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Abstract: Electrospun polymer membranes are regarded as prospective biosensor components due to
their large specific surface area and diverse opportunities for chemical modifications. However, their
intricate porous structure can impede diffusion and render some analyte-binding sites inaccessible.
To overcome these diffusion limitations and improve analyte adsorption onto the polymer, a pressure-
driven sample flow through the membrane can be employed. To date, the efficiency of pressure-
driven analyte delivery into these membranes has not been quantified. Here, we compare forced flow
and passive sample diffusion through poly(dioxanone) electrospun membranes. We examine two
model analytes, BSA and interleukin-1 beta (IL1b), to address both non-specific and specific binding.
Following exposure of the membranes to the test solutions, we measured the residual concentrations
of the analytes using fluorometry and enzyme-linked immunosorbent assay (ELISA) techniques. The
pressure-driven sample loading was superior to passive diffusion, with a 2.8-11.5-fold change for
physical adsorption and a 2.4-3.4-fold difference for specific binding. Our data can be useful for the
development of immunoassays and microfluidic devices.
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1. Introduction

Porous substrates are successfully used in many modern biosensors and analytical
techniques such as western blotting, lateral flow (immunochromatographic), and flow-
through assays. The main advantage of porous substrates over flat surfaces is the large
specific surface area. It ensures higher loading of the analyte-binding molecules and can
help to improve the detection limit and decrease the analysis time.

Electrospun membranes constitute a special class of porous media. Electrospinning is
a method to produce polymer fibers with diameters ranging from tens of nanometers to
several micrometers via an electric field [1]. The typical diameter of electrospun fibers is
1-2 orders of magnitude smaller than the diameter of the polymer fibers produced using the
alternative methods [2,3]. The small diameter of the fibers provides a high specific surface
area (typically ~10 m?/g [4,5]), making them promising for biosensing applications [6,7].

Numerous studies describe biosensors and analyzers that employ porous substrates.
Various methods are used to deliver the sample into the membrane: free diffusion, cap-
illary forces, and forced flow pumping through the membrane. Pressure-driven flow of
a sample through a membrane makes it possible to collect the analyte from a relatively
large volume and thereby improve the analytical characteristics of the biosensor. Several
Attribution (CC BY) license (https://  studies demonstrate the implementation of this approach to collect an analyte from the air
creativecommons.org/ licenses /by / using a vacuum cleaner [8,9]. For liquid samples, cyclic pumping through the membrane
40/). for gradual depletion of the analyte from the solution also looks promising [10-12]. The
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main advantage of using a membrane as the surface for a receptor layer is the increase
in the active surface-to-volume ratio. However, the structure of a membrane can impede
molecules from accessing the surface deep in the pores. Flow-through pumping addresses
these diffusion limitations and effectively updates the analyte concentration within the
membrane. In the absence of pumping, the analyte concentration inside the membrane
drops due to adsorption. Thus, pumping allows deeper membrane layers to participate in
analyte binding.

Although the concept of flow-through pumping seems quite simple at the core, it
is tricky in the details. Theoretical analysis of such a flow-based biosensor system must
account for all the relevant parameters, including the flow rate, analyte-binding kinet-
ics, sensor geometry, and others [13]. Furthermore, when the binding occurs on the
vast surface of pores rather than on a flat substrate, the theoretical analysis becomes in-
credibly complex. Thus, the optimization of membrane-based biosensors should rely on
experimental measurements of their performance. Some studies have demonstrated that
pressure-driven sample transport through an electrospun membrane can enhance biosensor
performance [10-12]. The enhancement regarded in these studies was a decrease in the
analysis time rather than an improvement in detection limit or analyte-binding efficiency.
Thus, there is a lack of comparative studies that demonstrate to what extent pressure-driven
flow might be superior to simple incubation. In order to fill this gap, we aimed to reveal
the quantitative difference between these two sample-loading procedures. Particularly,
we focused on the question: “what fraction of the analyte molecules is captured by the
membrane in the case of flow and in the case of simple incubation?”. The answer to this
question depends not only on the sample-loading procedure but also on the analyte-binding
efficiency of the receptor layer. Thus, we regarded two fundamentally different cases—the
non-specific binding (physical adsorption, typical Kg~10~* M-10~3 M) and specific binding
(antigen—antibody interaction Kg~10~1 M-10% M, [14]). The two analytes used for these
cases were bovine serum albumin (BSA) and interleukin 1 beta (IL1b). We have shown
that in both cases, pressure-driven flow ensures higher analyte adsorption than passive
diffusion. This feature can be used in the development of membrane-based biosensors and
microfluidic devices.

