not distinguish between peptides that
are bound to the membrane and those inside the cell. What is
more, experiments using living cells showed that the majority
of the CPPs is associated with the outer leaflet of the cell mem-
brane. This evidence led to the conclusion that an energy-de-
pendent process is the major route for the internalization of
CPPs.

Nonetheless, novel studies on living cells show that the uptake
of arginine-rich peptides could be a combination of both direct
translocation and endocytosis. What supports this hypothesis is
the mixture of punctate and diffuse staining observed using
confocal microscopy [39,40]. It is assumed that the punctate
staining indicates endocytic uptake, while the diffuse staining is
correlated with direct translocation. The switch between differ-
ent uptake mechanisms might be concentration-dependent. It
has been shown that at low concentration, arginine-rich CPPs
are mainly endocytosed, whereas rapid cytoplasmic entry

occurred at higher concentration [41]. The latter is associated
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with the accumulation of the peptide at certain membrane areas
called nucleation zones [42]. New findings of these type could
further broaden what is already a very wide horizon in the field

of CPP research — their internalization mechanism.

The first mechanism explaining the direct penetration of argi-
nine-rich peptides exploits the importance of guanidine groups.
This concept was first proposed by Sakai et al. [43], who
showed that oligo-arginines could be partitioned into lipid
phases from the aqueous phase in the presence of phosphatidyl-
glycerol, a behavior of arginine often referred to as “arginine
magic”. The guanidine group found on arginine has proven to
form bidentate hydrogen bonds and electrostatic interaction
with sulfate, phosphate and carboxylate moieties, all of which
can be found on cell surface components. It is thought that the
formation of these hydrophobic counterion complexes promotes
the accumulation of CPPs on the cell surface and leads to their
internalization. However, upon membrane translocation, the
peptide backbone has to cross the lipid core. It is assumed that
there is hydrophobic interaction between the less hydrophilic
peptide backbone and the lipid core involved in this process.
The aforementioned translocation processes have been ob-
served for octa-arginine (R8) and the HIV TAT peptide [44].

Studies conducted on the internalization of dodeca-arginine
(R12) in HeLa cells, however, suggest a different uptake behav-
ior. Hirose et al. [45] suggest the formation of “particle-like”
structures during the interaction and uptake of poly-arginines.
The “particles” form simultaneously and have a diameter of
1-3 pum. It is suggested that both membrane components and
R12 are involved in the formation of these “particles”. Further-
more, their formation as well as the peptide uptake occur at low
temperature (4 °C) in the first 10-20 min of incubation. The
authors suggest that the membrane-peptide particle-like struc-
tures lead to membrane inversion, which they proved by
detecting phosphatidylserine on the cell surface using annexin
V. The formation of particle-like aggregates was also reported
by Ziegler et al. [46], who investigated the uptake of fluores-
cently labeled HIV TAT in fibroblasts.

The third mechanism used by the arginine-rich peptides to
directly cross the cellular membranes involves the formation of
pores. A theoretical model using molecular dynamics simula-
tions was proposed for the translocation of the TAT peptide,
which explains the relevance of peptide—phosphate interaction
during the pore formation [47]. This theoretical model was later
proven experimentally in osteosarcoma and human smooth
muscle cells [48]. According to the proposed model, when a
concentration threshold is achieved on one of the membrane
leaflets, the TAT peptides are attracted to the phosphate groups

on the other leaflet. The peptides act cooperatively to facilitate
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translocation. As a higher TAT concentration is reached, phos-
phate groups from neighboring phospholipids are drawn to the
peptide due to the opposite electrical charge. This process
divides the membrane into regions rich in TAT and phosphate
groups and into uncharged regions and leads to membrane thin-
ning. TAT forms “complexes” with the phospholipids, due to
the interaction between the arginine and lysine side chains with
the negatively charged phosphate groups, which then start pene-
trating the membrane. Simultaneously, water molecules pene-
trate and solvate the charged groups. With time, the effect of the
water molecules results in a transient water pore. Carrying
along the attached phospholipids, TAT moves smoothly onto
the pore walls and crosses the membrane [47]. Pore formation
and translocation can be achieved only after a certain number of
peptides is introduced to the membrane surface [49]. A theoreti-
cal model for membrane translocation by the formation of water
pores has been suggested for hexa-arginine as well [50].

Endocytosis as an active pathway for CPP
uptake

The transport of essential small molecules such as amino acids,
sugars and ions occurs through the action of integral membrane
protein pumps and channels. Macromolecules, however, require
a different machinery in order to traverse the cellular mem-
brane, which usually needs energy. Endocytosis is the active
process in which macromolecules are carried into the cell in
vesicles or vacuoles pinched-off of the plasma membrane and
involves two distinct steps: endocytic uptake followed by endo-
somal escape [51].

Endocytosis is a complex process composed of more than one
mechanism and is generally divided into two categories: phago-
cytosis and pinocytosis. Phagocytosis involves the uptake of
large particles and is restricted to specialized cells (macro-
phages, monocytes and neutrophils). Pinocytosis, on the other
hand, involves the uptake of fluids and solutes and occurs in all
cells. At least four different mechanisms have been described
for pinocytosis: macropinocytosis, clathrin-mediated endo-
cytosis (CME), caveolae-mediated endocytosis (CvME) and
clathrin- and caveolae-independent endocytosis (Figure 3) [52].

All of the endocytic mechanisms described depend on distinct
components and mechanisms. To some extent, the choice of
pathway can be determined by the cell types and their state of
differentiation. However, when it comes to the internalization
of nanocarriers such as CPPs, their physicochemical properties
and surface reactivates are also important [54].

It is now generally recognized that CPPs at low concentration,

and when conjugated to cargo, are taken up by cells in an

energy-dependent manner. Endocytosis as a mechanism for the

107



phagocytosis

macropinocytosis

i

phagosome macropinosome

clathrin-mediated
endocytosis

RO S——
&y IS O (]

Beilstein J. Nanotechnol. 2020, 11, 101-123.

caveolae-mediated clathrin- and

endocytosis caveolae-independent

pathways

/—‘—\

ARF6-mediated
GEEC pathway

lipid raft
mediated

caveosome

.

\, actin

phagocytic

receptor

A clathrin

= caveolin

dynamin

membrane

receptor

Figure 3: Mechanisms of endocytic entry into the cell. Reprinted with permission from [53], copyright 2011 The Royal Society of Chemistry.

transport of CPPs across cellular membranes was suggested in
2003, after Richard et al. [38] pointed to the possible errors in
the results describing direct translocation due to the experimen-
tal methods used. Since this initial report, studies which
described the active transport of CPPs emerged. Most of the
older studies conducted on this matter as well as more recent
ones suggest macropinocytosis as the main entry path for CPPs
into cells [55-59]. Table 2 summarizes the endocytic mecha-
nisms used by each CPP conjugate mentioned in the following
text.

Macropinocytosis as an entry mechanism

Macropinocytosis is a rapid, lipid raft-dependent and receptor-
independent form of endocytosis [60]. It is a process accompa-
nying the membrane ruffling induced in many cell types upon

stimulation by growth factors or other signals. Macropinocy-
tosis involves an actin-driven membrane protrusion that results
in an increase in fluid-phase uptake [61]. These protrusions do
not ‘envelop’ a ligand-coated particle, but instead they collapse
onto and fuse with the plasma membrane to generate large

endocytic vesicles called macropinosomes [52].

Although macropinocytosis was initially thought to be a
nonregulated process, it is now known that this uptake process
is a highly organized one. Macropinocytosis consists of quite a
few signaling events which involve the remodeling of the
cytoskeleton. Most of the macropinocytosis regulators belong to
the group of kinases (such as Src, PI3) and GTPases (Rho
family, Ras family, Rab proteins), which trigger the actin-
driven formation of membrane protrusions [62-64].

Table 2: Summary of the endocytic mechanisms used by CPP—cargo conjugates.

Clathrin-mediated
endocytosis (CME)

Macropinocytosis

TAT-protein conjugates [60] unconjugated TAT [83]
poly-arginines [65-67] MPG/siRNA conjugate
[84,85]

NickFect51 [77] NickFect51-cargo
conjugates [77]

octa-arginine (R8) [44]

Clathrin- and
caveolae-independent endocytosis

Caveolae-mediated
endocytosis (CVME)

TAT-protein conjugates
[92,93]

proline-rich CPPs [94]

p18 and p28 azurin fragments
[98,99]

transportan [95]

transportan-10-protein
conjugates [95]
PepFect14/DNA
conjugate [97]

p18 and p28 azurin
fragments [98,99]
CVP1[100]

low molecular weight protamine
(LMWP)/siRNA conjugate [104]
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As mentioned above, macropinocytosis normally occurs in
response to stimulation by growth factors such as the macro-
phage colony-stimulating factor-1 (CSF-1), the epidermal
growth factor (EGF) and the platelet-derived growth factor or
tumor-promoting factors [63]. However, this mechanism
provides an effective path for drug delivery. It has been de-
scribed as the pathway used to deliver arginine-rich CPPs such

as octa-arginine and TAT peptides into cells.

Kaplan et al. investigated the internalization of the TAT peptide
in living cells [56]. The active uptake of TAT was established
after experiments were conducted at low temperature, at which
all molecular movement in the cell membrane is essentially
arrested. After exposing the cells to B-cyclodextrin (which
depletes cell surface associated cholesterol) and macropinocy-
tosis-specific inhibitors (such as cytochalasin D, an inhibitor of
F-actin or EIPA, an inhibitor or the Na*/H* exchange), a dose-
dependent reduction of the internalized peptide was observed,
which led to the conclusion that TAT transduction into cells
occurs by lipid raft mediated endocytosis. Similar results
regarding the internalization mechanism of TAT-protein conju-

gates were reported by Wadia and co-workers [60].

Macropinocytosis has also been suggested as the active uptake
process used by other cationic, arginine-rich peptides. Studies
conveyed on the internalization of octa-arginine (R8) peptide in
HeLa cells showed that the uptake was significantly suppressed
by the macropinocytosis inhibitors EIPA and cytochalasin D. In
accordance with these results, it was also observed that octa-
arginine treatment caused significant rearrangement of the
actin cytoskeleton, a process that seems to be crucial for
macropinocytosis [55]. Nona-arginine (R9), dodeca-arginine
(R12) as well as Flock-House-Virus-derived peptide, also lead
to cell internalization via macropinocytosis [65-67]. Further-
more, it is possible that dodeca-arginine acts as a potential
target for CXCR4, which is a chemokine receptor that induces
macropinocytosis [66].

Recently, a great amount of effort has been put into deci-
phering the interaction of CPPs with the extracellular matrix as
well as with membrane components, which cause the actin rear-
rangement and lead to the internalization of peptides. The role
of glycosaminoglycans in the initial contacts of CPPs and cells
and in the initiation of internalization has been a part of several
reviews so far [3,27,28,68,69].

The extensive research done on arginine-rich peptides, espe-
cially octa-arginine (R8) by Nakase et al. [55], sheds some light
on the interaction that leads to macropinocytosis. Their initial
studies showed that oligo-arginines as well as TAT provoke

actin rearrangement in the initial moments of interaction with
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cell membranes. The ruffling which was caused by the peptides
was similar to the one caused by the interaction of VEGF and
its receptor, VEGFR. This led to the suggestion that there are
sequence similarities between the basic, arginine-rich domains
in CPPs and the growth factors that are known to provoke
macropinocytosis. Further research focusing on the importance
of the membrane-associated proteoglycans heparan sulfate
proteoglycan (HSPG) showed that HSPG was necessary for the
uptake of R8, and even more interestingly, it was essential for
the uptake of TAT. The observed difference might be due to the
higher positive charge of R8 that allows the peptide to interact
with more proteoglycans rather than just HSPG. This would
suggest that HSPG might be a primary receptor for the cellular
uptake of some cationic peptides [61,70].

Syndecans, single transmembrane domain proteins which act as
co-receptors for G protein-coupled receptors, have also been
proposed to have part in the initiation of macropinocytosis.
After the interaction with extracellular ligands, multimerization
of syndecans is thought to occur, which in turn induces actin
polymerization. Arginine-rich peptides have shown to have this
effect on the cellular signal transduction via syndecan multi-
merization. Multimerization of syndecan-4 was observed in the
presence of R8, followed by an increase in the internalized
amount of the peptide [71,72]. All of the aforementioned inter-
actions lead to the internalization of arginine-rich peptides by

the activation of Rac protein.

On the other hand, Pang et al. [73] propose a different set of
interactions that could induce the macropinocytosis of CPPs. In
this case, the research group investigated the uptake of TAT-
peptide functionalized nanoparticles and they proposed the
CendR (C-end-rule) pathway as a possible mechanism that acti-
vates macropinocytosis. This route involves the NRP1, a trans-
membrane protein and a co-receptor of various ligands, and it
has several structural requirements for the peptide: it should
have C-terminal arginine with a free a-carboxyl group and the
natural L-conformation. It is thought that the binding of TAT to
NRP1 could induce macropinocytosis independent of HSPG.
However, it seems that NRP1 and HSPG work simultaneously
in the induction of the active uptake of CPPs. Furthermore, the
interaction with this protein might be specific for CPPs conju-
gated to nanoparticles and perhaps macromolecules.

Since the membrane-bound proteoglycans have been associated
with the activation of membrane ruffling and macropinocytosis,
it seems logical to conclude that their interaction with arginine-
rich peptides will induce the aforementioned path. However,
more evidence is needed in order to state that proteoglycans act
as receptors for macropinocytosis. Tanaka et al. [66] demon-

strated that the uptake of dodeka-arginine (R12) can be medi-
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ated by the CXCR4 chemokine receptor. This conclusion is
supported by the inhibition of R12 internalization by a CXCR4
knockdown as well as the colocalization of R12 and CXCR4
observed by LSCM in macropinosomes in cells. R8 and TAT
did not activate the CXCR4-mediated uptake, which might
explain why there is a higher cellular uptake efficiency of R12
over these peptides. Further findings on the internalization of
R8 suggest lanthionine synthetase component C-like protein 1
(LanCL1) as a possible receptor that could provoke RS
macropinocytosis. LanCL1 is considered a cytosolic, peripheral
membrane protein, which was found to stimulate R8 uptake in
HeLa cells. The exact biological function of the protein is not
yet clearly defined. Therefore, further studies are needed to
address in detail the contribution of LanCL1 in the promotion
of R8 uptake [74].

Scavenger receptors are a family of cell surface glycoproteins
first recognized to bind modified low-density lipoproteins
(LDL) such as acetylated and oxidized LDLs. These receptors
have been reported to mediate the translocation of negatively
charged CPP/cargo complexes through cellular membranes
[75]. Scavenger receptors are known to bind promiscuously to
polyanionic ligands and were shown to be involved in multiple
endocytic pathways (macropinocytosis, CME, and caveolae-de-
pendent endocytosis). In several papers, it has been demon-
strated that the scavenger receptors class A3 and 5 (SCARA3
and SCARADS) are at least partially responsible for the uptake of
CPPs [76]. Arukuusk et al. [77] have reported the involvement
of SCARA3 and SCARAS in the uptake of the anionic CPP
NickFect51, a stearylated transportan 10 (TP10) analog, via
macropinocytosis.

Clathrin-mediated endocytosis (CME)

The advanced understanding of the molecular mechanisms
governing clathrin-mediated endocytosis (CME) makes this
uptake mechanism the best-characterized type of endocytosis
thus far. CME is a receptor-dependent, clathrin-mediated and
dynamin-required process [78]. Clathrin-mediated endocytosis
occurs in all mammalian cells and supports the continuous
uptake of essential nutrients such as LDL particles, which carry
cholesterol to cells and bind to the LDL receptor (LDLR), and
iron-laden transferrin (Tfn) that binds to Tfn receptors (TfnR)
[52]. It is a crucial process throughout the life of an organism,
as it is responsible for the uptake of transmembrane receptors
and transporters, for remodeling the plasma membrane compo-
sition in response to environmental changes and for regulating

cell surface signaling.

Clathrin-mediated endocytosis can be generally described as a
process involving the strong binding of a ligand to a specific

cell surface receptor, resulting in the assembly of clathrins in a
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polyhedral lattice on the cytosolic surface of the cell membrane.
This process is followed by the invagination of the clathrin-
coated membrane surface towards the cytoplasm and formation
of a coated pit that adopts the shape of a spherical membrane
structure with a diameter of 100-150 nm. Shallow pits undergo
progressive invagination into dome-like shapes, which are
connected to the plasma membrane by a funnel-like rim.
Further invagination leads to the formation of a spherical bud,
and the rim transforms into an hourglass-like membrane neck.
Eventually, the neck undergoes fission [79]. For this step,
dynamin, a kind of GTPase, is required. In subsequent steps, the
released clathrin-coated vesicles (CCVs) are rapidly uncoated
and delivered to early endosomes, which mature to late endo-
somes. Late endosomes then deliver their cargo to lysosomes,
organelles characterized by a very low pH value, which is
usually the last step in this uptake process [39,78]. Clathrin-
mediated endocytosis has been proposed as another mechanism
that arginine-rich CPPs use for their uptake.

Clathrin-mediated endocytosis as a highly organized
process: Early studies on clathrin-mediated endocytosis
focused on nutrient receptors which are constitutively internal-
ized (such as the TfnR and LDLR). This led to CME being
understood as a constitutive process. In their review on the
regulation of CME, Mettlen et al. [80] compare this viewpoint
on CME with the circulation of buses according to a set
timetable irrespective of the number and destinations of passen-
gers. This analogy is quite correct, having in mind that CCVs
were thought to form at a fixed rate, independent of the cargo.
Nowadays, data show that CME is a highly regulated and
cargo-driven process.

CME can be divided into five stages: (i) initiation of endocytic
events, (ii) cargo loading, (iii) membrane bending, (iv) vesicle
scission and (v) disassembly of the coat. Each of the stages
mentioned is highly orchestrated by a series of molecular inter-
actions [80].

The initiation phase, the first step in this biochemical pathway,
is the focal point for regulation. It defines the site where the
endocytic vesicle will be formed and is likely the key stage for
regulating the frequency of endocytic events. The so-called hot
spots for vesicle formation are usually zones in the plasma
membrane enriched with phosphatidylinositol 4,5-biphosphate
(PI(4,5)P,) which interacts with adaptor proteins. However,
local differences in the concentration of cargo could also
provoke recruitment and clustering of adaptor proteins. The
pioneer molecules which initiate the formation of the CCV are
adaptor proteins, working together with scaffold proteins. The
most important adaptor protein is adaptor protein 2 (AP2) com-

plex, which binds to PI(4,5)P; and then recruits scaffold pro-
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teins to the plasma membrane. Due to allosterically regulated
AP2 conformational changes caused by the P1(4,5)P; and cargo
binding, as well the scaffold proteins, AP2 triggers clathrin
assembly [80,81].

The second step in CME is called “cargo loading”. Basically, it
involves the binding of clathrin-coat components to the
cytosolic regions of the transmembrane cargo molecules. This
drives the clustering of all cargo molecules to one region of the
membrane, where the clathrin-coated vesicle will be formed.
Oftentimes this point in CME has been referred to as “cargo
checkpoint”, meaning that if a certain threshold of cargo mole-
cules is not reached, the process of vesicle budding will be
either delayed or aborted [82].

Membrane bending is the following step in CME. Several endo-
cytic modules contribute to the formation of a membrane curva-
ture: the coat, the actin filaments, and the scission proteins.
Clathrin is the coat-component that has a part in the membrane
bending process. When it binds to the adaptor protein complex
on the plasma membrane, clathrin rapidly assembles into icosa-
hedral cages. It is thought that the polymerization of clathrin
could be responsible for the membrane curvature. The actin
cytoskeleton also contributes to membrane bending during
CME. There is evidence that rapid actin polymerization occurs
in the region surrounding the coat and the base of the growing
membrane invagination. After vesicle scission, actin filaments

depolymerize in seconds [79,82].

Vesicle scission is the process where the CCV is separated from
the donor membrane. This step is catalyzed by the large GTPase
dynamin. First, dynamin assembles into tight oligomers,
allowing constriction of the membrane neck. After GTP hydro-
lysis, dynamin oligomers further constrict in the presence of
GTP. The constricted state of the membrane causes spontane-
ous transitions to a hemi-fission and then to a fission state [82].
Recent evidence also suggests that dynamin is necessary in the

initial steps of vesicle formation [80].

The disassembly of the coat is the process in which the new
vesicle is released to fuse with an early endosome. In addition,
the endocytic machinery proteins are also released so that they
can be reused for another endocytic event. This process is
promoted by an ATPase activity, which leads to clathrin and
dynamin depolymerization. Dephosphorylation of PI(4,5)P, to
phosphoinositol 4-phosphate also mediates the coat disas-
sembly [80,82].

Clathrin-mediated endocytosis and CPPs: A common trait of
all CPPs is their ability to switch between different uptake

mechanisms depending on multiple exogenous factors.
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Clathrin-mediated endocytosis has been described as one mech-
anism CPPs can use to traverse cell membranes. Thus far, it has
been reported as a pathway used by the TAT peptide, oligo-
arginines as well as by anionic CPPs.

After denoting endocytosis as an uptake mechanism for CPPs,
the work of Richard et al. [83] continued to focus on the specif-
ic endocytic paths used by the peptides. In 2005 they suggested
that the uptake of full-size TAT peptides in HeLa cells occurs
through clathrin-mediated endocytosis. Their findings were sup-
ported by the use of specific CME inhibitors, which led to a de-
crease in the uptake of the peptide. After uptake, TAT was
targeted to acidic compartments in the cytoplasm, which is in
accordance with the CME flow. They speculated that the inter-
action between TAT and heparan sulfates plays a significant
part in the internalization, although these receptors are not a
prerequisite for TAT entry. However, this implies only for
unconjugated TAT, as it has been demonstrated that there is an
alternative uptake pathway for TAT in the presence of conju-
gated cargo. Around the same time, it was reported that
MPGa/siRNA complexes were also taken up by CME, al-
though earlier MPG had shown to enter cells in an energy-inde-
pendent manner [84,85]. MPGa is a derivative of the original
MPG peptide. It is possible that the type of attached cargo influ-
ences the chosen uptake pathway, since it was shown that CME
inhibitors decreased the amount of MPGa/siRNA complexes
inside cells.

