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Abstract

Porous nanofibrous membranes have ultrahigh specific surface areas and could be broadly
employed in protein purification, enzyme immobilization, and biosensors with enhanced
selectivity, sensitivity, and efficiency. However, large biomolecules, such as proteins, have
hindered diffusion behavior in the micro-porous media, significantly reducing the benefits
provided by the nanofibrous membranes. The study of protein diffusion in polyacrylonitrile
(PAN) nanofibrous membranes produced under varied humidity and polymer concentration of
electrospinning revealed that heterogeneous structures of the nanofibrous membranes possess
much smaller effective pore sizes than the measured pore sizes, which significantly affects the
diffusion of large molecules through the system though sizes of proteins and pH conditions also
have great impacts. Only when the measured membrane pore size is at least 1000 times higher
than the protein size, the diffusion behavior of the protein is predictable in the system. The results
provide insights into the design and applications of proper nanofibrous materials for improved
applications in protein purification and immobilizations.

Keywords

Protein diffusion; Nanofibrous membrane; Micro-porous structure; Protein-polymer interaction;
effective pore size; diffusion coefficient; partition coefficient

1. Introduction

Electrospun nanofibrous membranes possess ultrahigh specific surface areas and

have become promising materials in air filtration, chemical separation, and protein
purification.1=# The membranes have found increased applications in sensors, enzyme
immobilizations, drug delivery, and protein separations.>~/ Because of the ultrahigh specific
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surface areas, the nanofibrous membranes could immobilize enormous amounts of proteins
on surfaces of nanofibers by either physical adsorption or chemical covalent bonding.
Theoretically, the surface areas of the nanofibers could be hundreds or thousands of

times higher than that of macro-sized fibrous materials, and the expected performance

of the nanofibrous membranes should be increased accordingly. However, experimental
results on the membranes were lower than the theoretically speculated values.8-10 After
analyzing the structural features of the nanofibrous membranes, inhibited diffusion of

large biomolecules in the micro-porous nanofibrous membrane is considered to be caused
by several factors.11: 12 When large biomolecules flow through the porous materials, the
diffusion of the molecules could be significantly decreased due to potential steric inhibition
and solute-to-polymer interactions.13-16 As a result, the number of loaded proteins inside the
membranes could be lower than the theoretically expected values.

The diffusion of solutes in polymer network membranes was studied by assuming
cylinder pore structures in the materials, and the influence of material structural properties
on the diffusion of solutes was revealed!’. Then, the impact of polymer properties,

such as hydrophilicity and swelling ratios, on the diffusion of solutes in hydrogels

was investigated!8.19 However, the hypothesized cylindrical pore structure may not fit

the structural features of the electrospun microporous nanofibrous membranes, where
randomly distributed pores exist in differently stacked layers of horizontal fiber webs. A
hindered diffusion of spherical molecules through fibrous materials was investigated, and
a correlation between fiber volume fraction and the diffusion coefficient was established.2°
Furthermore, the performance of the fibrous matrix in solute sieving was optimized by
comparing the transport of spherical particles through the fibrous media and a row of
parallel cylinders.2! These results explained well on diffusions of inert molecules through
fenestrated systems having weak interactions with the open and homogenous fibrous
matrices. The diffusion of proteins in varied hydrogels or polymer solutions revealed the
influence of matrix structures on diffusion coefficiency.22-25

The microstructures of the nanofibrous membranes are dramatically different from these
polymeric materials. The hydrogels and polymer solutions are homogenous systems in three
dimensions (3D), but the electrospun nanofibrous membranes are structures formed with

a layer-by-layer accumulation of randomly oriented horizontal nanofiber webs. The pores

in the top layer of the fibrous webs could be blocked by another layer of similar webs
underneath,26-28 leading to the fact that the measured pore size of a membrane could be
significantly larger than the pore size that a molecule diffusing through the membrane will
encounter. Here, we define this pore size of the membrane as the effective pore size of the
membrane, which could be significantly smaller than the measured pore sizes of membranes.
This is a special structural feature of the nanofibrous membranes, which has not been
addressed in the literature.

