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Abstract

The antibacterial performance of plant-mediated ZnO nanoparticles frequently varies despite their similar crystal structure,
suggesting that additional synthesis parameters influence their nano—bio interactions. In particular, the influence of alkaline precipi-
tation chemistry on colloidal organization and biological activity remains poorly resolved. In this study, ZnO nanoparticles were
synthesized using aqueous leaf extracts of Piper auritum and Mimosa pudica with NaOH or NH4OH as alkaline precipitating
agents to evaluate their role in controlling physicochemical and antibacterial properties. Four materials were obtained, designated
ZnO-PA, ZnO-MA, ZnO-PS, and ZnO-MS. FTIR analysis confirmed Zn—O formation and the presence of residual phytochemical
functional groups on the nanoparticle surface. XRD confirmed the formation of the hexagonal wurtzite phase with crystallite sizes
ranging from 15.4 to 25.5 nm. The precipitating agent strongly influenced nanoparticle morphology and colloidal behavior. NH,OH
produced rod-like particles, whereas NaOH generated quasi-spherical structures. Consistently, ZnO-PS and ZnO-MS exhibited
markedly smaller hydrodynamic diameters (214.8-271.5 nm) than ZnO-PA and ZnO-MA (1448-1763 nm), together with more
negative zeta potentials and lower polydispersity indices. Antibacterial activity, evaluated by broth microdilution against Staphylo-
coccus aureus, Listeria innocua, Escherichia coli, and Salmonella typhimurium, showed strain-dependent activity, with minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values ranging from 156 to 5,000 ug-mL~! and
from 625 to more than 20,000 ug-mL™, respectively. ZnO-PA exhibited bactericidal activity (MBC/MIC < 4) against all tested
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strains. Overall, these results indicate that alkaline precipitation chemistry governs the colloidal organization and morphology of

plant-mediated ZnO nanoparticles, thereby contributing substantially to the antibacterial performance of the resulting nanoparticles.

Introduction

Zinc oxide (ZnO) nanoparticles have attracted considerable
attention as antimicrobial nanomaterials because of their
physicochemical versatility and broad-spectrum biological ac-
tivity [1,2]. Zinc-based nanomaterials are of particular biologi-
cal interest since Zn2* can actively participate in microbial
toxicity pathways through membrane destabilization, intracel-
lular metal ion imbalance, and redox-associated cellular disrup-
tion [2]. These metal-mediated effects are strongly influenced
by nanoparticle morphology, surface charge, size distribution,
and colloidal organization, all of which determine the interac-
tion of zinc-based nanomaterials with microbial cells and ulti-
mately their biological response [2,3]. Consequently, changes
introduced during nanoparticle synthesis may directly influence
the antimicrobial performance of ZnO through their effects on
these physicochemical properties. Owing to these properties,
ZnO nanomaterials have found applications across pharmaceuti-
cal and biomedical sciences, electronics, cosmetics, and the
food industry [4-6].

Among these applications, their antibacterial activity has been
extensively documented against a wide range of pathogenic
bacteria, including Yersinia enterocolitica, Pseudomonas
aeruginosa, Salmonella typhimurium, Escherichia coli, and
Staphylococcus aureus [4]. The antimicrobial response has been
mainly associated with metal-ion-mediated oxidative stress and
the generation of reactive oxygen species (ROS), which can
alter membrane integrity, interfere with cellular metabolism,
and ultimately compromise cell viability [5-7]. However,
despite extensive studies on plant-assisted synthesis routes,
the influence of alkaline precipitating agents on the physico-
chemical properties and antibacterial performance of ZnO
nanoparticles remains insufficiently understood. Most studies
have focused on the role of plant extracts as reducing and
stabilizing agents, whereas comparatively little attention has
been paid to the influence of precipitation chemistry on nano-
particle formation and the resulting structural and colloidal
characteristics. Consequently, it remains unclear whether
changing the alkaline precipitating agent is sufficient to modify
nanoparticle organization and, ultimately, antibacterial perfor-

mance.

ZnO nanoparticles can be synthesized through various ap-
proaches, including physical, chemical, and biological methods.
Physical and chemical synthesis routes are well established and
reproducible at the industrial scale; however, they often involve
elevated temperatures, specialized equipment, and the use of

hazardous solvents or additional chemical reagents that may

increase process complexity and environmental impact [8,9]. In
contrast, biological synthesis has emerged as a promising alter-
native due to its relatively mild conditions and the use of renew-
able biological resources. In these systems, microorganisms or
plant extracts provide biomolecules capable of interacting with
metal precursors and stabilizing the resulting nanostructures
[10,11]. The chemical complexity of plant extracts, particularly
their abundance of phenolic compounds, flavonoids, and
terpenoid metabolites, provides multiple functional groups
capable of interacting with Zn precursors during nucleation,
growth, and stabilization processes [12]. Consequently, differ-
ences in phytochemical composition may influence nanoparti-
cle formation, morphology, and surface functionalization,
thereby contributing to the final characteristics of the resulting
nanomaterials.

Although NaOH is the precipitating agent most commonly em-
ployed in plant-mediated ZnO synthesis, comparatively few
studies have evaluated NH4OH [13-15]. This aspect is particu-
larly relevant because the precipitating agent controls hydrox-
ide ion availability, thereby influencing nucleation kinetics and
crystal growth during ZnO formation. Differences in hydroxide
availability may modify crystal growth, particle aggregation,
colloidal stability, and surface characteristics, all of which have
been associated with the antibacterial performance of ZnO
nanoparticles [14]. However, despite its potential importance,
the contribution of precipitation chemistry to these properties
has received considerably less attention than that of the biologi-
cal extract itself. A better understanding of this relationship is
therefore necessary to establish how synthesis conditions deter-
mine the physicochemical properties and antibacterial activity
of plant-mediated ZnO nanoparticles.

Here, we investigated the influence of alkaline precipitation
chemistry on the structural, colloidal, and antibacterial proper-
ties of biosynthesized ZnO nanoparticles. To address this ques-
tion, ZnO nanoparticles were synthesized using aqueous
extracts of Piper auritum and Mimosa pudica in combination
with two alkaline precipitating agents (NaOH and NH4OH).
These plant species were selected because of their high content
of bioactive secondary metabolites, including polyphenols,
flavonoids, and tannins, which can act as reducing and stabi-
lizing agents during nanoparticle formation [16,17]. By
comparing two plant extracts synthesized under identical exper-
imental conditions while varying only the precipitating agent,
this experimental design enabled the contribution of precipita-

tion chemistry to be distinguished from that of the biological

1439



extract. The resulting nanoparticles were characterized by
Fourier-transform infrared spectroscopy (FTIR), dynamic light
scattering (DLS), electrophoretic light scattering (ELS), field-
emission scanning electron microscopy (FESEM), and X-ray
diffraction (XRD). Their antibacterial activity was evaluated
using a broth microdilution assay against Listeria innocua
(ATCC 33090), Staphylococcus aureus (ATCC 6538),
Escherichia coli (ATCC 25922), and Salmonella typhimurium
(ATCC 14028), allowing the relationship between precipitation
chemistry, nanoparticle characteristics, and antibacterial perfor-
mance to be established.

