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ABSTRACT: Hydrogels are promising materials as membrane selective layers due to their fouling-resistant nature, tunable mesh
size, and functionalizability. These features are especially critical for protein purification applications. However, the fabrication of
thin, uniform hydrogel membrane selective layers using a simple, scalable process is an unmet challenge. We demonstrate a new
method, interfacially initiated free radical polymerization (IIFRP), for fabrication of ultrathin hydrogel selective layers on porous
supports in a simple and reproducible process. This method utilizes segregation of the monomer and the photoinitiator into two
separate, immiscible phases to form a very thin, uniform, and defect-free hydrogel layer at the interface upon
photopolymerization. The resulting hydrogel-coated membranes have selective layers as thin as <100 nm, and can separate
the proteins based on their size with a sharp molecular weight cutoff. The method is readily tunable for a broader range of
separations simply by altering experimental parameters (e.g., UV exposure time, monomer concentration) or addition of inert
porogens/comonomers. Membranes prepared using this method exhibit extremely high antifouling properties upon extended
exposure to protein solution providing a promising approach for protein purification. Taken together, these findings illustrate a
significant step toward simple, robust, and scalable fabrication of ultrathin, functional hydrogel selective layers in a controlled

manner, with potential applications in bioseparations, wastewater treatment, and gas separation.

B INTRODUCTION

Protein purification is of great importance in a wide range of
applications including the pharmaceutical, biotechnology,
cosmetics, and food industries as well as in enzymatic
catalysis.l’2 Membrane separation processes are attractive for
these applications due to their high throughput, ease of
implementation, and cost effectiveness.> However, critical
challenges remain in the use of membranes for protein
purification. First, protein separations require membranes
with well-controlled selectivity.” ® Second, fouling due to the
adsorption of the proteins and other biomolecules in the feed
leads to substantial decline in membrane permeance and
lifetime,”'” and can cause shifts in membrane pore size.”'""?
Addressing these concerns can broaden the use of membrane
processes in the manufacture and purification of biopharma-
ceuticals.

Hydrogels are especially promising materials for membranes
targeted at protein purification, because they are effective,
versatile, tunable, functionalizable, and inherently fouling-
resistant.”” Selectivity can be controlled by the mesh size of
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the cross-linked polymer, with effective pore sizes typically in
the ultrafiltration (UF) range (1—S nm), suitable for protein
purification.'* Functional groups can be easily integrated into
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these selective layers, enabling more targeted control of 43

membrane selectivity and broadening their potential applica-
tions to protein separations. Moreover, hydrogels are inherently
hydrophilic, which makes them very fouling-resistant.'>™""
Despite these promising features, if the hydrogel will serve as
the selective layer of a membrane, it has to be as thin as
possible, because membrane flux is inversely proportional to the
layer thickness. However, the fabrication of hydrogels as thin,
defect-free membrane selective layers remains a major
challenge.

Existing literature on hydrogel membranes focuses mainly on
free-standing films."*'”'** These hydrogel films are prepared
by dissolving the monomer and initiator in an aqueous solution,
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Scheme 1. Schematic Showing Fabrication” of Membranes with Ultrathin Hydrogel Selective Layers by Interfacially Initiated

Free Radical Polymerization (IIFRP)
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“A porous support membrane is immersed in an aqueous monomer solution, which fills its pores and leaves a thin layer on its surface. The
membrane is then covered with an oil phase containing a photoinitiator (PI), and irradiated with UV light. The hydrophobic photoinitiator
dissociates and reacts with the aqueous monomer at the interface, forming a thin hydrogel layer covering the support. The monomer solution can
contain PEGDA with or without porogens or comonomers, which can alter layer permeability and control selectivity.

s6 spreading this mixture into a thin layer, and initiating
57 polymerization, typically by UV illumination. This results in
58 the formation of a very thick hydrogel layer (100—900 pm),
s9 and the resultant membranes have very low flux. To decrease
60 film thickness while maintaining mechanical integrity, 1—10 gm
61 hydrogel layers can be formed on porous supports by carefully
62 designed coating methods.'**' However, this approach requires
63 a high-viscosity monomer solution and specific wetting
64 properties to achieve a good coating that remains on top of
65 the membrane. The viscosity can be 1ncreased with additives
66 (e.g, high-molecular-weight inert polymers),'® but this can
67 simultaneously change coating properties such as pore
6 size.'””>** Another surface modification approach, grafting'***
69 from the membrane surface, creates a polymer brush lining the
70 membrane pores and surface rather than a continuous selective
71 layer.”*”® To form a selective layer by grafting, the pore
72 diameter has to be spanned by growing polymer chains from a
73 limited number of initiating sites on pores followed by cross-
74 linking. This can require long reaction times and is prone to
75 defects due to pore size polydispersity in the support
76 membrane. Thus, there is a critical need for a simple and
77 reproducible fabrication method that enables the formation of a
78 very thin, defect-free hydrogel selective layer using processes
79 that can be easily integrated into large-scale manufacturing
80 schemes. Such a method would enable the development of a
81 wide range of membrane materials not only for protein
82 purification, but also for wastewater treatment'®*® and gas
83 separation apphcatlons.27 28