More than a decade later, the deciphering of endocytic mecha-
nisms involved in CPP uptake as well as the exact receptors
used still continues. Recent findings suggest the involvement of
a few receptor types in the internalization of CPPs, which prefer

CME over other uptake mechanisms.

Kawaguchi et al. [86] have recently reported that syndecan-4,
one of the heparan sulfate proteoglycans, is an endogenous
membrane-associated receptor for the cellular uptake of R8
peptide via clathrin-mediated endocytosis. RNA interference-
mediated knockdown experiments in combination with pharma-
cological inhibitors support their results. These results contra-
dict the former findings of the group, which stated that synde-
cans were involved in the uptake of R8 via macropinocytosis.
However, there is a possibility for syndecans to have multiple
roles in the uptake of CPPs [44].

Indeed, there is a chance that binding to heparan sulfates could
provoke several endosomal pathways. Heparan sulfates can be
conjugated to a variety of proteins with different spatial distri-
butions such as the cell-surface associated syndecans and glypi-
cans, which further determines the biological outcome of the

ligand binding. Syndecans are transmembrane proteins, where-
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as glypicans are associated with the plasma membrane via a
glycosylphosphatidylinositol (GPI) anchor. As a consequence
of this contrast, syndecans and glypicans may be preferentially
sorted to clathrin-coated and caveolin/lipid raft plasma mem-
brane domains, respectively. Uptake of glypican-bound ligands
may proceed primarily through caveolin-dependent endo-
cytosis. This might indicate a possible role for syndecans in

clathrin-mediated endocytosis [87].

As an interesting contrast to the common cationic CPPs,
Arukuusk et al. [88] suggest negatively charged CPPs as oligo-
nucleotide carriers. The CPPs are not inherently anionic, but
confer a negative charge after they are complexed with a
nucleic acid in cell culture media. The group has already
demonstrated that the uptake of these anionic particles is medi-
ated by the scavenger receptors SCARA3 and SCARAS [75].
This is logical, since their negative charge would not let them
interact with negatively charged components of the plasma
membrane, which is the first step in the internalization of nano-
particles in cells, so there must be a receptor involved. Their
results have shown that one of their CPP/cargo complexes, the
NickFectl stearylated transportan 10 (TP10) analog, crosses the
membrane using clathrin-mediated endocytosis. However, this
cannot be regarded as the one and absolute pathway this com-
plex uses, since scavenger receptors are known to be involved
in multiple endocytic pathways. Furthermore, this endocytic
path may not be used by the peptide alone, and may be the
result of cargo attachment to the peptide [77].

Caveolae-mediated endocytosis (CvME)

Caveolae are flask-shaped invaginations in the cellular mem-
brane, which have a diameter of about 50-100 nm. They were
described for the first time in the early 1950s, as present in
many cell types [89]. Caveolae were assumed to be mediators in
the transport of serum proteins to tissues across the endothe-
lium of blood vessels. Nowadays, caveolae are known to
encircle cholesterol and sphingolipid-rich domains of the
plasma membrane, in which a number of signaling molecules
may be located [52]. Since they are highly hydrophobic and rich
in cholesterol and sphingolipids, some authors often refer to
caveolae as lipid rafts [89,90]. Caveolae have been implicated
in numerous functions, having important roles in cell signaling,
lipid regulation and endocytosis [91].

The most famous ligand for this pathway seems to be albumin.
The binding to its receptor, gp60, provokes internalization of
the protein. In addition, there is a growing number of receptors,
other than the gp60, which are known to induce caveolae-medi-
ated uptake. These receptors are involved in the uptake of
ligands such as folic acid, alkaline phosphatase, and pathogens

as ganglioside-bound cholera toxin, SV40 virus, polyoma virus,
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HIV virus. Using caveolae-dependent endocytosis, pathogens

can escape the endosomolytic intracellular path.

Caveolae on the plasma membrane: The shape and structural
organization of caveolae are conferred by members of the cave-
olin gene family, caveolin-1, -2 and -3 (Cav-1, -2 and -3).
Cav-1 and -2 are rather ubiquitous, being highly co-expressed
in fibroblasts, adipocytes, endothelial cells and pneumocytes.
Cav-3 is expressed independently and is limited to the skeletal
musculature and cardiac myocytes. Cav-1 seems to be the one
giving shape to the caveole. It is a small integral membrane pro-
tein, whose hydrophobic amino acids are inserted into the inner
leaflet of the membrane bilayer in a hairpin-like form. The
cytosolic region functions as a scaffolding domain and has been
implicated in cholesterol and sphingolipid-rich membrane
domain binding [52,89,91]. Cav-1 was shown to be highly
immobile at the plasma membrane. Therefore, it seems that this
protein stabilizes the plasma membrane association of the
invaginations, postponing their dynamin-dependent budding
and detachment, regulating the constitutive endocytosis. This
could also mean that the uptake can be opened by some specif-
ic signaling events. If so, ligand internalization via caveolae-de-
pendent endocytosis may be signal mediated in cells expressing
Cav-1 [90]. Cav-2 has also been suggested as necessary for the
formation of deep plasma membrane-attached caveolae.

Further studies on caveolae-dependent endocytosis have made it
clear that caveolae formation requires proteins other than cave-
olins. The second group of proteins needed is named cavins. In
contrast to caveolins, cavins are peripheral membrane proteins
which bind molecular components of the caveolar domain
facing the cytosol. Recently, a crucial role in caveolae forma-
tion has been attributed to PTRF (polymerase I and transcript
release factor), also known as cavin-1. In the last steps of cave-
olae biogenesis, PTRF is recruited to the plasma membrane and
it most likely operates as a coat protein for caveolae. Binding of
cavin-1 to the domain containing oligomerized caveolins,
cholesterol and phosphatidylserine stabilizes the membrane
curvature to produce the classical flask-shaped caveolae
[89,91].

Two other components which are essential for the caveolae for-
mation are the actin cytoskeleton as well as cholesterol. The
actin cross-linking protein filamin is one of the proteins identi-
fied as a ligand for Cav-1 and it is thought that PTRF may serve
as a direct connection between the caveolae and the
cytoskeleton [89].

Caveolae internalization and trafficking: Electron microsco-

py data show that caveolae are tightly connected to the actin

filaments, which suggest a role for the cytoskeleton in caveolae-
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dependent endocytosis. The internalization of caveolae is facili-
tated by the disruption/reorganization of the cytoskeleton. Local
disassembly of the cortical actin network is essential to initiate
inward transport of caveolae along microtubules, which serve as
transporting tracks. These observations show a dual role for
actin in caveolar internalization: one is to keep the organization
of caveolae and maintain their immobility at the plasma mem-
brane, and the other is to promote vesicle budding and release

from the membrane [91].

Another factor that regulates caveolae budding is the activity of
kinases and phosphatases. Cav-1 and -2 are known to be sub-
strates for Src, a tyrosine kinase which phosphorylates the scaf-
folding domain of both proteins. The simultaneous phosphory-
lation might equally be important in regulating caveolae
budding and pinching off from the cellular membrane. On the
contrary, phosphatases seem to inhibit caveolar endocytosis.
PP1 and PP2 (protein phosphatases) activity contributes to the
dephosphorylation of Cav-1 and -2 [89,90].

Caveolae endocytosis relies heavily on dynamin, a multi-
domain GTPase, shown to interact directly with Cav-1. Ligand
binding disrupts the local actin cytoskeleton and promotes
dynamin II recruitment to the site of internalization. Dynamin
oligomerization and subsequent GTP hydrolysis result in the
formation of a collar, which constricts the neck of caveolae and

results in release from the membrane [91].

The question left after membrane release is whether the inter-
nalized caveolae can fuse with endosomes and follow the clas-
sical endocytic pathway or there is an alternative pathway in-
volving different cellular compartments. Studies on caveolar
internalization have shown that this path is always accompa-
nied by the appearance of grape-like caveolar complexes, which
are termed caveosomes. These are pH neutral multi-caveolar
structures with a heterogeneous morphology, presumably
distinct from the classical endocytic organelles. The future fate
of these structures is not entirely clear. Viruses are known to
use this pathway to avoid lysosomal degradation. However,
other data show that ligands such as the cholera toxin internal-
ized by caveolae can be driven to the classical endocytic
organelles [89].

Caveolae-mediated endocytosis and CPPs: The first report
that caveolae-mediated endocytosis can take part in the uptake
of CPPs comes from Fittipladi and co-workers [92]. Their main
focus was the internalization of TAT fusion proteins. This ob-
servation is a contrast to the aforementioned possible TAT
uptake pathways — macropinocytosis and clathrin-mediated
endocytosis. However, in this case the specific uptake path

might depend mostly on the cargo attached to the peptide.
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The research group came to this conclusion after investigating
the uptake of TAT fusion proteins in fixed cells as well as in
real time using living cells. After using methyl-f-cyclodextrin,
they observed an impairment of endocytosis. Furthermore, there
was no co-localization observed with transferrin, a common
agent used to trace clathrin-mediated endocytosis, while the
peptide conjugates clearly co-localized with cholera toxin, a
marker for caveolae-mediated endocytosis. In addition, the
uptake process seemed to occur slowly, which is incompatible
with the fast dynamics described for CME. This might be due to
Cav-1, which stabilizes the caveosomes on the cell membrane,
and thus, slows down the uptake process [92,93].

It was postulated that this process occurs due to the interaction
of the peptide complex with heparan sulfate chains of HSPG.
However, based on this idea, one may wonder how the interac-
tion of TAT and HSPG can lead to both CME and CvME.
Indeed, the preferred uptake road mainly depends on the associ-
ation with the proteins conjugated to heparan sulfates (synde-
cans and glypicans). Glypicans have been shown to prefer
CvME for ligand uptake [87]. Fusing the TAT peptide with a
protein could favor binding to glypicans, and thus, the uptake
via CvME.

Caveolae-mediated endocytosis has also been observed in the
uptake of proline-rich CPPs [94]. Proline-rich peptides are a
chemically and structurally diverse family of cell-penetrating
vectors characterized by the presence of pyrrolidine rings from
prolines. The amphipathic group of proline-rich peptides has
been particularly effective, demonstrating efficient cellular
uptake and no cytotoxicity. Investigations of the uptake path-
way of these peptides have shown that their internalization is
energy-dependent and they mostly co-localize with cholera
toxin. This leads to the conclusion that caveolae-mediated endo-
cytosis is mainly involved in amphipathic, proline-rich CPPs
uptake. Furthermore, the uptake is thought to be provoked by
the interaction between the CPPs and glycosaminoglycans in

the extracellular matrix [94].

Séilik and co-workers [95] have reported that transportan and
transportan-10 (TP10) mediate protein delivery using caveolae-
mediated endocytosis. Studying the uptake mechanism, the
group showed that internalization was impaired by cholesterol
depletion and Cav-1 downregulation. Co-localization with
markers for caveosomes was also observed. This led to the
conclusion that CvME might be one of the paths involved in
transportan—cargo complex uptake. However, other mecha-
nisms might have a part as well. What is interesting here is that
in both cases, with TAT fusion proteins and transportan—pro-
tein complexes, caveolae-mediated uptake seems to be the

preferred pathway. This is probably a result of the increase in
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size due to cargo linkage to the CPP, which is in accordance
with the size-dependency of the internalization mechanism.
Conjugates larger in size are usually taken up by CvME, while

the free peptides might use a different path [96].

Stearylated-transportan analogues were also reported to enter
cells via CvME [97]. PepFect14 (PF14) complexes with
plasmid DNA (pDNA) were detected in endocytic vesicles
close to the plasma membrane. The vesicles were mostly of
caveolar origin, clearly distinguishable from clathrin-coated
structures. The group describes them as grape-like groups or
rosettes. Within 1 h of incubation, PF14/pDNA complexes were
found in multivesicular bodies. It is postulated that in this case,
CvME is provoked by the interaction of PF14/pDNA com-
plexes with scavenger receptors, since their uptake was signifi-
cantly decreased after SCARA knockdown.

The following report for CvME involvement in CPP uptake
comes from a group working on azurin. Azurin is a 128 amino
acid-long copper containing redox protein. As a class, redox
proteins are not normally classified as CPPs. However, the
amphipathic azurin fragments p18 and p28 containing 54 to 67
amino acids have the a-helical structure of azurin. These frag-
ments represent the protein transduction domains of azurin and
are reported to have cell cycle inhibitory and antiangiogenic
effects [98,99]. Studying the uptake of these fragments, the
group observed that both peptides did not enter cells if choles-
terol was depleted, and they highly co-localized with Cav-1 in
the first 30 min of incubation. This indicates that, at least in
part, internalization was caveolae-mediated.

More recently, the N-terminus of VP1 from chicken anemia
virus (CAV), designated as CVP1, was shown to act as CPP and
efficiently deliver exogenous molecules through caveolae-medi-
ated endocytosis [100]. While employing several endocytic in-
hibitors, methylated B-cyclodextrin significantly reduced the
uptake of CVP1, which implies caveolae-mediated endocytosis
as a possible internalization mechanism. The peptide has shown

to be more efficient than TAT in delivering cargo molecules.

Clathrin- and caveolae-independent endocytosis

The plasma membrane is the spot of origin for complex endo-
cytic pathways, and we are beginning to get a deeper under-
standing about the way these pathways are regulated. Having
defined a substantial number of molecules involved in CME
and CvME, other portals for entry into the cells remain obscure.
One such pathway involved specifically in the uptake of lipids
and fluids may be clathrin- and caveolae-independent [101].

Nowadays, it is accepted that lipids and lipid—protein interac-

tion have a crucial role in the functional compartmentalization
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of the plasma membrane into microdomains. The term ‘lipid
rafts’ has been used to define these lipid domains, formed by
the interaction of sterols and sphingolipids. Lipid rafts are small
structures, 40-50 nm in diameter, that diffuse freely on the cell
surface. The partitioning of certain macromolecules into lipid
rafts eases their internalization via endocytic pathway which is
clathrin- and caveolae-independent. Even though caveolae are
considered a lipid raft subtype and are sometimes classified as
identical structures, it is now well established that endocytosis
occurs even in cells devoid of caveolae. This conclusion is sup-
ported by the fast kinetics of the independent pathway, knowing
that due to Cav-1 caveolae-mediated endocytosis is a slow
process. This process was best characterized for cytokine recep-
tors on lymphocytes, glycosylphosphatidylinositol anchored
proteins (GPI-AP) and viruses [52,101,102].

Although the mechanisms that govern clathrin- and caveolae-in-
dependent endocytosis are still poorly understood, it is known
that these coat-free pathways can be dynamin-dependent or -in-
dependent. For example, it has been shown that this fluid-phase
uptake can occur in the presence of a dynamin mutant form,

where the canonical endocytic pathways are blocked [52].

The most famous representative for the dynamin-dependent
pathway is the interleukine-2 receptor (IL-2R). Studies confirm
that IL-2R subunits associate with lipid raft domains, and
dynamin regulates the budding and pinching off from the mem-
brane, while the actin-based machinery facilitates the entry
[52]. On the other side, endocytosis in the absence of identifi-
able coats and a particular pinching machinery posed multiple
problems. Recent evidence suggests that, in the absence of a
specific coat, lipid accumulation could initiate membrane defor-
mation by physically making the membrane bud and form a
vesicle. Endocytosis of GPI-AP does not involve any detectable
coat nor is it dynamin-dependent. The GPI-anchor was re-
quired for internalization via a pathway sensitive to cholesterol
depletion. Immediately after internalization, GPI-AP were seen
in labile tubular structures. These structures are termed GEECs
(GPI-enriched endosomal compartments). This pathway has

been shown to be highly actin-dependent [101,103].

Another dynamin-independent path is the ARF-associated path-
way, which is thought to be used by the SV40 virus [102]. This
pathway is only one of the mechanisms the virus uses to enter
cells, since it is known that infection happens via CvME as
well. Studies using the virus have shown that the pathway is
cholesterol-dependent, involving coat-free endocytic vesicles
with a neutral pH and fast uptake kinetics.

Flotillins appear to outline another, dynamin- and coat-indepen-
dent pathway, which has been used by GPI-anchored CD59 in
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HeLa cells. Flotillin 1 and 2 seem to induce membrane invagi-
nations in a dose-dependent manner. Furthermore, phosphoryla-
tion by tyrosine kinases seems to activate endocytosis via this
pathway. However, some studies suggest that flotillins might be
involved also in dynamin-dependent pathways, serving as
adaptor proteins for specific cargo.

CPPs internalized via clathrin- and caveolae-independent
endocytosis: Concerning CPPs, clathrin- and caveolae-indepen-
dent endocytosis has only been reported in a few cases so far.
Azurin and its fragments p18 and p28, which were mentioned
earlier as peptides using CvME to enter cells, might also use a
caveolae-independent pathway. It is postulated that this process
occurs in parallel with CvME [98]. Another case is the internal-
ization of transportan and transportan-10. Although both of the
peptides have shown to enter cells via caveosomes, another
uptake process is also possible. Flotillins were thought to be
involved in the clathrin- and caveolae-independent uptake of
transportans [95]. The most recent report of a CPP using this
mechanism of internalization comes from Ye and co-workers
[104]. The group used low molecular weight protamine
(LMWP) as siRNA carrier. It was noted that LMWP/siRNA
complexes entered cells in spite of the presence of inhibitors for
all the major endocytic pathways as well as GTPase inhibitors.
This led to the conclusion that the uptake of the complex might
be clathrin- and caveolae-independent and also dynamin-inde-
pendent, as suggested by the fraction of internalized complexes

in the presence of a GTPase inhibitor.

Release from endosomes

CPPs have proven to be molecules able to hijack or induce one
or more endocytic mechanisms. As a result, CPP/cargo com-
plexes tend to accumulate inside endocytic organelles, which
more often than not, is not the preferred site of action. Howev-
er, many reports have now established that CPP/cargo com-
plexes can escape from endocytic organelles and reach the
cytosolic space. Therefore, CPPs appear to promote the release
of molecules trapped in endocytic vesicles, which is essential
for intracellular delivery. As is known, molecules which remain
within endosomes cannot display their biological activity. In ad-
dition, these molecules are subjected to degradation by acidic
pH or hydrolases, as they travel from early endosomes to late
endosomes, and finally, are fused with lysosomes [105].

Mechanisms of endosomal escape and strategies to improve
it: The release from endosomes seems to be a limiting step in
the endocytic uptake of CPPs — it determines the efficiency with
which a cargo reaches the cytosol. Thus, understanding the
mechanisms that underline this process is of great importance.
A great part of the challenge in understanding how CPPs escape

endosomes lies in the frequent poor efficiency of endosomal
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release of these systems. This does not pose a problem for
cargos which require a small number of copies to elicit a
response, however, ones which require a larger number of

copies often fail to show biological effects.

Several mechanisms for endosomal escape have been proposed
so far. One possible mechanism is based on the ability of CPPs
to induce membrane disruption. Positively charged CPPs are
thought to interact with negatively charged phospholipids in the
endosomal membrane [105]. This interaction would result in the
formation of a membrane pore and leakage, which would ease
the release of CPPs. TAT has been shown to induce leakage of
endosomes after interacting with negatively charged phospho-
lipids in the endosomal membrane [106]. Another possible
mechanism for escape is the formation of ionic pairs between
CPPs and negatively charged membrane lipids, which would
then partition across the endosomal membrane [107]. This
mechanism has been proposed for oligo-arginines [108]. In the
following, some of the most common strategies used to improve
endosomal release are discussed. Figure 4 gives a representa-

tion of these mechanisms.

Cell-penetrating peptides/cargo complexes

Figure 4: Most commonly used strategies for improving the endo-
somal release of CPPs. A) Fusogenic lipids, B) pH-sensitive mem-
brane disruptive peptides, C) ‘Proton sponge’ effect, D) Endosomolytic
agents such as chloroquine.

Strategies to improve endosomal release of CPPs:

1. Use of fusogenic lipids: Fusogenic lipids have been sug-
gested as a tool to improve the endosomal release of CPPs. The
inclusion of a neutral helper lipid such as dioleoylphosphatidyl-
ethanolamine (DOPE), is known to greatly enhance the release

and activity of the cargo molecule. For instance, DOPE incor-
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poration in lipoplexes or TAT-pDNA complexes showed a vast

improvement in transfection efficacy.

The mechanism by which DOPE is thought to mediate endo-
somal release is the following. At lower pH levels, which are
found in endosomes, DOPE shifts its phase from lamellar to an
inverted hexagonal phase. The inverted hexagonal phase
supports the fusion of the nanocarrier and the endosomal mem-
brane, which finally destabilizes the membrane to release the

nanocarrier into the cytosol (Figure 4) [107].

2. Membrane-disruptive peptides: What would be a better
way of overcoming the endosomal trap than mimicking nature’s
mechanisms such as those that viruses use? This can be easily
done by conjugating a viral fusion sequence to a nanocarrier.
For this purpose, a commonly used peptide is the HA2 peptide.
It is a pH-sensitive fusogenic peptide derived from the hemag-
glutinin protein of influenza virus. The HA2 peptide has an
a-helix structure at its N-terminus capable of insertion into
membranes. Under the acidic pH conditions in endosomes, a
conformational change exposes the a-helix structure, which
then fuses with the endosomal membrane and is followed by the
release of the virus in the cytosol [23,107]. This method has
been used to improve the endosomal release of TAT complexes
with proteins, as well as for transportan—peptide nucleic acid
(PNA) complexes [60,109].

3. The ‘proton sponge’ effect: The ‘proton sponge’ effect, in
which the buffering capacity of an agent is used to increase
osmotic pressure within endosomes leading to their swelling,
rupture and release of contents, has been investigated as another
strategy to improve the endosomal release of CPPs. One of the
commonly used agents in this case is histidine. At acidic condi-
tions in the endosomes, the imidazole group in histidine is
protonated, which results in osmotic swelling and rupture of the
endosome [110]. This strategy has been successfully employed
to enhance the gene expression of a TAT/pDNA complex [111].
Another way to exploit the proton sponge effect is to use mem-
brane disruptive polymers such as polyethylenimine (PEI).
Upon protonation, PEI provokes the rupture of endosomes. PEI
has been combined with a TAT/pDNA complex and has im-
proved its cytosolic delivery [107].

4. Use of endosomolytic agents: The most famous representa-
tive of endosomolytic agents is chloroquine, a weak base that
can enter cells and accumulate in endosomes and lysosomes
after being protonated. At low concentration, chloroquine can
inhibit endosome acidification and thus, prevent its maturation.
At high concentration, it can cause endosomal swelling and rup-
ture. Wadia and co-workers [60] reported that chloroquine en-

hanced the nuclear delivery of TAT fusion proteins. This
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method has also improved the delivery of siRNA complexed
with MPGa [23,84].