The special structural feature could affect the transport of large molecules such as proteins
through the vertical direction of the nanofibrous membranes. Such a feature makes the
nanofibrous membranes excellent filter media for ultrafiltration,2° but potentially reducing
the loading of enzyme molecules to surfaces of nanofibers inside the membranes and
consequently lowering desired sensitivity of the biosensors. Meanwhile, the ultrahigh
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specific surface areas of the nanofibrous materials could enhance interactions with
biomolecules during the diffusion process. Thus, the transport behavior of larger
biomolecules through the system should be investigated systematically.

In this work, microporous nanofibrous membranes were prepared by electrospinning a
diluted polyacrylonitrile (PAN) solution and employed to investigate the diffusion of
proteins through the fibrous media. The PAN membranes are structurally stable in aqueous
systems. The membrane morphologies were controlled with varied sizes of fiber diameter
and membrane pore prepared by adjusting electrospinning conditions. A side-by-side
diffusion chamber was used to measure diffusion coefficients of proteins in the fibrous
membranes with varied porosity and fiber diameters, which also simulate the loading of
biomolecules on the membranes during the preparation of biosensors.® The diffusions

of proteins in this system were affected by a size ratio between protein and measured

pores, protein-polymer interactions, and properties of proteins employed in diffusion studies.
Diffusions of proteins in the nanofibrous membranes were analyzed using theoretical models
applied for 3-dimensionally homogenous polymer systems. The results revealed that only
the membrane with very large pores could match the modeled diffusion behavior of large
molecules and the heterogeneous structures of the membranes in the diffusion direction
significantly reduced the diffusion of large molecules inside the nanofibrous membrane
materials.

2.1 Materials and method

2.1.

Materials.

Polyacrylonitrile (PAN, M,=150,000), bovine serum albumin (BSA), lysozyme, human
immunoglobulin G (IgG), and horseradish peroxidase (HRP) were obtained from Sigma-
Aldrich (USA). N, N-Dimethylformamide (DMF), phosphate-buffered saline (PBS pH=7.4)
citrate buffer (pH=4.4), sodium bicarbonate (NaHCO3), and sodium carbonate (Na,CO3)
were supplied by Fischer Scientific (USA). Pierce™ BCA protein assay kit was purchased
from Thermo Fisher Scientific (USA).

2.2 Fabrication of fibrous membranes

PAN was dissolved in DMF at 80 °C to prepare varied concentrations of PAN in 6, 7, 8, 10,
12 wt. %, respectively. Then, the PAN solutions were transferred into 20mL syringes and
loaded on infusion single-channel syringe pumps (Kats Scientific Co.). A 6/G needle was
caped on a syringe, and the feeding rate was set at 2 mL/hr. A high voltage of 20 kV was
employed on the needle tip, generating a continuous jet stream. The relevant PAN nanofibers
were deposited on an aluminum foil-covered rotating receiver with a fixed distance of 20
cm. In controlling pore sizes of the membranes, the humidity of the electrospinning chamber
was adjusted to 30%, 40%, 50%, 60%, and 70% relative humidity, respectively, by using a
humidifier (Urpower Co.). The temperature was controlled at 25 +1 °C for all PAN solution.
Residual DMF solvent was removed by drying the produced PAN nanofibrous membranes in
a vacuum oven at 80 °C for 2 hours.

ACS Appl Polym Mater. Author manuscript; available in PMC 2022 March 12.
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2.3 Characterization of fibrous membranes

Morphologies of the PAN nanofibrous membranes were obtained by a scanning electron
microscope (SEM, Quattro ESEM, Thermo Scientific™). The pore size and the distribution
of fiber sizes of the membranes were measured with a capillary flow porometer (Porous
Media Inc., Ithaca, NY). Fiber diameter was measured from SEM images with the help

of a photoshop program. The thickness of the PAN membranes was measured through an
electronic micrometer thickness gauge (Neoteck). The fiber volume fraction and porosity
of the membranes could be calculated by the mass, apparent volume and density of PAN
polymer.

2.4 Measurement of protein diffusion in fibrous membranes

Protein diffusion in the fibrous membrane was measured by using a side-by-side diffusion
chamber (PerneGear Co.) which consists of two 3.4 mL chambers with a 9mm orifice.