Results
Characterization of ZnO nanoparticles

The synthesized ZnO nanoparticles were designated according
to the plant extract and alkaline precipitating agent used during
synthesis, that is, ZnO-PA (P. auritum/NH4OH), ZnO-PS (P.
auritum/NaOH), ZnO-MA (M. pudica/NH4OH), and ZnO-MS
(M. pudica/NaOH). The FTIR spectra of the lyophilized
aqueous extracts of P. auritum (Ext-P) and M. pudica (Ext-M)
are shown in Figure 1a. Both extracts exhibited absorption
bands at 3373, 3253, 2923, 1572, 1395, 1313, and 1036 cm™!.
The broad absorptions at 3373-3253 cm™! can be attributed to
O-H stretching vibrations, whereas the band at 2923 cm™ is at-
tributed to aliphatic C—H stretching vibrations. The bands at
1572, 1395-1313, and 1036 cm™! were assigned to aromatic
C=C stretching, vibrations associated with oxygen-containing
functional groups, and C-O-stretching vibrations, respectively.
The band positions were similar in both extracts; however,
Ext-M exhibited higher absorbance intensities, particularly in
the regions around 1572, 1395-1313, and 1036 cm™ L,
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The FTIR spectra of the synthesized ZnO nanoparticles are
shown in Figure 1b. All samples exhibited a characteristic band
located at 492 cm™!, which was assigned to Zn—O stretching
vibrations, confirming the formation of the ZnO phase. Addi-
tional weak absorption bands were observed at 3425,
1552-1438, 1258, and 1083-834 cm™!. The band at 3425 cm™!
can be attributed to O—H stretching vibrations, whereas the
signals at 1552 and 1438 cm™! and at 1258 cm™! were assigned
to C=C and C-O stretching vibrations, respectively. The bands
at 1083 and 834 cm™! may be associated with Zn—O-H related
vibrations. Minor differences in band intensity were observed
among the synthesized nanoparticles, with slightly higher inten-
sities for ZnO-MA and ZnO-MS than for ZnO-PA and ZnO-PS.

The XRD patterns of the synthesized ZnO nanoparticles
(Figure 2a) exhibited diffraction peaks at 26 values of approxi-
mately 31°, 34°, 36°, 47°, 56°, 62°, 66°, 68°, and 69°, corre-
sponding to the (100), (002), (101), (102), (110), (103), (200),
(112), and (201) crystallographic planes of hexagonal ZnO, re-
spectively. The diffraction patterns agreed well with the stan-
dard reference pattern of hexagonal wurtzite ZnO (ICDD PDF
no. 36-1451). No additional crystalline phases were detected
within the resolution of the XRD analysis. Differences in
diffraction peak intensity and width were observed among the
samples. ZnO-PS and ZnO-MS exhibited narrower and more
intense reflections than ZnO-PA and ZnO-MA, whereas ZnO-
MA showed the broadest diffraction peaks, particularly for the
(101) reflection (Figure 2b).

The crystallite sizes calculated using the Scherrer equation
ranged from 15.35 to 25.49 nm (Table 1). ZnO-MA exhibited
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Figure 1: FTIR spectra of (a) the lyophilized aqueous extracts of P. auritum (Ext-P) and M. pudica (Ext-M) and (b) the corresponding ZnO nanoparti-

cles after calcination at 400 °C.

1440



7 a
LU
qzoms A A A
~  |zno-mA M e
=]
«
s , 1
= ZnO-PS \ )
@ qzops A A N A
o
£
Zn0-PA N A
s 5 s &
b i g 5 2 T o
= T~ 8 |k &8
PDF-00-036-1451 ‘ 8 =~ =3 ;I
T T T T T 1
20 30 40 50 60 70 80
28 (degrees)

Beilstein J. Nanotechnol. 2026, 17, 1438—1452.

100

ZnO-PA b

== (101)

80

D
o
1

e
o
1

Intensity (a. u.)

204

20 (degrees)

Figure 2: X-ray diffraction patterns of the synthesized ZnO nanoparticles: (a) complete diffractograms and (b) enlarged view of the (100), (002), and

(101) reflections.

Table 1: Crystallite size, microstrain, and dislocation density of the synthesized ZnO nanoparticles determined from XRD analysis.

Sample Scherrer Williamson—
D (nm) D (nm)
ZnO-PA 24.48 25.30
ZnO-PS 24.50 28.71
ZnO-MA 15.35 13.76
ZnO-MS 25.49 28.89

the smallest crystallite size (15.35 nm), whereas ZnO-PA, ZnO-
PS, and ZnO-MS showed similar values, ranging from 24.48 to
25.49 nm. To further evaluate diffraction peak broadening,
crystallite size, microstrain, and dislocation density were deter-
mined using the Williamson—Hall (W-H) method. The lattice
parameters calculated for all nanoparticles were a = b =
0.325 nm, whereas the ¢ parameter was 0.520 nm for ZnO-PA
and ZnO-MA and 0.521 nm for ZnO-PS and ZnO-MS. The cor-
responding Zn—O bond lengths varied only slightly, ranging
from 0.1976 to 0.1978 nm. The W-H crystallite sizes followed
the same general trend as those estimated using the Scherrer
equation, with ZnO-MA presenting the smallest crystallite size
by both methods (Table 1). The calculated microstrain values
ranged from 1.4 x 1073 to 1.82 x 1073, The dislocation density
ranged from 1.19 x 1015 to 5.28 x 101> m™2, with ZnO-MA ex-
hibiting the highest value (Table 1).

The synthesized ZnO nanoparticles exhibited distinct hydrody-
namic size distributions depending on the alkaline precipitating
agent used during synthesis (Figure 3). ZnO-PA and ZnO-MA
exhibited broad hydrodynamic size distributions, indicating the

presence of large aggregates in aqueous suspension. ZnO-PA

Hall Microstrain Dislocation density
€ 5 (m2)
1.82 x 1073 1.56 x 1015
1.73 x 1073 1.21 x 1015
1.40 x 1073 5.28 x 101°
1.64 x 1073 1.19 x 1015

displayed a broad distribution extending from approximately
100 to 6000 nm, whereas ZnO-MA exhibited a size distribution
centered at approximately 1300 nm. In contrast, ZnO-PS and
ZnO-MS exhibited considerably narrower distributions centered

between approximately 100 and 150 nm.
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Figure 3: Hydrodynamic size distributions of the synthesized ZnO
nanoparticles determined by DLS.
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Average hydrodynamic size (Z-average), polydispersity index
(PDI), and zeta potential () are summarized in Table 2. ZnO-
PS and ZnO-MS exhibited the smallest average hydrodynamic
sizes, with Z-average values of 214.8 and 271.5 nm, respective-
ly, whereas ZnO-PA and ZnO-MA presented substantially
larger values of 1448 and 1763 nm, respectively. Consistent
differences were observed for the PDI values. ZnO-PS and
ZnO-MS exhibited PDI values of 0.21 and 0.30, respectively,
which were approximately 1.5-1.8-fold lower than those ob-
tained for ZnO-PA (0.38) and ZnO-MA (0.45). The zeta
potential varied among the synthesized nanoparticles.
ZnO-MS exhibited the most negative zeta potential (—=26.3 mV),
followed by ZnO-MA (-21.4 mV), ZnO-PS (-15.6 mV),
and ZnO-PA (-9.4 mV). Within each plant extract, the
nanoparticles synthesized using NaOH exhibited more
negative zeta potential values than those synthesized using
NH,4OH.

EHT = 10.00 kV SE2

Width = #1.43 prn

ZnO-PA

wo= 7.9 mm Chamiver = 0.00e+00 Pa
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Table 2: Hydrodynamic size (Z-average), polydispersity index (PDI),
and zeta potential (¢) of the synthesized ZnO nanoparticles.