5. Photochemical Internalization: Photosensitizers that can
accumulate in the endosomes have been used to achieve endo-
somal release. These compounds are able to localize in cell
membranes and are taken up by endocytosis, where they again
localize in the endosomal membrane. Upon irradiation with
light of a specific wavelength, these molecules are able to
produce reactive oxygen species (ROS). These ROS will
damage and rupture endosomal membranes, causing the release
of the endosomal cargo [105].

Factors affecting the cellular uptake

mechanism

The internalization mechanism of CPPs still remains a matter of
debate. In spite of many similarities between different CPPs,
their uptake mechanisms may vary considerably. This leads to
contradictory observations, mostly because there is a great num-
ber of factors that affect the cellular uptake and translocation
mechanism. In general, the factors that determine the uptake
routes of cell penetrating peptides can be divided into two
major groups: 1) the physicochemical properties, concentration
of peptide and its cargo and ii) the properties of the plasma
membrane, its lipid and protein composition.

Contradictory results regarding the internalization mechanism
of CPPs often arise due to differences in experimental condi-
tions. The fist important factor is the CPP concentration. In
many cases, it has been shown that the applied concentration
greatly affects the uptake pathway. Another factor is the net
charge of the peptides, especially the positive charges coming
from arginine residues. Most of the CPPs are rich in arginine
residues, and arginine (in particular, its guanidinium group) is
more favorable than lysine for the delivery and the uptake of
CPP. Amphipathicity is another factor known to influence
uptake. Primary and secondary amphipathic peptides can
directly penetrate through the cell membrane at low concentra-
tion, while nonamphipathic CPPs use endocytosis [1]. The tem-
perature at which the experiment is conducted can also influ-
ence the internalization mechanism. Fretz et al. [41] have ob-
served the temperature dependence of R8 translocation across
plasma membranes. They have found that at 4 °C diffuse
signals from the fluorescently labeled peptide are more promi-
nent in the cytoplasm, which is usually an indicator for a direct
translocation across the membrane. However, at 37 °C, both
diffuse and punctate signals were observed, pointing to a
possible activation of an endocytic mechanism at higher tem-
perature. Cargo molecules attached to CPPs can also greatly in-
fluence the uptake path. The roles of cargo, concentration and

cell lines will be further discussed below.
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Role of cargo molecules

The cargo conjugated to the CPP is often a very important pa-
rameter of internalization. Tiinnemann et al. [112] compared the
uptake of TAT conjugated to peptides and globular proteins in
living cells. They found that the size of cargo fused to TAT had
a great influence on the uptake mechanism. The larger com-
plexes containing proteins were seen inside vesicular structures,
while the TAT-peptide conjugates were diffusely distributed
throughout the cell. This indicates that the size of the cargo,
which naturally influences the size of the overall complex, leads
to a different uptake mechanism. The smaller the size, the
greater is the chance that the complex will be taken up by direct
translocation. At larger dimensions, however, endocytosis
prevails. This is similar to the case of the uptake mechanism of
unconjugated TAT compared to TAT fused to a cargo, where
the presence of a cargo molecule decides between two different
endocytosis mechanisms [83,93]. Unconjugated TAT prefers
CME to enter cells, while its conjugated counterpart is more
likely to use CvME.

The uptake of other arginine-rich peptides is also a subject of
cargo influence. Maiolo et al. [113] investigated the effects of
cargo molecules on the uptake of R7 and R7W (R7 conjugated
to a tryptophan residue). The peptides alone showed diffuse
signals in the cytoplasm of the cells used. However, after fusion
to cargo peptides, there was a significant reduction in the
diffuse signal and a small increase in the punctate signal

coming from endocytic vesicles.

Role of concentration

The concentration of the CPP is a supreme factor, since it can
trigger different uptake pathways. It is believed that endo-
cytosis usually occurs at low peptide concentration, and it
switches to direct penetration when the concentration is higher.
While investigating the role of temperature in the uptake of RS,
Fretz et al. [41] also tested the dependence on the concentration.
When lower peptide concentration was used, vesicular labeling
was observed in the cytoplasm indicating endocytic uptake. At
higher concentration, vesicular and diffuse labeling were
present, indicating that endocytosis and direct penetration might
occur simultaneously. This was later confirmed by another
research group, which observed a similar behavior of the
peptide dependent on the concentration [114]. R9 and TAT
have also been tested for concentration-dependent uptake
[67,114]. These peptides also show predominantly vesicular
signals at lower concentration and extensive cytosolic labeling
at higher concentration. However, in this case the situation
becomes more complicated, because at low concentration
(<5 uM) endocytic inhibitors had only a slight effect on the
uptake of R9 and TAT, while at higher concentration clathrin

inhibitors seem to strongly influence the uptake. Indeed, it was
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observed that the peptides are, to some extent, taken up by
vesicular structures at higher concentration, in addition to the
fast, nonendocytic uptake via nucleation zones [67]. As this
results suggest, the effect of the CPP concentration on the
uptake mechanism can be much more complicated than initially
thought.

In contrast, penetratin seems to work differently. For this
peptide, it has been shown that direct penetration occurs at low
concentration. The switch to endocytosis occurs when the con-
centration is increased [26].

Role of the cell type

The cell lines used in experiments for CPP internalization also
have a huge impact on the mechanism of uptake. In particular,
the properties of the plasma membrane and the extracellular
matrix structure can play a major role in CPP uptake. It is
known that the first contact during internalization forms be-
tween the positively charged CPPs and the negatively charged
GAGs from the extracellular matrix.

Hillbrink et al. [115] investigated how the peptide-to-cell ratio
influenced the cellular uptake into Chinese hamster ovary
(CHO) cells. To be more specific, they wanted to see how the
uptake changes if the number of peptides, instead of the concen-
tration, is increased at a constant cell number. Furthermore,
they observed the impact of cell number and confluence on the
uptake. What they have shown is that doubling the incubation
volume at a fixed number of cells increased the intracellular
peptide concentration more efficiently than doubling of the
external peptide concentration. Moreover, applying a fixed
peptide concentration to different cell densities revealed a de-
crease of the uptake at higher confluence. This could be caused
by the different membrane composition or the different
endocytosis behavior of the growing cells. Another possibility
is that access to the membrane decreases as confluence in-
creases. These results are an interesting example of how experi-
mental factors in cell culture can influence the uptake effi-

ciency.

Mueller et al. [116] did a profound investigation of the uptake
of 22 different CPPs in four different cell lines. They used Cos-
7, HEK293, HeLa and MDCK as representative cell lines and
studied the internalization of some of the most prominent CPPs
such as penetratin, TAT, transportan, Pep-1, MPG, MAP, R7
and R9. The results led to the categorization of CPPs into three
groups according to their behavior, showing high (penetratin,
transportan, MAP), medium (TAT, Pep-1, MPG) and low cellu-
lar uptake. What is interesting here is that the results show cell-
dependent uptake for some of the peptides. For example, MPG
was preferentially taken up by Cos-7 cells, fibroblast-like cells
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derived from monkey kidney tissue. This could be due to the
fact that MPG has a NLS derived from SV-40 large T antigen,
the virus which was used for obtaining the Cos-7 cell line
[117,118]. Penetratin was the favorite for HeLa cells, while
transportan entered all cell lines with similar efficiency. The
effect of endocytosis inhibitors was also shown to be cell-de-
pendent, thus implicating different uptake mechanisms in dif-
ferent cell lines. For example, TAT showed mostly vesicular
distribution in all cell types. However, a more diffuse signal, as
well as cytoplasmic and nucleic localization was found for
HeLa and MDCK cells.

Cell-dependent uptake was also observed for R7 and R7TW
[113]. Their uptake was investigated using the two different cell
lines A431 and U20S. Endocytic uptake was shown to be more
prevalent in A431 than in U20s cells as measured by the vesic-
ular distribution of the peptides.

It is generally accepted that the first contact that leads to CPP
internalization is between the positively charged peptides and
the negatively charged GAGs from the extracellular matrix. In
this case, heparan sulfate proteoglycans have been given the
prominent role of inducing membrane translocation of several
CPPs. Although all tissues express proteoglycans, the level of
expression is determined by the state of differentiation and
growth of the cell, and specific HPSG isoforms are known to be
differentially expressed in different cell types [119]. The influ-
ence of different HSPG isoforms has yet to be investigated in
detail. However, it is known that the uptake of some CPPs
depends highly on the presence of these proteoglycans. It has
been reported several times that the interaction with HSPGs is
essential for the uptake of TAT [83,120]. Proteoglycan-binding
has been observed to be important for the internalization of R8
and R9 as well [70,121].

Recently, a study investigated the influence of cell lines on the
uptake of a CPP with a potential anticancer activity [122]. The
CPP is sC18, a peptide derived from the C-terminal domain of
the antimicrobial peptide CAP18. Its uptake was investigated in
HeLa, PC-3, HCT-15 and MCF-7 as cancer cell lines, and
HEK?293 as a noncancer cell line. Interestingly, in all cancer
cell lines, a diffuse fluorescent signal next to a punctate distri-
bution was observed in the cytoplasm as well as nuclear accu-
mulation. However, in the noncancer cell line just a punctate
distribution was seen, and hardly any peptide in the nucleus was

observed.

Role of membrane properties
A substantial amount of knowledge has been obtained about the
permeability properties of CPPs since they were first discov-

ered. Despite the information about their cell penetration mech-
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anism being sometimes confusing and contradictive, we are
familiar with their properties (such as physicochemical proper-
ties and concentration) which influence their uptake. However,
less is known about the influence of the plasma membrane
properties on the uptake. The number of studies on this topic is
rather narrow, however, information about the impact of plasma
membrane composition and how it changes and adapts is avail-

able from studies using poly-arginines [123].

Crosio et al. studied the influence of the membrane properties
on the uptake of lysine- and cysteine-modified nona-arginine
(KR9C) by utilizing anionic membranes with different fluidity
and rigidity (a saturated membrane composed of DOPG/DPPC,
an unsaturated membrane composed of DOPG/DOPC or a mix-
ture of DOPC with cholesterol). They found that the peptide
adsorbs on the polar regions of all membranes and this leads to
the reduction of the anionic membrane charge. The peptide was
able to get inserted into both DOPG/DOPC and DOPG/DPPC
layers, however, when it came to the monolayers containing
cholesterol, its insertion was impaired. This led to the conclu-
sion that cholesterol molecules located in the cell membrane

can hinder the uptake of poly-arginines.

The most likely explanation for the insertion of the peptide
into the lipid layer is the ability of poly-arginines to recruit
negatively charged phospholipid heads and thus decrease
the surface pressure of the membrane. The peptide also in-
creased the conductivity of both saturated and unsaturated
layers and caused membrane deformations. The membrane
deformations are thought to be caused by the charge neutraliza-
tion, which can lead to a decrease in bending rigidity. A similar
behavior was described for the TAT peptide by Herce et al.,
discussed in more detail in a previous section (Direct transloca-
tion mechanisms used by arginine-rich peptides), where the in-
corporation of water into the membrane together with the
peptide as well as membrane thinning have been mentioned
[47,48,123].

In vivo application of CPPs

CPPs demonstrated to be highly efficient in cargo delivery in
vitro, being able to mediate the uptake of different cargo mole-
cules in a number of cell lines. However, their success as
delivery systems in vivo has been limited, mostly due to in vivo
stability issues (they are susceptible to proteolytic degradation),
immunogenicity or toxicity due to the lack of specificity
[7,124,125]. Up to now, a number of in vivo studies have been
done, in which CPPs such as TAT or penetratin have been
tested for their cytotoxic and immunogenic potential [3]. The
outcome so far shows that CPPs exert low cytotoxicity and no
immune response. This gives the promise that, in some cases,

these results can be translated to humans [126].
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A CPP called PepFect6, which is based on covalently modified
TP10 by the introduction of a proton-accepting moiety to facili-
tate endosomal escape and stearylation for an improved serum
stability, was tested for its toxicity and immunogenicity in mice,
following systemic administration. The in vivo studies
showed that the peptide was mainly distributed in the liver, in
the lung or in the kidney, with no associated toxicity and a
negligible immune response. Furthermore, more than 60% gene
silencing has been observed by using this peptide (PepFect6
was used as a carrier for the HPRT1 house-keeping gene
siRNA) [20,124].

Another example of a successful application of a CPP in vivo is
given by Toro and co-workers [127,128]. In this case, the TAT
protein was used as a protein transduction domain, and it was
conjugated to purine nucleoside phosphorylase (PNP), an intra-
cellular enzyme crucial for purine degradation. The toxic and
immunogenic effects as well as the effects on the biological ac-
tivity of the cargo were observed in mice. Defects in PNP activ-
ity are known to result in metabolic abnormalities and fatal
T cell immunodeficiency. The conjugation of the enzyme to
TAT had positive effects on the retention and the distribution of
PNP, as well as on the immunogenicity. The TAT-fusion
prevented the enzyme from being excreted, while the nonfused
PNP was undetectable in blood and tissues only after several
hours after administration. Furthermore, TAT-PNP maintained
its biological activity and an increase in T cell number was ob-
served, besides an increase in the titer of antibodies against
TAT-PNP.

In vivo studies have also been conveyed on Duchenne muscular
dystrophy (DMD), a deadly neuromuscular pathology caused
by the absence of the dystrophin protein and characterized by a
progressive weakness of skeletal muscles. Here, penetratin was
used as a CPP conjugated to a NF-xB peptide inhibitor, since
NF-«B is known to be a possible target for therapeutic interven-
tion. Mice were treated intraperitoneally and showed an
improvement in motor performance. CPPs can also be used in
the development of delivery systems for cancer treatment, since
oftentimes traditional chemotherapy lacks specificity. For such
purpose, the amphipathic peptide MPG has been utilized as a
carrier for a siRNA molecule targeting cyclin B1 (a mitosis-
regulating protein with altered expression in various forms of
cancer). The complexes were functionalized with a cholesterol
moiety, in order to be more suitable for systemic administration.
After intravenous administration, a significant reduction in the

tumor size was observed [126].

An attractive approach in the use of CPPs would be to circum-
vent the parenteral method of administration and find another

less invasive but effective mode of drug delivery system appli-
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cation. Schiroli et al. [129] have reported the use of a peptide
for ocular delivery (POD) with cell penetrating properties,
known to diffuse into the corneal layers. The peptide was
noncovalently complexed to a siRNA molecule, and the knock-
down of luciferase reported gene expression in the corneal
epithelium was evaluated. After topical administration of the
complex, a 30% reduction in the expression was observed, with

no inflammatory or toxic effects.

Worth mentioning is an in vivo study done by Ghatnekar et al.,
who studied the effect of antennapedia cell internalization se-
quence linked to the C-terminus of connexin43, called ACT1, in
wound healing. Mouse and pig models of skin wound healing
were used, and wounds were assessed for structural and func-
tional markers of inflammation, scaring and healing. It was
shown that the ACT1 peptide promotes regenerative healing
and decreases inflammation [130]. As a topically applied
peptide, ACT1 also showed promising results in a phase II trial
[131]. For further reading on the preclinical and clinical appli-
cation of CPPs, a great overview is given in a review by
Guidotti and colleagues [126].

Conclusion

CPPs present a major breakthrough as delivery systems for
macromolecules. CPPs are capable of entering the body in a
noninvasive manner, they do not destroy the integrity of cellu-
lar membranes, and are considered highly efficient and safe.
Thus far, they have been used to safely deliver molecules such
as peptides, proteins and nucleic acids that are generally diffi-
cult to deliver due to some of their inherent properties. There-
fore, they provide new horizons for research and application in
medical sciences.

The uptake of CPPs has been reported in a wide variety of cell
types and in combination with different cargo molecules. How-
ever, the exact mechanism CPPs use to traverse cell mem-
branes still seems like an unsolvable riddle. As it is stated
above, CPPs use different mechanisms to enter cells. In general,
the mechanisms can be divided into two broad groups: endo-
cytosis and direct penetration. Nevertheless, there is not even
one CPP that strictly falls into one of the two categories. In the
literature, it is described that many CPPs use different uptake
pathways depending on their structure, net charge, concentra-
tion, type of cargo, cell lines used, temperature at which uptake
studies were conducted and incubation times. The high vari-
ability in these factors between different laboratories leads to
controversial results regarding the internalization mechanism,
so at some points, this obstacle seems very hard to overcome.
Undoubtedly, by further investigating the influence of each pa-
rameter and by the standardization of the recent experimental

methods, more light will be shed on the mechanisms CPPs use
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to enter cells. Or, to freely quote Richard Feynman — “There’s

plenty of room at the bottom”.

ORCID® iDs

Andreas Zimmer - https://orcid.org/0000-0003-3127-287X

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Madani, F.; Lindberg, S.; Langel, U.; Futaki, S.; Graslund, A.

J. Biophys. 2011, 1-10. doi:10.1155/2011/414729

Guo, Z.; Peng, H.; Kang, J.; Sun, D. Biomed. Rep. 2016, 4, 528-534.
doi:10.3892/br.2016.639

Heitz, F.; Morris, M. C.; Divita, G. Br. J. Pharmacol. 2009, 157,
195-206. doi:10.1111/j.1476-5381.2009.00057.x

Lonn, P.; Dowdy, S. F. Expert Opin. Drug Delivery 2015, 12,
1627-1636. doi:10.1517/17425247.2015.1046431

Reissmann, S. J. Pept. Sci. 2014, 20, 760-784. doi:10.1002/psc.2672
Silva, S.; Aimeida, A. J.; Vale, N. Biomolecules 2019, 9, 22.
doi:10.3390/biom9010022

Wang, F.; Wang, Y.; Zhang, X.; Zhang, W.; Guo, S.; Jin, F.

J. Controlled Release 2014, 174, 126—136.
doi:10.1016/j.jconrel.2013.11.020

Zhang, D.; Wang, J.; Xu, D. J. Controlled Release 2016, 229,
130-139. doi:10.1016/j.jconrel.2016.03.020

Frankel, A. D.; Pabo, C. O. Cell 1988, 55, 1189-1193.
doi:10.1016/0092-8674(88)90263-2

Munyendo, W. L.; Lv, H.; Benza-Ingoula, H.; Baraza, L. D.; Zhou, J.
Biomolecules 2012, 2, 187-202. doi:10.3390/biom2020187
Deshayes, S.; Morris, M. C.; Divita, G.; Heitz, F. Cell. Mol. Life Sci.
2005, 62, 1839—-1849. doi:10.1007/s00018-005-5109-0

McClorey, G.; Banerjee, S. Biomedicines 2018, 6, 1-15.
doi:10.3390/biomedicines6020051

Tai, W.; Gao, X. Adv. Drug Delivery Rev. 2017, 110-111, 157—-168.
doi:10.1016/j.addr.2016.08.004

Devaraj, N. K. ACS Cent. Sci. 2018, 4, 952—959.
doi:10.1021/acscentsci.8b00251

Field, L. D.; Delehanty, J. B.; Chen, Y.; Medintz, I. L. Acc. Chem. Res.
2015, 48, 1380—1390. doi:10.1021/ar500449v

Sapsford, K. E.; Tyner, K. M.; Dair, B. J.; Deschamps, J. R.;
Medintz, I. L. Anal. Chem. (Washington, DC, U. S.) 2011, 83,
4453-4488. doi:10.1021/ac200853a

Meade, B. R.; Dowdy, S. F. Adv. Drug Delivery Rev. 2008, 60,
530-536. doi:10.1016/j.addr.2007.10.004

Muratovska, A.; Eccles, M. R. FEBS Lett. 2004, 558, 63—68.
doi:10.1016/s0014-5793(03)01505-9

Chiu, Y.-L.; Ali, A;; Chu, C.-y.; Cao, H.; Rana, T. M. Chem. Biol. 2004,
11, 1165-1175. doi:10.1016/j.chembiol.2004.06.006

EL Andaloussi, S.; Lehto, T.; Mager, |.; Rosenthal-Aizman, K.;
Oprea, I. I.; Simonson, O. E.; Sork, H.; Ezzat, K.; Copolovici, D. M.;
Kurrikoff, K.; Viola, J. R.; Zaghloul, E. M.; Sillard, R.; Johansson, H. J.;
Said Hassane, F.; Guterstam, P.; Suhorut$enko, J.; Moreno, P. M. D.;
Oskolkov, N.; Halldin, J.; Tedebark, U.; Metspalu, A.; Lebleu, B.;
Lehtid, J.; Smith, C. I. E.; Langel, U. Nucleic Acids Res. 2011, 39,
3972-3987. doi:10.1093/nar/gkq1299

Ruczynski, J.; Wierzbicki, P. M.; Kogut-Wierzbicka, M.; Mucha, P.;
Siedlecka-Kroplewska, K.; Rekowski, P. Folia Histochem. Cytobiol.
2014, 52, 257-269. doi:10.5603/fhc.a2014.0034

Pae, J.; Saalik, P.; Liivamagi, L.; Lubenets, D.; Arukuusk, P.;

Langel, U.; Pooga, M. J. Controlled Release 2014, 192, 103—113.
doi:10.1016/j.jconrel.2014.07.002

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44.

45,

46.

Beilstein J. Nanotechnol. 2020, 11, 101-123.

Trabulo, S.; Cardoso, A. L.; Mano, M.; De Lima, M. C. P.
Pharmaceuticals 2010, 3, 961-993. doi:10.3390/ph3040961
Derossi, D.; Chassaing, G.; Prochiantz, A. Trends Cell Biol. 1998, 8,
84-87. doi:10.1016/s0962-8924(98)80017-2

Maniti, O.; Alves, |.; Trugnan, G.; Ayala-Sanmartin, J. PLoS One
2010, 5, e15819. doi:10.1371/journal.pone.0015819

Alves, I. D.; Jiao, C.-Y.; Aubry, S.; Aussedat, B.; Burlina, F.;
Chassaing, G.; Sagan, S. Biochim. Biophys. Acta, Biomembr. 2010,
1798, 2231-2239. doi:10.1016/j.bbamem.2010.02.009

Copolovici, D. M.; Langel, K.; Eriste, E.; Langel, U. ACS Nano 2014,
8, 1972—-1994. doi:10.1021/nn4057269

Bechara, C.; Sagan, S. FEBS Lett. 2013, 587, 1693-1702.
doi:10.1016/j.febslet.2013.04.031

Deshayes, S.; Morris, M. C.; Divita, G.; Heitz, F.