A PAN fibrous membrane was mounted between two chambers, and chambers were well
sealed and placed in a water bath to maintain the temperature at 25 °C. Then, 3 mL of a
PBS solution was added to each chamber respectively for prewetting the membranes. After
2 hours, 0.3 mL of a protein solution (10g/L in PBS buffer) was injected into the donor
chamber, while the same amount of the PBS solution was added into the receptor chamber
at the same time. Stirring bars were placed in both chambers and maintained at 750 rpm
rate during the experiments. 20 uL of the sample solution was taken from each chamber

at regular intervals and replaced with the same amount of the PBS buffer solution for at
least 5 hours; then, the samples were diluted with 80 uL of the PBS buffer. The protein
concentration was measured with the Pierce BCA protein assay kit (Thermo Fisher™).

The working agent was prepared by mixing 50-parts Bicinchoninic acid (BCA) reagent A
with 1-part Cu,SO4 reagent B. 100 L of diluted protein sample was added into a test
tube, mixing with 2 mL of the working agent, and the test tube was placed in a 37 °C

oven for 30 mins. Protein concentration can be obtained with a UV-vis spectrophotometer
(Thermo Scientific™) by calibration curves, as shown in supplement information (Figure
S1). Then, the protein concentration in the receptor chamber at increment time could be used
to quantitatively determine protein diffusion property inside membranes.

2.5 Measurement of loaded protein ratio in fibrous membranes

Loaded protein ratio is defined as the ratio of protein concentration in a membrane to
protein concentration in a solution at the equilibrium of protein adsorption and desorption.
Protein concentration in the membrane can be obtained by the amount of protein in the
membrane divided by the volume of the membrane. For measuring protein amount in a
membrane, the PAN membrane was removed from the chambers and dried in a vacuum
oven for 10 mins after the diffusion experiment. Then, the membrane was placed in 10mL
working agents following the BCA process, and the concentration of the protein desorbed
from the membranes was measured. The fibrous membrane volume was obtained by the
measured membrane area and thickness. Meanwhile, protein concentration in a solution can
be obtained by measuring protein concentration in both donor and acceptor chamber after
the diffusion experiment.

ACS Appl Polym Mater. Author manuscript; available in PMC 2022 March 12.
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3. Results and Discussion

3.1 Fabrication of PAN nanofibrous membranes

The fiber diameters of the prepared fibrous membranes were varied from tens of nanometers
to sub-micrometers, while the pore sizes were in micrometer scales. The influence of

the membrane morphology on protein diffusion can be described in Scheme 1. Firstly,
proteins can be blocked by the porous fibrous matrices if the protein sizes are close to

the average pore sizes (Scheme 1a), but the membranes containing large pore exhibits less
hindrance to protein molecules to pass through (Scheme 1b). Secondly, when a protein
molecule passes through a pore, its motion may be hindered by the interactions between the
protein molecules and surfaces of the fibers and hydrodynamic drag (Scheme 1c). Thus, the
morphology of the membrane exhibits a significant influence on protein diffusion.

The PAN nanofibrous membranes in different morphologies were fabricated by adjusting
two parameters during electrospinning, polymer concentration and relative humidity. The
SEM images of the corresponding nanofibrous membranes are shown in Figure 1a. All the
membranes revealed layered microporous fibrous structures with fibers randomly distributed
horizontally and gradually reduced pore sizes from top to inside through the membranes.
The fiber diameters and measured pore sizes show significant differences among these
membranes, affected by the polymer concentration and relative humidity during the
electrospinning (Figure 1b, 1c and 1d). The fiber diameter increased almost linearly to the
increase of polymer concentration in spinning solutions (Figure 1b). As shown in Figure 1c—
d, the measured pore size distributions ranged from 0.19 to 3.4 pm, and the measured pore
sizes gradually increased from the membranes produced in polymer solutions of 6-12 wt%.
The measured maximum pore size and average pore size both followed the same increase
tendency as fiber diameter increased. As relative humidity increased from 30% to 60%,

the measured pore size distribution gradually increased from 0.9 to 3.8 um, but the pore

size dramatically jumped to 9 um at 70% RH, even though the nanofiber diameter linearly
increased as the relative humidity was raised (Figure 1e—g). These different nanofibrous
membranes were employed in the following protein diffusion studies.

