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Additional experimental data 
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Table S1: Parameters for the fabrication of nanoporous membranes. 
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Figure S1: Scheme of the ion transport measurement setup (designed with COMSOL 

multiphysics). For ion transport measurements the membranes (6) were mounted in a two-

piece chamber (3 and 4) made from Teflon and sealed with Teflon tapes. A microfluidic 

channel (5) filled with a KCl electrolyte (Sigma Aldrich) connects the membrane with 

electrodes made from Ag/AgCl (EP08, World Precision Instruments, Germany) (1 and 2). The 

currents and voltages applied to the electrodes were recorded with a patch clamp amplifier 

(EPC 08, Heka, Germany). 

 

COMSOL simulation 

The resistance of the fluid-channel of the measurement setup (Figure S1) was simulated by 

finite element methods (FEM) using COMSOL multiphysics. For this, the membrane was 

removed from the silicon carrier. Compared to the high conductance of the electrolyte, the 

Teflon chambers as well as the silicon frame can be assumed to be insulating. The potentials 

on the electrodes were set to 0 and 100 mV, respectively. The electric field was assumed to 

vanish on all surfaces except at the electrodes and the silicon of the carrier. For the resistance 

of the fluid in the total chamber an ohmic behavior and a homogenous resistivity of the 

electrolyte (water) were assumed. The simulations show a major potential drop at the 

pyramidal Si cavity (Figure S2a). In addition to the potential drop the gradient of the electric 

current density is depicted by white streamlines showing the ion transport through the opening 
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in the silicon frame. In comparison, a steady potential drop is expected for a measurement 

setup without the silicon frame (Figure S2b).  

To characterize the microfluidic chamber we introduced a geometrical factor that was defined 

as the ratio of resistance and specific electrical resistance of the electrolyte. By this we 

determined a geometrical factor of 19.3 ± 0.1 mm−1. The conductivity of the electrolyte was 

calculated from the Debye–Hückel–Onsager theory. 

 

 

Figure S2: FEM simulations of the measurement setup with mounted silicon frame a) and 

without frame b). Shown is a detail of the whole measurement setup with the chamber pieces 

(1) and (2) and the membrane carrier made from Si (3), the electrodes are outside the image 

shown. The potential is color coded and the gradient of the electric current density is depicted 

by white streamlines. 
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Approximation for the resistance of a membrane with conical nanopores 

To determine the resistance of a single conical nanopore we are approximating the ion 

transport by neglecting the influence of surface charges on the pore wall and assuming a 

homogenous resistivity in the electrolyte. For the resistance of a conical pore we obtain: 

,          (S1) 

with a and b being the diameters of the truncated cone, h the height, and ρ the resistivity of 

the electrolyte.  

The membrane was modeled as a parallel connection of 107 nanopores. For the resistance of 

the total setup follows: 

         (S2) 

with N being the number of pores. Access resistances at the pore orifices were neglected in 

this approximation since they would only have a minor contribution to the total resistance due 

to parallel connection. 

By measuring the conductance of the electrolyte of a silicon frame with removed membrane 

we obtained Rsetup. For the membrane C with the smallest pores the calculated total 

contribution of the pores 1/N·Rpore sums up to 1 kΩ (1 mM KCl). This resistance value is 200 

times smaller than the resistance Rsetup of the complete microfluidic setup without membrane. 

Therefore, the difference of the membrane resistances due to the varying pore diameters is 

expected to be smaller than the measurement uncertainties. 

 

Serial repair mechanism 

Focused electron beam induced deposition of hydrocarbons (FEBIDH) was applied as a serial 

repair mechanism to restore membranes showing leakage and tested for tightness. Therefore, 
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a leak was intentionally formed by drilling a single pore in a 75 nm thick silicon nitride 

membrane by focused ion beam (FIB) (Helios Nanolab 600, FEI, USA). The pore had a 

diameter of 162 nm on the top side and 140 nm on the bottom side. 

We conducted ion transport measurements the same way as described for the nanoporous 

membranes at a KCl concentration of 100 mM (Figure S3, open pore). The linear 

characteristics of the pore are within expectations with a resistance of 7.7 ± 1.1 MΩ [1]. 

The location of the pore on the membrane was determined by SEM (Hitachi S5200, Japan) at 

a low magnification and subsequently sealed by exposure to the electron beam at a higher 

magnification. By this means a higher dose was applied to the pore and the deposition of 

hydrocarbons was limited to its vicinity. The sealing process lasted a few minutes and was 

observed with the secondary electron detector of the microscope. Very good seal tightness 

was achieved. With a resistance of 5200 ± 270 MΩ the tightness of the seal is comparable to 

that of a fresh membrane without pores, showing a resistance of 11720 ± 390 MΩ. 

 

 

Figure S3: Ion transport measurements of a single nanopore in a silicon nitride membrane. 

