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Abstract

The study of the interaction of colloidal solution components with microfiltration membranes is of
continuing interest, both in the development of composite porous materials and in the numerous
applications of membranes for separating suspensions. This study investigates the transport of sil-
ver nanoparticles through track-etched membranes under conditions where the nanoparticles and the
membrane surface possess opposite charges. The objective was to establish patterns of nanoparticle
deposition based on the membranes structural parameters and the solution flow rate.

A simple criterion was derived to determine nanoparticle retention efficiency by considering convec-
tion and diffusion within the pores. This criterion was tested through experiments using polyethylene
terephthalate track-etched membranes with pore diameters ranging from 0.1 to 7.1 pm, while the av-
erage nanoparticle diameter was 24 nm. By varying the pressure drop, the flow rate of the colloidal
solution through the membrane pores was varied.

Nanoparticle retention efficiency was determined using optical spectroscopy and energy-dispersive
X-ray analysis. The distribution of nanoparticles on the membrane surface was examined using scan-
ning electron microscopy. It was found that the proposed criterion satisfactorily predicts the transition
from nearly complete particle retention to complete transmission when key parameters — pore diame-
ter, membrane thickness, and pressure drop — are varied.

The obtained results provide insights into the controlled immobilization of nanoparticles on mem-
brane surface, which is essential for creating functional nanocomposite devices, such as sensors.

Keywords: track-etched membranes, silver nanoparticles, filtration, nanoparticle immobilization, sur-
face charge, convection, diffusion
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1. Introduction

Composite nanostructured materials play a significant role in materials science and advanced
technologies. Immobilization of nanoparticles (NPs) on a surface or in volume is one of the
methods used to create membranes with specific functional properties [1-3]. NPs, such as
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those of noble metals, are widely used in various fields of science, medicine, and engineering
due to their unique physicochemical and optical properties as well as the diverse methods
available for their production [4, 5|. A current area of research focuses on the synthesis and
study of silver and gold NPs for sensors based on surface-enhanced Raman scattering (SERS).
There is a broad range of SERS-based sensor structures, one of which involves dispersing
nanoparticles on the surface of a porous membrane. This design allows the device to perform
multiple functions — enrichment, separation, and SERS detection [6]. Track-etched membranes,
when used as porous substrates, enable the creation of multifunctional sensor with well-defined
transport and retention characteristics [7-9).

Analytical techniques are the most traditional applications of track-etched membranes [10].
These membranes have proven indispensable in environmental and biological studies, partic-
ularly for capturing, separating, and enumerating aerosol particles, cells, or bacteria [11, 12].
Over the past two decades, many new ideas have emerged regarding the additional functions
that track-etched micro- and nanopores can fulfill particularly in the field of sensors [13]|. No-
table examples include multi-pore amperometric sensors [14], single-pore resistive-pulse sen-
sors [15], and those based on molecular recognition [16]. These new capabilities have been
made possible by the development of asymmetrical track-etched nanopores [17].

When fabricating a multifunctional SERS sensor based on the track-etched membrane,
NPs can be immobilized directly during synthesis by placing the membrane in the reaction
medium [6, 7|. Alternatively, vacuum deposition can be employed [9]. Another possible ap-
proach involves depositing nanoparticles onto the surface from a colloidal silver solution [§].

However, passive deposition of NPs on the surface of track-etched membranes can take
tens of hours and typically requires agitation of the solution [8]. The slow sorption rate is
due to the low concentration of NPs, typically 1-2 mg/L [8]. Additionally, achieving uniform
nanoparticle deposition across the entire membrane surface is challenging, and the lengthy
process is problematic due to the solutions limited stability. Therefore, there is a topical
problem to develop a rapid and effective method for immobilizing nanoparticles on the surfaces
of track-etched membranes.

This study aimed to develop a method for the controlled deposition of NPs onto the surface
of a track-etched membrane via filtration of a colloidal silver solution. The resulting composite
material has potential applications as a sensor, and therefore, the method should be effective
for track-etched membranes with various pore diameters.