Biochim. Biophys. Acta, Biomembr. 2006, 1758, 328-335.
doi:10.1016/j.bbamem.2005.10.004

Deshayes, S.; Heitz, A.; Morris, M. C.; Charnet, P.; Divita, G.; Heitz, F.
Biochemistry 2004, 43, 1449-1457. doi:10.1021/bi035682s
Simeoni, F.; Morris, M. C.; Heitz, F.; Divita, G. Nucleic Acids Res.
2003, 31, 2717-2724. doi:10.1093/nar/gkg385

Gerbal-Chaloin, S.; Gondeau, C.; Aldrian-Herrada, G.; Heitz, F;
Gauthier-Rouviére, C.; Divita, G. Biol. Cell 2007, 99, 223-238.
doi:10.1042/bc20060123

Deshayes, S.; Gerbal-Chaloin, S.; Morris, M. C.; Aldrian-Herrada, G.;
Charnet, P.; Divita, G.; Heitz, F. Biochim. Biophys. Acta, Biomembr.
2004, 1667, 141-147. doi:10.1016/j.bbamem.2004.09.010

Pouny, Y.; Rapaport, D.; Mor, A.; Nicolas, P.; Shai, Y. Biochemistry
1992, 31, 12416-12423. doi:10.1021/bi00164a017

Mudhakir, D.; Harashima, H. AAPS J. 2009, 11, 65-77.
doi:10.1208/s12248-009-9080-9

Ludtke, S.; He, K.; Huang, H. Biochemistry 1995, 34, 16764—16769.
doi:10.1021/bi000512026

Shin, M. C.; Zhang, J.; Min, K. A,; Lee, K.; Byun, Y.; David, A. E;
He, H.; Yang, V. C. J. Biomed. Mater. Res., Part A 2014, 102,
575-587. doi:10.1002/jom.a.34859

Richard, J. P.; Melikov, K.; Vives, E.; Ramos, C.; Verbeure, B.;

Gait, M. J.; Chernomordik, L. V.; Lebleu, B. J. Biol. Chem. 2003, 278,
585-590. doi:10.1074/jbc.m209548200

Schmidt, N.; Mishra, A.; Lai, G. H.; Wong, G. C. L. FEBS Lett. 2010,
584, 1806—1813. doi:10.1016/j.febslet.2009.11.046

Ter-Avetisyan, G.; Tinnemann, G.; Nowak, D.; Nitschke, M.;
Herrmann, A.; Drab, M.; Cardoso, M. C. J. Biol. Chem. 2009, 284,
3370-3378. doi:10.1074/jbc.m805550200

Fretz, M. M.; Penning, N. A.; Al-Taei, S.; Futaki, S.; Takeuchi, T;
Nakase, |.; Storm, G.; Jones, A. T. Biochem. J. 2007, 403, 335-342.
doi:10.1042/bj20061808

Wallbrecher, R.; Ackels, T.; Olea, R. A.; Klein, M. J.; Caillon, L.;
Schiller, J.; Bovée-Geurts, P. H.; van Kuppevelt, T. H.; Ulrich, A. S;
Spehr, M.; Adjobo-Hermans, M. J. W.; Brock, R. J. Controlled Release
2017, 256, 68-78. doi:10.1016/j.jconrel.2017.04.013

Sakai, N.; Futaki, S.; Matile, S. Soft Matter 2006, 2, 636—641.
doi:10.1039/b606955j

Futaki, S.; Nakase, |. Acc. Chem. Res. 2017, 50, 2449-2456.
doi:10.1021/acs.accounts.7b00221

Hirose, H.; Takeuchi, T.; Osakada, H.; Pujals, S.; Katayama, S.;
Nakase, |.; Kobayashi, S.; Haraguchi, T.; Futaki, S. Mol. Ther. 2012,
20, 984-993. d0i:10.1038/mt.2011.313

Ziegler, A.; Nervi, P.; Dirrenberger, M.; Seelig, J. Biochemistry 2005,
44, 138-148. doi:10.1021/bi0491604

120


https://orcid.org/0000-0003-3127-287X
https://doi.org/10.1155%2F2011%2F414729
https://doi.org/10.3892%2Fbr.2016.639
https://doi.org/10.1111%2Fj.1476-5381.2009.00057.x
https://doi.org/10.1517%2F17425247.2015.1046431
https://doi.org/10.1002%2Fpsc.2672
https://doi.org/10.3390%2Fbiom9010022
https://doi.org/10.1016%2Fj.jconrel.2013.11.020
https://doi.org/10.1016%2Fj.jconrel.2016.03.020
https://doi.org/10.1016%2F0092-8674%2888%2990263-2
https://doi.org/10.3390%2Fbiom2020187
https://doi.org/10.1007%2Fs00018-005-5109-0
https://doi.org/10.3390%2Fbiomedicines6020051
https://doi.org/10.1016%2Fj.addr.2016.08.004
https://doi.org/10.1021%2Facscentsci.8b00251
https://doi.org/10.1021%2Far500449v
https://doi.org/10.1021%2Fac200853a
https://doi.org/10.1016%2Fj.addr.2007.10.004
https://doi.org/10.1016%2Fs0014-5793%2803%2901505-9
https://doi.org/10.1016%2Fj.chembiol.2004.06.006
https://doi.org/10.1093%2Fnar%2Fgkq1299
https://doi.org/10.5603%2Ffhc.a2014.0034
https://doi.org/10.1016%2Fj.jconrel.2014.07.002
https://doi.org/10.3390%2Fph3040961
https://doi.org/10.1016%2Fs0962-8924%2898%2980017-2
https://doi.org/10.1371%2Fjournal.pone.0015819
https://doi.org/10.1016%2Fj.bbamem.2010.02.009
https://doi.org/10.1021%2Fnn4057269
https://doi.org/10.1016%2Fj.febslet.2013.04.031
https://doi.org/10.1016%2Fj.bbamem.2005.10.004
https://doi.org/10.1021%2Fbi035682s
https://doi.org/10.1093%2Fnar%2Fgkg385
https://doi.org/10.1042%2Fbc20060123
https://doi.org/10.1016%2Fj.bbamem.2004.09.010
https://doi.org/10.1021%2Fbi00164a017
https://doi.org/10.1208%2Fs12248-009-9080-9
https://doi.org/10.1021%2Fbi00051a026
https://doi.org/10.1002%2Fjbm.a.34859
https://doi.org/10.1074%2Fjbc.m209548200
https://doi.org/10.1016%2Fj.febslet.2009.11.046
https://doi.org/10.1074%2Fjbc.m805550200
https://doi.org/10.1042%2Fbj20061808
https://doi.org/10.1016%2Fj.jconrel.2017.04.013
https://doi.org/10.1039%2Fb606955j
https://doi.org/10.1021%2Facs.accounts.7b00221
https://doi.org/10.1038%2Fmt.2011.313
https://doi.org/10.1021%2Fbi0491604

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Herce, H. D.; Garcia, A. E. Proc. Natl. Acad. Sci. U. S. A. 2007, 104,
20805-20810. doi:10.1073/pnas.0706574105

Herce, H. D.; Garcia, A. E.; Litt, J.; Kane, R. S.; Martin, P.;

Enrique, N.; Rebolledo, A.; Milesi, V. Biophys. J. 2009, 97,
1917-1925. doi:10.1016/j.bp}.2009.05.066

Li, Z.-.; Ding, H.-m.; Ma, Y.-q. Soft Matter 2013, 9, 1281—-1286.
doi:10.1039/c2sm26519b

Hu, J.-m.; Tian, W.-d.; Ma, Y.-q. Macromol. Theory Simul. 2015, 24,
399-406. doi:10.1002/mats.201500023

Zhao, F.; Zhao, Y.; Liu, Y.; Chang, X.; Chen, C.; Zhao, Y. Small 2011,
7, 1322—1337. doi:10.1002/smil.201100001

Conner, S. D.; Schmid, S. L. Nature 2003, 422, 37—-44.
doi:10.1038/nature01451

Chou, L. Y. T.; Ming, K.; Chan, W. C. W. Chem. Soc. Rev. 2011, 40,
233-245. doi:10.1039/c0cs00003e

Nel, A. E.; Madler, L.; Velegol, D.; Xia, T.; Hoek, E. M. V.;
Somasundaran, P.; Klaessig, F.; Castranova, V.; Thompson, M.

Nat. Mater. 2009, 8, 543-557. doi:10.1038/nmat2442

Nakase, I.; Niwa, M.; Takeuchi, T.; Sonomura, K.; Kawabata, N.;
Koike, Y.; Takehashi, M.; Tanaka, S.; Ueda, K.; Simpson, J. C.;
Jones, A. T.; Sugiura, Y.; Futaki, S. Mol. Ther. 2004, 10, 1011-1022.
doi:10.1016/j.ymthe.2004.08.010

Kaplan, I. M.; Wadia, J. S.; Dowdy, S. F. J. Controlled Release 2005,
102, 247-253. doi:10.1016/j.jconrel.2004.10.018

Yesylevskyy, S.; Marrink, S.-J.; Mark, A. E. Biophys. J. 2009, 97,
40-49. doi:10.1016/j.bpj.2009.03.059

Nakase, |.; Akita, H.; Kogure, K.; Graslund, A.; Langel, 0.;
Harashima, H.; Futaki, S. Acc. Chem. Res. 2012, 45, 1132-1139.
doi:10.1021/ar200256e

Farkhani, S. M.; Johari-ahar, M.; Zakeri-Milani, P.;

Shahbazi Mojarrad, J.; Valizadeh, H.

Artif. Cells, Nanomed., Biotechnol. 2015, 1-5.
doi:10.3109/21691401.2015.1031906

Wadia, J. S.; Stan, R. V.; Dowdy, S. F. Nat. Med. 2004, 10, 310-315.
doi:10.1038/nm996

Futaki, S.; Nakase, |.; Tadokoro, A.; Takeuchi, T.; Jones, A. T.
Biochem. Soc. Trans. 2007, 35, 784—787. doi:10.1042/bst0350784
Jones, A. T. J. Cell. Mol. Med. 2007, 11, 670-684.
doi:10.1111/j.1582-4934.2007.00062.x

Lim, J. P.; Gleeson, P. A. Immunol. Cell Biol. 2011, 89, 836-843.
doi:10.1038/icb.2011.20

Swanson, J. A.; Watts, C. Trends Cell Biol. 1995, 5, 424—428.
doi:10.1016/s0962-8924(00)89101-1

Nakase, |.; Hirose, H.; Tanaka, G.; Tadokoro, A.; Kobayashi, S.;
Takeuchi, T.; Futaki, S. Mol. Ther. 2009, 17, 1868—1876.
doi:10.1038/mt.2009.192

Tanaka, G.; Nakase, |.; Fukuda, Y.; Masuda, R.; Oishi, S.;

Shimura, K.; Kawaguchi, Y.; Takatani-Nakase, T.; Langel, U.;
Gréaslund, A.; Okawa, K.; Matsuoka, M.; Fuijii, N.; Hatanaka, Y.;
Futaki, S. Chem. Biol. 2012, 19, 1437—-1446.
doi:10.1016/j.chembiol.2012.09.011

Duchardt, F.; Fotin-Mleczek, M.; Schwarz, H.; Fischer, R.; Brock, R.
Traffic 2007, 8, 848—866. doi:10.1111/j.1600-0854.2007.00572.x
Walrant, A.; Cardon, S.; Burlina, F.; Sagan, S. Acc. Chem. Res. 2017,
50, 2968-2975. doi:10.1021/acs.accounts.7b00455

Boisguérin, P.; Deshayes, S.; Gait, M. J.; O'Donovan, L.; Godfrey, C.;
Betts, C. A.; Wood, M. J. A.; Lebleu, B. Adv. Drug Delivery Rev. 2015,
87, 52-67. doi:10.1016/j.addr.2015.02.008

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Beilstein J. Nanotechnol. 2020, 11, 101-123.

Nakase, I.; Tadokoro, A.; Kawabata, N.; Takeuchi, T.; Katoh, H.;
Hiramoto, K.; Negishi, M.; Nomizu, M.; Sugiura, Y.; Futaki, S.
Biochemistry 2007, 46, 492-501. doi:10.1021/bi0612824

Nakase, I.; Noguchi, K.; Aoki, A.; Takatani-nakase, T.; Fujii, I.;
Futaki, S. Sci. Rep. 2017, 7, 1-12. doi:10.1038/s41598-017-02014-6
Nakase, |.; Osaki, K.; Tanaka, G.; Utani, A.; Futaki, S.

Biochem. Biophys. Res. Commun. 2014, 446, 857-862.
doi:10.1016/j.bbrc.2014.03.018

Pang, H.-B.; Braun, G. B.; Ruoslahti, E. Sci. Adv. 2015, 1, e1500821.
doi:10.1126/sciadv.1500821

Kawaguchi, Y.; Tanaka, G.; Nakase, |.; Imanishi, M.; Chiba, J.;
Hatanaka, Y.; Futaki, S. Bioorg. Med. Chem. Lett. 2013, 23,
3738-3740. doi:10.1016/j.bmcl.2013.05.008

Ezzat, K.; Helmfors, H.; Tudoran, O.; Juks, C.; Lindberg, S.;

Padari, K.; EI-Andaloussi, S.; Pooga, M.; Langel, U. FASEB J. 2012,
26, 1172-1180. doi:10.1096/j.11-191536

Helmfors, H.; Lindberg, S.; Langel, U. SCARA Involvement in the
Uptake of Nanoparticles Formed by Cell-Penetrating Peptides.
Methods in Molecular Biology; Springer New York: New York, NY,
U.S.A., 2015; pp 163—-174. doi:10.1007/978-1-4939-2806-4_11
Arukuusk, P.; Parnaste, L.; Margus, H.; Eriksson, N. K. J.;
Vasconcelos, L.; Padari, K.; Pooga, M.; Langel, U.

Bioconjugate Chem. 2013, 24, 1721-1732. doi:10.1021/bc4002757
Xiang, S.; Tong, H.; Shi, Q.; Fernandes, J. C.; Jin, T.; Dai, K.;
Zhang, X. J. Controlled Release 2012, 158, 371-378.
doi:10.1016/j.jconrel.2011.09.093

Haucke, V.; Kozlov, M. M. J. Cell Sci. 2018, 131, 1-10.
doi:10.1242/jcs.216812

Mettlen, M.; Chen, P.-H.; Srinivasan, S.; Danuser, G.; Schmid, S. L.
Annu. Rev. Biochem. 2018, 87, 871-896.
doi:10.1146/annurev-biochem-062917-012644

Smith, S. M.; Baker, M.; Halebian, M.; Smith, C. J. Front. Mol. Biosci.
2017, 4, 1-11. doi:10.3389/fmolb.2017.00072

Kaksonen, M.; Roux, A. Nat. Rev. Mol. Cell Biol. 2018, 19, 313-326.
doi:10.1038/nrm.2017.132

Richard, J. P.; Melikov, K.; Brooks, H.; Prevot, P.; Lebleu, B.;
Chernomordik, L. V. J. Biol. Chem. 2005, 280, 15300—15306.
doi:10.1074/jbc.m401604200

Veldhoen, S.; Laufer, S. D.; Trampe, A.; Restle, T. Nucleic Acids Res.
2006, 34, 6561-6573. doi:10.1093/nar/gkl941

Laufer, S. D.; Detzer, A.; Sczakiel, G.; Restle, T. Selected Strategies
for the Delivery of siRNA In Vitro and In Vivo. RNA Technologies and
Their Applications; Springer Berlin: Berlin, Germany, 2010; pp 29-58.
doi:10.1007/978-3-642-12168-5_2

Kawaguchi, Y.; Takeuchi, T.; Kuwata, K.; Chiba, J.; Hatanaka, Y.;
Nakase, |.; Futaki, S. Bioconjugate Chem. 2016, 27, 1119-1130.
doi:10.1021/acs.bioconjchem.6b00082

Christianson, H. C.; Belting, M. Matrix Biol. 2014, 35, 51-55.
doi:10.1016/j.matbio.2013.10.004

Arukuusk, P.; Parnaste, L.; Oskolkov, N.; Copolovici, D.-M.;

Margus, H.; Padari, K.; Méll, K.; Maslovskaja, J.; Tegova, R.; Kivi, G.;
Tover, A.; Pooga, M.; Ustav, M.; Langel, 0.

Biochim. Biophys. Acta, Biomembr. 2013, 1828, 1365—-1373.
doi:10.1016/j.bbamem.2013.01.011

Kiss, A. L.; Botos, E. J. Cell. Mol. Med. 2009, 13, 1228-1237.
doi:10.1111/j.1582-4934.2009.00754.x

Nabi, I. R.; Le, P. U. J. Cell Biol. 2003, 161, 673-677.
doi:10.1083/jcb.200302028

121


https://doi.org/10.1073%2Fpnas.0706574105
https://doi.org/10.1016%2Fj.bpj.2009.05.066
https://doi.org/10.1039%2Fc2sm26519b
https://doi.org/10.1002%2Fmats.201500023
https://doi.org/10.1002%2Fsmll.201100001
https://doi.org/10.1038%2Fnature01451
https://doi.org/10.1039%2Fc0cs00003e
https://doi.org/10.1038%2Fnmat2442
https://doi.org/10.1016%2Fj.ymthe.2004.08.010
https://doi.org/10.1016%2Fj.jconrel.2004.10.018
https://doi.org/10.1016%2Fj.bpj.2009.03.059
https://doi.org/10.1021%2Far200256e
https://doi.org/10.3109%2F21691401.2015.1031906
https://doi.org/10.1038%2Fnm996
https://doi.org/10.1042%2Fbst0350784
https://doi.org/10.1111%2Fj.1582-4934.2007.00062.x
https://doi.org/10.1038%2Ficb.2011.20
https://doi.org/10.1016%2Fs0962-8924%2800%2989101-1
https://doi.org/10.1038%2Fmt.2009.192
https://doi.org/10.1016%2Fj.chembiol.2012.09.011
https://doi.org/10.1111%2Fj.1600-0854.2007.00572.x
https://doi.org/10.1021%2Facs.accounts.7b00455
https://doi.org/10.1016%2Fj.addr.2015.02.008
https://doi.org/10.1021%2Fbi0612824
https://doi.org/10.1038%2Fs41598-017-02014-6
https://doi.org/10.1016%2Fj.bbrc.2014.03.018
https://doi.org/10.1126%2Fsciadv.1500821
https://doi.org/10.1016%2Fj.bmcl.2013.05.008
https://doi.org/10.1096%2Ffj.11-191536
https://doi.org/10.1007%2F978-1-4939-2806-4_11
https://doi.org/10.1021%2Fbc4002757
https://doi.org/10.1016%2Fj.jconrel.2011.09.093
https://doi.org/10.1242%2Fjcs.216812
https://doi.org/10.1146%2Fannurev-biochem-062917-012644
https://doi.org/10.3389%2Ffmolb.2017.00072
https://doi.org/10.1038%2Fnrm.2017.132
https://doi.org/10.1074%2Fjbc.m401604200
https://doi.org/10.1093%2Fnar%2Fgkl941
https://doi.org/10.1007%2F978-3-642-12168-5_2
https://doi.org/10.1021%2Facs.bioconjchem.6b00082
https://doi.org/10.1016%2Fj.matbio.2013.10.004
https://doi.org/10.1016%2Fj.bbamem.2013.01.011
https://doi.org/10.1111%2Fj.1582-4934.2009.00754.x
https://doi.org/10.1083%2Fjcb.200302028

91. Branza-Nichita, N.; Macovei, A.; Lazar, C. Caveolae-Dependent
Endocytosis in Viral Infection. Molecular Regulation of Endocytosis;
InTech, 2012. doi:10.5772/48538

92. Fittipaldi, A.; Ferrari, A.; Zoppé, M.; Arcangeli, C.; Pellegrini, V.;
Beltram, F.; Giacca, M. J. Biol. Chem. 2003, 278, 34141-34149.
doi:10.1074/jbc.m303045200

93. Ferrari, A.; Pellegrini, V.; Arcangeli, C.; Fittipaldi, A.; Giacca, M.;
Beltram, F. Mol. Ther. 2003, 8, 284—294.
doi:10.1016/s1525-0016(03)00122-9

94. Pujals, S.; Giralt, E. Adv. Drug Delivery Rev. 2008, 60, 473—-484.
doi:10.1016/j.addr.2007.09.012

95. Sadlik, P.; Padari, K.; Niinep, A.; Lorents, A.; Hansen, M.; Jokitalo, E.;
Langel, U.; Pooga, M. Bioconjugate Chem. 2009, 20, 877-887.
doi:10.1021/bc800416f

96. Rejman, J.; Oberle, V.; Zuhorn, |. S.; Hoekstra, D. Biochem. J. 2004,
377, 159-169. doi:10.1042/bj20031253

97. Veiman, K.-L.; Méager, |.; Ezzat, K.; Margus, H.; Lehto, T.; Langel, K.;
Kurrikoff, K.; Arukuusk, P.; SuhorutSenko, J.; Padari, K.; Pooga, M.;
Lehto, T.; Langel, U. Mol. Pharmaceutics 2013, 10, 199-210.
doi:10.1021/mp3003557

98. Taylor, B. N.; Mehta, R. R.; Yamada, T.; Lekmine, F.; Christov, K.;
Chakrabarty, A. M.; Green, A.; Bratescu, L.; Shilkaitis, A.;

Beattie, C. W.; Das Gupta, T. K. Cancer Res. 2009, 69, 537-546.
doi:10.1158/0008-5472.can-08-2932

99. Mehta, R. R.; Yamada, T.; Taylor, B. N.; Christov, K.; King, M. L.;
Majumdar, D.; Lekmine, F.; Tiruppathi, C.; Shilkaitis, A.; Bratescu, L.;
Green, A.; Beattie, C. W.; Das Gupta, T. K. Angiogenesis 2011, 14,
355-369. doi:10.1007/s10456-011-9220-6

100.Hu, G.; Zheng, W.; Li, A.; Mu, Y.; Shi, M.; Li, T.; Zou, H.; Shao, H.;
Qin, A.; Ye, J. Vet. Res. 2018, 49, 1-9.
doi:10.1186/s13567-018-0513-2

101.Kirkham, M.; Parton, R. G. Biochim. Biophys. Acta, Mol. Cell Res.
2005, 1745, 273-286. doi:10.1016/j.bbamcr.2005.06.002

102.Damm, E.-M.; Pelkmans, L.; Kartenbeck, J.; Mezzacasa, A.;
Kurzchalia, T.; Helenius, A. J. Cell Biol. 2005, 168, 477-488.
doi:10.1083/jcb.200407113

103.Hemalatha, A.; Mayor, S. F1000Research 2019, 8, 138.
doi:10.12688/f1000research.16549.1

104.Ye, J.; Pei, X.; Cui, H.; Yu, Z,; Lee, H.; Wang, J.; Wang, X.; Sun, L.;
He, H.; Yang, V. C. J. Ind. Eng. Chem. (Amsterdam, Neth.) 2018, 63,
103-111. doi:10.1016/j.jiec.2018.02.005

105.Erazo-Oliveras, A.; Muthukrishnan, N.; Baker, R.; Wang, T.-Y.;
Pellois, J.-P. Pharmaceuticals 2012, 5, 1177—-1209.
doi:10.3390/ph5111177

106.Yang, S.-T.; Zaitseva, E.; Chernomordik, L. V.; Melikov, K. Biophys. J.
2010, 99, 2525-2533. doi:10.1016/j.bpj.2010.08.029

107.El-Sayed, A.; Futaki, S.; Harashima, H. AAPS J. 2009, 11, 13-22.
doi:10.1208/s12248-008-9071-2

108.TUnnemann, G.; Ter-Avetisyan, G.; Martin, R. M.; Stockl, M.;
Herrmann, A.; Cardoso, M. C. J. Pept. Sci. 2008, 14, 469—-476.
doi:10.1002/psc.968

109.El-Andaloussi, S.; Johansson, H. J.; Lundberg, P.; Langel, 0.