84  The most common method for the large-scale fabrication of
85 membranes with ultrathin selective layers is interfacial polymer-
86 ization (IP).””*° Thin film composite (TFC) membranes
87 fabricated using this method feature a very thin selective layer
88 (typically <100 nm) on a porous support that provides
89 mechanical integrity.”' ~>* IP involves the polymerization of two
90 highly reactive monomers segregated in two immiscible phases
91 (i.e, a diamine in aqueous solution and a diacyl chloride in an
92 organic phase). The polymer forms as a thin film at the

interface of the two phases covering the surface of the porous
support. Although this method is established, simple, and
scalable to a roll-to-roll process, it is limited to a narrow range
of polymer chemistries that are formed by condensation
polymerization. IP cannot be applied to polymers prepared by
free radical polymerization (FRP) such as hydrogels. It also
cannot be used to fabricate inherently hydrophilic layers,
because one of the monomers has to be oil-soluble.
Furthermore, IP also generates a highly cross-linked and
dense layer that limits the application of this method to
desalination and reverse osmosis (RO). Larger pore sizes
suitable for protein purification are typically not easily
accessible.

Our approach to addressing these challenges centers on a
novel, scalable, and robust fabrication method inspired by IP,
called interfacially initiated free radical polymerization (IIFRP).
The novelty of this approach arises from its ability to create
ultrathin, fully hydrophilic selective layers from a wide range of
water-soluble monomers that propagate by free radical
polymerization (e.g, acrylates, methacrylates, acrylamides). In
IIFRP, as illustrated in Scheme 1, the monomer(s) and initiator
are segregated into two immiscible phases: an aqueous
monomer, and an organic/oil phase containing photoinitiator.
The support membrane is first immersed in the aqueous
monomer solution, which fills its pores and leaves a thin layer
on its surface. The organic/oil layer containing an oil-soluble
photoinitiator is then added to cover the top of the membrane.
Upon irradiation with a UV lamp, a uniform and thin hydrogel
layer is formed at the oil—water interface spanning the surface
of the support membrane. Limited solubility of the initiator in
the monomer layer, and the interfacial tension between the
aqueous and oil layers creates a uniform, continuous, defect-
free selective layer at the interface.

This report is the first demonstration of this new, simple,
scalable, reliable, and robust technique for manufacturing
membranes with ultrathin, defect-free hydrogel selective layers.
We first show that IIFRP can be used to create layers as thin as
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Figure 1. Morphology of (a) support membrane, PS. (b) Higher magnification of PS support. (c) Hydrogel layer at S min UV exposure time. (d)
Higher magnification of hydrogel at 5 min UV exposure time. (e) Hydrogel layer after 10 min UV exposure time. (f) Hydrogel layer at 10 min UV
exposure time at higher magnification. Continuous and uniform hydrogel layers are formed on the support membrane upon exposure to UV at
varying times. Longer UV exposure time leads to formation of a thicker layer.

130 <100 nm on commercially available porous supports. We then
131 show that the permeance and pore size of selective layers
132 formed by our method can be readily altered through simple
133 parameters (e.g., monomer concentration, UV exposure time)
134 or through the addition of comonomers or inert polymers in
135 the monomer solution. Finally, we demonstrate the stability
136 and extremely high fouling resistance of the hydrogel layer in
137 filtering protein solutions. We envision that this new technique,
138 IIFRP, could serve as a platform for manufacturing membranes
139 with a broad range of properties (e.g, selectivity, affinity) for
140 several applications beyond protein purification, such as
141 wastewater treatment, natural gas upgrading, and water
142 purification.

143 l RESULTS AND DISCUSSION

144+ Hydrogel Layer Morphology. As the first demonstration
145 of the IIFRP method to manufacture membranes with hydrogel
146 selective layers, we first immersed a commercial UF membrane
147 (PS35, Nanostone), which will act as the porous support, into
148 an aqueous solution containing the poly(ethylene glycol)
149 diacrylate (PEGDA) monomer. In most cases, we added an
150 inert hydrophilic polymer, poly(ethylene glycol) with an
151 average molar mass of 200 g mol™', PEG200, as an additive.
152 The selection was based on the previous literature stating that
153 inert short-chain PEG can create a porous network,>* ¢ which
154 in turn would be expected to lead to an increase in membrane
155 permeance. The effect of additives on membrane permeance
156 and selectivity is further discussed in the following section.
157 Next, we removed the support from the aqueous solution,
158 dabbed off the excess, and covered it with the oil solution, n-
159 hexadecane containing 0.1% v/v of the hydrophobic photo-
160 initiator (PI), Darocur 1173. We then exposed it to UV light,
161 which caused the initiator to form free radicals in the oil phase
162 that then diffused to the aqueous phase and started the
163 polymerization of PEGDA (Scheme 1). The membrane surface
164 was covered by a glass plate during UV exposure to prevent
165 initiation from PS support membrane upon exposing to UV
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light, as reported in previous studies.”””*® A control experiment
performed without the addition of PI into the oil phase did not
lead to a significant change in permeance. 168

Our approach, ITFRP, is in direct contrast to the established
photoinitiated free radical polymerization (FRP) methods for
preparing hydrogel layers, where monomers and PI are both in 171
the aqueous phase. Using this method, a solution containing 172
only the monomer and the PI cannot typically be coated onto a 173
porous support. The solution is instantly absorbed into the
membrane pores through capillary action, and the whole
support is filled with hydrogel. Indeed, when the above 176
procedure was performed using a monomer solution containing 177
a water-soluble initiator, this was the result (Supporting 178
Information). The viscosity of the solution can sometimes be 179
increased by increasing the concentration of the solution 180
(Figure S1, Supporting Information) or adding high-molecular- 151
weight polymers,'® but this often results in the formation of a 182
very thick layer and changes the resultant membrane properties. 183
Furthermore, the uneven exposure to UV light and polymer- 184
ization-induced phase separation (PIPS) can lead to macroscale 1ss
porosity in the film.'?*’ 186