The patterns of nanoparticle retention by track-etched membranes have been experimentally
and theoretically studied in a number of papers [18-28|. When the pore and particle diameters
are comparable, sieving is the primary retention mechanism [19, 22|. Conversely, when the
pore diameters are significantly larger than the nanoparticle diameters, the membrane can
retain nanoparticles by adsorption. Nanoparticle diffusion to the surface becomes a crucial
factor |21, 23, 25, 28]. Van der Waals interactions can retain a certain proportion of particles,
while the majority of NPs pass through the membrane [21-24, 27|. If the membrane surface
and the particle carry the same sign of electric charge, the probability of attractive interaction
is very low. Therefore, to ensure that NPs bind effectively to the surface, it is necessary to
create opposite charges on the track-etched membranes and the particles |8, 29, 30].

Particles can be retained on both the front surface of the membrane and the pore walls.
The particle distribution pattern in the membrane depth can be analyzed using optical meth-
ods [20, 25] or electron microscopy [31]. The retention efficiency depends on the flow rate of
the solution through the membrane, since the probability of capturing a Brownian nanopar-
ticle decreases due to a reduced residence time inside the pore [27, 28]. Large particles may
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be retained on the membrane by an inertial mechanism, which results in increased retention
efficiency at higher flow rates [32].

Thus, developing a method for depositing nanoparticles onto a membrane requires careful
consideration of all the above factors. The spatial distribution of NPs is a key parameter for
various practical applications [33, 34, 47|, and therefore, the method should ensure a specific
surface density of particles and their appropriate distribution across the membrane surface.

2. Filtration model

The process of depositing particles from a separated mixture onto a porous surface has long
attracted researchers’ attention. For example, membrane fouling during filtration of protein
solutions has been the subject of theoretical analysis and experimental studies [35-38|. These
studies primarily focus on the relationship between decreased flow rate and the mechanisms of
pore clogging by protein macromolecules and their aggregates.

A number of studies examine in detail the interaction between solid particles and the mem-
brane surface at the pore entrance [39-42]. While these studies are informative in many respects,
they are not entirely applicable to the filtration of a colloidal silver solutions through track-
etched membranes with pore radii significantly larger than the particles radii. In particular,
articles [39, 40| are devoted to the analysis of the transport of micrometer-sized particles, for
which the authors neglect the role of Brownian motion. In micro- and ultrafiltration, it is
generally assumed that the particle and the membrane surface have the same sign of electric
charge |21, 23, 24, 41, 42]. The article 28| provides a detailed treatment of Brownian motion
and diffusion in filtration; however, the mathematical model presented is challenging to apply
in practice due to the uncertainty surrounding many input parameters.

Let us consider the case where NPs are small enough that Brownian motion near the surface
and inside the pores must be accounted for. Track-etched membranes, characterized by an array
of cylindrical pores, serve as a suitable model for this process. The surfaces of these track-etched
membranes are intentionally modified to provide electric charges of opposite sign to those on the
nanoparticles. Under these conditions, a straightforward model can be proposed that accounts
for two particle transport mechanisms: convection and diffusion (Figure 1).

Upore

Figure 1. Movement of components of a colloidal solution at the entrance to a track-etched membrane
pore (a). Schematic diagram of nanoparticle movement in a membrane pore. The solution moves with
an average velocity vpore. L is the particle trajectory due to convective transport and Brownian motion.
[ is the projection of the trajectory onto the pore cross-section. 7 is the radial displacement of the
particle, equal to the pore radius (b).

Figure 1, a provides a qualitative picture of the motion of NPs at the entrance of a track-
etched membrane pore. The convective flow of the liquid layers is shown by smooth lines
representing hyperbolic trajectories [43]. NPs carried by this flow into the pore far from the
edge of the hole are highly likely to enter the pore and continue moving along its channel. In
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addition to convective transport, NPs undergo Brownian motion. One possible trajectory of
the stochastic movement of NPs moving near the edge of the hole is shown by the broken line
in Figure 1,b. NPs are captured by the surface close to the entrance of the hole. Since NPs
and the surface carry opposite charges, electrostatic interaction ensures the immobilization of
NPs. In other words, we assume that the sticking coefficient is 1.

At a solution ionic strength of 10™* mol/L, the Debye length is ~ 30 nm [44]. Therefore,
the influence of the electric field manifests itself when a nanoparticle approaches the surface
at a distance comparable to its size. At greater distances, electromigration should not have a
significant effect on the movement of NPs.