J. Gene Med. 2006, 8, 1262—1273. doi:10.1002/jgm.950

110.Beloor, J.; Zeller, S.; Choi, C. S.; Lee, S.-K.; Kumar, P. Ther. Delivery
2015, 6, 491-507. doi:10.4155/tde.15.2

111.Lo, S. L.; Wang, S. Biomaterials 2008, 29, 2408-2414.
doi:10.1016/j.biomaterials.2008.01.031

112.TGnnemann, G.; Martin, R. M.; Haupt, S.; Patsch, C.; Edenhofer, F.;
Cardoso, M. C. FASEB J. 2006, 20, 1775-1784.
doi:10.1096/fj.05-5523com

Beilstein J. Nanotechnol. 2020, 11, 101-123.

113.Maiolo, J. R.; Ferrer, M.; Ottinger, E. A.
Biochim. Biophys. Acta, Biomembr. 2005, 1712, 161-172.
doi:10.1016/j.bbamem.2005.04.010

114.Jones, A. T.; Sayers, E. J. J. Controlled Release 2012, 161, 582-591.
doi:10.1016/j.jconrel.2012.04.003

115.Hallbrink, M.; Oehlke, J.; Papsdorf, G.; Bienert, M.
Biochim. Biophys. Acta, Biomembr. 2004, 1667, 222-228.
doi:10.1016/j.obamem.2004.10.009

116.Mueller, J.; Kretzschmar, |.; Volkmer, R.; Boisguerin, P.
Bioconjugate Chem. 2008, 19, 2363—-2374. doi:10.1021/bc800194e

117.Aruffo, A. Transient Expression of Proteins Using COS Cells. Current
Protocols in Molecular Biology; John Wiley & Sons, Inc.: Hoboken, NJ,
U.S.A., 2002. doi:10.1002/0471142727.mb1612s60

118.Gluzman, Y. Cell 1981, 23, 175-182.
doi:10.1016/0092-8674(81)90282-8

119.Jones, S. W.; Christison, R.; Bundell, K.; Voyce, C. J.;
Brockbank, S. M. V.; Newham, P.; Lindsay, M. A. Br. J. Pharmacol.
2005, 745, 1093-1102. doi:10.1038/sj.bjp.0706279

120.Tyagi, M.; Rusnati, M.; Presta, M.; Giacca, M. J. Biol. Chem. 2001,
276, 3254-3261. doi:10.1074/jbc.m006701200

121.Walrant, A.; Correia, |.; Jiao, C.-Y.; Lequin, O.; Bent, E. H.;
Goasdoué, N.; Lacombe, C.; Chassaing, G.; Sagan, S.; Alves, |. D.
Biochim. Biophys. Acta, Biomembr. 2011, 1808, 382-393.
doi:10.1016/j.bbamem.2010.09.009

122.Gronewold, A.; Horn, M.; Randelovi¢, |.; Tévari, J.;
Munoz Vazquez, S.; Schomécker, K.; Neundorf, . ChemMedChem
2017, 12, 42—49. doi:10.1002/cmdc.201600498

123.Crosio, M. A.; Via, M. A.; Camara, C. |.; Mangiarotti, A.;
Del Pépolo, M. G.; Wilke, N. Biomolecules 2019, 9, 625.
doi:10.3390/biom9100625

124.Suhorutsenko, J.; Oskolkov, N.; Arukuusk, P.; Kurrikoff, K.; Eriste, E.;
Copolovici, D.-M.; Langel, U. Bioconjugate Chem. 2011, 22,
2255-2262. doi:10.1021/bc200293d

125.Habault, J.; Poyet, J.-L. Molecules 2019, 24, 927.
doi:10.3390/molecules24050927

126.Guidotti, G.; Brambilla, L.; Rossi, D. Trends Pharmacol. Sci. 2017, 38,
406-424. doi:10.1016/j.tips.2017.01.003

127.Toro, A.; Paiva, M.; Ackerley, C.; Grunebaum, E. Cell. Immunol. 2006,
240, 107-115. doi:10.1016/j.cellimm.2006.07.003

128.Toro, A.; Grunebaum, E. J. Clin. Invest. 2006, 116, 2717-2726.
doi:10.1172/jci25052

129.Schiroli, D.; Gémara, M. J.; Maurizi, E.; Atkinson, S. D.; Mairs, L.;
Christie, K. A.; Cobice, D. F.; McCrudden, C. M.; Nesbit, M. A.;
Haro, I.; Moore, T. Mol. Ther.—Nucleic Acids 2019, 17, 891-906.
doi:10.1016/j.omtn.2019.07.017

130.Ghatnekar, G. S.; O’Quinn, M. P.; Jourdan, L. J.; Gurjarpadhye, A. A.;
Draughn, R. L.; Gourdie, R. G. Regener. Med. 2009, 4, 205-223.
doi:10.2217/17460751.4.2.205

131.Ghatnekar, G. S.; Grek, C. L.; Armstrong, D. G.; Desai, S. C.;
Gourdie, R. G. J. Invest. Dermatol. 2015, 135, 289—298.
doi:10.1038/jid.2014.318

122


https://doi.org/10.5772%2F48538
https://doi.org/10.1074%2Fjbc.m303045200
https://doi.org/10.1016%2Fs1525-0016%2803%2900122-9
https://doi.org/10.1016%2Fj.addr.2007.09.012
https://doi.org/10.1021%2Fbc800416f
https://doi.org/10.1042%2Fbj20031253
https://doi.org/10.1021%2Fmp3003557
https://doi.org/10.1158%2F0008-5472.can-08-2932
https://doi.org/10.1007%2Fs10456-011-9220-6
https://doi.org/10.1186%2Fs13567-018-0513-2
https://doi.org/10.1016%2Fj.bbamcr.2005.06.002
https://doi.org/10.1083%2Fjcb.200407113
https://doi.org/10.12688%2Ff1000research.16549.1
https://doi.org/10.1016%2Fj.jiec.2018.02.005
https://doi.org/10.3390%2Fph5111177
https://doi.org/10.1016%2Fj.bpj.2010.08.029
https://doi.org/10.1208%2Fs12248-008-9071-2
https://doi.org/10.1002%2Fpsc.968
https://doi.org/10.1002%2Fjgm.950
https://doi.org/10.4155%2Ftde.15.2
https://doi.org/10.1016%2Fj.biomaterials.2008.01.031
https://doi.org/10.1096%2Ffj.05-5523com
https://doi.org/10.1016%2Fj.bbamem.2005.04.010
https://doi.org/10.1016%2Fj.jconrel.2012.04.003
https://doi.org/10.1016%2Fj.bbamem.2004.10.009
https://doi.org/10.1021%2Fbc800194e
https://doi.org/10.1002%2F0471142727.mb1612s60
https://doi.org/10.1016%2F0092-8674%2881%2990282-8
https://doi.org/10.1038%2Fsj.bjp.0706279
https://doi.org/10.1074%2Fjbc.m006701200
https://doi.org/10.1016%2Fj.bbamem.2010.09.009
https://doi.org/10.1002%2Fcmdc.201600498
https://doi.org/10.3390%2Fbiom9100625
https://doi.org/10.1021%2Fbc200293d
https://doi.org/10.3390%2Fmolecules24050927
https://doi.org/10.1016%2Fj.tips.2017.01.003
https://doi.org/10.1016%2Fj.cellimm.2006.07.003
https://doi.org/10.1172%2Fjci25052
https://doi.org/10.1016%2Fj.omtn.2019.07.017
https://doi.org/10.2217%2F17460751.4.2.205
https://doi.org/10.1038%2Fjid.2014.318

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.11.10

Beilstein J. Nanotechnol. 2020, 11, 101-123.

123


https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.11.10

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Phase inversion-based nanoemulsions of medium chain
triglyceride as potential drug delivery system for

parenteral applications

Eike Folker Busmann, Dailén Garcia Martinez, Henrike Lucas and Karsten Mader”

Full Research Paper
Address:
Institute of Pharmacy, Martin Luther University Halle-Wittenberg,

Halle (Saale), Germany

Email:
Karsten Mader” - karsten.maeder@pharmazie.uni-halle.de

* Corresponding author

Beilstein J. Nanotechnol. 2020, 11, 213-224.
doi:10.3762/bjnano.11.16

Received: 30 June 2019
Accepted: 05 December 2019
Published: 17 January 2020

This article is part of the thematic issue "Frontiers in pharmaceutical

nanotechnology".
Keywords:
cellular toxicity; isotonicity; nanoemulsion; phase inversion; solvent
free; surface properties

Guest Editor: M. G. Wacker

© 2020 Busmann et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract

Lipid nanoemulsions are attractive drug delivery systems for lipophilic drugs. To produce nanoemulsions with droplets of very
small diameter (<100 nm), we investigated thermotropic phase transitions as an alternative to the standard procedure of high-pres-
sure homogenization. Employing shock dilution with ice-cold water during the phase inversion gives the opportunity to produce
nanoemulsions without any use of potentially toxic organic solvents. The systematic investigation of the relation of the three
involved components surfactant, aqueous phase and lipid phase showed that depending on the ratio of surfactant to lipid the emul-
sions contained particles of diameters between 16 and 175 nm with narrow polydispersity index distributions and uncharged sur-
faces. Nanoemulsions with particles of 50 and 100 nm in diameter showed very little toxicity to fibroblast cells in vitro. An
unusual, exponential-like nonlinear increase in osmolality was observed with increasing concentration of the nonionic surfactant
Kolliphor HS 15. The experimental results indicate, that nanoemulsions with particles of small and tunable size can be easily
formed without homogenization by thermal cycling.

Introduction

Nanoscaled drug delivery systems such as solid lipid or poly- the core of the nanoparticles gives the possibility to solubilize
meric nanoparticles, nanocapsules, liquid nanoemulsions, lipo-  and protect the sensitive drugs or contrast agents [2,4,5]. Their
somes and micelles can be used to carry poorly water soluble pharmacokinetics, including the distribution from the blood
ingredients of pharmaceuticals for parenteral applications [1-3].  stream into the tissue, depend mainly on the size and shape, the

Thereby, the physical entrapment of the active ingredients into  surface composition, the charge as well as the flexibility of the
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nanoparticles [6-9]. Shock dilution with ice-cold water during
phase inversion of the emulsion gives the opportunity to
produce nanocapsules without the use of any potentially toxic
organic solvent at low energy cost [10,11]. The choice and the
amount of the surfactant show different effects on the final
product. For example, these factors influence the feasibility of
forming stable nanostructures, they affect the phase inversion
zone, the in vitro cellular toxicity and the above mentioned par-

ticle and surface properties [3,4,12].

There are marketed drug products with significant hyperosmo-
lality up to 2000 mOsmol/kg [13]. However, parenteral prod-
ucts should aim at isotonicity to reduce the risk of possible
crenation (shriveling) or hemolysis of the red blood cells as
well as significant pain at the site of injection or even phlebitis
[13,14]. Therefore, a balance of increasing osmolality and the
concentration of the dissolved educts needs to be considered to
achieve isotonic nanoemulsions ensuring a painless intravenous
application. The osmolality O(c) increases usually linearly with
the solute concentration ¢, depending on the osmotic coeffi-
cient ¢, the number of ions or particles n and the molecular
weight M [15]:

O(c):—-c (1

However, the osmolality of many surfactants approaches a
plateau above the critical micelle concentration. The formation

of a separate micellar phase leads to a constant monomer con-

Beilstein J. Nanotechnol. 2020, 11, 213-224.

centration, therefore to a thermodynamically constrained system
with a constant chemical potential and hence a constant osmotic

pressure [16].

The aim of this study was to investigate the phase inversion-
based production of a lipid nanocarrier without using phospho-
lipids. Thus, instead of solid shelled nanocapsules, flexible
nanoemulsions should be formed. Therefore, we systematically
investigated the impact of the sodium chloride concentration on
the phase inversion and the influence of the three involved com-
ponents surfactant, aqueous phase and lipid phase on the forma-
tion of stable isotonic nanoemulsions. Furthermore, the relation
of the particle composition, the particle size and the in vitro tox-

icity to fibroblasts was investigated.

Results and Discussion
Influence of the salinity on the phase inver-

sion and the formation of nanoemulsions

To investigate the influence of the salinity of the aqueous phase
on the incipient phase inversion and hence on the point of
forming stable but nonisotonic nanoemulsions, the conductivity
of a medium chain triglyceride (MCT)/Kolliphor® HS 15/NaCl
solution (20:20:60) was measured as shown in Figure 1. In-
creasing the salinity of the aqueous phase resulted in a signifi-
cant decrease of the temperature at the incipient phase inver-
sion from 81.5 °C at 0.4 wt % NaCl concentration to 65.4 °C at
5 wt % NaCl concentration. The particles in the nanoemulsion
had an average diameter (z,ye) of 56—-59 nm and a remarkably
narrow polydispersity index (PDI) distribution of 0.03-0.06.
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Figure 1: Influence of the salinity of the aqueous phase on the phase inverson zone (PI1Z) for the nanoemulsions at a composition of MCT/Kolliphor/
NaCl solution (20:20:60) along with the nanoparticle diameter and the PDI of the resulting nanoemulsion.
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The salinity did not have a significant influence on the particle
diameter and the PDI of the nanoemulsion formed by shock

dilution.

Figure 2 shows the particle diameters and the PDIs of different
nanoemulsions prepared using 1.75 wt % and 5 wt % NaCl
solutions. Nanoemulsions were successfully formed using solu-

PIONIER MCT [wt %]

0 20 40 60 80 100
PIONIER MCT [wt %]

e

0 25 5 75 100 125 150 175 200
Particle Size z,,,, [nm]

Beilstein J. Nanotechnol. 2020, 11, 213-224.

tions of the compositions indicated by the colored zones. The
solutions corresponding to the grey zones did not yield any
stable nanoemulsions because they (1) resulted in creaming
and/or coalescence directly after the shock dilution, or (2) the
phase inversion temperature was higher than the boiling point
of the aqueous phase. For solutions of higher salinity the area in
which nanoemulsions were formed is enlarged, because the

0
100
PIONIER MCT [wt %]
0
0 20 40 60 80 100
PIONIER MCT [wt %]
0.00 0.05 0.10 0.15 0.20 0.25

Polydispersity Index Pdl [-]

Figure 2: Ternary phase diagrams giving the particle diameter and the PDI of the nonisotonic nanoemulsions produced in (a, b) 1.75 wt % and
(c, d) 5 wt % NaCl aqueous solution. Each dot represents the composition of the solution prepared for shock dilution. Formation of stable nanoemul-
sions occurs in the colored zone. Creaming coalescence or no phase inversion were observed in the grey zone.
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phase inversion temperature lies further below the boiling point
of the aqueous phase. This facilitated producing stable
nanoemulsions with particles of 16-150 nm in diameter with
narrow PDI distributions of 0.02—0.23. Increasing the mass
share of the surfactant Kolliphor HS 15 led to smaller particles
and narrower PDI distributions.

Influence of the nonionic surfactant Kolliphor
HS 15 on the osmolality

The osmolality is an important parameter of the toxicity of
parenteral dosage forms. The ideal osmolality values of an
aqueous sodium chloride solution according to Ph. Eur. 2.2.35
and the experimentally determined osmolality of aqueous
Kolliphor HS 15 are shown in Figure 3.
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Figure 3: Ideal osmolality of aqueous sodium chloride solutions after
Ph. Eur. 2.2.35 and experimental osmolality of aqueous dissolved
Kolliphor HS 15, fitted according to Equation 1 and Equation 2.

The linearly increasing osmolality of the aqueous solution of
sodium chloride was fitted with the linear van’t Hoff law
(Equation 1) at a coefficient of determination of 100%, and the
reciprocal slope A was used for the term

Myact
ONaCINaCl

(see Equation 8) for the calculation of the salinity of isotonic

nanoemulsions.

With increasing the concentration of the nonionic surfactant
Kolliphor HS 15 the osmolality of the aqueous solution in-
creased unexpectedly exponential-like instead of approaching

the expected plateau above the critical micelle concentration.

Beilstein J. Nanotechnol. 2020, 11, 213-224.

Intense literature research revealed only a single publication by
Viegas and Henry [15] describing such a phenomenon for
strongly interacting nonionic surfactants. The osmolality of
solutions of such surfactants increases nonlinearly with the
solute concentration due to increasing polymer—solvent hydro-
gen bonding at low temperatures, which prevents the flow of
solvent molecules in the solution and thus affects osmosis. This
phenomenon is described by a modified polynomial van’t Hoff
equation of 4th degree introduced by Huggins and Flory with
the association or interacting constants b1, b2 and b3:

b b b
o o b 2 by 3 b 4

@
M M M M

O(c):

The experimental data corresponded well to the modified poly-
nomial van’t Hoff equation of 4th degree with a coefficient of
determination of 99.865%. Thus, the equation was used for the
calculation of the osmolality Oko1(cKolp)-

Preparation of isotonic nanoemulsions

Given an osmolality of whole blood of 302 = 5 mOsmol/kg and
of blood plasma of 291 + 4 mOsmol/kg [17], it was decided
to produce nanoemulsions with a target osmolality of
300 mOsmol/kg. The necessary salinity of the aqueous phase
for shock dilution was calculated according to Equations 8 to 11
for a product MCT mass share xpcT,p 0f 8 wt %, which resulted
in solutions of varying NaCl concentration (see Figure S1 in

Supporting Information File 1).

Using this equation system for the production of isotonic
nanoemulsions led to high salinities of up to 25 wt % in the
aqueous phase before shock dilution. Increasing the salinity of
the aqueous phase decreased the phase inversion temperature.
In ternary phase diagrams, this decrease of the phase inversion
temperature enlarged the area in which stable nanoemulsions
were formed compared to the nonisotonic nanoemulsions pro-
duced in aqueous solutions of 1.75 wt % and 5 wt % NaCl con-

centration, as shown in Figure 4.

Nanoemulsions with particles of 16—175 nm in diameter were
formed with narrow PDI distributions of 0.02-0.25, as illus-
trated in Figure 4a and Figure 4b. All nanoemulsions were
stable over one month at room temperature. The sizes of the
particles within the nanoemulsions depended only on the ratio
of Kolliphor HS 15 to MCT. The dependence depicted in
Figure 5 agrees well with a Holliday fit yielding a coefficient of
determination of 98.86%. The increase of the concentration of
the surfactant Kolliphor HS 15 and hence the increase of the
ratio of Kolliphor HS 15 to MCT resulted in a prompt decrease
of the particle diameter. The constant limit is reached at ratios

above three.
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Figure 4: Ternary phase diagrams showing (a) the resulting particle diameter, (b) the PDI, (c) the zeta potential and (d) the osmolality. Each dot
represents a certain solution composition. The formation of stable nanoemulsions occurs in the colored zone, while creaming coalescence or no

phase inversion were observed in the grey zone.

The zeta potential of all nanoemulsions shown in Figure 4c was
slightly negative between —1.6 and —4.6 mV, measured in 0.1x
PBS at physiological pH 7.4. Thus, the composition of the

nanoemulsion had no clear influence on the surface charge.

Furthermore, isotonicity was nearly achieved for the formula-

tions in the blue zone of Figure 4d. Formulations shown in the
green, yellow and red zones resulted in hypertonicity although
they were prepared in an NaCl free aqueous phase (compare
Figure S1 in Supporting Information File 1) due to a final

Kolliphor HS 15 concentration above 21 wt %. In these zones,
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Figure 5: Particle diameters and PDI of the nanoemulsions depending on the Kolliphor HS 15:MCT ratio.

isotonicity may be achieved by producing nanoemulsions using
a larger amount of aqueous solution for the shock dilution,
which would also lead to a smaller MCT mass share in the
product nanoemulsion.

Stability of the isotonic nanoemulsions

To investigate the stability of the nanoemulsions, four emul-
sions with particles of approximately 25 (NE25), 50 (NE50),
100 (NE100) and 150 nm (NE150) in diameter were chosen.
Their composition and the final particle diameters observed in
nine independently produced batches are listed in Table 1. Four
selected nanoemulsions were stored at 5 + 3 °C, room tempera-
ture (RT) and 40 * 2 °C according to the ICH Guidelines Q1A.
The impact of the storage conditions on the particle diameter is
illustrated in Figure 6. With the exception of emulsion NE25,
all nanoemulsions were stable over the course of eight weeks at
the three storage conditions. Only NE25 underwent creaming
and coalescence at 40 °C resulting in a significant increase of
the particle diameter up to 146 nm and a high PDI of 0.35
within 8 weeks of storage. Hence, it is strongly recommended

to store the nanoemulsions with particles of very small size at

chilled conditions.