Sample Z-average (nm) PDI ¢ (mV)
ZnO-PA 1448.0 0.38 -9.4
ZnO-PS 214.8 0.21 -15.6
ZnO-MA 1763.0 0.45 -21.4
ZnO-MS 271.5 0.30 -26.3

SEM analysis revealed distinct particle morphologies among
the synthesized ZnO nanoparticles (Figure 4). ZnO-PA and
ZnO-MA formed aggregates of predominantly rod-shaped parti-
cles (Figure 4a,b). ZnO-PA exhibited the largest rod-shaped
particles, with an average width of 288.27 * 52.69 nm and an
average length of 780.74 * 122.29 nm, whereas ZnO-MA
displayed the same general morphology but with smaller dimen-

EHT = 10.00 kV

ZnO-MA

Chamber = 0.00000 Pa

WD= 7.8 mm Width = 11.43 pm

Hm EHT = 10.00 kV SE2

WpD= 7.8 mm Width = 7.622 pm Chamber = 0.00e+00 Pa

Mag = 15.00 KX

EHT = 500 kV

ZnO-MS

Chamer = 0.000+00 Pz

D= 7.8 mm Width = 6 716

Figure 4: FESEM micrographs of the synthesized ZnO nanoparticles: (a) ZnO-PA, (b) ZnO-MA, (c) ZnO-PS, and (d) ZnO-MS.
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sions, presenting an average width of 151.17 £ 47.18 nm and an
average length of 328.45 £ 88.33 nm. In contrast, ZnO-PS and
ZnO-MS consisted predominantly of quasi-spherical particles
(Figure 4c,d). ZnO-PS presented an average particle diameter of
66.84 £ 13.28 nm, whereas ZnO-MS exhibited the smallest par-
ticle size, with an average diameter of 59.09 + 11.19 nm.

Microbiological assay

The antibacterial activity of the synthesized ZnO nanoparticles
was evaluated by broth microdilution assays to determine the
MIC and MBC against L. innocua, S. aureus, E. coli, and S.
typhimurium (Table 3; Supporting Information File 1, Figure
S1). All synthesized nanoparticles exhibited identical antibacte-
rial activity against L. innocua, with bactericidal effects for all
materials (MBC/MIC = 4). In contrast, the antibacterial activity
against S. aureus differed among the synthesized nanoparticles.
ZnO-PA exhibited bactericidal activity (MIC 313 ug-mL~!;
MBC 1,250 pg-mL_l), whereas ZnO-PS, ZnO-MA, and ZnO-
MS showed bacteriostatic effects with higher MBC/MIC ratios.
For E. coli, all nanoparticles exhibited the same MIC value
(625 pg-mL_l); however, ZnO-PA, ZnO-PS and ZnO-MA
exhibited bactericidal activity, whereas ZnO-MS exhibited a
bacteriostatic effect.

For S. typhimurium, ZnO-PS and ZnO-PA exhibited bacteri-
cidal activity; however, the MIC and MBC values obtained for
ZnO-PA (5,000 and 10,000 pg-mL~!, respectively) were higher
than those determined for ZnO-PS (2,500 pg-mL~! for both
MIC and MBC). In contrast, ZnO-MA and ZnO-MS showed
bacteriostatic activity. The positive control (amikacin) exhib-

Beilstein J. Nanotechnol. 2026, 17, 1438—1452.

ited MIC values of 10 ug-mL™! for L. innocua, 20 pg-mL™! for
S. aureus and E. coli, and 39 ug-mL"~! for S. typhimurium (Sup-
porting Information File 1, Figure S1).

Relationships between physicochemical

properties and antibacterial activity

To examine the relationships among the physicochemical prop-
erties and antibacterial activity of the synthesized ZnO nanopar-
ticles, Spearman rank correlation analysis and principal compo-
nent analysis (PCA) were performed using crystallite size, SEM
particle size, hydrodynamic diameter (Z-average), PDI, zeta
potential, and MIC values (Figure 5).

The Spearman correlation matrix (Figure 5a) revealed positive
and negative associations among the evaluated variables. Crys-
tallite size showed negative correlations with SEM particle size
(p = —0.63), hydrodynamic diameter (p = —0.63), PDI (p =
—0.63), and MIC (p = —0.50). SEM particle size exhibited posi-
tive correlations with zeta potential (p = 0.80), hydrodynamic
diameter (p = 0.60), and PDI (p = 0.60). A Spearman correla-
tion coefficient of p = 1.00 was obtained between hydrody-
namic diameter and PDI, whereas zeta potential showed corre-
lation coefficients of p = 0.00 with both variables. Principal
component analysis explained 81.73% of the total variability,
with PC1 accounting for 54.70% and PC2 for 27.03%
(Figure 5b). PC1 was mainly associated with hydrodynamic di-
ameter, PDI, SEM particle size, and crystallite size, whereas
PC2 was primarily associated with zeta potential. The PCA
score plot showed the distribution of the four nanoparticle sam-
ples according to their overall physicochemical characteristics.

Table 3: MIC, MBC, MBC/MIC ratio, and antibacterial effect of the synthesized ZnO nanoparticles against selected bacterial strains.

Bacterium Sample MIC (ug-mL~")
L. innocua ZnO-PA 156
ZnO-PS 156
ZnO-MA 156
ZnO-MS 156
S. aureus ZnO-PA 313
ZnO-PS 1,250
ZnO-MA 625
ZnO-MS 313
E. coli ZnO-PA 625
ZnO-PS 625
ZnO-MA 625
ZnO-MS 625
S. typhimurium ZnO-PA 5,000
ZnO-PS 2,500
ZnO-MA 1,250
ZnO-MS 1,250

MBC (ug-mL~") MBC/MIC Effect

625 4 bactericidal
625 4 bactericidal
625 4 bactericidal
625 4 bactericidal
1,250 4 bactericidal
>20,000 >16 bacteriostatic
5,000 8 bacteriostatic
10,000 32 bacteriostatic
2,500 4 bactericidal
2,500 4 bactericidal
1,250 2 bactericidal
>20,000 >16 bacteriostatic
10,000 2 bactericidal
2,500 1 bactericidal
20,000 16 bacteriostatic
>20,000 >16 bacteriostatic
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Figure 5: (a) Spearman correlation matrix and (b) PCA of crystallite size, SEM particle size, Z-average, PDI, zeta potential, and MIC values for the

synthesized ZnO nanoparticles.

Discussion

The plant-assisted synthesis of ZnO nanoparticles is influenced
by several experimental variables, including extract composi-
tion, pH, temperature, reaction time, precursor concentration,
and precipitation chemistry, all of which affect nucleation and
crystal growth [18]. The results obtained here indicate that alka-
line precipitating chemistry influenced nanoparticle formation
without modifying the crystalline phase of ZnO. XRD analysis
confirmed that all synthesized nanoparticles crystallized in the
hexagonal wurtzite structure (Figure 2a). Although differences
in crystallite size were observed among the samples, these
differences did not follow a uniform trend according to the
precipitating agent, indicating that crystallite development
likely reflects the combined influence of precipitation chem-
istry and plant extract composition.

FTIR spectra of both plant extracts (Figure 1a) showed bands
attributed to O-H, C=0, and C-O groups commonly associated
with polyphenols and flavonoids, which have been reported to
coordinate Zn2* ions and participate in the early stages of ZnO
formation through complexation and surface binding [19-21].
Although P. auritum and M. pudica differed in their total
polyphenol and flavonoid contents (Supporting Information
File 1, Table S1), both extracts exhibited the same types of
oxygen-containing functional groups, with differences mainly
reflected in band intensity.

After calcination at 400 °C, the FTIR spectra still retained weak
O-H, C=0, and C-O vibrations, suggesting that part of the
oxygen-containing species remained chemically associated with

the ZnO surface rather than being completely removed during

thermal treatment. Similar surface residues have been reported
for other biosynthesized ZnO nanoparticles, where strongly
adsorbed phytochemical derivatives persist after calcination and
contribute to surface chemistry [22,23]. Here, these residual
functional groups provide a plausible explanation for the nega-
tive surface charge measured for all nanoparticles since oxygen-
containing surface species can modify interparticle interactions
and influence colloidal behavior [24,25]. Previous phytochem-
ical studies also support this interpretation. P. auritum has been
reported to contain phenylpropanoids, phenolic acids, and
flavonoids [26], whereas M. pudica is particularly rich in
tannins and other polyphenolic compounds bearing hydroxy and
carbonyl groups capable of interacting with Zn%* during nano-
particle formation [27]. Although these phytochemical-derived
functional groups contribute to surface functionalization, the
results suggest that they do not account for the structural
differences observed among the synthesized nanoparticles,
which are more consistently explained by the precipitation

chemistry.