Let us consider the motion of the nanoparticles that have entered the pore. The average flow
velocity vpore through a pore channel of radius r is found from the Poiseuille’s law as follows:

r’AP
Sl

Upore = ) (1)
where AP is the pressure drop, u is the dynamic viscosity coefficient, and [,,, is the membrane
thickness. The average diffusion time 7 for a particle to travel a distance equal to the pore
radius r [45] is

Tp = r°/4D, (2)

where D is the diffusion coefficient of NPs, D = 2- 10~ m?-s~! for particles with a diameter
of 20 nm [46].

The time 7, required for NPs to pass through the entire length of the pore channel in the
membrane is calculated as Sl
A (3)
r2AP
This time can be considered as the characteristic residence time of a nanoparticle within the
pore channel. The ratio of the nanoparticle diffusion time to the residence time in the pore is
defined as follows:

Tm = lm/vpore =

r*AP )
32Dpl2,

Based on this model, the probability of nanoparticle retention by the membrane can be quali-
tatively predicted. If 7p/7,, > 1, NPs pass through the membrane. Conversely, if 7p /7, < 1,
NPs are retained by the membrane, mostly accumulating on the frontal surface and near the
pore entrance. In the range of 7 /7, ~ 1, NPs partially pass through while also being retained,
resulting in their distribution over the frontal surface and the pore walls of the track-etched
membrane.

TD/Tm =

The ratio 7p/7,, can be represented as a dimensionless retention criterion

r*AP
p=—"— 5
32Dul2,’ (5)

which allows us to predict the degree of particle retention and select the appropriate filtration
mode. Table 1 shows the calculated P-criterion values for track-etched membranes with different
pore diameters and three different pressures.

Based on the P-criterion values presented in Table 1, it can be assumed that NPs will be
almost completely retained by a membrane with a small pore size (0.1 pum) over the entire
range of pressures considered.
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Table 1. Calculated values of the retention criterion for several hypothetical track membranes with
different pore diameters and thicknesses.

Pore di- Thick- AP
ameter, ness, 32Dul?,

pme AP 0.02 bar AP=0.4 bar AP=0.8 bar AP=1.2 bar AP=1.6 bar AP=2.0 bar

0.10 12 1.4-107% 2.7-1073 54-1073 8.1-1073 1.1-1072 1.4-1072

0.40 19 1.4-1072 0.28 0.55 0.83 1.1 1.4
0.50 12 8.4-1072 1.7 3.4 5.1 6.8 8.4
1.0 23 0.37 7.4 15 22 29 1.4-10?
7.0 17 1.6-103 3.2-10% 6.5 - 10% 9.7-10% 1.3-10° 1.6-10°

Track-etched membranes with pore diameters of 0.4, 0.5, and 1.0 yum have P-criterion values
close to 1. Therefore, it is expected that the applied pressure will significantly affect the distri-
bution of NPs across the surface and within pore channels. In contrast, in case of track-etched
membrane with a pore diameter of 7.0 pym, the criterion values indicate a short interaction time
between NPs and the membrane surface. As a result, the probability of nanoparticle retention
on this membrane is low.

3. Materials and methods

3.1. Reagents

The following substances were used: potassium chloride (KCl, > 99%, Sigma-Aldrich),
branched polyethyleneimine (PEI) (Mr = 60,000 Da, 50% aqueous solution, Acros), glutaralde-
hyde (GA) (25% aqueous solution, PanReac), and tableted phosphate-buffered saline (Sigma-
Aldrich). Isopropanol (99.9%, Sigma-Aldrich) was used to clean the track-etched membranes.
Deionized water with a resistivity of 18 M€ - cm at 22°C (Milli-Q, Millipore) was used to prepare
all solutions.

3.2. Track-etched membranes and their modification

Polyethylene terephthalate (PET, Hostaphan Mitsubishi Polyester Film) track-etched mem-
branes were manufactured at the Flerov Laboratory of Nuclear Reactions (FLNR) of the Joint
Institute for Nuclear Research (Dubna) using the technology described in [12]. These PET
membranes exhibit identical surface morphology on both sides [12]. Table 2 presents the main
structural characteristics of the track membranes used.

Track-etched membranes in the form of disks with a diameter of 4.5 cm were washed with
isopropanol and then placed on a shaker in 100 ml of a 0.1% PEI solution for 2 h at room
temperature. The PEI solution had a pH of 8.0, which facilitated electrostatic adsorption of the
positively charged polyelectrolyte onto the negatively charged membrane surface. To stabilize
the modifier layer, the polyethyleneimine molecules were cross-linked with glutaraldehyde using
the procedure similar to that from [47]. The membrane was then placed in a water bath at
37°C in a 2.5% GA solution in 0.01 M phosphate-buffered saline (pH ~ 8.0) for 90 min. After
each processing step, the track membrane samples were washed with deionized water. Figure 2
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Table 2. Characteristics of track-etched membranes used in the experiment.