3.2 Derivation for protein diffusion in fibrous membranes

A side-by-side diffusion chamber was employed to measure protein transport in the PAN
nanofibrous membranes (Figure 2a). Fick’s Law was applied to calculate the diffusion of
proteins in each membrane (Equation 1).30 31

dcC
J==Desrg- @

Where J is diffusion flux, which can be converted to the change of protein amount in each
chamber at the membrane boundary at each chamber side, D¢ is the effective diffusion
coefficient of protein in membranes, C is protein concentration, and X is the diffusion
distance.

The morphology and pore structure of the membranes were not affected by PBS buffer
solutions, which were supported by the SEM images (Figures 2b and 2c). Thus, the protein
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concentration in the membranes can be hypothesized as linearly decreasing from the donor
chamber boundary to the receptor chamber boundary at a pseudo steady-state32. And the
protein could be considered as diffusing in a consistent porous system.

The diffusion coefficient could be determined by the following equation at the pseudo
steady-state (Equation 2)32:

2 2D, sk A
ln( 02)=_¢ @

- o V Ax

Where Cq and C5 are the initial protein concentration in the donor chamber and protein
concentration in the receptor chamber at a specific time. De¢s is the effective or apparent
diffusion coefficient, and Ky is the partition coefficient of the protein. A is the protein
diffusion area, V is the donor chamber volume, and Ax is the thickness of the membrane.

The effective diffusion coefficient could be calculated from a slope yielded by a plot of Ax*
In(1 - 26,/ ) versus t with a known partition coefficient. As mentioned in the experimental
section, the partition coefficient of a protein is defined as the ratio of protein concentration
in the membrane (c,) to protein concentration in solution (cg), which can be obtained by
measuring the amount of protein (Qp,) in membrane and protein concentration in the donor
chambers (c4) and receptor chamber (c,), respectively (Equation 3).

_Cm O,/ Adx
ka = C_s - (ClV + C2V)/2V @

3.3 Diffusion of BSA in various nanofibrous membranes

The as-prepared nanofibrous membranes were employed to investigate the influence of pore
structure and fiber diameter on the diffusion and partition coefficient of BSA (Figure 3). The
morphology of the membranes has a significant influence on the adsorption of the protein on
the surface of the nanofibers. As shown in Figure 3a, the partition coefficient of the protein
on the membrane increased as the relative humidity (RH) in the electrospinning chamber
increased from 30% to 50%, which are the same as the increment of fiber diameter and pore
size (Figures 1e and 1g). Then, the partition coefficient decreased after RH reached 60%
and dramatically reduced at 70% RH due to large pore size and reduced interactions of the
protein with surfaces of the nanofibers. The same tendency of the partition coefficient was
observed in the membranes prepared with different polymer concentrations (Figure 3b). The
partition coefficient increased as the pore size increases from 6 wt % to 10 wt% of PAN

and reached a peak at 10 wt% and slightly decreased at 12 wt% because of the oversized
nanofiber diameter and reduced surface areas of the membranes (Figures 1b and 1d). Here,
the loaded protein ratios per mass of membranes could better represent the amounts of the
proteins adsorbed onto the membranes, which were obtained by taking the loaded protein
ratios (cp/Cs) divided by apparent densities of the membranes (d). The loaded protein ratios
per mass of membrane increase with the increase of humidity and polymer concentration
and reach peaks at proper parameters. The smaller nanofiber diameter represents a higher
specific surface area and prompts more adsorption of the protein. Meanwhile, the amount of

ACS Appl Polym Mater. Author manuscript; available in PMC 2022 March 12.
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the loaded protein onto the surfaces of the fibers is also limited by the measured pore size of
the membranes because protein molecules cannot reach fiber surfaces inside the membranes
efficiently in the small pore samples.