2. Materials and Methods
2.1. Preparation of the Membranes

Electrospun membranes were made of poly(dioxanone) (PDO, BOC Sciences, NY, USA)
with an inherent viscosity in the range of 1.55-1.7 dL./g (measured for a 0.8 g/dL solution
in HFIP). For electrospinning, a 100 mg/mL solution of PDO in 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP, P&M-Invest, Moscow, Russia) was processed using a TL-Pro-BM Nanofiber
Electrospinning Unit (SHENZHEN TONG LI TECH, Shenzhen, China). The distance and
voltage between the syringe needle and the collector were 30 cm and 30 kV, respectively.
The syringe needle used in these experiments had a 0.7 mm inner and 0.8 mm outer
diameter. Polymer solution was supplied using a syringe pump at a rate of 1 mL/h. The
thickness of the membranes was in the 60-100 um range.

2.2. Characterization of the Membranes

The membranes were characterized using scanning electron microscopy (SEM), laser
scanning confocal microscopy (LSCM), and IR-spectroscopy. For the SEM imaging, the
membranes were covered by a 10 nm gold—palladium alloy layer using Sputter Coater
Q150T (Quorum Technologies, Lewes, UK). Imaging was carried out using either TM3000
scanning electron microscope (Hitachi, Japan) or Zeiss Merlin microscope (Zeiss, Oberkochen,
Germany). The acceleration voltages were 15 kV and 3 kV, respectively.

For the LSCM imaging, the membranes were treated by fluorescein-labeled antibodies
(Roche, Switzeland) for 1 h at 4 °C. Then, the membrane was washed using PBST (PBS
with 0.075% Tween-20) for 20 min 3 times. The membranes were embedded into Mowiol
4-88 (Sigma-Aldrich, St. Louis, MO, USA) and stored overnight at 4 °C until the embed-
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ding medium dried. Imaging was carried out using an Eclipse Ti-E confocal microscope
(Nikon Corporation, Tokyo, Japan) equipped with an Al confocal module. An Apo TIRF
100 /1.49 objective was used.

The FTIR analysis was performed using the Spectrum Two FI-IR Spectrometer (Perkin-
Elmer, Waltham, MA, USA) with the MIRacle ATR unit (PIKE Technologies, Fitchburg,
WI, USA). The sample was pressed against a ZnSe prism; the spectra were acquired by
accumulating 30 scans.

2.3. Design of the Custom Flow-through Device

We have developed a custom sectional flow chamber for pumping solutions through
electrospun membranes (Figure 1A,B). This flow chamber consists of two parts with a piece
of membrane clamped between them. To hold all the parts together, an external metal
clamp frame was used. The chamber parts were made of polycarbonate sheets with a
thickness of 6 mm. Coaxial 0.8 mm holes were drilled through the sheets opposite each
other. Metal tubes with the appropriate outside diameter were fixed in the holes with
two-component epoxy resin. We created supporting structures on the surface of one of
the plates to hold the membrane against the liquid flow. These structures were made from
PET-GAG film (laminated sheet made of amorphous polyethylene terephthalate inner layer
and polyethylene terephthalate glycol-modified surface layers on both sides) by cutting
with a laser engraving machine (Spirit GLS 100 W CO;) and bonded to the polycarbonate
surface using an acrylic film adhesive (3 M 200 MP). On the flow side, the structure was a
protruding ring with a diameter of 6 mm to limit the chamber volume above the membrane.
On the opposite side, the structure was a supporting grid. These structures served two
purposes. First, they prevented the membrane from bending, and second, they ensured an
almost uniform flow through the membrane, not just through the central area in front of
the metal tube.