The role of the alkaline precipitating agent became clearer when
the crystallographic parameters were examined. Crystallite sizes
calculated using the Scherrer equation closely matched those
obtained by the Williamson—Hall approach, indicating that peak
broadening was dominated by crystallite size rather than by
lattice strain [28]. This interpretation agrees with the low micro-
strain values determined for all samples and with the nearly
constant lattice parameters (a = 0.325 nm; ¢ = 0.520-0.521 nm),
which are in good agreement with those reported for hexagonal
wurtzite ZnO [24,29]. These observations indicate that neither
NaOH nor NH4OH modified the ZnO crystal lattice; instead,
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their influence was exerted on the crystallization pathway

leading to particle formation.

While the crystal structure remained essentially unchanged,
differences in crystallite development were observed among the
four samples. ZnO-MA exhibited the smallest crystallite size
according to both the Scherrer and Williamson—Hall methods
(15.35 and 13.76 nm, respectively) and the highest dislocation
density, whereas ZnO-PA, ZnO-PS, and ZnO-MS showed com-
paratively similar crystallite sizes. Therefore, crystallite size
cannot be generalized solely as a function of the alkaline precip-
itating agent. Instead, the particularly small crystallite domains
observed for ZnO-MA suggest that crystal development
resulted from the combined influence of the precipitation envi-
ronment and the specific chemical environment generated by
the M. pudica extract. NaOH and NH4OH nevertheless provide
distinct precipitation environments: NaOH dissociates com-
pletely in aqueous solution and rapidly increases OH™ availabil-
ity, whereas NH4OH releases hydroxide ions through the
NH3/H,O/NH,* equilibrium and may also promote transient
zinc—ammine complex formation [30-32]. These differences can
affect nucleation and growth kinetics, but their effect on crystal-
lite size appears to depend on the specific plant extract rather
than following a uniform precipitating-agent-dependent trend.

The differences identified at the crystallographic level were also
reflected in particle morphology and colloidal behavior.
Regardless of the plant extract employed, NaOH consistently
produced smaller quasi-spherical particles, whereas NH4,OH
favored the formation of larger rod-like structures. These mor-
phological differences reflect the distinct precipitation environ-
ments promoted by each alkaline agent and indicate that precip-
itation chemistry strongly influences particle growth, morpholo-
gy, and the organization of crystalline domains into larger parti-
cles.

To interpret these results correctly, it is important to distinguish
among crystallite size, particle size, and hydrodynamic size
since each parameter describes a different structural level of the
synthesized nanoparticles. The crystallite size obtained from
XRD corresponds to coherently diffracting crystalline domains,
whereas FESEM provides the dimensions of dried particles or
particle aggregates. DLS, in contrast, measures the hydrody-
namic diameter of particles dispersed in suspension, which
includes the hydration layer, the electrical double layer,
adsorbed surface species, and any aggregation occurring in the
colloidal system. Accordingly, the crystallite sizes determined
by XRD (15-25 nm) were substantially smaller than the parti-
cle dimensions observed by FESEM (60-780 nm), indicating
that the synthesized particles are composed of multiple crys-

talline domains rather than being single crystals. Similar multi-

Beilstein J. Nanotechnol. 2026, 17, 1438—1452.

scale organization has frequently been reported for biosynthe-
sized ZnO nanoparticles, where primary nanocrystals coalesce
during growth and subsequent thermal treatment to form larger

polycrystalline particles [22,24].

The colloidal measurements followed the same trend. Nanopar-
ticles synthesized with NaOH exhibited smaller hydrodynamic
diameters and narrower size distributions than those obtained
with NH4OH, whereas the latter showed broader distributions,
indicating a greater tendency to aggregate in suspension. This
behavior is consistent with the particle morphologies observed
by FESEM and agrees with previous observations that elongat-
ed particles are more prone to aggregation than quasi-spherical
ones [33]. Nevertheless, particle morphology alone cannot
account for the hydrodynamic behavior. The relatively low
absolute zeta potential values (-9 to —26 mV) indicate only
moderate electrostatic stabilization, which favors attractive
interactions among particles and contributes to the formation of
larger aggregates in aqueous suspension.

The FTIR results provide additional insight into this behavior
from a surface chemistry perspective. Even after calcination,
weak oxygen-containing functional groups remained associated
with the nanoparticle surface, indicating that part of the phyto-
chemical-derived species persisted after thermal treatment
[22,23]. These surface groups are likely to contribute to the
negative surface charge measured for all samples and to influ-
ence interparticle interactions in suspension [24,25]. Although
they provide a certain degree of electrostatic stabilization, the
measured zeta potential values indicate that this effect is insuffi-
cient to prevent aggregation completely. Thus, the dispersion
behavior of the synthesized ZnO nanoparticles reflects the
combined influence of particle morphology, residual surface
chemistry, and electrostatic interactions rather than any single
physicochemical property [34].

Considered together, the characterization techniques describe
different but complementary aspects of nanoparticle organiza-
tion. XRD reveals the dimensions of coherent crystalline
domains, FESEM shows the morphology of the resulting parti-
cles, and DLS reflects their behavior once dispersed in suspen-
sion. Viewed in this way, the apparent differences among crys-
tallite size, particle size, and hydrodynamic diameter are ex-
pected rather than contradictory. Instead, they illustrate how
precipitation chemistry influences structural organization across
multiple length scales, from crystal growth to colloidal behav-
ior, providing the physicochemical basis for the biological
responses discussed below.

The structural and colloidal differences described above were

ultimately reflected in the antibacterial performance of the syn-

1445



thesized ZnO nanoparticles. Although the MIC values did not
follow a consistent trend with respect to the alkaline precipi-
tating agent, clearer differences emerged when bactericidal ac-
tivity was considered. ZnO-PA was the only sample that exhib-
ited bactericidal activity against all four bacterial species evalu-
ated, whereas ZnO-PS, ZnO-MA and ZnO-MS behaved as
bacteriostatic agents against at least one microorganism
(Table 3). These findings indicate that antibacterial activity
cannot be attributed to a single physicochemical property but
instead reflects the combined influence of crystallite develop-
ment, particle morphology, surface chemistry, and colloidal be-
havior.

The exploratory multivariate analyses support this interpreta-
tion. Rather than identifying a single property associated with
antibacterial performance, the Spearman correlation matrix and
principal component analysis highlighted the interdependence
among the evaluated physicochemical variables. Crystallite
size, SEM particle size, hydrodynamic diameter, polydispersity
index, zeta potential, and antibacterial activity showed interre-
lated patterns in the multivariate analysis, and no single parame-
ter adequately explained the biological response. Given that
only four ZnO nanoparticle samples were included, these
analyses should be regarded as exploratory rather than predic-
tive. Instead, they provide a useful visualization of the relation-
ships among structural, colloidal, and biological characteristics
and complement the experimental observations discussed

above.