In contrast, IIFRP segregates the reactants (i.e, monomers 187
and PI) into two separate phases. Free radicals formed by PI 1ss
upon UV exposure diffuse to the oil—water interface and react 189
with the monomers in the aqueous monomer solution to 190
initiate polymerization. Since the PI is insoluble in water, the 191
polymer layer starts forming at and growing from the oil—water 192
interface. When UV irradiation is stopped, the polymerization 193
process also ends, arresting the growth of the selective layer. 194
Thus, longer UV irradiation times are expected to result in 195
thicker selective layers. This would not necessarily be the case 196
for homogeneous FRP, where longer exposure would likely 197
increase the degree of cross-linking but not necessarily the 198
coating thickness once the gel point is reached. It is also in 199
contrast to traditional IP, where the formation of the highly 200
cross-linked selective layer at the interface hinders the diffusion 201
of the monomers, leading to a self-limiting reaction. The mesh 202
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203 size of the hydrogel layer that forms in IIFRP is much larger in
204 comparison to the monomer size. This means monomers easily
205 diffuse to the interface and react with the initiating radicals,
206 enabling the hydrogel layer to build as long as radicals are
207 generated through UV irradiation.

208 To test this hypothesis, we prepared membranes with varying
209 UV irradiation times and analyzed the resultant membrane
210 morphology by field-emission scanning electron microscopy
211 (FESEM). Figure 1a,b shows the commercial polysulfone (PS)
212 membrane with nominal molecular weight cutoff (MWCO) of
213 20 kDa that we utilized as the porous support throughout the
214 study. Typical of asymmetric ultrafiltration membranes, the
215 membrane has smaller pores on top and larger macrovoids in
216 the sublayers. When IIFRP was applied to this support
217 membrane using 5% v/v PEGDA as the monomer solution
218 and a UV exposure time of S min, a very thin hydrogel coating
219 layer was formed (Figure lc,d). The higher-magnification
220 image of this membrane (Figure 1d) shows the presence of the
221 layer more clearly. The layer is well-integrated into the support,
222 penetrating slightly below the top surface pores and anchoring
223 into the support as envisioned. This morphology prevents the
224 delamination of the layer, but also makes it difficult to clearly
25 identify the boundaries of this layer and determine the
226 thickness. To further confirm the evenness and uniformity of
227 the hydrogel layer formed on the support membrane, we
228 dissolved the support layer in dichloromethane and transferred
229 the hydrogel layer to a wire lasso (Figure S2, Supporting
230 Information). Although, the layer is very thin, it formed an
231 integral surface across the whole 1 cm diameter of the lasso,
232 providing solid evidence of the uniform and continuous nature
233 of the hydrogel layer.

23¢  When IIFRP was performed using 10 min UV exposure
235 under identical conditions, a more distinct layer is formed
236 compared with the shorter irradiation time of S min (Figure
237 le,f). Notably, the layer appears to be uniform throughout the
238 membrane imaged along the x-direction labeled in the figure.
239 This uniform layer is maintained throughout the entire
240 membrane sample, imaged in different frames sampling the
241 length of the sample (data not shown), clearly indicating the
242 consistent nature of this simple method. A higher-magnification
243 image of this membrane (Figure 1f) shows that the layer is also
244 uniform across the layer thickness (y-direction). The coating is
245 thicker and more distinct in this sample compared to 5 min UV
246 exposure time, allowing a rough estimation of the thickness to
247 be around 130 nm. Longer UV exposure appears to increase the
248 dry thickness of the hydrogel layer. For example, an even longer
249 exposure time of 20 min led to the formation of a hydrogel
250 layer with thickness of 260 nm, about twice the one formed at
251 10 min UV exposure time (Figure S3, Supporting Information).
252 Accounting for the uniform thickness of the aqueous
253 prepolymer layer during the polymerization and the status of
254 the membrane sample during SEM imaging (i.e., dried), the
255 observed difference in the thickness is likely due to the
256 polymerization process penetrating into the membrane to
257 different extents. Importantly, this result suggests that simple
258 fabrication parameters such as UV irradiation time can be used
259 to impart various membrane properties (e.g., layer thickness
260 and penetration).