Metal tubes

Acrylic adhesive

Figure 1. The flow-through chamber for the cyclic pumping of solutions through a membrane.
(A) CAD model of the chamber, (B) photo of the chamber.

The pieces of PDO membrane were fixed on a frame of acrylic adhesive and placed
into the flow chamber. Then, the flow chamber with the membrane inside it was connected
to a peristaltic pump with 0.51 mm silicone pipes via the metal tubes.

2.4. Measurements of the BSA Adsorption

In order to monitor BSA adsorption quantitatively, we labeled 0.5 mg of BSA (Paneco,
Moscow, Russia) with the Cy3 fluorophore using the Cy3-NHS reagent (PA13101, Cytiva,
Marlborough, MA, USA) at +37 °C for 1 h. The BSA-Cy3 conjugates were purified from
the unbound dye by ultrafiltration with a 10 kDa threshold (Amicon Ultra-0.5 Centrifugal
Filters, UFC501024, Millipore, Burlington, MA, USA). The resultant molar ratio BSA:dye
was estimated as 1:3.
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All plastic surfaces (peristaltic pump tubings, microcentrifuge tubes, the 96-well plate)
that made contact with the labeled BSA solution were pre-blocked with unlabeled BSA,
followed by rigorous washing with PBST (PBS with 0.075% Tween-20) and then with PBS
to minimize uncontrolled adsorption of the labeled protein.

BSA-Cy3 at 125, 250, 500, and 1000 ng/mL concentration in PBS was either loaded for
incubation (on a shaking platform at 200 rpm) or pumped through the PDO electrospun
membranes in a cyclic manner. In either case, the contact between the BSA-Cy3 solution
and the membranes lasted 1 h. The setup was kept in the dark to prevent the fluorophore
from bleaching. Upon adsorption, the concentration of BSA-Cy3 in the solutions was
estimated by comparison of the fluorescence intensity against a calibration prepared from
the stock solution. The calibration points were in a range of 62.5-1000 ng/mL of BSA-Cy3
with a double-dilution step. The fluorescence of the BSA-Cy3 solutions was measured
using CLARIOstar multifunctional plate reader (BMG LABTECH, Ortenberg, Germany)
equipped with a xenon lamp (Supplementary Materials, Figure S1). Fluorescence was
excited at a center wavelength of 530 nm (using a 530/20 nm filter), and emission was
detected at 580 nm (using a 580/30 nm filter). Similarly, we measured the fluorescence of
the membranes.

2.5. Measurements of IL1b Binding

We adopted a commercial IL1b ELISA kit (PSA563Hu01, Cloud-Clone Corp, Wuhan,
China) to measure IL1b specific binding onto the electrospun membrane support. Pumping
tubings were pre-blocked with 1.5% BSA in PBS for 30 min and then washed with PBST and
PBS before membrane loading. Then, the tubes were dried by blowing air, the membranes
were fixed, and 350 uL of the capture antibodies solution at 4 pg/mL in PBS was loaded by
the cyclic pumping through the membranes for 1 h. The capture antibodies were deposited
onto the membranes using the flow-through device for both modes of subsequent analyte
loading. This was done to maximize the amount of adsorbed antibodies. After capture
antibodies” immobilization, the membranes were blocked by a 1.5% BSA solution in PBS by
cyclic pumping for 30 min, followed by PBST and PBS washing for 15 min.