2

No. Sample designation Pore diameter by SEM, um Pore density, cm™® Thickness, pm

1 TM-0.1 0.10 1.0-10° 12
2 TM-0.4 0.42 2.7-108 19
3 TM-0.5 0.55 1.5-108 12
4 TM-1.1 1.06 2.5-107 22
5 TM-7.1 7.1 1.3-10° 17
0
_C(

©
O, ©
H,0, PEI GA
pH = 8.0 @@
O, )
O, ©

Figure 2. Proposed scheme for membrane modification with polyethyleneimine and subsequent cross-
linking with glutaraldehyde.

shows a possible mechanism for the membrane modification. These membranes will henceforth
be referred to as TMs.

At pH = 7.0, the original TMs had a (-potential of =35 mV. After modification with PEI, the
track membrane surface was recharged, resulting in the (-potential of 434 mV. Cross-linking
with GA did not significantly change the (-potential, which measured 436 mV. The positive
surface charge within the pH range of 6.0-7.0 ensured the electrostatic attraction of silver NPs
from the colloidal solution, at pH of 6.8.

3.3. Synthesis of colloidal silver nanoparticles

A colloidal solution of silver NPs was obtained by an electric discharge between two silver
electrodes immersed in distilled water. The technique is detailed in [18]. The specific electrical
conductivity of the colloidal solution was ~ 20 pS/cm. The average diameter of silver NPs,
according to transmission electron microscopy (TEM), was 24 nm, with the root-mean-square
deviation of 14 nm (Figure 3).

According to atomic emission spectrometry, the total silver content in the resulting colloidal
solution was 4 mg/l. The concentration of NPs, calculated using the average cubic diameter,
(d3:p)'/® = 32 nm, was found to be 2 - 10'® pcs/mL. The (-potential of the silver nanoparticle
surface measured —25.6 mV.



I. N. Fadeikina et al. Natural Sci. Rev. 3 200706 (2026)

Figure 3. TEM micrograph of silver NPs.
3.4. Filtration of a colloidal solution of silver nanoparticles

Prepared membrane samples were placed in a Millipore filtration cell with an effective
diameter of 4.0 cm, and 50 ml of the solution was filtered. The applied pressure varied from
(0.020 £ 0.003) to (2.0 £ 0.1) bar. The height of the liquid column determined the lowest
pressure, while higher differential pressures were achieved using compressed nitrogen.

3.5. Experimental methods

The silver nanoparticle retention efficiency by TMs was determined using optical absorption
spectroscopy. The localized surface plasmon resonance (LSPR) peak at 400 nm, characteristic
of silver NPs, was employed as analytical signal. The absorption spectra in the ultraviolet and
visible regions were obtained using an Evolution 600 dual-beam spectrophotometer (Thermo
Scientific). The instrument was set with a spectral slit width of 2 nm, a scanning step of 1 nm,
and a scanning speed of 240 nm/min. The solutions were analyzed in a quartz cuvette with
a 1 cm optical path length. Measurements were performed before and after filtration of the
colloidal solution through TMs, and the LSPR peak intensities were compared.

The (-potential of NPs was measured using a Zetasizer Nano ZSP (Malvern) in a U-shaped
cuvette with gold electrodes. The nanoparticle size distribution was characterized using TEM
(Talos F200iS/TEM (Thermo Scientific)) at an accelerating voltage of 200 kV. Supplies (SPI)
copper grids with an amorphous carbon film were used as the substrate. The nanoparticle sizes
and their standard deviations were determined from micrographs using JMicroVision 1.3.4.

The total silver content of the colloidal solution was determined using an EXPEC-6000
inductively coupled plasma atomic emission spectrometer (Focused Photonics Inc.).

The membrane surface charge was determined by measuring the streaming potential. The
track membrane samples with a diameter of 2.5 cm were placed in a cell with silver chloride
electrodes. The potential difference was measured as a function of pressure within the range
of 0.2-1.0 bar, while passing a 0.01 M KCI solution at pH of 6.0. The potential difference was
measured using a B7-78/1 digital voltmeter with a sensitivity of 1 pV.