261 Chemical Structure of the Hydrogel Layer. In order to
262 further confirm the formation of the ultrathin hydrogel layers,
263 we performed attenuated total reflection—Fourier transform
264 infrared spectroscopy (ATR—FTIR) on membranes prepared
265 by IIFRP using a monomer solution containing 5% v/v
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PEGDA, 2.5% v/v PEG200, and a UV exposure of S min 266
(Figure 2). PEGDA (Figure 2a) forms a cross-linked PEGDA 267 &2
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Figure 2. (a) Chemical structure of PEGDA and PS. (b) ATR—FTIR
spectra of PS support membrane (bottom) and coated with an
ultrathin hydrogel layer (top) with S min UV exposure. Absorption
bands corresponding to CH (blue) and ester (pink) groups are
marked to demonstrate the formation of a cross-linked PEGDA
hydrogel selective layer in the PS support.

network upon photoinduced free radical polymerization on the 268
membrane surface. This leads to an increase in the density of 269
C—H bonds (blue) in comparison with the support membrane 270
material PS, and also introduces ester groups (pink). 271

Indeed, upon the deposition of the cross-linked PEGDA 272
selective layer by IIFRP, the broad absorbance peak around 273
2800—3000 cm™' (top spectrum) corresponding to the C—H 274
stretching vibration increases in intensity.'”*" This peak is very 275
weak in the support membrane (bottom spectrum), which does 276
not contain as high a concentration of C—H groups (labeled 277
blue in Figure 2). This clearly confirms the presence of the 278
PEG hydrogel layer. The presence and chemical structure of 279
the coating layer is also confirmed by the appearance of the 280
C=0O stretching peak at 1723 cm™" arising from the ester bond 2s1
at each end of the PEGDA (labeled pink),” while the IR 252
spectrum of the support membrane (bottom) shows no such 283
peak. 284

In addition, the coating shows no significant absorbance at 2ss
1620—1640 cm™". This wavelength range corresponds to the 2s6
vinyl groups in PEGDA that are converted to single bonds 287
upon polymerization.** The lack of a peak in this range in the 2ss
spectrum of the coated membrane suggests that the formed 289
hydrogel layer is mostly or fully polymerized, mostly free of 290
unpolymerized or partially polymerized PEGDA monomer. 291

Given the chemical structure and low thickness of these 292
selective layers, the resultant membranes are expected to be 293
highly permeable. However, this needs to be verified by 294
filtration experiments that demonstrate their performance in 295
more realistic situations. Thus, we next examined the 296
permeation properties of the hydrogel-coated membranes. 297

Permeation Properties. To characterize how membranes 298
prepared by IIFRP perform in aqueous filtration applications, 299
we performed filtration experiments using a dead-end system. 300
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301 First, we aimed to understand the effect of IIFRP process
302 parameters such as the UV exposure time on membrane
303 permeance. For this, monomer solution containing 5% v/v
304 PEGDA and 2.5% v/v PEG200 was used to form hydrogel
305 layers by IIFRP at different UV exposure times (4—20 min) on
306 identical support membranes. Deionized water was filtered
307 through the membrane until the flow rate stabilized. Pure water
308 permeance, defined as the water flux through the membrane
309 normalized by the applied pressure difference of 40 psi, was
310 calculated. This permeance was stable over a wide range of
311 transmembrane pressures, up to 60 psi (see Figure S4,
312 Supporting Information). The support membrane was
313 measured to have a water permeance of 1250 + 60 L h!
314 m~2 bar™.

315 Figure 3 shows the water permeances of these hydrogel-
316 coated membranes. Even the membrane prepared with the

Permeance (L/m”.h.bar)
w oa
1
il

10 15 20
UV exposure time (min)

o

Figure 3. Effect of UV exposure time on membrane permeance; all
membranes are prepared with monomer solution containing 5%
PEGDA and 2.5% PEG200. Significant difference between the
permeance of the support membrane and hydrogel-coated membranes
indicates the formation of the hydrogel layer, with permeances
depending on UV exposure time.

317 shortest UV exposure time of 4 min had a substantially lower
318 permeance than the support membrane, 6.2 L h™' m™ bar™".
319 This indicates the formation of the hydrogel layer. Membranes
320 prepared with 5—20 min UV exposure times also showed
321 substantially lower permeances compared with the support
322 membrane. Longer UV exposure initially led to lower
323 permeance, but the values reached a plateau after 10 min,
324 indicated by the dotted line (B-Spline fitting). A minimum UV
325 exposure time of 4 min was needed for the formation of a
326 uniform hydrogel layer with permeation properties that are
327 distinctly different from the support membrane. Shorter
328 exposure times (1—3 min) lead to membranes with permeances
329 comparable with the support membrane, indicating that a
330 complete hydrogel layer integrated into the support had not yet
331 formed at this time. These results correlate well with and
332 further confirm the morphological results acquired via FESEM
333 (Figure 1). The membrane featuring a thinner hydrogel layer (5
334 min, Figure 1d) exhibits 1.4 times higher permeance than the
335 ones with thicker layers (20 min, Figure 1f).

336 The error bars shown in Figure 3 represent the maximum
337 and minimum permeance values measured during the test of at
338 least S samples for each condition. The narrow range of
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resultant permeances, indicated by the small error bars, clearly 339
depicts the reproducible, consistent, robust, and reliable nature 340
of our simple IIFRP method. 341

The permeance range we have achieved in this study is 342
comparable to commercial thin film composite (TFC) 343
membranes with cross-linked selective layers prepared by IP 344
with the largest available pore size. These membranes are tight 345
ultrafiltration (UF) membranes, typically designed for nominal 346
molecular weight cutoff (MWCO) values between 1000 and 347
3000 Da. For example, according to industrial specification 348
sheets, UF membranes manufactured by GE with nominal 349
MWCOs between 1000 and 3000 Da have permeances 350
between 1.12 and 5.65 L m™> h™" bar™.** It is also significantly 351
higher than free-standing hydrogel membranes reported in the 3s2
literature, 0.002—0.3 I m™ h™! bar™%. 353