Lyophilized IL1b standard (Cloud-Clone Corp, China) was equilibrated to room
temperature and reconstituted in a blocking buffer (4% charcoal-dextran-treated fetal
bovine serum, 0.1% BSA, PBST) to obtain IL1b stock solution at 1000 pg/mL under mild
shaking for 10 min. The IL1b concentrations used for the experiment were 0, 100, 200,
and 400 pg/mL. With the “flow-through” setup, they were slightly lower (0, 91, 182, and
364 pg/mL) because the solutions were loaded into the tubings pre-filled with a buffer and
became diluted. The solutions were either incubated (on a shaking platform at 200 rpm) or
cyclically pumped through the membranes for 1 h. The residual IL1b concentrations after
the pumping or incubation were determined by the same IL1b ELISA assay according to
the manufacturer’s instructions, where the calibration points were prepared from the same
IL1b stock solution.

At the washing step, the membranes were washed by PBST; for incubation, washings
were performed 3 times with 500 pL. x 5 min each, so that the overall washing duration
time and wash buffer volume were equal to that for pumping (15 min, 100 uL/min). Then,
350 pL of biotinylated detection antibodies at 500 ng/mL in the blocking buffer were either
incubated or loaded by cyclic pumping for 45 min, followed by washing. To capture the
fluorescent or chemiluminescent (CL) signal from the membranes, they were treated by
either streptavidin—Alexa Fluor 594 or streptavidin-HRP.

For fluorescence detection, the membranes were treated with 350 puL of 4 pg/mL
streptavidin—Alexa Fluor 594 solution in the blocking buffer for 30 min (either by incuba-
tion or by cyclic pumping). The membrane fluorescence was measured using CLARIOstar
multifunctional plate reader (BMG LABTECH, Germany) equipped with a xenon lamp.
Fluorescence was excited at a center wavelength of 575 nm (using a 575/20 nm filter),
and emission was detected at 630 nm (using a 630/40 nm filter). For the CL detection,
streptavidin-HRP was incubated with the membranes for 30 min (the streptavidin-HRP
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reagent provided in the ELISA kit was used at 1:100 dilution, as suggested by the manufac-
turer). The membranes were rigorously washed 5 times for 5 min in PBST and then 2 times
for 5 min in PBS. Then, 20 pL of HRP-substrate solution (Clarity Western ECL Substrate,
1705060, Bio-Rad, Hercules, CA, USA) was dropped onto each membrane put on the clean
glass and incubated for 5 min. The membranes were scanned using the ChemiDoc XRS+
(Bio-Rad, Hercules, CA, USA) system.

3. Results and Discussion
3.1. Concept of the Experiment

The capture of an analyte from a solution onto a solid medium is controlled by two
factors: the analyte diffusion towards the surface and the adsorption kinetics [13]. A porous
medium ensures a vast area available for the adsorption; however, the diffusion limitations
can become significant. We compared two distinct methods for capturing analytes from the
solution onto the membranes: incubation and flow-through cyclic pumping (Figure 2A).
The fundamental difference between the two alternatives is the way the analyte is delivered
inside the membrane’s pores. In the case of incubation without flow-through pumping,
the analyte molecules penetrate into the pores only by diffusion. As a result, only the
outer layers of fibers participate in capturing the analyte. In contrast, pressure-driven
flow refreshes the liquid inside the membrane and ensures a uniform concentration of the
analyte throughout the entire pore volume. Consequently, more layers of fibers participate
in the analyte-binding reaction, and we expect that more analyte molecules will be captured.
To quantify the difference between these cases, we calculated the ratio of the fraction of the
bound analyte. It was calculated as follows:

Co—C
o= £ 100% 1)
Co

where Cy is the initial analyte concentration and Cy is the final analyte concentration after
incubation or flow-through pumping.

BSA-Cy3 W .
f 3
/ ' Q # Streptavidin-HRP
A Electrospun Y
gg N | membrane /f Detection
2 2 . ) ¥ antibody
v

i Capture
antibody

Figure 2. The overall design of the experiment. (A) the schemes of incubation and cyclic pumping,

Sample
solution

(B) the schemes of adsorption and specific binding.