Several trends identified by the multivariate analyses were fully
consistent with the physicochemical characterization. An
inverse trend was observed between crystallite size and both
SEM particle size and hydrodynamic diameter, indicating that
nanoparticles composed of smaller crystalline domains did not
necessarily produce smaller particles or colloidal aggregates.
Likewise, hydrodynamic diameter and PDI exhibited identical
rankings (p = 1.00), showing that larger aggregates were consis-
tently associated with broader size distributions in suspension.
The PCA also distributed the samples according to their
combined structural and colloidal characteristics: ZnO-PA and
ZnO-MA were positioned on the positive side of PC1 associat-
ed mainly with larger SEM particle size, hydrodynamic diame-
ter, and PDI, whereas ZnO-PS and ZnO-MS were positioned
toward the opposite side, consistent with their smaller particle
dimensions and lower aggregation in suspension. Crystallite
size did not follow this same sample distribution, as ZnO-MA
exhibited the smallest crystallite size among the four materials.
Therefore, the PCA separation should be interpreted as
reflecting the combined contribution of multiple physicochemi-
cal variables rather than a direct relationship with crystallite

size.
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One aspect deserves particular attention. Despite contributing to
a negatively charged surface, the residual phytochemical-
derived functional groups did not translate into a direct relation-
ship between zeta potential and antibacterial activity. Likewise,
the superior bactericidal performance of ZnO-PA, despite its
comparatively larger hydrodynamic diameter, indicates that par-
ticle aggregation by itself is insufficient to explain the biologi-
cal response. Instead, the results point toward a combined effect
of particle morphology, surface chemistry, and colloidal organi-
zation, all of which determine the initial interactions between
nanoparticles and bacterial cells.

The experiments performed here do not allow the molecular
mechanism of bacterial inactivation to be established directly.
However, numerous studies have shown that ZnO nanoparti-
cles exert their antimicrobial activity through multiple concur-
rent processes rather than through a single mechanism [35]. Ac-
cording to previous studies, the initial interactions occur at the
nano-bio interface, where particle morphology, surface chem-
istry, surface charge, and aggregation state influence adhesion
to the bacterial envelope and affect membrane integrity [20,36].
Following this initial contact, ROS generation has frequently
been proposed as one of the main contributors to bacterial inac-
tivation because oxidative stress damages membrane lipids, pro-
teins, and nucleic acids [37]. In parallel, partial dissolution of
7ZnO may release Zn%* ions that interfere with intracellular
metal homeostasis and enzyme activity, although the relative
contribution of this pathway depends strongly on physicochemi-
cal properties of the nanoparticles and on the surrounding medi-
um [6,14,37]. Because ROS production, 7Zn2* release, and
membrane damage were not evaluated experimentally in this
work, these mechanisms are discussed only as literature-sup-

ported explanations for the observed antibacterial activity.

Overall, the results indicate that antibacterial performance arises
from the combined effects of precipitation chemistry, crystal
growth, particle morphology, surface functionalization, and
colloidal behavior. Rather than acting independently, these
properties collectively shape the nano-bio interface that ulti-
mately governs the interaction between ZnO nanoparticles and
bacterial cells. This interpretation also provides the conceptual
basis for the mechanistic model proposed in Figure 6.

The results presented throughout this study support an inte-
grated mechanistic framework in which precipitation chemistry
governs the structural evolution and, ultimately, the antibacteri-
al performance of biosynthesized ZnO nanoparticles (Figure 6).
Rather than modifying the intrinsic crystal structure of ZnO, the
alkaline precipitating agent regulates hydroxide ion availability
during synthesis, thereby controlling nucleation kinetics and

subsequent crystal growth.
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Figure 6: Proposed mechanistic framework illustrating the influence of precipitation chemistry on nucleation, crystal growth, surface functionalization,
colloidal stability, and antibacterial performance of biosynthesized ZnO nanoparticles synthesized using P. auritum and M. pudica extracts.

Rapid OH™ generation by NaOH creates high supersaturation,
promoting the simultaneous formation of numerous nuclei and
relatively homogeneous crystal growth [38]. In contrast,
NH40H releases hydroxide ions gradually through the
NH3/H,O/NH,4* equilibrium while transient zinc-ammine com-
plexes may also form in solution [39,40]. Under these condi-
tions, nucleation proceeds more slowly and favors anisotropic
crystal growth without altering the hexagonal wurtzite structure
of ZnO. These differences are reflected in crystallite size, parti-
cle morphology, and colloidal behavior, all of which are
consistent with the physicochemical characterization presented
above.

Surface chemistry represents a second level of control within
this framework. FTIR analysis showed that oxygen-containing

functional groups derived from the plant extracts remained
partially associated with the nanoparticle surface after calcina-
tion. These residual surface species are likely to contribute to
the negative surface charge measured by zeta potential analysis
and influence particle—particle interactions in suspension.
Consequently, nanoparticle architecture is determined by the
combined effects of precipitation chemistry and surface functio-
nalization rather than by either factor alone.

The observed antibacterial response emerges from this physico-
chemical architecture. Variations in crystallite development,
particle morphology, colloidal organization, and surface chem-
istry determine the initial interactions between nanoparticles
and bacterial cells. According to previous reports, possible anti-

bacterial pathways for ZnO include membrane perturbation,
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ROS generation, and the contribution of dissolved Zn2* ions
[6,14,20,36,37]; however, none of these mechanisms was exper-
imentally evaluated in the present study. They are therefore dis-
cussed only as literature-supported mechanisms that may help
contextualize the observed antibacterial response and should not
be interpreted as mechanisms demonstrated by our results.

Figure 6 integrates this sequence of events, bringing together
the experimental evidence obtained from XRD, FTIR, FESEM,
DLS, zeta potential measurements, antibacterial assays, and ex-
ploratory multivariate analyses into a single conceptual model.
Rather than representing independent observations, these tech-
niques describe successive stages in nanoparticle development,
from hydroxide ion availability during synthesis to the estab-
lishment of the nano-bio interface responsible for antibacterial
activity. Viewed in this context, precipitation chemistry
emerges as a key design parameter for tuning the physicochemi-
cal properties and biological performance of biosynthesized
ZnO nanoparticles.

Conclusion

This study demonstrates that the physicochemical and antimi-
crobial properties of ZnO nanoparticles synthesized using P.
auritum and M. pudica extracts are strongly influenced by the
precipitating agent used during synthesis. While both systems
produced crystalline ZnO with retained surface functionaliza-
tion from plant-derived phytochemicals, the alkaline precipi-
tating agent played a decisive role in determining nanoparticle
morphology and colloidal stability. Nanoparticles ZnO-PS and
ZnO-MS exhibited more uniform quasi-spherical morphologies
and narrower hydrodynamic size distributions, whereas NH4OH
promoted anisotropic structures consistent with the proposed
gradual hydroxide release and transient zinc—ammine complex
formation during nucleation. These structural differences were
reflected in the antibacterial performance of the materials, with
ZnO-PA showing bactericidal activity against all tested bacteri-
al strains. Overall, these findings support the proposed mecha-
nistic framework and identify precipitation chemistry as a key
design parameter for tailoring the structural, colloidal, and anti-
bacterial properties of plant-mediated ZnO nanoparticles
intended for antimicrobial applications.

Experimental
Materials

Leaves of P. auritum and M. pudica were collected in Tabasco,
Mexico (17°15'-18°39" N, 91°00'-94°17" W). Zinc acetate
dihydrate (Zn(CH3COO),-2H;0, 298%), gallic acid (297%),
Folin—Ciocalteu reagent (1 N), quercetin hydrate (295%), and
resazurin sodium salt were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Ammonium hydroxide (NH4OH, 28-30%
NHj3, ACS reagent) was obtained from Meyer (Mexico City),

Beilstein J. Nanotechnol. 2026, 17, 1438—1452.

sodium hydroxide (NaOH, 297%) and methanol (=99.8%) from
Merck (Darmstadt, Germany), and ethanol (96%, v/v) from
Alcoholera Zapopan (Guadalajara, Mexico). The bacterial
strains Listeria innocua ATCC 33090, Staphylococcus aureus
ATCC 6538, Escherichia coli ATCC 25922, and Salmonella
typhimurium ATCC 14028 were used for the antibacterial
assays. Tryptic soy broth (TSB) and tryptic soy agar (TSA)
were obtained from Bioxon BD (State of Mexico, Mexico).
Antibacterial susceptibility assays were performed using sterile
96-well microplates (Nunc F96, Thermo Fisher Scientific,
Waltham, MA, USA) and amikacin (2,500 pg~mL_1; Laborato-
rios AMSA, Mexico City, Mexico).