At this stage, the water permeance of our membrane is lower 354
than values listed for commercial membranes commonly used 3ss
for bioseparations, such as regenerated cellulose UF mem- 3s6
branes.*> However, as discussed below, the fouling behaviors of 357
hydrogel membranes are significantly different from most 3s8
commercial membranes, which are prone to severe fouling 3s9
upon exposure to solutions containing organic macromolecules 360
(e.g, proteins, polysaccharides) and oil.**7* The IIFRP 361
method presented here enables the preparation of membranes 362
with highly hydrophilic hydrogel selective layers with excellent 363
antifouling properties. These membranes retain their initial 364
permeance fully even when filtering protein solutions, as 365
demonstrated in the data below. In contrast, commercial 366
membranes, including those made of the relatively hydrophilic 367
regenerated cellulose, often exhibit severe declines in 368
permeance during the filtration of protein solutions due to 369
fouling. For example, even though the Ultracel PLCGC 370
membrane manufactured by EMD Millipore with MWCO of 371
10 kDa has a higher permeance when tested with pure water, its 372
permeance declines severely during the filtration of protein 373
solutions. Some reported permeances during the filtration of 374
representative protein solutions (bovine skim colostrum whey 375
or surfactin) range between 1.7 and 7 L m™> h™! bar L, ** 376
comparable with the permeances documented for membranes 377
reported here. Similarly high flux decline has also been reported 378
for larger MWCO Ultracel membranes.*” ™! Thus, the 37
exceptional fouling resistance of membranes prepared by 3s0
IIFRP can enable comparable and more stable membrane 381
permeance during the filtration of protein solutions encoun- 382
tered in bioseparations. 383

Furthermore, we believe that the IIFRP process has the 384
potential to be tuned and optimized by changing other 385
parameters (e.g., photoinitiator concentration, monomer 3s6
concentration, additives) to further improve the permeance of 387
resultant membranes. Improved flux can also be achieved by 388
identifying the optimal support membrane for each application. 389
The literature shows that the selection of the support 390
membrane can change the permeance of the TFC membranes 391
by up to an order of magnitude.’® Therefore, highly 39
competitive and stable permeances can be achieved upon the 393
optimization of the IIFRP process for each targeted 394
bioseparation. 395

Membrane Selectivity and Protein Rejection. Next, we 396
examined the performance of hydrogel-coated membranes 397
prepared by IIFRP for the filtration of protein solutions in a 398
dead-end filtration setup (Figure 4). For this, different protein 399 f4
solutions were filtered through the hydrogel-coated membranes 400
prepared with a monomer solution of 5% v/v PEGDA and 401
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Figure 4. Rejection properties of hydrogel-coated membranes. The PS
support membrane shows limited rejection for all three proteins,
whereas cross-linked PEGDA-coated membranes prepared by IIFRP
reject Cytochrome C and BSA by >90%, indicating a MWCO around
8—10 kDa.

2.5% v/v PEG200 at different UV exposure times (5—20 min).
The membranes were first compacted by filtering deionized
water for at least 3 h. Three proteins with different molecular
weights and hydrodynamic radii (Ry;) were tested: Aprotinin
(6.5 kDa, Ry ~ 1.3 nm), Cytochrome C (12 kDa, Ryy ~ 1.7
nm), and bovine serum albumin (BSA, 66 kDa, Ry ~ 3.5
nm).>* Each protein was dissolved in phosphate buffered saline
(PBS) at a concentration of 100 ppm and filtered through the
membrane one at a time. Rejection (R) was calculated by
measuring the UV absorbances of feed and permeate at 280 nm
for BSA and Aprotinin and 410 nm for Cytochrome C
according to

CP
R% =|1- —2]x 100
EF

where Cg and Cp are the concentration of feed and permeate,
respectively.

Figure 4 shows the rejection of these three proteins by the
support membrane and three hydrogel-coated membranes
prepared by IIFRP using different UV irradiation times. All
hydrogel-coated membranes exhibit similar rejection properties,
with an effective pore size significantly smaller than the support
membrane. For the smallest protein Aprotinin (6.5 kDa), all the
membranes prepared by IIFRP show moderate rejection (65—
85%). In contrast, Aprotinin passes through the support
membrane with no measurable rejection. All three hydrogel-
coated membranes show higher rejection (90—99.9%) for the
slightly larger Cytochrome C (12 kDa) than the support
membrane, which shows only 6% rejection. Finally, for the
largest protein, BSA (66 kDa), complete rejection within the
detection limit (>99%) was obtained for all the three hydrogel-
coated membranes, whereas 55% rejection was observed for the
support membrane. This is consistent with a MWCO of about
8—10 kDa for the hydrogel-coated membranes, clearly
illustrating the formation of a selective layer that controls
membrane selectivity and protein rejection. It is worth noting
that the protein rejections remained unchanged upon changing
the ionic strength of the solution (Table S1, Supporting
Information).

All three hydrogel-coated membranes had similar rejections,
within error margins of each other. This suggests that UV
exposure time mainly affects hydrogel layer thickness and not
the hydrogel mesh size. Importantly, all the consistent protein
rejection results with small error bars (indicating the rejection
range from minimum 3 membrane samples per condition)
confirm minimal defects throughout the membrane area (4.1
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cm?), providing evidence of the reliable and robust nature of 445

IIFRP for preparing membrane selective layers. Furthermore,
the hydrogel selective layer shows a much sharper size-based
cutoft in comparison to the support membrane.