Shown are the I–V curves for different states of the membrane and a model of a single conical 

pore. The different states comprise: a fresh membrane without pores (w/o pores), a single 

freshly drilled pore (open pore), the same pore after sealing (sealed pore), and removal of the 

seal (opened pore). 
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To verify the successful sealing of the single pore, the seal, made from hydrocarbon deposits, 

was removed with oxygen plasma (OXFORD PlasmaLab 80 Plus ICP65, UK). Current 

measurements showed a resistance of 7.4 ± 1.1 MΩ (opened pore), similar to the pore 

resistance of the freshly drilled pore.  

By taking into account the access resistances at the pore entrances [2]: 

 ,         (S3) 

and Equations S1 and S2 the total resistance was calculated (Figure S3, model).  

The experimentally obtained resistances for a single nanopore drilled in a membrane are 

supported by the good agreement with modeled resistances.  

 

Real-time fluorescence microscopy 

The PDMS setup is made by mixing ten parts of Sylgard 184 silicone elastomer and one part 

of curing agent, degassing for 1 h, giving the material into an aluminum casting mold, and 

heating at 150 °C for 10 min. 

Before each experiment, the hydrophilicity of the areas from PDMS which will be later in 

contact with water is improved by oxygen plasma (100 W, isotropic, 1 mbar, 5 min). For the 

same purpose, the wet cleaned membrane is also plasma-treated (hydrogen, 100 W, isotropic, 

0.8 mbar, 160 W). Mounting of the device and filling it with PBS (phosphate buffered salt 

solution) at pH 7.5 is done within 5–10 min. For further reduction of surface tension a 1/50 

volume part of 5% polysorbate 20 (TWEEN 20) solution is added. Starting the measurement 

means adding 0.1–4 µl of a protein solution or 1:1 mixed protein solutions. 

In the paper we report on experiments with ATTO, GFP, and ATTO-labeled TG: 

ATTO 647N is a red dye, has an atomic weight of 843 Da, excitation maximum λex = 644 nm, 

emission maximum λem = 669 nm, and a hydrodynamic radius of 0.5–0.8 nm. 
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GFP (Green Fluorescent Protein) has an atomic weight of 26.9 kDa, λex = 395 nm, emission 

maximum λem = 475 nm, and a hydrodynamic radius of 2.5–2.8 nm. 

TG (Thyreoglobolin) has an atomic weight of 660–690 kDa, and a (unlabeled) hydrodynamic 

radius of 8.58 nm. It was labeled with ATTO, see above. 

The microscope is from Zeiss /Germany: AxioObserver D1 with AxioCam MRC, Objetiv A-

Plan 10×/0.25 PH1, and source HXP 120C. Two filter-combinations were used: 450–490 

nm/500–550 nm and 625–655 nm/665–715 nm. 

 

XPS analysis of CHF3/CF4-etched sample surfaces before and after thermal annealing 

After reactive ion etching with CHF3/CF4 plasma one has to expect that process-specific, 

locally varying CF layers will influence the wettability [3-5] and reduce the possibility for 

complete homogenous chemical functionalization of the inner pore walls. This makes a 

removal of teflon-like remnants (potentially hydrophobic) a precondition after RIE. 

To further characterize the nanoporous membranes an XPS analysis (PHI 5800, Physical 

Electronics, USA) was conducted. A contamination with a fluorocarbon film originating from 

reactive ion etching with CHF3/CF4 was shown for plane SiN wafer surfaces (Figure S4, 

curves A and E). Curve A shows the F 1s peak of a SiN surface after etching. Clearly 

distinguishable are the main peak of the SiFx compound and its shoulder originating from a 

CFx peak. The peaks are in very good agreement with binding energies found in literature 

[6-10]. As a reference the spectrum of the SiN prior to the plasma was analyzed, where the F 

1s signal is extremely weak. This shows that the fluorine present on the samples A to D 

originates from the CF4/CHF3 plasma.  

In order to remove the fluorocarbon contamination the surface was annealed in ultra-high 

vacuum (10−8 mbar) at 500 °C for 120 min (curve B). The CFx peak vanished as desired 

whereas the SiFx peak remained unchanged. To remove SiFx compounds, the surface was 
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exposed to deionized water for 15 min (C) and 23 h (D) respectively, which resulted in the 

formation of HF dissolved in water and SiOH [11]. After 15 min the peak was drastically 

reduced. An increase in the exposure time to 23 h did not succeed in the removal of the whole 

signal, which might be an indication for fluorine that diffused into the bulk silicon nitride 

unreachable for water molecules, but within the detection depth of XPS. For a similar system 

(in Si), a more complete removal of the fluorine peak was achieved at a slightly higher 

annealing temperature of 550 °C [12]. 

 

Figure S4: XPS spectra of silicon nitride surfaces. Shown are the F 1s peaks after etching 

with CHF3/CF4 plasma (A), additional thermal treatment at 500 °C in high vacuum for 2 h 

(B), and subsequent exposure to H2O for 15 min (C) and 23 h (D). The dashed lines indicate 

the literature values of binding energies corresponding to the chemically shifted F 1s peaks of 

CFx and SiFx. As a reference a silicon nitride surface was analyzed prior to the etching process 

(E). 
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