The plots of the cumulative amounts of the protein in the receptor chamber versus time

are shown in Figure 3c and 3d. The amounts of the diffused protein revealed a significant
difference among different membranes. A pseudo steady-state of diffusion of the protein
could be maintained more than four hours in a membrane with smaller fiber diameter

and pores, prepared under 30% RH, and a gentle slope in the linear range representing
slow diffusion of the protein inside the membrane. However, it took almost 60 minutes to
reach the pseudo steady-state during the diffusion process. Then, the time to reach pseudo
steady-state diffusion dramatically reduced, and the slopes of curves became steeper with
increased fiber diameter and pore sizes, controlled by increased relative humidity from
30%-70%. Especially, the diffusion of the protein through a membrane prepared under 70%
RH could achieve pseudo steady-state in a very short time, representing the membrane has
negligible hindrance to protein diffusion. Similarly, the pseudo steady-state diffusion of the
protein through the membranes with varied fiber and smaller pore using different polymer
concentrations duplicated the pattern. Overall, large measured pores dramatically reduced
the times to reach pseudo steady-state diffusion in the membranes.

The diffusion of protein in all membranes could achieve the pseudo steady-state
representing the concentration of protein inside pores should maintain constant. Although
the concentration of the adsorbed protein may change at pseudo steady-state, this protein
has no contribution to the diffusion. Thus, the effective diffusion coefficient could be
calculated by Equation 2 with the slop in the linear range. The ratios between the effective
diffusion coefficient to the bulk diffusion coefficient (Des/Dg), which could be obtained by
the reference33, are shown in Figures 3e and 3f. The trends of the changes are consistent
with the measured pore sizes and fiber diameters (Figures 1b,1d,1e, and 1g). However, the
increases of the diffusion coefficient of the membranes with the increases in humidity and
polymer concentration all correlate to the increase of measured pore sizes in the membranes.
The membranes with similar pore size but different fiber diameter (such as the membranes
prepared under 50% RH and 10% wt) exhibited similar diffusion coefficients. Contrarily,
the membranes with similar fiber diameters but different pore sizes (such as the membranes
made under 70% RH and 12% wt) present significant differences. Overall, the protein
diffusion coefficient increased as the measured pore size of the membranes was enlarged.

3.4 Modeled diffusion of protein through nanofibrous membranes

Both humidity and concentration of the polymer solution of electrospinning affected fiber
diameter and pore size of the membranes. Here, we would like to assign two ratios (rs/rp,
r¢/rg) of the membranes to represent the relative ratios of average measured pore size (rp) and
fiber diameter (rs) to the size of protein (rs), respectively, which could be used to find the
relationship to effective diffusion pattern of the protein. A correlation between the protein
size (rs) to the measured pore size (rp) ratio (rs/rp) or the protein size(rs) to fiber diameter
(rg) ratio(rg/rg) with diffusion coefficient ratios (Def/Dg) is shown in Figure 4. The diffusion
coefficient ratios dramatically decreased when the r/ry ratio increased from 0 to 0.002, then

ACS Appl Polym Mater. Author manuscript; available in PMC 2022 March 12.
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reduced to hundreds of times lower as the r¢/rp ratio further increased to 0.01. These results
indicate that protein diffusion behaviors are different in nanofibrous membranes versus other
polymer media. In general, the diffusion of proteins may be mainly affected by the steric
hindrance and hydrodynamic interactions in a classical polymer network material, such as a
hydrogel. And the protein adsorption on the polymeric media was negligibly considered in
the literature.18: 34 35 Firstly, the D¢ inside a classical fibrous membrane would be similar
to the Dg when the r¢/rp ratio is lower than 0.01.24 36 37 But the diffusion coefficients

inside the nanofibrous materials are significantly lower than diffusion coefficients in other
classical systems, indicating that the strong adsorption of proteins on the surfaces or
potential blockage of the protein by the nanofibrous membranes occurs here.38-40 Since

the physically adsorbed or blocked proteins have no contribution to the diffusion, the protein
diffusing through pores and protein adsorbed onto the fiber need to be discriminated, which
could be calculated by following Equation 4,

C=¢*n+(1-g)*ct O

Where C is the total protein concentration in the membrane, CL is the concentration of
non-adsorbed protein in the pores, n is the amount of adsorbed protein on fiber surfaces
inside the membrane, and ¢ is the volume fraction of fiber inside the membranes. Then, the
diffusion equation (Equation 2) could be extended to account for the adsorbed protein as
distinct from the protein in the pores (Equation 5).

oC(t, x)