At the molecular level, we regarded two binding mechanisms—passive adsorption
of the molecules onto the membranes and affine binding (Figure 2B). In the former case,
adsorption occurs directly on the bare polymer, and in the latter case, it occurs on the
polymer pre-treated by the monoclonal antibodies against the analyte. They are also
different from the perspective of the concentration measurement procedures (finding
Co and Cy), as described in the corresponding sections.
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3.2. Membrane Characterization

We used polydioxanone (PDO) as the material for the membrane fabrication. The PDO
membranes exhibited typical fibrous morphology, as proved by SEM (Figure 3A,B) and
LSCM images (Figure 3C). The mean diameter of the fibers was 460 & 260 nm (mean =+ SD,
Figure 3D). Electrospun PDO membranes readily absorb water, and this property ensures
that all the fibers participate in the interaction with the analytes, not only the surface layers.
The high hydrophilicity of electrospun PDO makes it different from most other polyesters,
such as PLA [15] and PCL [16]. Furthermore, PDO, especially within this range of fiber
diameters, exhibits a preferential adsorption of BSA and IgG over other serum proteins [17].

H
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N
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| |—| 30+

0 r T T v g + + + t t + + +
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Figure 3. Characterization of the electrospun PDO membranes. (A,B) SEM images, (C) LSCM image
(the contrast was enhanced for clarity), (D) distribution of the fiber diameters, obtained by processing
eight SEM images, (E) IR spectrum.

The porosity (the fraction of the pore volume) of the PDO membranes was estimated
using the LSCM images. It was found to be 68 £ 2%, which seems reasonable for an
electrospun membrane [18].

The IR spectrum of the obtained electrospun membranes was in perfect agreement
with the spectrum of PDO [19]. The adsorption band at 2850-3000 cm ™! results from
both symmetric and asymmetric stretching vibrations in -CH2- groups. The 1734 cm ™!
peak corresponds to C=0 stretching vibrations, and the 1431 cm~! peak is attributed to
bending vibrations of -CH2~- groups. The peaks at 1269 cm~! and 1051 cm~! show the
C-O stretching vibrations. The peaks near 1060-1220 cm~! and 840-940 cm~! regions
correspond to the C—O-C asymmetric and symmetric stretching vibrations, respectively
(Supplementary Materials, Table S1) [19-21].

3.3. Measurements of Non-Specific Adsorption

BSA is a widely used model protein in pure research due to its abundance and cost-
effectiveness, high solubility, stability, and well-characterized properties. Its excellent
non-specific binding properties with a wide range of surfaces make it a perfect choice for
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our study of the non-specific protein adsorption onto the PDO membranes [22]. When
a protein solution is cyclically pumped through a membrane, the protein adsorption is
higher than in the case of ordinary incubation of a similar membrane in the same solution.
This is demonstrated in Figure 4A. For every tested concentration, the fraction of BSA-Cy3
deposited onto the membrane was 2.8-11.5 higher in the case of flow-through deposition
than in the case of incubation (the raw data for solution fluorescence are provided in the
Supplementary Materials, Figure S2). The difference indicates that the adsorption is mainly
limited by protein diffusion in solution rather than the availability of the binding sites
on the surface of the fibers. Particularly, the binding sites inside the pores might be more
accessible in the “flow-through” rather than the “incubation” setup.

Flow Flow
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Figure 4. Interaction of BSA-Cy3 with the PDO membranes (comparison of the flow-through system
and incubation). (A) the fraction of the adsorbed BSA-Cy3 measured by the solution fluorescence.
The two highlighted zones correspond to the two sample deposition procedures. (B) the mean
fluorescence signals of the PDO membranes treated by the BSA-Cy3 solutions. The error bars
correspond to the standard deviations.