Preparation of aqueous plant extracts

Aqueous extracts of P. auritum and M. pudica were prepared
following the method described by Sharma et al. [41] with
slight modifications. Briefly, 50 g of fresh leaves were mixed
with 500 mL of deionized water and heated at 60 °C for 2 h.
The suspension was then allowed to cool to room temperature.
To enhance the release of plant metabolites, the extract was
homogenized for 30 s using an immersion blender, filtered
through Whatman No. 1 filter paper, and stored at 4 °C until
further use.

Phytochemical analysis of aqueous extracts

The functional groups present in the aqueous extracts were
analyzed by FTIR using a Nicolet iS50 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with
an attenuated total reflectance (ATR) accessory. Spectra were
recorded over the range of 4000-400 cm™! using 32 scans.
Total polyphenol and flavonoid contents were determined using
the Folin—Ciocalteu and aluminum chloride colorimetric
methods, respectively, following Torres-Lopez et al. [42] and
Zhu et al. [43]. Gallic acid and quercetin were used as calibra-
tion standards, and all measurements were performed in tripli-

cate.

Biosynthesis of ZnO nanopatrticles

For the synthesis of ZnO nanoparticles, 180 mL of zinc acetate
dihydrate solution (0.5 M) was heated to 65 = 5 °C. Subse-
quently, 45 mL of the corresponding aqueous plant extract was
added dropwise under constant stirring, and the reaction mix-
ture was maintained for 1 h. After cooling to room temperature,
the pH was adjusted to 10 using either NH4OH (2 M) or NaOH
(2 M). The resulting suspensions were centrifuged at 4,500 rpm
for 30 min, and the precipitates were washed three times with
distilled water followed by a final wash with 96% ethanol. The
precipitates were dried at 70 °C for 8 h and subsequently
calcined at 400 °C for 2 h using a heating rate of 5 °C-min!.
The samples were labeled according to the plant extract and the

alkaline precipitating agent used during synthesis (Table 1). A
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Figure 7: Schematic representation of the experimental workflow, including the preparation of aqueous plant extracts, biosynthesis of ZnO nanoparti-
cles using different precipitating agents, physicochemical characterization, and antibacterial evaluation.

schematic representation of the experimental setup is shown in
Figure 7.

Characterization of ZnO nanoparticles

FTIR spectra of the calcined ZnO nanoparticles were recorded
under the same analytical conditions described for the aqueous
plant extracts. The crystalline structure of the samples was ex-
amined by XRD using a D8 Advance diffractometer (Bruker,
Billerica, MA, USA) equipped with Cu Ka radiation (A =
1.5406 A) operating at 40 kV and 25 mA. Diffraction patterns
were collected over a 20 range of 20-80°, with a step size of
0.02° and a counting time of 0.3 s per step.

Hydrodynamic size and zeta potential were determined using
DLS with a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Worcestershire, UK) equipped with a 633 nm laser and a
detector positioned at 173°. ZnO nanoparticles were dispersed
in distilled water at a concentration of 10 ug-mL~! and soni-
cated for 15 min using an ultrasonic cleaner (Cole-Parmer
8891R-MT, 42 kHz). Measurements were performed at 25 °C.
Zeta potential measurements were carried out using the same
instrument equipped with a ZEN1002-Zeta Dip CELL elec-
trode. Morphology and particle size of the nanoparticles were
examined by FESEM (ZEISS Gemini SEM 300, Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) operated at an
accelerating voltage of 1-15 kV. Prior to analysis, the samples

were mounted on carbon adhesive tape and sputter-coated with
a thin Au-Pd layer. Particle size measurements were performed
using ImageJ v1.54 (National Institutes of Health, Bethesda,
MD, USA). The mean particle size and standard deviation were
calculated from measurements of 50 individual particles (n =
50) for each sample.

X-ray diffraction analysis
Crystallite size was estimated using the Scherrer equation
(Equation 1):

kA

b= Beos()

M

where k is the shape factor (Scherrer constant), A is the X-ray
wavelength (1.5406 A), p represents the full width at half
maximum (FWHM, in radians), and 0 is the Bragg diffraction
angle. To evaluate the contribution of lattice strain to diffrac-
tion peak broadening, the Williamson—Hall (W-H) method was
applied according to the uniform deformation model. The total
peak broadening (1) was considered as the sum of crystallite
size broadening (Bp) and strain-induced broadening (§,) (Equa-
tion 2).

Br =Bp +B; 2
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The Williamson—Hall relationship is given by Equation 3:

2 +4ssin9
Dcos6

Br 3

b
cos0

where € represents the lattice microstrain and D is the crystal-
lite size.

The dislocation density (d) was estimated using Equation 4:

) ZE. )

The lattice parameters (a and c) of the hexagonal wurtzite struc-
ture were calculated from the indexed diffraction peaks using
the corresponding crystallographic equations.

Microbiological assay

The MIC and MBC were determined following the Clinical and
Laboratory Standards Institute (CLSI M07) [44] protocol with
minor modifications. Serial twofold dilutions of ZnO nanoparti-
cles ranging from 20,000 to 9.8 pug-mL~! were prepared in
sterile 96-well plates (Nunc F96 microtiter plates, Thermo
Fisher Scientific, Waltham, MA, USA). Each well contained
100 pL of diluted nanoparticles and 100 pL of bacterial suspen-
sion adjusted to 1 x 107 CFU-mL"! in tryptic soy broth. Sterile
distilled water and amikacin (2,500 pg-mL™!) were used as
controls. MIC values were determined after incubation for 24 h
at 37 °C by adding 30 uL of 0.01% (w/v) resazurin solution.
The appearance of a pink color (resorufin formation) indicated
the presence of viable bacteria, whereas wells remaining blue
were considered to show inhibition of bacterial growth. MBC
values were determined by subculturing 10 pL from each well
onto tryptic soy agar plates. No visible bacterial growth after
incubation (24 h at 37 °C) signaled loss of bacterial viability.
The antibacterial effect was classified by the MBC/MIC ratio,
where values <4 were considered bactericidal and values >4

bacteriostatic.

Correlation and principal component

analyses

Relationships among the physicochemical properties and anti-
bacterial activity of the synthesized ZnO nanoparticles were
explored using Spearman rank correlation analysis and PCA.
The evaluated variables included crystallite size (Scherrer),
SEM particle size, Z-average, PDI, zeta potential, and MIC
values. Correlation coefficients were calculated using
Spearman’s rank method. The analyses were performed using
the four synthesized ZnO nanoparticle samples. Prior to PCA,

the variables were standardized to zero mean and unit variance.
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Correlation matrices and PCA biplots were generated using
OriginPro 2021 (OriginLab Corporation, Northampton, MA,
USA). Because the dataset consisted of only four samples, these
multivariate analyses were used exclusively as exploratory tools
to visualize relationships among variables rather than for infer-
ential statistical analysis.

Supporting Information
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extracts and representative microdilution assay images.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-17-99-S1.pdf]

Acknowledgements

The authors gratefully acknowledge Dr. Beatriz Menéndez for
providing access to FESEM facilities and for her valuable tech-
nical support at the Institut des Sciences de la Terre de Paris
(ISTeP), CY Cergy Paris Université.

Funding

The experimental activities and analytical work presented in
this study were partially supported by SECIHTI (grant
CF-2023-1-566) and by the research project EPM 219430 on ad-
vanced materials for biofilm and biofouling inhibition.