@ \on(t,x) o*ct(1, x)
ot =D

T—¢/) ot o2 ©

+

Where D is the solute diffusion coefficient through the pores. To calculate the diffusion
coefficient, the kinetics of protein adsorption need to be described. Here, we impose a
simplest approach by assuming local equilibrium with Henry’s adsorption*%: 42, or Equation
6.

n=Kct )

Where K is Henry’s adsorption constant of protein on fibers. The local equilibrium
represents the protein adsorption is reversible and the rates of adsorption and desorption
are faster than the rate of diffusion. Based on the literature, the kinetic adsorption constant
of BSA on the PAN surface is at 10 cm/s,*3 but the diffusion constant of BSA in

PBS buffer is at 10~/ cm?/s range**. Meanwhile, D.E. Liu et al. also proved that the

local equilibrium could be achieved when the solute-polymer interactions are modest.18
Substitution of Equation 6 into Equation 5 yields the effective diffusion coefficient (Dggf) in
Equation 7.

D= —2

Henry’s adsorption constant is required to solve Equation 7. However, since the adsorption
proceeds with diffusion simultaneously, the direct measurement of the kinetic adsorption

ACS Appl Polym Mater. Author manuscript; available in PMC 2022 March 12.
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constant is complicated.*>47 Here, we employed D.E. Liu’s method: calculating adsorption
constant by using the partition coefficient following Equation 8.41. 42

kg
l-¢

= EEqqy ®

Where Eqy indicates a size-exclusion factor, or the volume of liquid available to the protein
in the membrane divided by the total pore volume of membrane; and E,q designates protein
adsorption factors. For protein in a matrix with randomly oriented fibers, the E¢y could be
presented by the classical Ogston equation (Equation 9).48: 49

rs 2
E,=exp[— ¢ 1+r_ 9)
f

Where rg and ry indicate the diameters of protein and fiber, respectively. The pore size was
measured by a capillary flow porometer, where the pores among the fibrous membranes are
equivalent to the capillary pores. Thus, the size exclusion factor also could be represented by
the solute in capillary pores (Equation 10).50

rs 2
Eex = (1 ——) (10)
Tp

Where ry is the diameter of the measured pore sizes. Based on Equation 6, the E,q could be
represented by the Henry adsorption constant (Equation 11).

Eqq= (1 + %K) (11)
Thus, the kinetic adsorption constant could be solved by combining Equations 8-11. The
adsorption constants (£, of the membranes are about 40, indicating a strong interaction
between protein and the fibrous matrix. (The fiber volume fractions and adsorption constants
of each membrane are listed in Table S1 in supplementary information)

For a better understanding of the unique property of the transport of proteins inside the
nanofibrous membrane, the experimental data were compared with the modelling results.
Table 1 shows classical physical interaction-based diffusion theories that could predict

the hindered diffusion of solutes in fibrous membranes. The effective diffusion coefficient
(Degf) of each model could be calculated via Equation 7 with obtained Henry’s adsorption
constants. The predicted results from each model overestimated the experimental results
(represented as the line in Figure 4). The large discrepancy between measured effective
diffusion coefficients and predicted results indicates the classical hindered diffusion theories
are not fully suitable to the electrospun nanofibrous membranes. Different from the classical
3D homogenous fibrous membrane, the electrospun nanofibrous membranes are layer-by-
layer assemblies and heterogeneous in the vertical direction from the planar areas. The

SEM images of the top view and cross-section of the electrospun nanofibrous membrane
indicate the different morphology between horizontal direction and vertical direction.
(Figure S2 at supplementary information) Thus, the tortuosity of the nanofibrous membranes

ACS Appl Polym Mater. Author manuscript; available in PMC 2022 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

3.5

Page 10

is dramatically high, making the classical modelling unfit to the nanofibrous membranes.
From the images, the measured pore sizes of every nanofibrous layer were blocked by

the top and bottom layers of nanofibers, resulting in much smaller effective pores in the
vertical direction of the nanofibrous membranes. Literature also showed that predicted pore
sizes of multilayered nanofibrous membranes are reduced.51 52 Therefore, only very large
pored nanofibrous membranes may still retain a real large effective pore size (r’p) and small
protein size (rs) to pore size (r'p) (rs/r’p) ratio. In fact, the effective diffusion coefficient of
the membrane with the largest measured pore size (70%RH membrane) matched well with
theoretical results, indicating the modelling analysis was meaningful but most nanofibrous
membrane structures are not homogeneous in the diffusion direction and unfit for the
model. Similar results were also obtained by measuring the diffusion coefficient of BSA

in a nitrocellulose membrane in the literature.>3 The diffusion coefficient of BSA in that
membrane is hundreds of times lower than the bulk diffusion coefficient even when the pore
size is over 1 ym.