Since membranes are usually delivered in dry state, we
investigated the effect of drying and rehydration on membrane
permeance and rejection properties. The membrane was air-
dried overnight and soaked in water afterward. Then,
membrane permeance and rejection were measured. Both
permeance and rejection properties of the membranes
remained unchanged after two drying and rehydration cycles.
This confirms the absence of any cracks, pore collapse, or
defects upon loss of water (Supporting Information).

Effect of Monomer Solution Composition on Mem-
brane Selectivity and Permeance. Membrane selectivity
and permeance is affected by various parameters that can be
adjusted in the ITFRP process, including the composition of the
aqueous monomer solution. These parameters can be used to
tune membrane pore size, optimize the process to achieve high
permeance while maintaining desired selectivity, and to
incorporate desired functional groups in the selective layer
for various purposes. For example, the PEGDA concentration
in this solution can be changed. Alternatively, other
components can be added to this solution. Inert polymers
such as low-molecular-weight poly(ethylene glycol) (PEG) can
act as porogens by altering the cross-link density and hence
mesh size, or create larger-scale voids through PIPS.
Comonomers can also alter the mesh size by increasing the
distance between cross-links, but also incorporate functional
groups in the selective layer. The IIFRP process allows a wide
selection of such components; as long as these components are
water-soluble, they can be used.

To demonstrate this, we prepared PEGDA hydrogel-coated
membranes by IIFRP using different PEGDA concentrations
(5—20% v/v) in the monomer solution, and also using PEG200
as an additive at a volume ratio of 2:1 PEGDA:PEG200. The
pure water permeance of these membranes, prepared with 5
min UV exposure, was measured in a dead-end filtration system
at a transmembrane pressure (TMP) of 40 psi.

Figure S5 shows the change in membrane pure water
permeance with varying PEGDA concentration in the
monomer solution. When the PEGDA concentration increased
from 5% to 10% v/v, membrane permeance decreased by 5
times. The permeance decreased further upon increasing
PEGDA content to 20% v/v. This trend could be attributed
to the formation of a selective layer with higher polymer
content and cross-link density, and therefore a smaller effective
pore size of the hydrogel network. These results are consistent
with the literature on free-standing PEG hydrogels in that the
monomer content directly controls the hydrogel layer cross-link
density, which would in turn determine the effective mesh size
and MWCO.>*** The IIFRP hydrogel-coated membranes also
show thicker dry thickness upon increased PEGDA concen-
tration (Figure SS, Supporting Information) due to faster
polymerization achieved at higher monomer concentrations,
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Figure S. Effect of PEGDA concentration on membrane permeance.
Error bars indicate the range of permeances obtained for a minimum
of three samples.

and to higher polymer content in the resultant hydrogel layer
leading to a thicker film when dried for SEM imaging.

We next examined the effect of different inert additives such
as low-molecular-weight PEG (PEG200 and PEG600, with
average molar masses of 200 and 600 Da, respectively) on the
permeation and rejection properties of membranes prepared by
IIFRP of PEGDA (Table 1). For this, we added the PEG
oligomers at varying concentrations (0-30% v/v) to the
monomer solution and performed IIFRP using a S min UV
exposure time. The presence of PEG oligomers during the
gelation of PEGDA in water is reported to cause phase
separation between PEG and PEGDA during photopolymeriza-
tion, termed polymerization-induced phase separation
(PIPS).>* PEG oligomers are inert porogens that do not
polymerize with PEGDA, and are washed away upon rinsing.*®
This leads to the formation of pores or voids.””*”*® The
presence of voids within the selective layer leads to an increase
in the permeance and/or pore size of the resultant membranes,
enabling us to tune their separation properties to the desired
application.

Table 1 shows the pure water permeances of these
membranes, and the rejections of two proteins, BSA and
Cytochrome C, as an indicator of their effective pore size. The
two top rows of Table 1 show that a small amount of PEG200
(2.5% v/v) increases the permeance by 1.8 times over the
hydrogel-coated membrane without the PEG200 while
maintaining similar protein rejection properties. Increasing

PEG200 content further to 10% v/v increases the membrane
permeance to about 3 times the value for the membrane
prepared without PEG200, but causes no significant change in
rejection. Our hypothesis is that PIPS during this process does
not create interconnected large pores, but discrete voids, or
cells, similar to those observed in closed-cell foams. The voids
are enclosed with continuous hydrogel “walls” within the
selective layer, so membrane selectivity is unchanged. However,
the enclosed voids do not pose resistance to flow. Hence, the
“effective film thickness”, or the net thickness that will pose
resistance to flow, is lower than the depth polymerization
progresses to. This can improve the permeance subsequently,
without changing the mesh size of the PEGDA network.” As
an interesting parallel, recent studies have reported the
presence of interspersed voids within the thin polyamide
selective layers of RO membranes manufactured by IP
method.*"*® These voids are filled with water during filtration
and result in the creation of a shorter diffusion path and thus
higher permeance. Our results indicate that a similar
mechanism of increased permeance may be at play when
PEG200 is used as an additive at low to moderate
concentrations, though these results warrant further morpho-
logical characterization as a future study. In addition, PIPS may
lead to an increase in the fractional free volume of the selective
layer by creating voids smaller than the size of the protein
within the layer, again leading to a higher permeance without a
change in selectivity.