Field-emission scanning electron microscopy (SEM) was performed using a SU 8020 micro-
scope (Hitachi) at an accelerating voltage of 3 kV with a secondary electron detector. A con-
ductive Pt—Pd layer with a thickness of 5 nm was deposited on the samples using magnetron
sputtering on a Q-150T S instrument (Quorum).

The content of silver in TMs was determined using a Hitachi S-3400N scanning electron
microscope equipped with an energy-dispersive X-ray analysis system at an accelerating voltage
of 20 kV. A layer of carbon ~ 15 nm thick was applied to the test samples using a Supplies



I. N. Fadeikina et al. Natural Sci. Rev. 8 200706 (2026)

Vacu Prep IT (SPI) system. Measurements were taken at four points on each sample, the values
were averaged, and the standard deviation was calculated.

4. Results and discussion

4.1. Efficiency of silver nanoparticle retention

Based on the proposed theoretical model, TMs with minimum (0.1 pm) and maximum
(7.1 pm) diameters were considered first. For TM-0.1, the P-criterion is much smaller than
1 (Table 1), indicating the possibility of complete silver nanoparticle retention on TMs dur-
ing filtration. It was observed that nearly 100% particle retention occurs during filtration at
pressures ranging from 0.02 to 2.0 bar. In contrast, for TM-7.1, the P-criterion > 1 (Table 1),
suggesting a low probability of nanoparticle retention on these TMs. Experiments showed that
at a pressure drop of 0.02 bar on the TM-7.1 sample, the retention percentage was about 5%.
Due to the measurement limitations with lower retention values, further experiments across the
entire pressure range for this membrane were deemed unreasonable.

The proposed filtration model was also tested using TM-0.4, TM-0.5, and TM-1.1 mem-
branes, for which P is on the order of 1 (Table 1). Therefore, the retention of NPs was anticipated
to depend on the applied pressure.

Figure 4 presents the efficiency of silver nanoparticle retention as a function of the pressure
drop and as a function of the P-criterion.

100 - a —=TM-0.4 b v TM-0.1
——TM-05 1004 + = TM-0.4
90 - —a—TM-1.1 e e e TM-0.5
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=) 2 60 .
o o VN
£ 701 = A
E & 40+
&= 60 e
20 A
50 1
0_
40 T T T T T 1 T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 0.001 0.01 0.1 1 10 100 1000 10000
AP, bar p-criterion

Figure 4. The efficiency of silver nanoparticle retention, calculated from the change in the LSPR
peak intensity in the solution after filtration through TMs, as a function of the pressure drop (a) and
the P-criterion (b).

Figure 4, a shows a decrease in silver nanoparticle retention efficiency with increasing pres-
sure for all the TMs considered. This observation aligns with the filtration model discussed
earlier. As pressure increases, the flow rate increases, reducing the interaction time between
silver NPs and TMs.

Figure 4, b depicts how the silver nanoparticle retention efficiency is influenced by the b-
criterion, which considers both the applied pressure and the structural parameters of the mem-
brane (such as pore radius and thickness). The set of points for all TMs forms a single group.
Notably, nearly complete retention of silver NPs occurs when P < 1. A transition region is
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observed for P ~ 1, whereas for b > 1, silver NPs pass through TMs. Overall, there is a clear
trend of decreasing retention efficiency as the P-criterion increases.

Furthermore, energy-dispersive X-ray analysis was performed to determine the silver content
on TMs after filtration of the silver colloidal solution (Figure 5).

10 a —=a—TM-0.4 10 1 b [ TM—OA
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= 61 = 67
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Figure 5. Silver content in wt% on the front surface of the track membrane as a function of pressure
drop (a) and the P-criterion (b).

Figure 5, a shows a noticeable decrease in silver content on TMs as the applied pressure
increases (i.e. with increasing colloidal solution flow rate). The relationship between silver
content on TMs and the P-criterion is presented in Figure 5, b. In Figure 5, b, the experimental
data points cluster into three groups, each corresponding to one of the three membranes. At the
same values of the P-criterion, the data points related for different TMs are spaced apart. This
spacing occurs because energy dispersive X-ray analysis reflects the silver content only on the
front surface of the track membrane, while the P-criterion considers retention across the entire
surface, including pores. For this reason, the graph does not show a clear pattern, although a
general trend toward decreasing silver content with increasing P-criterion is evident.