Influence of protein-polymer interaction on protein diffusion

Besides the morphology of the membranes, adsorption (partition) and diffusion of proteins
in the systems are also affected by the chemical structures of fiber forming polymers.
Generally speaking, the protein-polymer interactions consist of ionic force, hydrophobic
force, dipole-dipole interactions, and hydrogen bonds. Among them, hydrogen bonds,
hydrophobic and polar interactions are the dominating forces between proteins and PAN
polymer because acrylonitrile unit has a highly polar nitrile group and a lone pair of
electrons on the nitrogen, potentially forming hydrogen bonds with proteins and possessing
negative charges on fiber surfaces in solutions. Such interactions can be adjusted by
applying different pH buffers, as shown in Figure 5. Since BSA (isoelectric point=5.4)
possesses more negative charges as pH values of the buffer solutions are above its isoelectric
point, the diffusion of the protein was prompted due to increased repulsion between the
protein and the nanofiber at pH values of 5.5-10.4. (bulk diffusion coefficient of BSA at
varied pH buffer was obtained from ref>%). The low diffusion coefficient ratio of BSA at pH
= 5.4 was probably due to the low solubility of the protein close to the isoelectric point.
Afterward, as the pH increases, the diffusion coefficient of the protein increased. But the
increased repulsion reduced adsorption amounts of BSA on the fiber surfaces. Based on the
above results, both the adsorption and diffusion of the protein in the fibrous membranes

are highly determined by the protein-fiber interactions as well. The stronger protein-fiber
repulsion prompts protein diffusion but sacrifices protein adsorption of the membranes.

3.6 Diffusion of different proteins in nanofibrous membranes

Considering actual applications of the nanofibrous membranes in protein separation and
purification applications, protein properties, such as protein size and isoelectric point (pl),
on their diffusion performances also were investigated. Four proteins were selected to study
their corresponding protein diffusion performances. (Table 2) Since the concentration of
each protein in the side-by-side chamber is low, protein molecules could be simplified as
spherical particles diffusing in the nanofibrous membranes, and radiuses of the proteins were
estimated based on literature data.32:3%:38:40 A nanofibrous membrane made from 10 wt% of
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PAN DMF solution under 50% RH was selected in this study, and a PBS buffer served as the
media.

Partition and diffusion coefficients of the proteins are shown in Figure 6. Lysozyme
(p1=11.35) reveals the highest partition coefficients on the membrane among all proteins
because it carries more positive charge at the PBS buffer and prompts the strongest protein-
fiber attraction. The strong protein-fiber attraction hinders the diffusion of lysozyme in the
nanofibrous membrane and provided the lowest diffusion coefficient even with the smallest
size among all proteins. Immunoglobulin G (1gG) is a large size protein but has a similar
loaded protein ratio as BSA. And it presents a lower diffusion coefficient in the membranes
as speculated due to the large 1gG protein size (5.4nm) hindering the diffusion. Horseradish
peroxidase (HRP) contains more positive charge than BSA at the PBS buffer; thus, it has a
higher partition coefficient but a similar diffusion coefficient as BSA.

4. Conclusion

The protein diffusion and partition coefficient, the two vital factors describing protein
transport behavior in nanofibrous membranes, were investigated in this study, which is

the first step to reveal the impact of nanofibrous membrane structures on diffusions of
large biomolecules in the system. Different from classical solute diffusion models in a