Upon further addition of PEG200 (20% v/v), the permeance
decreases, yet similar rejection properties are obtained. This
decrease in permeance could be explained by the fact that high
amount of PEG200 (8 = 19.1 MPa'?)®" can increase the
solubility of the PI (6 = 24.3 MPa'’?, calculated using Molecular
Modeling Pro software) in the water phase (6 = 47.9
MPa'/?).°> This may cause some of the PI to partition into
the monomer solution before UV exposure, leading the
polymerization reaction to no longer occur just at the interface,
allowing the hydrogel layer to penetrate into the membrane
pores. However, when 30% v/v PEG200 was used in the
monomer solution, the resultant permeance was about 3 times
the value for the membrane prepared without any PEG200.
This was accompanied with a decrease in the rejection of both

565
566
567

BSA and Cytochrome C. This is likely due to the formation of ses
interconnected pores by PIPS at this high concentration of s6o

PEG200. Inert additives such as PEG oligomers can also
interfere with the polymerization reaction when present at high
concentrations.®> This could also have resulted in the observed
decrease in protein rejection.

Table 1. Effect of Comonomer/Porogens as Additives in Monomer Solution on Hydrogel-Coated Membranes’ Permeance and

Rejection Properties”

membrane sample

5% PEGDA 19 £03
5% PEGDA/2.5% PEG200 3.5+0.5
5% PEGDA/10% PEG200 59 + 04
5% PEGDA/20% PEG200 3.8 + 1.2
5% PEGDA/30% PEG200 63+ 1.6
5% PEGDA/30% PEG600 81+ 1S
5% PEGDA/2.5% PEGMEA 2.6 +0.7
7.5% PEGDA 1.1+03

permeance (L m™ h™! bar™")

BSA rejection % Cytochrome C rejection %

>99” 925 + 1.1
>99 93.4 + 2.0
>99 967 + 1.3
>99 949 + 0.9
85 +2 71+7

70 £ 7 65+ 9

>99 95.0 + 0.6
>99 99.5 + 0.3

“Error margins indicate standard deviation from at least three samples. YDetection limit.
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s74  PEG600 has been documented to create larger pores in
s7s cross-linked PEG gels than PEG200 due to PIPS occurring
576 more significantly than with PEG200.*> However, our results
577 indicate that addition of 10—20% v/v PEG600 leads to similar
578 results as those obtained with similar amounts of PEG200.
s79 Similar to PEG200, higher permeance (more than 4 times in
580 comparison to the one without porogen) and lower protein
s81 rejections were obtained at 30% v/v PEG600. These changes,
s82 however, were more significant than those observed for
583 PEG200. The formation of larger pores by PEG600 can be
ss4 attributed to either PIPS occurring to a larger extent in
585 comparison to the PEG200 porogen,” or to PEG600 inhibiting
586 polymerization to a greater extent than PEG200.°” This shows
s87 that the hydrogel network can be easily tuned using different
588 porogens.

589 Cross-link density and PIPS can also be influenced by the
590 presence of a monofunctional comonomer such as poly-
so1 (ethylene glycol) methyl ether acrylate (PEGMEA) mixed with
592 PEGDA in the monomer solution.”” The results in the two
593 bottom rows of Table 1 show that copolymerization of
s94 PEGMEA with PEGDA leads to a higher membrane permeance
595 in comparison with a membrane made with PEGDA only (7.5%
596 v/v). BSA is fully retained by both membranes, whereas the
597 rejection of smaller Cytochrome C decreases somewhat,
so8 indicating a slight increase in the effective pore size of the
s99 membrane. The replacement of some PEGDA with PEGMEA
600 would decrease the cross-link density in comparison with the
601 membrane containing only PEGDA, leading to this higher
602 mesh size that controls protein selectivity.'””” Long pendant
603 chains introduced by the addition of PEGMEA to the hydrogel
604 network can disrugt polymer chain packing and thus decrease
605 cross-link density. * Also, PEGMEA with free methoxy chain
606 end-groups decreases the cross-link density by decreasing the
607 fraction of polyfunctional monomers that create cross-links and
608 providing more fractional free volume in the network.'”?’
609 Unlike PEG porogens, PEGMEA also participates in the
610 polymerization reaction. This increases the effective monomer
611 concentration in solution (compared with, for example, the
612 membrane prepared from 5% PEGDA and 2.5% PEG200) and
613 hence leads to a higher polymer content and lower permeance
614 in comparison with membranes prepared with inert porogens
615 from 5% PEGDA.

616  Finally, consistently small deviations (i.e., permeance range
617 shown by error bars in Figure 5 and standard deviations in
618 Table 1) were obtained for each condition tested using these
619 additives. This indicates the robustness and reliability of our
620 simple process for forming hydrogel membrane selective layers.
621 Combined, the results in Figure S and Table 1 demonstrate
622 that our robust IIFRP technique yields readily tunable
623 membrane parameters widening the scope for various protein
624 separation applications. Also, while not fully explored in this
625 study, the selective layer can be modified to include many other
626 water-soluble components (e.g., comonomers, porogens, nano-
627 materials). By carefully tuning the parameters, a hydrogel
628 selective layer can be designed for targeted separations (e.g,
629 charged- or affinity-based separations).