Figures 4, a and 5, a reveal anomalies in particle retention and capture by membrane surface
at a pressure of 2.0 bar, which the proposed model does not predict. One possible explanation is
the inertia of the particles, which might increase the efficiency of their retention. The influence
of the particle inertial deposition mechanism can be characterized using the Stokes number St,
calculated using the equation [48]:

2
o CdypPpUpore

St
9u2r

: (6)
where p, — gravimetric density of nanoparticles, C' — Cunningham slip correction factor (for
liquids equal to 1), dxp — diameter of nanoparticles, » — pore radius, vpee — flow rate of the
nanoparticle solution in the pore. The calculated values of St at pressures of 0.02-2.0 bar for
all TMs fall between 2 - 10~7 and 3 - 10~%, that is, much less than 1. This indicates that the
inertial mechanism in the system under consideration does not contribute to the efficiency of
silver nanoparticle retention.

Another possible explanation for the increased particle retention at 2.0 bar is the recharging
of the membrane surface near the pore entrance [41, 42]. The measured value of streaming
potential at the beginning of filtration at a pressure of 2.0 bar was 4+0.15 mV, corresponding
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to a positively charged membrane. At the end of filtration, the streaming potential decreased
down to —0.012 mV, indicating membrane recharging. This recharging occurs due to the high
surface concentration of captured NPs at the pore edges generating an electric field that hinders
the passage of particles into the pore channel. This effect may promote the deposition of such
particles on the remaining positively charged areas of the track membrane front surface.

4.2. Distribution of silver NPs on the track membrane surface

Stable nanoparticle suspensions were deliberately used in this study to prevent undesirable
effects of coagulation. The absence of coagulation was assessed from absorption spectra of
solutions before and after filtration (the spectra are provided in the Supplementary Materials,
figs. S1 and S2). A slight red shift in the peak position was observed, which may indicate that
smaller particles are captured by the membrane with a higher probability. The smaller the
pore size, the more pronounced is the shift. At the same time, no increase in background was
observed, indicating the absence of coagulation.

Using SEM, micrographs of the track membrane front surface with deposited NPs were
obtained. Sectors with vertices at the center of the pores were imposed in the images (Figure 6).
The orientation of each sector was chosen such that no other pores were nearby. The sector
angle was set to 30°. Circles with radii R; divided the sector into annular sectors, and within
each of these sectors, the number of particles N was counted.

<L ‘n
l"ﬂ% ')'M

Figure 6. Micrographs of TM-1.1 with precipitated nanoparticle filtration at a pressure of 0.02 bar (
and of 2.0 bar (b).

The area of each annular sector was calculated using the following formula:

_ 2
S 7r360 <RZ+1 Rz )7 (7)

where R; — radius of the i-th circle, R;;; — radius of the next circle, ¢ — sector angle. The
radius of the first circle is equal to the pore radius, Ry = r.
The distance from the center of the pore to the center of the annular sector x; was calculated

using the formula (7):
o1
xi—r(z%—é). (8)

The particle surface density n was calculated as the ratio of the number N of particles to the
area of an annular sector.

10
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The distribution pattern of the nanoparticle depends on the applied pressure. At low pres-
sures, the particles are distributed more uniformly over the track membrane surface. However,
at higher pressures, the particles tend to localize at the pore entrance. It is noteworthy that
NPs are observed also within the pores. These patterns of nanoparticle distribution support
the proposed simple model.

The calculated values of the silver nanoparticle surface density on the membranes front side
are presented as a function of the distance from the pore center to the middle of the annular
sector (Figure 7). Experimental data points are plotted along the abscissa axis with a step
equal to the width of the annular sector (horizontal error bars). Vertical error bars indicate the
relative statistical error of the particle counting (v/N/N).
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Figure 7. Silver nanoparticle surface density on the membranes TM-0.4 (a), TM-0.5 (b), TM-1.1 (¢)
as a function of distance from the pore center. Filtration at pressures of 0.02, 0.8, 2.0 bar.

The graphs in Figure 7 show a noticeable decrease in the particle surface density for all
samples as the distance from the pore increases. Additionally, higher pressure during filtration
leads to a decrease in the average surface density of NPs on the front side of the track membrane.
This allows predictions of the density of NPs filling the track membrane surface and whether a
gradient or uniform coating will be achieved.