Cellular toxicity of the isotonic nanoemul-
sions

The cellular toxicity of the nanoemulsions NE25, NE50 and
NE100 as well as the aqueous Kolliphor HS 15 solution to
normal human dermal fibroblasts (NHDF) and mouse embry-
onic fibroblasts (3T3) was investigated. The impact of the
nanoemulsions and the surfactant solution on the cell viability
of the two cell lines after 4 and 24 h is illustrated in Figure 7.
The viability of the cells treated with the different nanoemul-
sions is depicted as a function of the concentration of the sur-
factant Kolliphor HS 15. The resulting graphs indicate a similar
behavior of all three nanoemulsions and the aqueous Kolliphor
HS 15 solution, namely a decrease of the cell viability at a
certain concentration cg,). The 3T3 cells responded more sensi-
tively to the nanoemulsions and the pure surfactant solution.
Furthermore, the long incubation time of 24 h led to cell toxici-

ty at slightly lower concentrations for both cell lines. For com-

Table 1: Composition of the nanoemulsions NE25, NE50, NE100 and NE150 after shock dilution along with the particle diameters and PDI values of
nine independently produced batches, cnac) describes the salinity of the aqueous phase of the final product.

NE25 NE50
MCT [wt %] 8 8
Kolliphor HS 15 [wt %] 20 8.8
NaCl solution [wt %] 72 83.2
at cnac) [Wt %] 0.084 0.654
particle diameter [nm] 26.2+0.3 51.4+0.7
polydispersity index [-]  0.046 + 0.014 0.038 + 0.006

NE100 NE150

8 8

5.33 4

86.67 88

0.763 0.798
99.4+23 1459 +4.7
0.092 + 0.021 0.251 £ 0.091
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Figure 6: Long-term stability of four selected nanoemulsions with particles of approximately 25 (NE25), 50 (NE50), 100 (NE100) and 150 nm (NE150)
in diameter at the recommended storage conditions according to the ICH guidelines Q1A of 5 + 3 °C, room temperature (RT) and 40 + 2 °C.
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Figure 7: Viability of the cells of lines 3T3 and NHDF as a function of the Kolliphor HS 15 concentration ckg in the nanoemulsions NE25, NE50 and

NE100 as well as the aqueous Kolliphor HS 15 solution (n = 3).

with nanocapsules containing phospholipids as shells and
Solutol HS 15 (also called Kolliphor HS 15) as surfactant which
were tested on HaCaT cells [4]. At a concentration slightly

parison, for the current nanoemulsions, the cell viability began
to decrease at values of the Kolliphor HS 15 concentration

about 5 to 10 times higher than observed for a similar system
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lower than the inhibiting Kolliphor HS 15 concentration, an in-
creased cell viability was observed, which might be caused by a
stimulated metabolism of the cells.

Table 2 lists the mean inhibitory concentration (ICsq) of
Kolliphor HS 15 in an aqueous solution of Kolliphor HS 15
(second column) and the ICs( values of Kolliphor HS 15 in the
nanoemulsions NE25, NE50 and NE100 (third, fourth and fifth
column). The values in brackets refer to the concentration of
MCT + Kolliphor HS15 in the nanoemulsions NE25, NE50 and
NE100. The corresponding cell viability graphs are shown in
Figure S2 in Supporting Information File 1. The ICs values of

Beilstein J. Nanotechnol. 2020, 11, 213-224.

Kolliphor HS 15 in the different nanoemulsions and the pure
surfactant solution were similar for the different cell lines and
incubation times employed. Thus, mainly the surfactant
Kolliphor HS 15 inhibited cell viability at high concentration,
since all remaining components are considered nontoxic. The
ICs¢ values of the nanoemulsions (MCT + Kolliphor HS15) in-
creased slightly with increasing particle diameter due to the
lower Kolliphor HS 15 concentration in the nanoemulsions con-
taining larger nanoparticles.

Figure 8 shows the morphology of the 3T3 and NHDF cells in-
cubated for 24 h in a nontoxic solution with a concentration of

Table 2: Mean inhibitory concentration (ICsg in mg/mL) of Kolliphor HS 15 in an aqueous solution of Kolliphor HS 15 and ICsq of Kolliphor HS 15 in
the nanoemulsions NE25, NE50 and NE100. The values in brackets refer to the concentration of MCT + Kolliphor HS15 in NE25, NE50 and NE100.

ICs50 in mg/mL of: Kolliphor HS 15 NE25 NE50 NE100

3T3, 4 h incubation 2.7+0.9 26+0.8(3.6+1.1) 3.8+09(7.3+1.7) 33+05(82%1.2)
NHDF, 4 h incubation 49+22 45+0.6(6.3+0.8) 6.2+25(11.9+4.38) 46+09(11.5+£22)
3T3, 24 h incubation 1.2+0.5 05+£0.2(0.7+0.2) 0.8+0.3(1.6£0.6) 0.8+0.1(2.0x£0.2)
NHDF, 24 h incubation 1.5+ 0.4 1.8+0.2(25%0.3) 232094417 24+0.1(6.1£0.2)

373 cells, 24 h incubation
0.07 mg/mlLKolliphor HS 15

NHDF cells, 24 h incubation
0.07 mg/mLKolliphor HS 15

3T3 cells, 24 h incubation
5.14 mg/mlLKolliphor HS 15

NHDE cells, 24 hincubation
5.14 mg/mLKolliphor HS 15

Figure 8: Morphology of the 3T3 and NHDF cells after 24 h incubation ion solutions with a concentration of the surfactant Kolliphor HS 15 of 0.07 and

5.14 mg/mL.
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Kolliphor HS 15 of 0.07 mg/mL and a highly toxic solution
with a concentration of Kolliphor HS 15 of 5.14 mg/mL. The
microscopic pictures confirm the toxicity of the surfactant
Kolliphor HS 15 at high concentration. The cells did not show
any change in their morphology when dissolved in solutions of
low surfactant concentration. However, the cells showed a
shriveled morphology at high surfactant concentration. Further-
more, the formation of crystals was observed, which might
consist of poorly water soluble 12-hydroxystearic acid as a
metabolic degradation product of Kolliphor HS 15 at toxic and
high surfactant concentration. 12-Hydroxystearic acid is
known to form needle like structures. The formation of these
crystals of 12-hydroxystearic acid might have caused the cell
death in vitro for both cell lines. We assume, that the formation
of 12-hydroxystearic acid-based precipitates is unlikely to occur
in vivo because of the different transport and metabolic condi-

tions.

Conclusion

The experimental results indicate that nanoemulsions with small
particles of tunable size can be easily formed without homoge-
nization by thermal cycling. Solutions of the nonionic surfac-
tant Kolliphor HS 15 showed a nonlinear increase of osmo-
lality with increasing Kolliphor HS 15 concentration, which
corresponds well to the modified polynomial van’t Hoff equa-
tion of 4th degree introduced by Huggins and Flory. This led to
the hypertonicity of solutions with Kolliphor HS 15 concentra-
tion higher than 21 wt %. Considering this effect when calcu-
lating the salinity of the aqueous phase, stable isotonic and
phospholipid-free MCT nanoemulsions were successfully pro-
duced with particles of tunable diameters between 16 to 175 nm
and narrow PDI distributions depending on their lipid:surfac-
tant ratio. Using a nonionic surfactant resulted in an uncharged
surface of the emulsion droplets. The nanoemulsion with small
particles of 25 nm in diameter showed an slightly increased
cytotoxicity in comparison to the barely toxic nanoemulsions
with particles of 50 and 100 nm in diameter. This effect is
mainly caused by the very high amount of Kolliphor HS 15 in
the nanoemulsion with the smallest particles. By choosing
nanoemulsions with particles larger than 50 nm in diameter or
by dilution of the nanoemulsions containing smaller particles
with ice-cold water, very high surfactant concentrations could
be avoided and the resulting MCT nanoemulsions might be suit-
able as potential drug delivery systems for intravenous applica-
tions. The presented phase inversion-based process offers a suit-
able alternative to the production of nanoemulsions based on
high pressure homogenization. Particularly, nanoemulsions of
particles with diameters smaller than 100 nm can be produced
with remarkably narrow PDI distributions while reducing the
demand of equipment, the process expenditure as well as the

production volume.

Beilstein J. Nanotechnol. 2020, 11, 213-224.

Experimental

Materials

PIONIER MCT (medium chain triglyceride) was provided by
Hansen & Rosenthal KG (Hamburg, Germany). Kolliphor HS
15 (macrogol 15 hydroxystearate) was provided by BASF SE
(Ludwigshafen, Germany). Sodium chloride was purchased
from Griissing GmbH (Filsum, Germany), the components for
the cell culture medium Dulbecco’s Modified Eagle Medium —
high glucose (DMEM), fetal calf serum (FCS), penicillin-
streptomycin, L-glutamine solution and sodium pyruvate solu-
tion as well as the fluorescent dye resazurin sodium salt were
purchased from Sigma-Aldrich Chemie GmbH (Germany,
Steinheim). The near infrared fluorescent dye DiR was pur-
chased from Invitrogen/Thermo Fisher Scientific Inc.
(Carlsbad, USA). 0.2 um sterile filtered water was used in all
experiments and analytics and was double distilled.

Preparation of nanoemulsions

All nanoemulsions were prepared by a modified phase inver-
sion-based process, which was initially developed by Heurtault
et al. [10]. For the encapsulation of the fluorescent dye DiR as a
potential label for noninvasive optical in vivo imaging, the sol-
vent ethanol was evaporated from the dye stock solution and the
remaining DiR was dissolved in MCT at a concentration of
0.3 mg/g. Kolliphor HS 15, which was molten at 50 °C, and
MCT were dispersed in aqueous NaCl solution under magnetic
stirring at ~750 rpm. The emulsion was heated to 99 °C under-
going a phase inversion from an o/w to a w/o emulsion. The
emulsion then was cooled back into its phase inversion zone, in
which the mixtures turned transparent, and shock diluted with
ice-cold water, as shown in Figure 9.

The amount of the respective educts was calculated with the
following equations. The mass of MCT myc is the product of
its desired mass share xyicT,p in the nanoemulsion after shock
dilution, which was set to 8 wt % in this study, and the desired
total amount of the nanoemulsion my:

My CT = Mot " XMCT,p 3)

The product of myqct and the desired ratio of the mass share of
Kolliphor HS 15 xg,),0 and MCT xpcT,o results in the mass of
Kolliphor HS 15 mg:

_ XKol,0
= Mot *XMCT,p 4)
*MCT,0

_ *Kol,0
Mol = MMCT '—x
MCT,0

The mass of the aqueous NaCl solution my,ci_so] is calculated
by multiplying mpct and the ratio of xk) o and the mass share
of the NaCl solution xnyc1,0:
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1. bringing the MCT, Kolliphor HS 15 and saline aqua
bidest mixture back into its phase inversion zone
after heating to 99 °C |

O ¢
74

— |
\ active ingredient

Kolliphor HS 15

2. shock diluting with ice-cold water during the
phase inversion

3. nanoemulsion as final product

active ingredient
Kolliphor HS 15
MCT droplet

saline aqua bidest

homogenous and
clear MCT - saline
aqua bidest mixture

Tenpedue Qrddivty
$'C  04n8an

heating plate with magnetic stirrer
and temperature probe to control
the water bath temperature

conductivity meter with
temperature probe
measuring the batch

ice water bath with
the ice-cold water
for the shock dilution

magnetic stirring at
room temperature

magnetic stirring at
room temperature

Figure 9: Scheme of the experimental set-up and the method of phase inversion-based production of the nanoemulsions.

_ XNaCl-Sol,0

MNaCl-Sol =™MMCT " ——
XMCT,0

(5

1=xMmeT 0 ~ *Kol,0

= Mot " XMCT,p
AMCT,0

The mass of the ice-cold water mjce water for shock dilution is
the difference between the desired total mass of the nanoemul-
sion and the components calculated beforehand:

Micewater = Mtot ~MMCT ~ Kol ~ "NaCl-Sol

= Myot — Mot * XMCT,p
(6)

X 1—x —X
114 Kol,0 4 MCT,0 Kol,0

XMCT,0 XMCT,0

To achieve isotonic nanoemulsions after shock dilution,
the targeted osmolality of the saline aqueous phase
ONacl-SoLp(cNacLp) is calculated as the difference of the osmo-
lality of blood Opjooq and the osmolality of the dissolved
Kolliphor HS 15 Oko1,p(ckol,p):

ONaCI—Sol,p (CNaCl,p ) = Oblood - OKol,p (CKol,p ) @)

Combining Equation 7 with Equation 1 and Equation 2 leads to
the necessary sodium chloride concentration ¢,y p to achieve
the osmolality of blood and hence isotonicity:

M NaCl

(8)
ONaC1”’NaCl

CNaClp = (Oblood —Okol (CKol,p )) ’

Here, the concentration of Kolliphor HS 15 equals its mass
share in the final product and is calculated by multiplying
xmMcT,p and the desired ratio of xgo1,0 and xymcrT,0:

XKol0

CKol,p = *Kol,p =X*MCTp " XMCT.0 ©

Finally, the sodium chloride concentration cnyc,0 before shock
dilution is calculated by:

MNaCl-Sol 1 Mice water

CNaCL,0 = NaCl,p * (10)

MNaCl-Sol

In case the calculated sodium chloride concentration exceeded
25 wt %, cNacl1,0 Was set to 25 wt % and the residual salt was
added to the ice-cold water at the following concentration:

(mNaCl—Sol + Mige water ) "CNaCl,p
m

CNaCl,ice water —
ice water

)
_ "NaCl-Sol  “NaCL0

Mice water

Characterization of the phase inversion
The temperature of the phase inversion from an o/w to a w/o

emulsion was determined by measuring the significant conduc-
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tivity decrease during the heating process with the Mettler

Toledo S230 SevenCompact conductivity meter.

Characterization of the osmolality

The osmolality was determined in triplicate with the KNAUER
Semi-Mikro Osmometer. The osmolality of the sodium chlo-
ride solution (according to Ph. Eur. 2.2.35) was fitted linearly,
and the experimentally determined osmolality of the aqueous
solutions of Kolliphor HS 15 with different concentration were
fitted with a polynomial function of 4th degree using the
program Origin 2018G both with the intersection of the y-axis
fixed at 0.

Particle size and zeta potential measurement
Particle diameters and zeta potentials were determined with the
Malvern Instruments Zetasizer Nano ZS. To determine the par-
ticle diameters, the samples were diluted 1:100 in water and
three measurements of 15 runs were conducted at 25 °C in the
backscattering mode. The zeta potential was determined in trip-
licate with samples diluted 1:10 in 0.1x PBS with pH 7.4 at

25 °C with 10 to 50 runs per measurement.

Investigation of the stability

The samples were stored at 5 + 3 °C, room temperature and at
40 % 2 °C according to the storage conditions of the ICH guide-
lines Q1A.

Toxicity on NHDF and 3T3 cells

Approximately 20,000 NHDF cells and 10,000 3T3 cells were
seeded in 96 well plates and grown for 24 h at 37 °C and 5%
CO, in 100 pL of the corresponding cell culture media shown
in Table 3. After adding 50 puL aseptic and 0.2 um of the sterile,
filtered and differently diluted nanoemulsions, the cells were in-
cubated for 4 or 24 h. The cell viability was determined by a
resazurin reduction assay. Therefore, 30 uL of a 0.15 mg/mL
resazurin solution was added and the mixture was incubated
for 2 h. Then, the fluorescence intensity was determines with
the Cytation™ 5 imaging reader (BioTek Instruments) using
the RFP 531 (excitation)/593(emission) filter set. The cell
viability was expressed as a percentage of the negative
controls (untreated cells) after subtraction of the blank.

Table 3: Composition of the cell culture media.

compounds in vol % 3T3 cell NHDF cell

medium medium
DMEM 86.80 87.63
FCS 9.55 9.64
penicillin-streptomycin 0.95 0.96
L-glutamine solution 1.75 1.77
sodium pyruvat solution 0.95 -

Beilstein J. Nanotechnol. 2020, 11, 213-224.

All experiments were conducted in triplicate. The mean
inhibitory concentration IC5y was determined by linear interpo-

lation.
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Central nervous system diseases are a heavy burden on society and health care systems. Hence, the delivery of drugs to the brain

has gained more and more interest. The brain is protected by the blood—brain barrier (BBB), a selective barrier formed by the endo-

thelial cells of the cerebral microvessels, which at the same time acts as a bottleneck for drug delivery by preventing the vast

majority of drugs to reach the brain. To overcome this obstacle, drugs can be loaded inside nanoparticles that can carry the drug

through the BBB. However, not all particles are able to cross the BBB and a multitude of factors needs to be taken into account

when developing a carrier system for this purpose. Depending on the chosen pathway to cross the BBB, nanoparticle material, size

and surface properties such as functionalization and charge should be tailored to fit the specific route of BBB crossing.

Introduction

Neurological disorders and brain diseases are real burdens for
modern societies and healthcare systems. According to the
World Health Organization (WHO), in 2000, brain diseases
such as Alzheimer’s disease and other dementias ranked 14th
among the causes of death worldwide with approximately
0.8 million deceased [1]. This number more than doubled in the
last few years. In 2016, these diseases were responsible for

2.0 million deceased, ranking Alzheimer’s disease Sth. Further-

more, according to the WHO, in 2016 stroke was still the
second most frequent cause of death worldwide with approxi-
mately 5.8 million deceased. These tremendous numbers will
continue to grow due to an aging population, with the rise of
life expectancy worldwide. Moreover, there is still a large num-
ber of unmet medical needs concerning the treatment of most
central nervous system (CNS) diseases, as it is the case for

stroke where treatments are limited to brain reperfusion. No
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treatments are available to recover the brain areas damaged by

ischemia [2].

One of the main limitations for the treatment of neurological
disorders is the difficulty to deliver drugs to the brain. The brain
is surrounded by the blood-brain barrier (BBB), a selective
barrier formed by the endothelial cells of the cerebral microves-
sels [3,4]. The surface of the microvessels is the largest inter-
face for blood-brain exchange with an average of 12 to 18 m?
in adults [5]. The BBB is responsible for maintaining the brain
homeostasis by regulating ion and nutrient transport as well as
protecting the brain against neurotoxic molecules [6]. To fulfill
its function, the BBB has a unique anatomy. The brain endothe-
lial cells are joined by tight junctions and do not present fenes-
trations [5-8]. The endothelial cells are surrounded firstly by a
discontinuous layer of pericytes and secondly by the basal
lamina, adjacent to the astrocyte feet (Figure 1). Unfortunately,
most drugs cannot pass the BBB through physiological path-
ways due to the extreme selectivity of the barrier. This restricts

systemic therapeutic treatments for most CNS diseases.

Different strategies have been suggested to deliver drugs to the
brain (Figure 2). First, drugs can be delivered to the brain by
local delivery. Local delivery consists of directly delivering the

Beilstein J. Nanotechnol. 2020, 11, 866—-883.

Astrocyte foot

Pericyte

Tight junction

Basal lamina

Endothelial cell

Figure 1: Blood—brain barrier anatomy. Inspired by [5].

drug to the brain by injection via a catheter or with the help of a
convection-enhanced delivery system. Biodegradable polymer
implants can also be used for sustained release of the drug
[9,10]. These procedures require surgery and are therefore
highly invasive. They are mostly used to treat glioblastomas or
other brain tumors. Another way to reach the brain by

A) Local delivery

B) Intranasal delivery

Pericyte
Endothelial cell

Brain capillary
Astrocyte

C) Systemic delivery

Figure 2: Brain delivery routes. A) Local delivery. Drugs can reach the brain by direct injection through the meninges. B) Intranasal delivery. Drugs
can be transported to the brain via the olfactory bulb, located at the top of the nasal cavity. C) Systemic delivery. Drugs can reach the brain by
crossing the blood-brain barrier (BBB) around the brain capillaries. Made using cliparts from Servier Medical Art by Servier, https://smart.servier.com/.
Original cliparts are licensed under a Creative Commons Attribution 3.0 Unported License, https://creativecommons.org/licenses/by/3.0/.
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bypassing the BBB is the intranasal route. After reaching the
nasal cavity, a drug loaded inside nanocarriers can be trans-
ported along the olfactory bulb (olfactory pathway) and the
trigeminal nerve (trigeminal pathway) directly to the CNS [11-
13]. This innovative route has attracted lots of attention in the
last few years and seems promising [14-16]. However, the
intranasal route has drawbacks such as a high variability of the
delivered dose depending on the state of the nasal mucosa
[9,17]. Therefore, despite the difficulty of crossing the BBB, the
most popular and well-studied delivery route remains the
systemic pathway. One of the classic approaches to increase the
ability of drugs to cross the BBB is to modify the molecular
structure of the drugs or to use prodrugs. One example of a
prodrug is levodopa, a prodrug of dopamine used for the treat-
ment of Parkinson’s disease. However, these options are not
always possible depending on the structure of the molecule.
Another possibility to increase drug delivery through the BBB
is to increase the permeability of the BBB by reversible disrup-
tion, either by the use of osmotic agents such as hyperosmolar
mannitol injection [18] or physical methods such as ultrasound
[19,20]. However, as the BBB is one of the main protection
mechanism of the brain against neurotoxins, disrupting it might
lead to significant damage to the brain [21].

Finally, an innovative way to solve the permeation problem is
to load drugs inside nanoparticles. According to the European
Commission, nanomaterials are materials that contain at least
50% of particles in a size range of 1 to 100 nm [22]. More gen-
erally, nanoparticles are considered as solid colloidal particles
with a size between 1 and 1000 nm [23]. They can be produced
from a variety of different materials including polymers, lipids
or inorganic materials such gold or iron oxide [21]. The first re-
ported nanoparticles able to pass the BBB were poly(butyl
cyanoacrylate) (PBCA) nanoparticles developed by Kreuter et
al. in 1995. They enabled the successful delivery of the
antinociceptive peptide dalargin in vivo [24]. Since then, nu-
merous nanoparticle systems have been studied and optimized
for brain delivery of small molecules and peptides [25]. Most of
them are polymeric nanoparticles prepared with PBCA and
polymers from the poly(ethylene) family such as poly(lactic
acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) [25,26].
Liposomes and other lipidic nanoparticles have also been re-
ported as able to pass the BBB [27], as well as protein-based
nanoparticles (e.g., human serum albumin) [28], gold nanoparti-

cles [29] and superparamagnetic iron oxide nanoparticles [30].