Conflict of Interest
The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared

to influence the work reported in this paper.

Author Contributions

Fanny Jauregui Gonzélez: formal analysis; investigation; meth-
odology; visualization; writing — original draft. Dora Maria
Frias Marquez: formal analysis; investigation; methodology;
writing — review & editing. Susana de la Rosa Garcia: formal
analysis; funding acquisition; investigation; methodology;
resources; validation; writing — review & editing. Cinthia
Garcia Mendoza: data curation; formal analysis; funding acqui-
sition; investigation; methodology; writing — review & editing.
Rosendo Lopez Gonzilez: data curation; formal analysis;
funding acquisition; investigation; methodology; writing —
review & editing. Mayra A. Alvarez Lemus: conceptualization;
data curation; formal analysis; investigation; methodology;
project administration; resources; supervision; writing — review
& editing. Sergio Gémez Cornelio: conceptualization; data
curation; formal analysis; investigation; methodology; project

administration; resources; supervision; writing — original draft.

1450


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-17-99-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-17-99-S1.pdf

ORCID® iDs

Fanny Jauregui Gonzélez - https://orcid.org/0009-0002-5233-4312
Sergio Gémez Cornelio - https://orcid.org/0000-0001-5102-9012

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information of this article.

References

1. Dulta, K.; Kosarsoy Aggeli, G.; Chauhan, P.; Jasrotia, R.;
Chauhan, P. K. J. Inorg. Organomet. Polym. Mater. 2021, 31, 180-190.
doi:10.1007/s10904-020-01684-6

2. Hug, M. A.; Apu, M. A. |.; Ashrafudoulla, M.; Rahman, M. M,;
Parvez, M. A. K.; Balusamy, S. R.; Akter, S.; Rahman, M. S.
Pharmaceutics 2023, 15, 2634. doi:10.3390/pharmaceutics15112634

3. El-Beltagi, H. S.; Ragab, M.; Osman, A.; El-Masry, R. A,;
Alwutayd, K. M.; Althagafi, H.; Algahtani, L. S.; Alazragi, R. S;
Alhajri, A. S.; EI-Saber, M. M. PeerJ 2024, 12, e17588.
doi:10.7717/peerj. 17588

4. Saleh, T. A. Environ. Technol. Innovation 2020, 20, 101067.
doi:10.1016/j.eti.2020.101067

5. Patra, J. K.; Das, G.; Fraceto, L. F.; Campos, E. V. R.;
Rodriguez-Torres, M. d. P.; Acosta-Torres, L. S.; Diaz-Torres, L. A;;
Grillo, R.; Swamy, M. K.; Sharma, S.; Habtemariam, S.; Shin, H.-S.
J. Nanobiotechnol. 2018, 16, 71. doi:10.1186/s12951-018-0392-8

6. Zhou, X.-Q.; Hayat, Z.; Zhang, D.-D.; Li, M.-Y.; Hu, S.; Wu, Q,;
Cao, Y.-F.; Yuan, Y. Processes 2023, 11, 1193.
doi:10.3390/pr11041193

7. Tilahun, E.; Adimasu, Y.; Dessie, Y. ACS Omega 2023, 8,
27344-27354. doi:10.1021/acsomega.3c02709

8. Raha, S.; Ahmaruzzaman, M. Nanoscale Adv. 2022, 4, 1868—1925.
doi:10.1039/d1na00880c

9. Abid, N.; Khan, A. M.; Shujait, S.; Chaudhary, K.; lkram, M.; Imran, M.;
Haider, J.; Khan, M.; Khan, Q.; Magbool, M. Adv. Colloid Interface Sci.
2022, 300, 102597. doi:10.1016/j.cis.2021.102597

10.Khan, A. U.; Malik, N.; Singh, B.; Ansari, N. H.; Rehman, M.; Yadav, A.
J. Umm Al-Qura Univ. Appl. Sci. 2023, 9, 268-275.
doi:10.1007/s43994-023-00038-5

11.Kalpana, V. N.; Devi Rajeswari, V. Bioinorg. Chem. Appl. 2018,
3569758. doi:10.1155/2018/3569758

12. Akintelu, S. A.; Folorunso, A. S. Bionanosci. 2020, 10, 848-863.
doi:10.1007/s12668-020-00774-6

13. Abdullah, F. H.; Abu Bakar, N. H. H.; Abu Bakar, M. J. Hazard. Mater.
2021, 406, 124779. doi:10.1016/j.jhazmat.2020.124779

14.Gupta, M.; Tomar, R. S.; Kaushik, S.; Mishra, R. K.; Sharma, D.
Front. Microbiol. 2018, 9, 2030. doi:10.3389/fmicb.2018.02030

15. Padalia, H.; Baluja, S.; Chanda, S. Bionanosci. 2017, 7, 40—49.
doi:10.1007/s12668-016-0387-6

16.Krdl, A.; Railean-Plugaru, V.; Pomastowski, P.; Buszewski, B.
Phytochem. Lett. 2019, 31, 170-180. doi:10.1016/j.phytol.2019.04.009

17.Cengiz, M.; Giir, B.; Sezer, C. V.; Baytar, O.; Sahin, O.; Ayhanci, A.;
Kutlu, H. M. J. Mol. Liq. 2024, 412, 125861.
doi:10.1016/j.molliq.2024.125861

18. Fagier, M. A. J. Nanotechnol. 2021, 6629180.
doi:10.1155/2021/6629180

19.Singh, J.; Dutta, T.; Kim, K.-H.; Rawat, M.; Samddar, P.; Kumar, P.
J. Nanobiotechnol. 2018, 16, 84. doi:10.1186/s12951-018-0408-4

Beilstein J. Nanotechnol. 2026, 17, 1438—1452.

20.Ahmed, B.; Ameen, F.; Rizvi, A.; Ali, K.; Sonbol, H.; Zaidi, A.;
Khan, M. S.; Musarrat, J. ACS Omega 2020, 5, 7861-7876.
doi:10.1021/acsomega.9b04084

21.Tran, X. T.; Bien, T. T. L.; Tran, T. V.; Nguyen, T. T. T. Nanoscale Adv.
2024, 6, 4885-4899. doi:10.1039/d4na00326h

22.Nazish, M.; Rahimova, S.; Zubair, M.; Khan, M. F.; Khan, M. A.;
Bibi, F.; Khan, M. I.; Ulla, S.; Bakhrom, J.; Alwaznah, R.; Abid, I.;
Naseem, M. T. Sci. Rep. 2026, 16, 13258.
doi:10.1038/s41598-026-47491-w

23.Duong, T. B. N.; Pham, P.-Q.; Tran, A. T.; Bui, D. T.; Pham, A. T. T.;
Thi Nguyen, T. C.; Nguyen, L. H. T.; Dieu Thi Ung, T.; Vu Hoang, N.;
Pham, N. K. RSC Adv. 2024, 14, 36340-36350.
doi:10.1039/d4ra04381b

24.Mahajan, M.; Kumar, S.; Gaur, J.; Kaushal, S.; Dalal, J.; Singh, G.;
Misra, M.; Ahlawat, D. S. RSC Adv. 2025, 15, 2958—-2980.
doi:10.1039/d4ra08632e

25.Khan, R.; Inam, M. A.; Zam, S. Z.; Park, D. R.; Yeom, |. T. Water 2018,
10, 660. doi:10.3390/w10050660

26.Salleh, W. M. N. H. W. Z. Naturforsch., C: J. Biosci. 2021, 76, 93—102.
doi:10.1515/znc-2020-0116

27.Adurosakin, O. E.; Iweala, E. J.; Otike, J. O.; Dike, E. D.; Uche, M. E.;
Owanta, J. I.; Ugbogu, O. C.; Chinedu, S. N.; Ugbogu, E. A.
Pharmacol. Res. - Mod. Chin. Med. 2023, 7, 100241.
doi:10.1016/j.prmcm.2023.100241