The properties of the resulting nanostructures can be controlled by varying the flow rate
and structural parameters of TMs. For example, to achieve a dense and uniform coverage
of the membrane surface with NPs, it is advisable to select a membrane with a smaller pore

11
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diameter and greater thickness. These filtration conditions correspond to a P-criterion value of
< 1. Conversely, to localize NPs near the pore entrance, a thinner membrane should be used
and filtration conducted at a higher pressure, resulting in higher P-criterion values.

4.8. Applicability of the model

As seen in Figure 5, b, the dependence of retention on the P-criterion is not steep. Instead,
the retention changes gradually across a wide range of b values. Several factors contribute to
the slow decrease in retention as P increases. The characteristic time of diffusion 7p in ex-
pression (2) corresponds to a mean distance r which is the center of a Gaussian distribution
(probability vs. radius). Therefore, a considerable fraction of particles do not reach the pore
wall by the time 7p occurs. Additionally, NPs are not monodisperse and exhibit a range of
diffusion coefficients. Furthermore, there is a parabolic velocity profile in the pore channels,
with the average flow velocity vpore equal to half the maximum velocity at the channel centerline
(r = 0). Particles entering the pore in the vicinity of the centerline pass through the channel
faster and have a lower probability to be captured by walls. All these complexities indicate
that a more sophisticated theory is needed to describe this scenario fully. In the future, to
refine the theory and fully resolve the nanoscale distribution of immobilized nanoparticles —
particularly their three-dimensional localization on membrane surface and within pore chan-
nels — it seems feasible to apply the recently developed methods of 3D superresolution optical
nanoscopy [49]. Nevertheless, our experiments showed clear correlation between total retention
and 7p /7, values, suggesting that the proposed formalism can be used as a simple predictive
model.

This study primarily aimed to optimize the immobilization of noble metal NPs for the
fabrication of sensors based on the SERS effect. The established patterns allow for control
and prediction of the average concentration and uniformity of nanoparticle distribution on the
active surface of the membrane sensor. When using the membrane sensor in flow-through mode,
the proposed retention criterion would be useful for selecting the pore diameter and filtration
mode to adsorb the maximum amount of analyte with the desired localization on the porous
substrate.

It should be noted that the conditions for the applicability of the proposed model include
low concentrations of colloidal solutions and suspensions, as well as pore sizes significantly
larger than the nanoparticle sizes. Due to the latter, we neglected possible steric hindrance
effects on particle retention [50]. The model is not applicable when a precipitate layer may
form on the membrane (“cake filtration”). The fabrication of SERS-based sensors does not
require the accumulation of more than one monolayer of NPs. This principle determined the
experimental conditions in this study, namely, the relationship between the amount of solution,
its concentration, particle size, and membrane area. In this study, the membranes operational
mode was controlled by the pressure drop across it. An alternative approach could involve
controlling the flow rate as the key parameter [51|. In this case, the 7p /7, ratio can be
managed more accurately.

The proposed model can also be used to the application of biological entities, such as
viruses, cancer cells [52-54], DNA-binding proteins [55], and other components to ensure affinity
filtration [51], onto the surface of a membrane.

5. Conclusion

This paper proposes a method for controlled deposition of nanoparticles onto the surface
of a track-etched membrane via filtration of a colloidal solution. A straightforward model is
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developed to predict nanoparticle retention efficiency by accounting for convective and diffusive
transport within the membrane pores. The model was experimentally validated using a colloidal
solution of silver NPs with an average diameter of 24 nm and track-etched membranes with
various structural parameters.

The surfaces of both the membrane and the nanoparticles had opposite electrical charges.
The results demonstrate that the concentration of particles on the membrane surface is in-
fluenced by the ratio of the volume of the solution passed to the membrane area, as well as
a dimensionless criterion that incorporates factors such as pore radius, membrane thickness,
viscosity of the medium, diffusion coefficient of NPs, and pressure drop.

Moreover, the study shows that the average concentration of immobilized particles and
their distribution on the membrane surface can be controlled by adjusting the flow rate. This
developed approach has the potential to be extended to other porous substrates and different
types of nanoparticles for depositing controlled amounts of substances. This technique can aid
in creating composite materials with desired properties.

The findings highlight the potential for integrating functional nanocomposite sensor systems
with flow-through designs, which could significantly advance the development of analytical and
biosensors.
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