This review aims to summarize (i) the different pathways to
cross the BBB, (ii) the strategies that can be employed to
increase nanoparticle BBB permeation without disrupting the
BBB, as well as (iii) the different nanoparticle types that can be
used for drug delivery across the BBB.

Beilstein J. Nanotechnol. 2020, 11, 866—883.

Review
Crossing the BBB

Figure 3 describes multiple pathways to cross the BBB.

Paracellular pathway and passive transmembrane
diffusion

The tight junctions between the endothelial cells severely limit
the paracellular pathway of hydrophilic molecules. Therefore,
most molecules have to go through the transcellular pathway to
cross the BBB. However, only small lipophilic molecules, with
a molecular weight lower than 400 Da and less than eight
hydrogen bonds, or small gas molecules (such as CO; or O))
can freely diffuse through the BBB by transmembrane diffu-
sion [4]. Furthermore, the BBB endothelial cells have a low
degree of pinocytic activity, which again restrains the transport

of molecules to the brain [3,8,31].

Transport proteins: carrier-mediated transport and
efflux proteins

To assure the transport to the brain of specific molecules such
as nutrients or amino acids, transport proteins are present on the
luminal and basolateral side of the endothelial cells. For
instance, GLUT-1, large neutral amino acid transporters (LAT),
nucleoside transporters and also organic cation and anion trans-
porters have all been reported to play an important role for
sustaining the high metabolic needs of the brain [31-33]. Their
substrates can therefore cross the BBB through carrier-medi-

ated transport. These carriers are size- and stereo-selective [34].

ATP-driven drug efflux pumps (ATP-binding cassette (ABC)
transporters) also contribute to maintaining the brain homeosta-
sis by excreting possible neurotoxic substances. Active pharma-
ceutical ingredients (API) can also be substrates of these efflux
proteins and therefore be excreted by them. Among the efflux
proteins present in the BBB, the most extensively described are
P-glycoproteins (P-gp or ABCB1, MDRI1 gene product), breast
cancer resistance proteins (BCRP/ABCG?2) and the multidrug
resistance-associated proteins (MRP1, 2, 4 and 5, ABCC)
[31,35-38]. With their ability to transport a large variety of
compounds, these efflux proteins cause a significant problem
for drug delivery.

Receptor-mediated transcytosis

Endogenous molecules that do not have a specific transporter
can also reach the brain through receptor-mediated transcytosis
(RMT). It has been shown that RMT activity in brain endotheli-
al cells is reduced compared to peripheral endothelial cells [39].
However, this pathway remains one of the most promising for
drug delivery through the BBB. Transcytosis includes three
steps: endocytosis, intracellular vesicular trafficking and exo-

cytosis [40]. Indeed, molecules bind to their receptors on the

868



A X A X

Beilstein J. Nanotechnol. 2020, 11, 866—883.

Paracellular! Passive | Carrier-mediated |, Receptor-mediated,  Adsorptive-
pathway transmembrane i transport : transcytosis : mediated
. diffusion | . i transcytosis
@ o , | o ] :
@ O L N
R ; OQO 1 90 e @ .
l o . 9
: :
1

Figure 3: Physiological pathways through the BBB. Inspired by [3]. Made using cliparts from Servier Medical Art by Servier, https://smart.servier.com/.
Original cliparts are licensed under a Creative Commons Attribution 3.0 Unported License, https://creativecommons.org/licenses/by/3.0/.

luminal side of the endothelial cells and endocytosis is initiated.
The receptor-ligand complex is invaginated, which leads to the
formation of intracellular transport vesicles. The vesicles are
then sorted and the ones sorted for exocytosis cross the cell to
release the ligand to its basolateral side. The receptor is then
recycled [41]. Some of the receptors found on the luminal side
of the BBB are transferrin receptor (TfR), insulin and insulin-
like growth factor receptor, low-density lipoprotein receptor
(LDLR), low-density lipoprotein receptor-related protein 1 and
2 (LRP1 and LRP2), scavenger receptor class B type I (SR-B1),
leptin receptor and lactoferrin receptor [34,41]. More recently,
nicotinic acetylcholine receptors (nAChRS) and diphtheria
toxin receptor have also been described [34,42]. However, some
receptors usually found on peripheral endothelial cells are not
expressed, e.g., the albumin receptor [40,43].

Three major categories of endocytic vesicles have been identi-
fied and described in the brain endothelial cells: clathrin-coated
pits, caveolae and macropinocytosis vesicles. Clathrin-coated
pits are involved in most of the internalization processes medi-
ated by receptors such as TfR or insulin receptors [39,40]. After
endocytosis, the vesicles converge in the early endosome
network, which functions as an intracellular sorting station.
From there, cargo can be transported via sorting tubules to the
basolateral side of the cells for exocytosis. Cargo can also stay

in the early endosomes, which can mature in late endosomes
and multi-vesicular bodies. Multi-vesicular bodies can either
shuttle their cargo for exocytosis or fusion with lysosomes,
where cargo degradation can occur. However, the cargo can
avoid this fate by being shuttled back from the lysosomes to the
Golgi apparatus and early endosomes by retrograde transport
[39]. The intracellular pathway taken by the vesicles depends on
the receptor, on the internalization pathway (clathrin-mediated
or caveolae) and also on the type of ligand binding to the recep-
tors [39]. Furthermore, it has been shown that bEND3 cells
(mouse brain microvascular cell line) had less nanoparticles
colocalized to the Golgi apparatus and lysosomes than C6 cells
(rat glioma cell line), suggesting that intracellular vesicles could
avoid lysosomes in brain endothelial cells [43,44]. Finally, the
exocytosis process has not been described very well. It is still
unclear if the tubules and multi-vesicular bodies merge directly
with the basolateral membrane or if they release their cargo in
basolateral endosomes that subsequently merge with the baso-
lateral membrane. However, it has been shown that brain endo-
thelial cells generate microvesicles that are released toward the
brain [43].

Adsorptive-mediated transcytosis

Finally, another potential physiological way to cross the BBB is
through adsorptive-mediated transcytosis (AMT). Whereas
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RMT needs an interaction between a ligand and a receptor,
AMT is a non-specific pathway. Therefore, the binding affinity
of AMT is low, but its binding ability is high, leading to similar
transcytosis efficiency as RMT [45,46]. AMT occurs through
electrostatic interaction between a positively charged molecule,
protein or peptide and the negatively charged luminal mem-
brane of the brain endothelial cells. This process depends on
energy, time and concentration and lasts for a few minutes. It is
thus relatively slow compared to carrier-mediated transport
[47,48]. The endocytotic process of AMT is mostly mediated by
caveolae [40].

Strategies to enhance nanoparticle BBB
permeation

To increase their BBB permeation ability, most nanoparticles
are designed to be able to cross the BBB through transcytosis.
To reach this goal, their surfaces have to be modified, either
non-covalently with a coating or covalently by functionaliza-
tion.

Coating with surfactants

Coating nanoparticles with a surfactant was the first method
used to enhance their BBB permeation ability. The first re-
ported nanoparticle system able to cross the BBB in vivo was
developed by Kreuter and co-workers [24]. In their study,
PBCA nanoparticles coated with polysorbate 80 (PS80) were
able to successfully deliver dalargin, an antinociceptive peptide
unable to cross the BBB by itself. A significant increase of anal-
gesia was measured, showing that PS80-coated PBCA nanopar-
ticles were able to deliver dalargin through the BBB to the
brain. Following this discovery, different surfactants were
tested to coat PBCA nanoparticles [49]. Dalargin-loaded PBCA
nanoparticles were coated with polysorbate 20, 40, 60 and 80,
poloxamer 184, 188, 388, 407 and 908, Brij® 35 and
Cremophors® EZ and RH. Only PBCA nanoparticles coated
with polysorbates showed a significant analgesic effect, and the
highest effect was obtained for PS80-coated nanoparticles.
Further studies showed that PS80 did not cause any toxic effects
and did not disrupt the BBB at the dose used [50]. At the same
time, Liick published in his thesis that apolipoprotein E (ApoE)
was adsorbed on the surface of nanoparticles coated with
polysorbate 20, 40, 60 or 80 after their incubation in human
plasma [51]. However, ApoE was not adsorbed on uncoated
nanoparticles or nanoparticles coated with poloxamer 338 and
407, Cremophor® EL or Cremophor® RH40. Building on this
work and to study the mechanism behind the transcytosis of
PBCA nanoparticles, dalargin-loaded PBCA nanoparticles were
coated with apolipoproteins A-II, B, C-II, E and J with or with-
out precoating with PS80 [52] and the antinociceptive effect of
dalargin on mice was measured. A significant increase of the

antinociceptive effect was observed for nanoparticles coated
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with apolipoproteins B (ApoB) and E without precoating with
PS80, showing that these apolipoproteins increased the BBB
crossing of PBCA nanoparticles. Interestingly, the antinocicep-
tive effect of dalargin was even more pronounced for PBCA
nanoparticles precoated with PS80 and overcoated with ApoB
and ApoE. In the same study, loperamide-loaded PBCA nano-
particles coated with PS80 were injected to ApoE-deficient and
control mice. An antinociceptive effect of loperamide could
only be observed in control mice, showing that apolipoproteins
were involved in the BBB crossing mechanism of PS80-coated
PBCA nanoparticles. Thus, it was concluded that PS80-coated
nanoparticles could adsorb apolipoproteins selectively in the
blood and cross the BBB through RMT by interacting with LDL

receptors present on the luminal side of brain endothelial cells.

In another study by Kreuter’s team, PBCA nanoparticles loaded
with doxorubicin and coated with either PS80 or poloxamer 188
(P188) could increase the survival of rats implanted with
intracranial glioblastoma [53]. Interestingly, P188 coating was
also able to increase the BBB permeation ability of PBCA
nanoparticles. However, in their first study, P188-coated
dalargin-loaded PBCA nanoparticles were not able to increase
significantly the antinociceptive effect of dalargin [49]. Thus, it
was proposed that the binding of doxorubicin led to an altera-
tion of the nanoparticle surface properties that allowed ApoE
and B to be bound. It was then concluded that the BBB perme-
ation ability of nanoparticles was not only dependent of the
surfactant coating but also of the nature of the nanoparticle
core composition, not only of the polymer, but also of the API
[54].

The ability of surfactants to interact with apolipoproteins was
confirmed in another study by Petri et al., where the efficacy of
PBCA nanoparticles loaded with doxorubicin and coated with
either PS80 or P188 for the treatment of rat intracranial
glioblastoma was investigated [55]. The results showed that the
antitumor effect of doxorubicin-loaded PBCA nanoparticles
was significantly enhanced when they were coated with either
PS80 or P188. The plasma proteins adsorbed on coated PBCA
nanoparticles were investigated by 2D PAGE and the results
showed that a considerable amount of apolipoproteins A-I (Apo
A-I) were adsorbed on PS80- and P188-coated nanoparticles.
No significant differences of the amount of adsorbed
apolipoproteins between PS80- and P188-coated nanoparticles

could be observed.

Similar results were observed for PLGA nanoparticles stabi-
lized with PS80 or P188. PLGA nanoparticles loaded with
either loperamide or doxorubicin were coated with PS80 or
P188 and tested in vivo in rodents [56]. In both cases, P188-
coated PLGA nanoparticles showed a higher efficacy than
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PS80-coated nanoparticles, but both formulations were able to
cross the BBB and deliver their cargo. On the other hand, in
another study, coumarin-6-loaded PLGA nanoparticles coated
with either chitosan or PS80 showed a better crossing ability
than P188-coated nanoparticles [57]. This result seems to be in
accordance with the suggestion from Kreuter et al. that the core
of the nanoparticles could influence the surface properties of the
nanoparticles and therefore their ability to bind with apolipopro-
teins in the blood [54]. PS80 coating was also successful for
PLA-b-PEG nanoparticles [58] but failed for PLA nanoparti-
cles [59]. PLGA-PEG-PLGA nanoparticles loaded with
loperamide and coated with either PS80 or P188 were com-
pared [60]. Both formulations could cross the BBB but P188
seemed to permeate to a higher degree than PS80.

In conclusion, PS80 is nowadays the gold standard for increas-
ing the BBB crossing of polymeric particles as it was shown to
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be able to increase the apolipoprotein—nanoparticle interaction
for a wide range of polymers without any toxicity to the BBB.
However, alternatives, such as P188, exist. Furthermore, the
efficacy of the coating is also influenced by the composition of
the nanoparticle core, i.e., the polymer and API in use.

Surface functionalization

To be able to cross the BBB by RMT, nanoparticle surfaces can
be functionalized with specific ligands. This approach has been
well studied and a multitude of different ligands has been
tested. Some of the recent advances for this approach are sum-
marized in Table 1.

As described above, coating nanoparticles with apolipoproteins
allows nanoparticles to cross the BBB by interacting with LDL
receptor-related protein (LRP1) for ApoB and ApoE [115] and
with SR-BI for Apo A-I [116]. In the same way, conjugating

Table 1: Summary of surface functionalization strategies for improved BBB crossing of nanoparticles.?

target functionalization

scavenger receptor class B
type 1 (SR-BI)

apolipoprotein A-1

LDL receptor-related protein apolipoprotein B and E
(LRP1)
modified apolipoprotein E
peptide
angiopep-2

transferrin receptor transferrin

transferrin

transferrin receptor

anti-transferrin receptor
antibody (OX26)

THR peptide

nanoparticle size zeta potential  ref.
(nm) (mV)
HSA 250-270 -23 to -36 [61]
225 -35 [62]
proticles 120-150 10to 20 [63]
HSA 220-240 -37 to -40 [62]
340 + 8.6 N.A. [64]
SLNs <200 -13 [65]
119.7+25 -54.3+2.1 [66]
liposomes 123+3 -152+ 11 [67]
PEG-PCL <100 -3.28+0.75 [68]
SLNs 111.4 -16.4 [69]
AuNPs 39.96 +0.57 -19.38+0.58 [70]
AuNRs 118.5 -10.5 [71]
PLGA 88.8 £27.5 -325+8.2 [72]
SLNs 126.4+296 3.7+05 [73]
HSA 183+ 10 -28 +8 [74]
MSN-PLGA 150 -18.1+0.5 [75]
liposomes 100 30.2 [76]
1245+6.4 -519+045 [77]
AuNPs 41 N.A. [78]
AuNRs 46.7 x 13.7 N.A. [79]
PEG-chitosan 200 18.23+4.06 [80]
PLGA 166 + 2 -13 1 [81]
HSA 168 £+ 5 -28+6 [74]
chitosan 235.7+102 22.88+1.78 [82]
PLA-PEG 121.8+£9.9 18.1+1.3 [83]
liposomes 1172 N.A. [84]
153 + 11 -75%£12 [85]
AuNPs 1317 -41+2 [86]
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Table 1: Summary of surface functionalization strategies for improved BBB crossing of nanoparticles.? (continued)

lactoferrin receptor lactoferrin
opioid receptor glycopeptide g7
insulin receptor insulin

anti-insulin receptor antibody
(29B4)

receptor for advanced CLPFFD peptide

glycation end products
diphtheria receptor CRM197
thiamine transporter thiamine
glutathione transporter glutathione
phage-display technique TGN peptide
Tet-1 peptide
rabies virus target RVG29
cell-penetrating peptide TAT
penetratin
SynB
adsorptive-mediated transport  cationic bovine serum albumin
(CBSA)

trimethylated chitosan

PEG-PLGA 90 -24 [87]
109 N.M [88]
procationic 123-129 -4.3t0-20.2 [89]
liposomes
NLC 99.7-103.8 -5.80 to [90]
-17.90
PLGA 200-300 -8to0-12 [91]
183+ 12 169+ 0.4 [92]
162-211 -6.1t0-15.2 [93]
195+ 12 -13.7+£0.8 [94]
HSA 190 £ 19 -36+6 [28]
AuNPs 20 N.A. [95]
HSA 157 + 11 -36+4 [28]
AuNPs 12+1.7 N.A. [96]
AuNRs 50 x 10 25 [97]
PLGA 219 + 11 -14.2+0.5 [94]
SLNs 67 +8.2 N.A. [98]
liposomes 95 -8.3 [99]
127 N.A. [100]
PEG-PLGA 151 -19.59 [101]
PLGA 150-200 -20 to -30 [102]
chitosan—pluronic 63 + 32 121 +£0.8 [103]
NC
HSA 89.3+1.9 -33£0.9 [104]
AuNRs 117.7 x 50.3 142+25 [105]
PLA 157 £ 8.9 24+03 [1086]
liposomes 1245+6.4 -5.19+0.45 [77]
AuNPs 21.4+0.9 N.A. [107]
PEG-PLA 100 -4.42 [108]
PEG-GS 1946 + 6.4 31.8+3.1 [109]
PEG-PLA 82.1+4.0 -12.19+1.21 [110]
329+ 44 -19 [111]
liposomes 90-165 N.A. [112]
SLNs 945+15 10.3+0.6 [113]
PLGA 136.8-146.7 17.7t021.0 [114]

a8AuNPs = gold nanospheres, AuNRs = gold nanorods, GS = gelatin—siloxane, HSA = human serum albumin, MSNs = magnetic silica nanoparticles,
NC = nanocarrier, NLC = nanostructured lipid carrier, N.A. = not available, PEG = polyethylene glycol, PLA = poly(lactic acid), PLGA = poly(lactic-co-

glycolic acid), PCL = polycaprolactone, SLNs = solid lipid nanoparticles.

nanoparticles with angiopep-2, a ligand of LRP1, also enables
BBB crossing. Another extensively studied RMT pathway is
through transferrin and lactoferrin receptors by conjugating
nanoparticles with their respective ligands, transferrin and lacto-
ferrin [72-74,87,88]. However, these nanoparticles have to face
competition with the endogenous ligands of these receptors.
This problem can be avoided by using antibodies against trans-
ferrin receptors, i.e., 0X26, which bind to another binding site
of the receptor [74,80-83]. However, it has been shown that
0X26 is mostly associated with brain capillaries through the

brain parenchyma [117]. It was then hypothesized that the high
affinity of the antibody for the TfR might prevent its release
from the abluminal surface of brain endothelial cells. The detec-
tion of OX26 in the cerebrospinal fluid (CSF) and in neurons
only in areas of close proximity to the ventricular system also
suggest that OX26 might reach the brain through the
blood—CSF barrier [118]. Furthermore, some studies have
shown that anti-TfR antibodies with high affinity/avidity for the
receptor could be sorted toward lysosomal degradation after

endocytosis, whereas antibodies with lower affinity/avidity
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were sorted for transcytosis [119,120]. To the best of our know-
ledge, the exact intracellular pathway taken by OX26 inside the
brain endothelial cells has not been described well yet. Its high
affinity for the TfR receptor might induce its entry into lyso-
somes inside the cells. However, the high number of papers
reporting the ability of nanoparticles conjugated with OX26 to
reach the brain seems to indicate either that it is not the case,
and/or that OX26 is able to shunt the BBB through the
blood-CSF barrier.

Other receptors have also been studied such as the opioid,
insulin and diphteria receptors or the receptor for advanced
glycation end products (RAGE) [28,91-94,96]. It is also
possible to cross the BBB by targeting active transporters such

as the thiamine or glutathione transporters [98-100].

Some more advanced techniques have also been developed to
find new targeting peptides for the BBB, such as the phage-
display technique. This technique is an effective method for
isolating novel peptides with specific binding properties. DNA
sequences are inserted into bacteriophage genes, resulting in the
expression of the encoded proteins on their surface. Biopanning
is then used to isolate and amplify phages displaying peptides
able to interact with the proteins or cell lines of interest [121].
The results of this technique are entirely dependent on the
library of DNA sequences used and attention should be given to
select tissue-specific peptides [122]. Among others, two inter-
esting peptides have been identified using this technique: TGN
and Tet-1. TGN was identified through in vivo phage display
[123]. Mice were injected with a library of phages and phages
recovered in the brain were amplified, leading to the identifica-
tion of TGN peptide as an interesting BBB targeting peptide.
Tet-1 was identified through its affinity for the trisialoganglio-
side (GT1b) receptor, the main neuronal target of tetanus toxin
[121]. Tet-1 can interact specifically with motor neurons and is
capable of retrograde delivery to the neuronal cells [102]. Thus,
conjugating nanoparticles with Tet-1 allows them to shunt
the BBB by reaching the brain through retrograde axonal trans-
port.

A short peptide derived from rabies virus glycoprotein (RVG),
RVG-29, has also been used to increase brain delivery of nano-
particles [103,104]. RVG-29 interacts specifically with the
nicotinic acetylcholine receptor (AchR) on neuronal cells [124].
The exact pathway through which RVG-29 reaches the CNS is
not fully understood. One hypothesis could be that RVG-29
reaches the CNS by following the rabies virus pathway, i.e.,
through retrograde axonal transport from motor neuronal cells.
It is also believed that RVG-29 could increase BBB crossing
through AMT by increasing the positive charge on the nanopar-
ticle surface [125].
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Another investigated way to increase BBB permeation is to use
cell-penetrating peptides (CPPs). These peptides usually contain
between five and 40 amino acids, including a large amount of
basic amino-acid residues, resulting in an overall net positive
charge [108,126]. CPPs are able to enhance membrane penetra-
tion and cell internalization of their conjugated cargo in a large
variety of cells, through pathways not always well known
[126,127]. In the case of BBB crossing, their positive charge
might induce their transcytosis through the AMT pathway.
Multiple CPPs have been used to deliver nanoparticles to the
brain such as the HIV-1 trans-activating transcriptor (TAT)
[77,106,107], penetratin [108] or SynB [109].

Finally, conjugating nanoparticles with positively charged
polymers or proteins such as chitosan or cationic bovine serum
albumin (CBSA) allows them to cross the BBB by AMT,
as described above [110-112,114]. PEG-PLA nanoparticles
were labeled with coumarin-6 and conjugated with either CBSA
or BSA in a study by Lu and co-workers [110]. Transcytosis
assays were performed on a co-culture BBB in vitro model
and showed that CBSA-nanoparticles had an apparent
permeability (Pe) seven times higher than that of BSA-
nanoparticles. Furthermore, a leaching study of coumarin-6 was
performed at pH 4.0 and 7.4 and showed that less than
1% of the dye was released from the nanoparticles after
80 h. Thus, coumarin-6 was an accurate probe for the
nanoparticle detection. It was therefore possible to conclude
that the fluorescence detected in the abluminal compartment
during the transcytosis assay was due to the probe inside the
nanoparticles, and not due to free coumarin-6. Hence, it seems
that CBSA-conjugated nanoparticles are indeed uptaken by the
cells and transported to the abluminal side. They do not just
adhere on the surface of endothelial cells and release their
cargo. However, AMT is a non-specific pathway. Using this
route to reach the brain may lead to more adverse effects than
RMT as nanoparticles may also accumulate in other organs
[128,129].