28.Lamba, R.; Bhanjana, G.; Dilbaghi, N.; Gupta, V.; Kumar, S.
Beilstein J. Nanotechnol. 2025, 16, 422—434. doi:10.3762/bjnano.16.33

29.Munna, N.; Jamal, M. S.; Rahim, A.; Islam, M. K.; Shakil, A. R.;
Kamruzzaman, M. Next Mater. 2025, 9, 100960.
doi:10.1016/j.nxmate.2025.100960

30.Zhou, D.; Keller, A. A. Water Res. 2010, 44, 2948-2956.
doi:10.1016/j.watres.2010.02.025

31. Aspoukeh, P. K.; Barzinjy, A. A.; Hamad, S. M. Nano Express 2023, 4,
045001. doi:10.1088/2632-959x/acfe25

32.Tanase, M. A,; Soare, A. C.; Oancea, P.; Raducan, A.; Mihaescu, C. |.;
Alexandrescu, E.; Petcu, C.; Ditu, L. M.; Ferbinteanu, M.; Cojocaru, B.;
Cinteza, L. O. Nanomaterials 2021, 11, 2574.
doi:10.3390/nano11102574

33.Jaishi, D. R.; Ojha, I.; Bhattarai, G.; Baraili, R.; Pathak, I.; Ojha, D. R.;
Shrestha, D. K.; Sharma, K. R. Heliyon 2024, 10, e39255.
doi:10.1016/j.heliyon.2024.e39255

34.Malik, P.; Rani, R.; Khan, S.; Fernandes, D.; Mukherjee, T. K.
Part. Part. Syst. Charact. 2025, 42, 2400145.
doi:10.1002/ppsc.202400145

35. Lallo da Silva, B.; Abugafy, M. P.; Berbel Manaia, E.;
QOshiro Junior, J. A.; Chiari-Andréo, B. G.; Pietro, R. C. R;
Chiavacci, L. A. Int. J. Nanomed. 2019, 14, 9395-9410.
doi:10.2147/ijn.s216204

36.Mendes, C. R.; Dilarri, G.; Forsan, C. F.; de Moraes Ruy Sapata, V.;
Lopes, P. R. M.; Bueno de Moraes, P.; Montagnolli, R. N.; Ferreira, H.;
Bidoia, E. D. Sci. Rep. 2022, 12, 2658.
doi:10.1038/s41598-022-06657-y

37.Saha, R. K.; Debanath, M. K.; Paul, B.; Medhi, S.; Saikia, E. Sci. Rep.
2020, 70, 2598. doi:10.1038/s41598-020-59534-x

38.Li, W.-d.; Shi, E.-W.; Zhong, W.-Z.; Yin, Z.-W. J. Cryst. Growth 1999,
203, 186—196. doi:10.1016/s0022-0248(99)00076-7

39.Baruah, S.; Dutta, J. Sci. Technol. Adv. Mater. 2009, 10, 013001.
doi:10.1088/1468-6996/10/1/013001

40.Govender, K.; Boyle, D. S.; Kenway, P. B.; O'Brien, P. J. Mater. Chem.
2004, 74, 2575-2591. doi:10.1039/b404784b

1451


https://orcid.org/0009-0002-5233-4312
https://orcid.org/0000-0001-5102-9012
https://doi.org/10.1007%2Fs10904-020-01684-6
https://doi.org/10.3390%2Fpharmaceutics15112634
https://doi.org/10.7717%2Fpeerj.17588
https://doi.org/10.1016%2Fj.eti.2020.101067
https://doi.org/10.1186%2Fs12951-018-0392-8
https://doi.org/10.3390%2Fpr11041193
https://doi.org/10.1021%2Facsomega.3c02709
https://doi.org/10.1039%2Fd1na00880c
https://doi.org/10.1016%2Fj.cis.2021.102597
https://doi.org/10.1007%2Fs43994-023-00038-5
https://doi.org/10.1155%2F2018%2F3569758
https://doi.org/10.1007%2Fs12668-020-00774-6
https://doi.org/10.1016%2Fj.jhazmat.2020.124779
https://doi.org/10.3389%2Ffmicb.2018.02030
https://doi.org/10.1007%2Fs12668-016-0387-6
https://doi.org/10.1016%2Fj.phytol.2019.04.009
https://doi.org/10.1016%2Fj.molliq.2024.125861
https://doi.org/10.1155%2F2021%2F6629180
https://doi.org/10.1186%2Fs12951-018-0408-4
https://doi.org/10.1021%2Facsomega.9b04084
https://doi.org/10.1039%2Fd4na00326h
https://doi.org/10.1038%2Fs41598-026-47491-w
https://doi.org/10.1039%2Fd4ra04381b
https://doi.org/10.1039%2Fd4ra08632e
https://doi.org/10.3390%2Fw10050660
https://doi.org/10.1515%2Fznc-2020-0116
https://doi.org/10.1016%2Fj.prmcm.2023.100241
https://doi.org/10.3762%2Fbjnano.16.33
https://doi.org/10.1016%2Fj.nxmate.2025.100960
https://doi.org/10.1016%2Fj.watres.2010.02.025
https://doi.org/10.1088%2F2632-959x%2Facfe25
https://doi.org/10.3390%2Fnano11102574
https://doi.org/10.1016%2Fj.heliyon.2024.e39255
https://doi.org/10.1002%2Fppsc.202400145
https://doi.org/10.2147%2Fijn.s216204
https://doi.org/10.1038%2Fs41598-022-06657-y
https://doi.org/10.1038%2Fs41598-020-59534-x
https://doi.org/10.1016%2Fs0022-0248%2899%2900076-7
https://doi.org/10.1088%2F1468-6996%2F10%2F1%2F013001
https://doi.org/10.1039%2Fb404784b

41.Sharma, S.; Kumar, K.; Thakur, N.; Chauhan, M. S. Chem. Pap. 2020,
74, 3431-3444. doi:10.1007/s11696-020-01177-3

42.Torres-Lopez, J. L.; Lazaro-Mass, S.; De la Rosa-Garcia, S.;
Alvarez-Lemus, M. A.; Gémez-Rivera, A.; Lépez-Gonzélez, R.;
Lobato-Garcia, C. E.; Morales-Mendoza, G.; Gémez-Cornelio, S.
J. Cluster Sci. 2025, 36, 20. doi:10.1007/s10876-024-02722-w

43.Zhu, H.; Wang, Y.; Liu, Y.; Xia, Y.; Tang, T. Food Anal. Methods 2010,
3, 90-97. doi:10.1007/s12161-009-9091-2

44.M07 | Methods for Dilution Antimicrobial Susceptibility Tests for
Bacteria That Grow Aerobically. https://clsi.org/shop/standards/m07/
(accessed Oct 12, 2026).

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.17.99

Beilstein J. Nanotechnol. 2026, 17, 1438—1452.

1452


https://doi.org/10.1007%2Fs11696-020-01177-3
https://doi.org/10.1007%2Fs10876-024-02722-w
https://doi.org/10.1007%2Fs12161-009-9091-2
https://clsi.org/shop/standards/m07/
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.17.99

	Abstract
	Introduction
	Results
	Characterization of ZnO nanoparticles
	Microbiological assay
	Relationships between physicochemical properties and antibacterial activity

	Discussion
	Conclusion
	Experimental
	Materials
	Preparation of aqueous plant extracts
	Phytochemical analysis of aqueous extracts
	Biosynthesis of ZnO nanoparticles
	Characterization of ZnO nanoparticles
	X-ray diffraction analysis
	Microbiological assay
	Correlation and principal component analyses

	Supporting Information
	Acknowledgements
	Funding
	Conflict of Interest
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