The intense adsorption of BSA-Cy3 onto the PDO membranes could also be monitored
by measurements of the membrane fluorescence. The more labeled protein adsorbed onto
a membrane, the higher the fluorescence measured. Figure 4B shows that cyclic pumping
of the solution through the membrane caused higher protein adsorption than the ordinary
incubation. A similar dose-dependency of the fluorescent signals was described for several
other biosensors based on electrospun membranes [23,24] or individual electrospun fibers
suspended in a liquid [25].

When a solution is used for cyclic pumping through a membrane, it undergoes contact
with the inner surface of the tubings. Generally, adsorption can occur not only on the
membrane but also on other surfaces, such as tubings. In the control experiments, we have
shown that this effect was negligible for the tubings blocked with the non-labeled BSA. We
performed a flow-pumping experiment similar to the one described above but without a
membrane in the flow chamber. In such an “empty” system, the difference between the
resulting BSA-Cy3 concentration and the initial one was within the measurement error.
Thus, we concluded that the drop in analyte concentration after pumping through the
membrane occurred due to the adsorption onto the membrane rather than the tubing.

In the current section, we describe experiments with BSA-Cy3 fluorophore covalent
conjugates rather than bare BSA protein, which helped to measure its concentration di-
rectly (we observed a linear concentration—fluorescence dependence within the studied
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concentration range). A similar approach is commonly used in studies on adsorption and
microfluidics design [26-28].

An electrospun membrane can serve as an efficient sieve (filter) to remove micron-
sized particles from water [29,30]. Electrospun membranes can also serve as a separational
sieve for biological objects, such as bacteria and yeasts [31]. However, nanometer-sized
objects, such as protein molecules, easily penetrate through membranes [32]. The surface
pores have a typical size of ~1 um (Figure 3A—C), which is far larger than the hydrodynamic
diameter of a BSA molecule (less than 10 nm). Thus, for the protein molecules, the PDO
membrane functions as a sorbent rather than a sieve.

3.4. Measurements of Specific Binding

In our experiments on specific binding, the analyte was IL1b, a pro-inflammatory
cytokine involved in the pathogenesis of several diseases, such as rheumatoid arthritis,
inflammatory bowel disease, and certain autoimmune disorders [33]. Improved biosensors
for IL1b can help to monitor its concentration and enable prompt diagnosis and treatment
of these conditions.

Specific binding of an analyte requires coating the substrate with high-affinity molecules.
The monoclonal anti-IL1b antibodies were deposited onto the PDO membranes using cyclic
pumping rather than incubation, as it demonstrated superior adsorption efficiency. Then,
the membranes were blocked with BSA and divided into two groups—they were used to
capture IL1b by incubation or cyclic pumping. Finally, the IL1b solutions after the binding
were analyzed for residual amounts of IL1b. This was carried out using ELISA on a 96-well
plate (a typical calibration curve is shown in the Supplementary Materials, Figure S3); the
fraction of the bound IL1b was calculated for every membrane. The results are shown
in Figure 5. The fraction of the captured IL1b was 2.4-3.4-fold higher if the sample was
pumped through a membrane. Because the capture antibodies were deposited equally (by
cyclic pumping), the observed difference is attributed to the overall efficiency of analyte
capture rather than the amount of immobilized antibodies.