3-D homogenous fibrous material, the electrospun nanofibrous membranes contain layered
unparallel pores with large pore sizes in each layer, and the pores of each nanofiber

layer are blocked by the top and bottom layers, resulting in smaller effective pore

sizes in the membranes. The protein diffusion is profoundly affected by the membrane
morphology and protein-polymer interactions. The effective pore size of the membranes
has a dominating impact on both protein diffusion and adsorption. The polymer-protein
interactions significantly affect protein adsorption on fiber surfaces, but the repulsive
inter-molecule force could enhance protein diffusion through the membranes. Overall, the
diffusion of protein and loaded protein ratios on membranes is determined by effective pore
sizes of the membranes, protein sizes and buffer pH conditions in the media.
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Figure 1.
(a) SEM images of PAN nanofibrous membranes made under different polymer

concentrations and relative humidity; and fiber diameters, pore distributions, pore sizes of
as-prepared membranes: (b) and (e) fiber diameter, (c) and (f) measured pore distribution,
and (d) and (g) measured maximum pore size and average pore size.
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Figure 2.
(a) A scheme of a side-by-side chamber used in this study; (b-c) SEM images of the

membrane before and after the diffusion test.

ACS Appl Polym Mater. Author manuscript; available in PMC 2022 March 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

4.8
/07,,4.6
:E {\I —h
=44
el
b= T
S 4.2 }
-
4.0
: §
30 40 50 60 70
Relative humidity (%)
48{® —/\;
—~4.6
Q
<
z 44
2
542
4.0 1
6 8 10 12

Concentration (Wt%)

Figure 3.

n
o

Loaded protein ratio per mass (c,/c,)/d Loaded protein ratio per mass (c,/c,)/d

Ax*In(K-2C,/Cy)

AXIN(K-2C,/Cy)

g
o
e

(c)

-0.021
-0.041 o
-0.061 o 30% RH
© 40%RH
-0.084 4 50% RH
v 60% RH
-0.101 ¢ 70% RH
0 1 2 3 4
time (h)
J (d)
0.00 —«tw;.w .
.0.02 g r 6wt%
o 7wt%
-0.04 & 8wt%
v 10 wt%
-0.06 ¢ 12 wt%
-0.08
-0.10
0 2 4 6 10
time (h)

o
I

Diffusion (D¢/D,)

0.001+

o
&

Diffusion (D.¢/D,)
o
2

0.001+

Page 18

0.014

30 40 50 60 70
Relative humidity (%)

10

6% wt 7%wt 8%wt 10% wt 12% wt
Concentration
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protein in receptor chamber versus time: (c) PAN membranes prepared under different
relative humidity (RH) conditions, (d) membranes prepared with different polymer
concentrations; and effective diffusion coefficients of membranes prepared (€) under
different relative humidity conditions and (f) with different polymer concentrations.
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The impact of pH value on (a) partition coefficient, (b) cumulative amount of BSA in the
receptor chamber versus time, and (c) diffusion coefficient of BSA in same PAN nanofibrous
membrane
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(a) Partition coefficient of proteins and (b) cumulative amount of protein in the receptor
chamber versus time, and (c) diffusion coefficient of four proteins in the same PAN
nanofibrous membrane
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Scheme 1.

The dynamic transport of proteins in small-pore (a) and large-pore (b) fibrous membranes;
(c) diffusion of protein through a pore. Where r, is the average measured pore size, and rs is
a radius of a spherical protein molecule.
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Table 1.

The classical diffusion models of molecular through fibrous media

Model type expressiona ref
steric D _ _ Ogston et al.*8
2 = exp(— o)
hydrodynamic 1 -1 Phillips et al.>*
D _| [
Dy k 3%k
i i 55
effective media model Dﬂo = exp[ - 0.84(p(0')]1'09 Johansson et al.
combined D _ expl — 0.84¢(c) % Johnson et al 56
Do 2 2
r“|2 1
] Y3

hindered transport

D Renkin.57

rg 2 rg rg 3 rs\d
Do a- E) 1- 2.106 + 2.09(E) - 0.95(6) Pappenheimer et al.58

. 2
a’a:(p(1+ rs) ;

k=031rf

rf

2(p—l.l7
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Table 2

Parameters of four different proteins: BSA, Lysozyme, 1gG and HRP

Protein pl rs(nm) Dy (cm¥s)

BSA 5.480 3.48%1  59*10773
Lysozyme  11.3562 1.858  1.11+0.05*107664
IgG 6.6-7.205 5466 4.4%1,3%1077 66
HRP 8.857 3.0%8 7.57*107768
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