Influence of size and zeta potential

It has been shown that surface functionalization or surface
coating are the most important determinants for BBB crossing.
For functionalized nanoparticles, size seems to have little
impact and nanoparticles in a large size range (from 12 to
340 nm) have been found to cross the BBB (Table 1). Gao and
Jiang studied the influence of the size of methotrexate-loaded
PS80-coated PBCA nanoparticles on their ability to cross the
BBB in vivo [130]. Nanoparticles with sizes from 70 to 345 nm
were studied. Between 170 and 345 nm, no impact of nanoparti-
cle size on the brain delivery of methotrexate could be ob-
served. Only 70 nm nanoparticles showed a slight increase in

brain delivery. It has been proven that endocytosis is a size-de-
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pendent process and that smaller nanoparticles under 100 nm
can be endocytosed more easily by cells [131-133]. Moreover,
it has been shown that gold nanoparticles under 15 nm were
able to cross the BBB without any functionalization, probably
through the transmembrane or the paracellular pathway, where-
as gold particles bigger than 50 nm were not found in the brain
[134-136]. Thus, very small particles may cross the BBB more

easily.

Furthermore, after successfully crossing the BBB, size can have
an impact on the diffusion of the nanoparticles through the brain
extracellular space (ECS). The ECS is a well-connected foam-
like structure formed from the interstitial space between neural
cells [137,138]. The ECS possesses a large diversity of dimen-
sions down to 40 nm, and up to 700 nm in local expansions also
known as “dead spaces" [137,139]. Thus, small nanoparticles
can diffuse further in the ECS and therefore deliver their cargo
to the brain more efficiently, whereas bigger particles might get
stuck in the narrowest parts of the ECS. However, according to
Begley’s brain superhighways theory, nanoparticles could be
able to diffuse in the brain tissue through the cytoplasm of
astrocytes [140]. The long processes of astrocytes can form
cytoplasmic bridges in the brain tissue from the BBB to neurons
and to the blood—CSF barrier. It was shown that the aquapor-
ines-4 expressed at the end feet of astrocytes allow for the
uptake of water and its solutes from the ECS into their cyto-
plasms. Water can then be released globally into the brain extra-
cellular fluid. Nanoparticles could follow a similar pathway.
They could be endocytosed by the astrocytes at their end feet
and then diffuse through their cytoplasms in the brain tissue.
Nanoparticles could then diffuse faster and with less size

restrictions than through the tortuous ECS.

As already described above, the zeta potential can also have an
impact on the BBB crossing ability of nanoparticles. Nanoparti-
cles expressing positive charges on their surface can cross the
BBB through AMT. However, positively charged nanoparticles
have a faster plasma clearance rate, which lowers their resi-
dence time in brain microvessels and therefore their brain
delivery is reduced [133]. Furthermore, attention should be
given to the toxicity of cationic nanoparticles, as they may alter
cell membranes during adsorption. For instance, cationic gold
nanoparticles have been shown to be 27 times more cytotoxic
than their negative counterparts, due to the disruption of the cell
membranes [141-143].

Pegylation

Pegylation of nanoparticles increases their circulation time by
granting them “stealth” properties, thus increasing their resi-
dence time in brain microvessels and their brain delivery [144].

Pegylation alone does not allow nanoparticles to cross the BBB,
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as it has been shown in multiple studies [87,123,145,146].
However, coating nanoparticles with PEG allows them to better
diffuse through the ECS [147]. Indeed, an important constituent
of the ECS is the extracellular matrix, constituted of proteogly-
cans, hyaluronan and small proteins that can interact with nano-
particles and drastically hinder their diffusion [137]. By densely
coating 40 nm and 100 nm fluorescent polystyrene nanoparti-
cles with PEG, the nanoparticles were able to diffuse through
the brain ECS of live mice, thanks to PEG limiting the adhe-
sive interactions between the ECS and the nanoparticles, where-
as the uncoated nanoparticles were stuck in the tissue [147].
Interestingly, neither pristine nor pegylated 200 nm nanoparti-
cles could penetrate the brain tissue due to steric hindrance,
confirming the importance of nanoparticle size for ECS diffu-
sion described above. Thus, nanoparticles larger than 200 nm
are able to cross the BBB but are unable to move on forward
and diffuse through the ECS.

Nanopatrticles for drug delivery through the

BBB

Polymeric nanoparticles

Polymeric nanoparticles are the most extensively studied nano-
particle system for brain delivery. They can be produced from
synthetic or natural polymers. Polymeric particles can cross the
BBB when coated with surfactants, as described above, or after
surface functionalization, as can be seen in Table 1. To be used
for brain delivery, the polymeric nanoparticles need to be
biodegradable and biocompatible, thus limiting the choice of
polymers. As already discussed above, PBCA nanoparticles
were the first nanoparticles shown able to cross the BBB [24].
Soon after, PLA and PLGA nanoparticles demonstrated the
same abilities [56]. For example, PLGA nanoparticles loaded
with loperamide and functionalized with glycopeptide g7 or
with a mutated form of diphtheria toxin (CRM197) have been
shown to significantly increase the analgesic effect of
loperamide in mice [94]. Furthermore, it was shown that
CRM197 allowed the carrier system to cross the BBB by RMT
as well as by up-regulation of caveolin-1-mediated transport.
Investigation on g7-NPs and CRM197-NP tropisms revealed
that both formulations reached all brain areas without impacting
the BBB integrity and accumulated in interneurons. Both PBCA
and PLA/PLGA polymers are biodegradable and biocompatible
polymers. However, PLA and PLGA exhibit some advantages
over PBCA. They are FDA-approved and have a slower degra-
dation rate than PBCA, allowing for a more sustained delivery
[148,149]. Furthermore, a formulation of PLGA nanoparticles
loaded with doxorubicin (NanoBB-1-Dox) has been investigat-
ed in a phase-I clinical trial for the treatment of glioblastoma
multiforme through systemic chemotherapy [150]. Following
the good tolerance of the treatment, NanoBB-1-Dox will be in-

vestigated in a phase-II study, which might prove the ability of
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PLGA nanoparticles to cross the BBB in humans. Some other
polymers have also been used to develop nanoparticles for brain
delivery such as polycaprolactone (PCL) [68] or chitosan
[80,82] but to a lesser extent than PBCA and PLA/PLGA nano-
particles. For instance, enhanced accumulation in an in vivo
intracranial glioma mice model of PEG-PCL nanoparticles
functionalized with angiopep-2 could be observed by real-time
fluorescence imaging [68]. Nanoparticles could be observed in
the glioma bed and infiltrating margin, showing that nanoparti-
cles functionalized with angiopep-2 could exhibit dual-targeting
abilities. Firstly, angiopep-2 allowed the nanoparticles to cross
the BBB through RMT by recognition of LRP1 on the BBB
and, secondly, angiopep-2 increased the accumulation of nano-
particles in glioma cells thanks to recognition of the LRP1 on

the glioma cells surface.

Lipid-based nanoparticles

Liposomes: Liposomes are well-known and well-studied
nanocarrier systems. They are composed of a lipid bilayer sur-
rounding a hydrophilic core. Liposomes can thus be loaded with
a wide variety of hydrophilic and lipophilic cargos [151]. Some
liposome formulations have already received marketing autho-
rizations, such as Ambisome®, Doxil®, Myocet® or more
recently Onivyde ™ . However, no liposomal formulations have
received approval for clinical use for the treatment of CNS
diseases, although some clinical trials are currently ongoing. A
phase-I trial of anti-EGFR-immunoliposomes loaded with
doxorubicin, still recruiting, might provide soon clinical infor-
mation on the ratio between the concentration of doxorubicin in
the cerebro-spinal fluid and in the peripheral blood after intra-
venous administration [152].

Liposomes can cross the BBB through RMT. Positively charged
liposomes can also reach the brain through AMT [151]. As
shown in Table 1, liposomes have already been conjugated with
a variety of ligands such as transferrin [76], lactoferrin [89],
anti-transferrin receptor antibody [84,85], glutathione [99,100]
or CBSA [112]. In a study by Chen et al. the efficacy of the
BBB targeting ligands angiopep-2, T7 and peptide-22, which
are specific ligands of, respectively, LRP1, transferrin receptor
and LDLR were compared. Liposomes were conjugated with
each ligand and their cellular uptake by brain capillary endothe-
lial cells (BCECs) was tested [153]. It was shown that the cellu-
lar uptake of liposomes functionalized with peptide-22 was sig-
nificantly higher than that of liposomes conjugated with
angiopep-2 or T7. A dual-crossing glioma targeting liposomal
drug delivery system was then developed by conjugating
peptide-22 and ¢(RGDfK), a ligand of integrin a,f3 that showed
ability to target glioma cells, to liposomes loaded with doxoru-
bicin. This formulation was tested in vivo on an intracranial

glioma-bearing mouse model. The nanocarrier system was able

Beilstein J. Nanotechnol. 2020, 11, 866—883.

to cross the BBB and to accumulate in glioma cells, thus im-

proving the cytotoxicity effect of doxorubicin.

To cross the BBB and to target glioma cells, liposomes have
also been conjugated with cell-penetrating peptides. For exam-
ple, in a study by Liu et al., a novel dual receptor recognizing
the cell-penetrating peptide R8-dGR, which could bind to both
integrin o, f3 and neuropilin-I receptors, was used to function-
alize liposomes [154]. This formulation was tested in vitro and
in vivo on intracranial glioma-bearing mice. The R8-dGR-
conjugated liposomes could cross the bEnd.3 (murine brain
endothelial cells) monolayer in vitro and exhibited a significant-
ly higher accumulation in the brain than non-conjugated
liposomes, showing the ability of this carrier system to cross
the BBB. It was also shown that these particles could accumu-
late in the glioma cells and significantly increase the survival
time of mice when loaded with paclitaxel. Thus, this formula-
tion could be a promising drug delivery system for antitumor
therapy.

Solid lipid nanoparticles: Solid lipid nanoparticles (SLNs) are
particles with a solid lipid core at room and body temperature
[27]. SLNs can be prepared with biocompatible lipids, thus
leading to low cytotoxicity [155]. Furthermore, SLNs can be
prepared using a cost-effective high-pressure homogenization
method. This method avoids the use of organic solvents and can
be used at large scale, making SLNs interesting for the pharma-

ceutical industry [156].

Interestingly, plain and stealth SLNs have been shown to cross
the BBB, without any functionalization [157-160]. However,
stealth SLNs showed better brain delivery of doxorubicin than
pristine SLNs. This effect was even more pronounced in SLNs
coated with increasing amounts of stealth agents, due to their
longer blood circulation time [158]. These experiments showed
that no specific targeting molecules or coatings are necessary
for SLNs to cross the BBB. These nanoparticles are inherently
able to cross the BBB through a pathway that has not been well

investigated.

However, it is also possible to increase the amount of drug
delivered to the brain by coating and conjugating SLNs.
Coating SLNs with PS80 has been proven to be successful for
the brain delivery of curcumin [161]. Studies have shown that
PS80 allows ApoE adsorption on SLNs in the same way as for
PBCA and PLGA nanoparticles [162].

Surface functionalization of SLNs has also been vastly used to
improve their brain delivery. For example, SLNs functionalized
with ApoE [65,66], angiopep-2 [69], transferrin [73], thiamine
[98] and CBSA [113] have shown increased delivery of their
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cargos to the brain compared to the molecules alone. For
instance, in a study by Dal Magro et al., the brain bioavail-
ability in mice of SLNs functionalized with an ApoE-derived
peptide was studied depending on the administration route of
the nanoparticles. The nanoparticles were administered either
by the intraperitoneal, the intravenous or the intratracheal route
[66]. Using in vivo fluorescence molecular tomography
revealed that the SLNs could be observed in the brain after
intravenous and intratracheal administration, showing their
ability to cross the BBB. Furthermore, a superior retention of
the nanoparticles in the brain was noticed after intratracheal
administration compared to the intravenous and the intraperi-
toneal route, without inducing any acute inflammatory reaction
in the lungs. The mechanism behind this increased brain
confinement are not well understood. However, the authors con-
cluded that pulmonary administration seemed to be a feasible
strategy for brain delivery.

Interestingly, in a study by Peira et al., SLNs have been suc-
cessfully loaded with superparamagnetic iron oxide and were
able to cross the BBB [163]. Thus, SLNs could be potentially
used as carriers for CNS MRI contrast agents.

Nanostructured lipid carriers: Although most of the reported
applications of nanostructured lipid carriers (NLCs) for brain
delivery are using the intranasal pathway [164-167], some
studies have shown that NLC are also able to deliver drugs to
the brain through the BBB. NLC are lipid-based particles
composed of a liquid lipid phase inside a solid lipid phase [27].
The liquid lipid phase allows for a better solubilization of APIs
and thus for a higher drug loading capacity than that of SLNs
[168].

NLCs loaded with itraconazole prepared with PS80 were able to
almost double the itraconazole concentration in the brain com-
pared to the drug alone [169]. In another study,
arginine—glycine—aspartic acid peptide (RGD)-modified NLCs
were used for the delivery of temozolomide (TMZ) and their
efficacy was tested on a glioblastoma multiforme mouse model.
The RGD-TMZ/NLCs displayed high antitumor efficacy in
vivo, with an inhibition of the tumor four times higher than that
of the drug alone [170]. Moreover, in a study by Tsai et al.,
baicalein was loaded inside NLCs prepared with poloxamer
188. The NLCs revealed 7.5- and 4.7-fold higher baicalein
accumulations in the cerebral cortex and brainstem, respective-
ly, compared to the aqueous solution [171]. It is also possible to
increase the BBB targeting ability of NLCs by adsorbing lacto-
ferrin at their surface [90]. In a study by Meng et al., results
have shown that lactoferrin-modified NLCs were able to accu-
mulate in the brain more than twice as much as pristine NLCs in

an Alzheimer’s disease rat model [90].
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Thus, even if the BBB permeation potential of NLCs has only
been studied to a small extent [172], it seems that this nanopar-
ticle system might be promising for brain delivery through the

systemic pathway.

Inorganic nanoparticles

Gold nanoparticles: Gold nanoparticles are inorganic particles
the shape (spheres, shells, rods) and size of which can be
tailored depending on the synthesis process [173]. Most studies
on the brain delivery of gold nanoparticles used gold nano-
spheres (AuNPs). AuNPs are composed of a gold core and
covalently or non-covalently attached surface ligands. AuNPs
have many very interesting properties. They can be easily
synthetized and coated or conjugated to carry various cargos,
from small molecules to proteins and nucleic acids [174].
Furthermore, AuNPs show low immunogenicity and toxicity
due to their inert core [78]. Finally, AuNPs could be used as
X-ray contrast agent if their concentration in the brain is suffi-
ciently high to allow for their detection, making them potential

carriers for theranostic treatments [174].

It has been shown that the organ distribution of gold nanoparti-
cles depends on the size of the particles. In multiple in vivo
studies on rodents, low amounts of AuNPs of 10-15 nm were
able to cross the BBB and reach the brain. However, the vast
majority of the administered dose was found in the liver and in
the blood [134-136]. Moreover, the amount of gold found in the
brain was dependent on the AuNP dose, showing no sign of
saturation at the doses tested. This suggests that the AuNPs
might cross the BBB through a non-saturable pathway such as
passive transmembrane diffusion or the paracellular pathway
[175]. Of course, depending on the surface ligands of the
AuNPs, the pathway taken might differ. Hydrophilic ligands
might hinder the transmembrane diffusion of the particles. Sur-
face modifications with specific ligands such as transferrin [78],
THR peptide (a transferrin receptor ligand) [86], angiopep-2
[70], insulin [95] and CLPFFD peptide, a peptide derived from
B-amyloids able to interact with RAGE [96], have been shown
to increase the BBB delivery of AuNPs by allowing them to
cross the BBB through RMT. Moreover, AuNPs have been ex-
tensively used to reach brain tumors. Due to their small size,
AuNPs can diffuse more easily through the disrupted BBB of
the brain tumor vasculature, making them a useful carrier for
drugs or imaging agents. The use of targeting ligands, such as
angiopep-2, TAT or EGF, allows their accumulation to be in-
creased in these specific areas [70,78,107,176].

Although to a lower extent, gold nanorods (AuNRs) have also
been used for brain delivery. AuNRs, like AuNPs, exhibit an
optical feature called surface plasmon resonance, which allows

them to strongly absorb light in the infrared region [177,178].
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The advantage of AuNRs over AuNPs is that their aspect ratio
(length divided by width) allows for the adjustment of the
absorption wavelength in the near infrared (NIR) region
(650-1350 nm), thus exploiting the so-called optical window.
Light in this wavelength range can penetrate more deeply into
the human body thanks to the low absorption by tissue and
blood, making these nanoparticles interesting for theranostic
treatments [177,179,180]. By excitation of surface plasmon
oscillations, local heating can be generated, making these parti-
cles interesting for tumor treatment by photothermal therapy
[178]. Furthermore, nanorods can be internalized more easily by
cells as their increased surface allows them to interact more
easily with receptors on the cell membranes [181]. AuNRs have
been functionalized to increase their BBB delivery of angiopep-
2 [71], RVG29 [105], CLPFED [97] or transferrin [79]. In a
study by Praca et al., AuNPs and AuNRs were functionalized
with different amounts of transferrin and tested in vitro on a
BBB model and in vivo on mice after intravenous administra-
tion [79]. In vitro and in vivo results showed that AuNPs and
AuNRs with a medium density of transferrin had the highest
transport efficiency across the BBB, due to their lower avidity
for the transferrin receptor. The latter allowed them to more
easily escape the endosomes to reach the cytosol, thus avoiding
the lysosomal pathway. In vivo studies confirmed the ability of
functionalized AuNPs and AuNRs to cross the BBB as both
formulations were found in the brain of mice in larger quantity
than the bare formulations. Interestingly, AuNRs accumulated
in the subventricular zone (SVZ), a neurogenic niche, while
AuNPs were mostly found in non-neurogenic regions. Disrup-
tion of the BBB by NIR light irradiation of AuNRs increased
the AuNRs ability to accumulate in the SVZ, making this

formulation interesting for targeting neural stem cells.

Superparamagnetic iron oxide nanoparticles: Superparamag-
netic iron oxide nanoparticles (SPIONs) are based on magnetite
(Fe304) or maghemite (y-Fe,O3) molecules encapsulated in
polysaccharides, synthetic polymers or monomer coatings and
have a size range from 1 to 100 nm [21,182]. SPIONs possess
interesting magnetic properties and some formulations have
already been approved as MRI contrast agents for imaging of
the liver by the Food and Drug Administration (FDA) [183].
However, these formulations are no longer available because of
concerns about toxicity and fatal anaphylactic reactions. Nowa-
days, ferumoxytol is the only SPION formulation approved by
the FDA for human use, under the commercial name Fera-
heme®. Although its indication is for the treatment of iron defi-
ciency in patients with renal failure, it is also clinically used for
MRI of adrenal glands and kidneys [183,184]. As they are
composed of iron, a normal component of the human body,
SPIONS are believed to have low toxicity and high biocompati-

bility. SPIONs are metabolized in the lysosomes into a soluble
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non-superparamagnetic form or iron. Then, iron ions join the
iron pool in the blood and can be incorporated by erythrocytes
as part of hemoglobin [21,183]. However, the concern about
serious anaphylactic reactions, the cause of which is not well
understood, seriously restrains their use in clinical treatments.
In 2015, the FDA released a “Boxed Warning”, the strongest
type of warning, regarding the serious risks following the use of
Feraheme. Feraheme can still be used following strict instruc-
tions to limit the risk and is under close surveillance by the
FDA. Thus, even if SPIONs could be potential tools for
imaging the brain and more especially for imaging brain
tumors, this issue should be thoroughly investigated.

Similar to AuNPs, SPIONs smaller than 50 nm are able to cross
the disrupted BBB around brain tumors or in diseases such as
Alzheimer’s or ischemic stroke [185]. Using targeting ligands
such as EGF, cetuximab (an anti-EGFR antibody), or anti-Af
peptide antibodies, their accumulation in these areas can be in-
creased [30,186,187]. For example, in a study by Shevtsov et
al., SPIONs conjugated with EGF were tested as contrast agent
in an intracranial rat glioma model [30]. Functionalized SPION's
were able to cross the tumor BBB and to accumulate in the
tumor and demonstrated high magnetic resonance contrast
potential, confirming the ability of functionalized SPIONS to act
as a diagnostic agent for intracranial glioma.

Conclusion

Crossing the BBB remains one of the most challenging tasks for
drug delivery to the brain. Different physiological pathways can
be employed for crossing the BBB including receptor-mediated
transcytosis or adsorptive-mediated transcytosis. To reach this
goal, a multitude of nanocarrier systems, such as polymeric,
lipid-based or inorganic nanoparticles, have been developed and
shown able to cross the BBB owing to their tailored surface
properties. In numerous studies, the physical coating of nano-
particles with surfactants and the chemical functionalization
with specific ligands have been proven to be successful strate-
gies to enhance the BBB crossing through RMT or AMT. Size
and charge of the nanoparticles are also aspects that can influ-
ence their penetration into the brain. Smaller nanoparticles are
able to cross the BBB more easily and to diffuse better through
the brain. However, bigger nanoparticles, if correctly functio-
nalized, are also able to cross the BBB, although to a slightly
lower extent. Thus, key to increase the amount of drug deliv-
ered to the brain is finding the optimal particle size. Larger par-
ticles can be loaded with larger amounts of drugs but will reach
the brain in lower concentrations, smaller nanoparticles cannot
contain large amounts of API but will reach the brain in higher
concentrations. By rationally designing nanoparticle systems,
the crossing of the BBB in preclinical studies has been success-

fully demonstrated repeatedly. However, very few clinical data
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are available on the efficacy of these strategies in the human
body. More efforts should now be taken to accelerate the trans-
lation of these results into clinical stages, for instance, by
focusing on the behavior of the nanoparticles in human blood
and investigating the protein corona forming around them, by
investigating the particle—cell interactions or by looking for
biomimetic solutions.
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