80 Flow
® |ncubation

(o)}
(]
|

N
o
!
|
I
|
|
I

o
|
I
|
|
I
|
|
|
I
I
|
I
|
|
|
I
|
|
|
I
I
|
I
|
|
I

Fraction of the adsorbed IL1b, %
5
1

0 I I l l I
0 100 200 300 400 500

Initial IL1b concentration, pg/mL

Figure 5. Specific binding of IL1b to the immobilized capture antibodies. The amounts of IL1b were
measured using ELISA. The two highlighted zones correspond to the two sample deposition procedures.
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Further, we checked which detection method could validate the presence of adsorbed
IL1b on the membranes. For this, we treated the membranes with biotin-conjugated de-
tection antibodies. Then, we added streptavidin labeled with either the Alexa Fluor-594
fluorophore or the horseradish peroxidase for fluorescence or CL detection, respectively.
In the first case, fluorescence from membranes hardly showed any concentration depen-
dence but rather reflected membrane-to-membrane variability (Figure 6A). We suggest
that fluorescent detection was insensitive due to the low analyte concentration; this was
different in the case of BSA-Cy3 adsorption, which occurred at higher concentrations and
demonstrated a clear concentration dependence (Figure 4B). In the second case, CL turned
out to be more sensitive and allowed us to observe the IL1b concentration dependence in
both flow and incubation procedures (Figure 6B,C). The pressure-driven flow resulted in
higher CL signals than incubation. Thus, if the analyte is at low concentrations, CL detec-
tion using sensitive substrate buffers seems more appropriate than fluorescent detection.
This result is surprising, because fluorescence detection often is preferable over CL in terms
of signal linearity and sensitivity [34,35]. The reasons for this discrepancy could be the
non-optimal conditions of membrane treatment with fluorescently labeled streptavidin
(e.g., non-optimal concentration and treatment time) or low IL1b concentration.
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Figure 6. Testing fluorescent and CL detection of specifically bound IL1b on PDO membranes
pre-coated with the capture antibodies. After IL1b binding, the membranes were treated with
biotinylated detection antibodies. (A) membrane fluorescence intensity upon addition of streptavidin-
Alexa Fluor-594. (B) the CL signal scan upon addition of streptavidin-HRP and the ECL substrate.
(C) densitometric quantification of the CL signal.

In the experiments on IL1b binding, the capture antibodies were immobilized on PDO
using physical adsorption. In many cases, the biosensor efficiency can be improved by
chemical coupling of the antibodies to the surface using glutaraldehyde, NHS/EDC, and
other reagents [36,37]. Presumably, such modification, in line with the selection of the
polymer, can further improve the sensitivity and detection limit of the CL assay conducted
on the membrane surface (Figure 6C).

Just as in the case of physical adsorption, in the specific binding case, the analyte
capture can be increased by the cyclic pumping of the sample through the membrane. In
both cases, it seems to be the consequence of the liquid flow that effectively delivers the
analyte molecules into the internal volume of the membrane. In general, regardless of
the binding mechanism, the analyte-binding efficiency depends on the flow rate [13]. The
optimal flow rate depends on the membrane size and pore geometry, the sample viscosity,
and other factors, so its selection requires further research.

4. Conclusions

When electrospun membranes are used as components of biosensors, they provide an
extensive area for the immobilization of antibodies and other biomolecules [6]. However,
the porous structure of a membrane hinders diffusion of the analyte molecules into the
inner layers of the membrane. The penetration of liquid into the pores can be facilitated
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by pumping the solution through the membrane. We have shown that pressure-driven
sample flow increases protein adsorption. This effect was observed for both non-specific
and specific binding, with BSA and IL1b as the analytes, respectively.

Our findings pave the way for further analysis of the diffusion and adsorption pro-
cesses in electrospun membranes and may serve as a guide for sensor development. Theo-
retical and experimental optimization of the sample deposition under flow can provide
enhancements in terms of detection limit, dynamic range, and analysis time. This requires
a detailed analysis of diffusion—adsorption processes on the membrane surface (selection
of the polymer, its structure, and surface chemistry modifications) and optimization of the
flow conditions (flow rate, cell geometry). In the experiments described above, we kept the
sample volume constant for both incubation and cyclic pumping. However, we can easily
increase the volume and deliver it to the membrane using the pump. This approach can
help us to capture individual analyte molecules from a relatively large sample volume and
thus improve the assay sensitivity. Checking this hypothesis, in line with the optimization
of the flow conditions, will be the subject of future research. We believe that our approach
can be applied to other membranes and biochemical systems.
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