630  Fouling Resistance. Fouling resistance is crucial for the
631 successful use of membranes.”” Fouling is a particularly
632 prominent challenge in protein separation applications, because
633 proteins are especially prone to adsorb on the membrane
634 surface and inside the pores.”'” This can cause substantial flux
635 decline and cause changes in membrane selectivity due to pore
636 narrowing.”' "> Therefore, it is crucial for newly developed
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membrane materials to resist fouling to ensure reliable, long- 637
term operation, especially for such high-fouling applications. 638
We thus examined the fouling of hydrogel-coated membranes 639
prepared by IIFRP during the filtration of a protein solution 640
over an extended period of time. For this, we performed a cyclic 641
filtration experiment with 100 ppm BSA solution as a model 642
protein in a cross-flow setup at a TMP of 40 psi and feed flow 643
rate of 135 mL min ™", corresponding to a shear rate of 9.4 s 644
over two 6 h periods of protein filtration, between which 64s
deionized water was filtered through the membrane for 2 h 646
(Figure 6). Experiments were performed using a round 647 f6

[o8)

e ————
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Figure 6. Long-term fouling resistance of hydrogel-coated membrane
upon exposure to a model protein (BSA) solution. Tests performed in
a cross-flow setup at a TMP of 40 psi; flux is normalized by average
initial water flux. The hydrogel-coated membrane is extremely fouling-
resistant, suitable for protein purification.

membrane swatch with an effective filtration area of 4.1 cm? 648
For the fouling experiment, we chose the membrane prepared 649
with 5% v/v PEGDA and 2.5% v/v PEG200 at UV exposure 650
time of S min as an example. This membrane showed high 651
permeance and high rejection for BSA (>99%), so no internal 6s2
pore fouling was expected, emphasizing the fouling resistance of 653
the hydrogel layer covering the surface. 654

The membrane was first equilibrated and compacted by 6ss
filtering deionized (DI) water for S h. The initial water flux at 6s6
the end of this period, termed J,, was measured to be 12.5 L 657
m~>h™!, corresponding to a permeance of 4.6 L m™> h™" bar™". 6ss
Next, BSA solution was filtered through the membrane for 6 h. 659
The membrane initially showed <2% reduction in flux during 660
the filtration of this solution, and no further noticeable decline 661
in flux throughout the 6 h period. It is worth noting that the 2% 662
drop in the flux of protein solution could arise from the osmotic 663
pressure difference caused by the presence of retained solutes in 664
the feed and from concentration polarization rather than an 665
indication of any fouling.°*®” The lack of further flux decline 6
during operation implies no build-up of foulants occurs on the 667
membrane surface, due to the adsorption of proteins or due to 668
cake formation.”**” Next, to test the reversibility of this minor 669
decline in flux and confirm its cause, the feed was switched to 670
DI water for two hours. The membrane immediately returned 671
to its initial flux without the need for backwashing or chemical 672
cleaning, clearly indicating excellent resistance to fouling by this 673
protein. Comparable results were achieved during the second 674
protein filtration cycle. No fouling was observed in this second 675
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protein filtration cycle either. BSA molecules were retained by
>99%. The membrane immediately returned to its initial water
flux upon water filtration afterward. This result clearly illustrates
the excellent antifouling property and robustness of our
hydrogel-coated membrane over extended exposure to protein
solutions. In contrast, commercial UF membranes used in
protein separations (e.g, made of PS) are known to foul
extensively and immediately upon exposure to protein
solutions, often leading to severe flux decline during the
filtration of the solution, as well as flux declines of more than
50% that cannot be reversed even by more complex physical
cleaning procedures compared with those used in this
experiment.'”'®’® The excellent fouling resistance demon-
strated in this experiment illustrates the potential of IIFRP to
prepare highly fouling-resistant membranes for protein
separation.

B CONCLUSION

This report is the first demonstration of a new, robust
interfacial polymerization-based technique, IIFRP, to manufac-
ture membranes with ultrathin hydrogel selective layers, their
key performance parameters relevant to protein purification
and separation applications. As an initial demonstration of this
technique, this study focused on membranes with cross-linked
PEGDA selective layers, prepared using varying UV irradiation
times and with comonomers or inert additives. The formation
of uniform hydrogel layers as thin as <100 nm was documented
at different UV exposure times using FESEM, and confirmed
via FTIR. Water filtration experiments showed that membranes
prepared by IIFRP exhibited reliable and consistent perform-
ance. Uniform selective layers with complete coverage were
formed at a UV irradiation time of 4—5 min, with longer
exposures leading to thicker selective layers and lower
permeance without any significant shift in selectivity. The
filtration of proteins with different molecular weights revealed
the formation of defect-free and uniform selective layers,
indicated by complete rejection of higher-molecular-weight
solutes. Initial membranes prepared with solutions containing
5% v/v PEGDA and 2.5% v/v PEG200 had a MWCO of
around 8—10 kDa. The permeance can be further improved,
and MWCO can be adjusted, by adjusting simple fabrication
parameters such as the monomer concentration or by the
incorporation of comonomers or inert additives that act as
porogens in the monomer solution. Lastly, extended protein
filtration experiments showed that the membranes exhibit
excellent antifouling properties and stability for protein
purification. Taken together, these results indicate that the
newly described IIFRP is a facile and robust fabrication strategy
to manufacture membranes with uniform and defect-free
hydrogel selective layers with tunable protein filtration
properties. Unlike common single-phase polymerization
methods used to prepare membranes with hydrogel selective
layers, IIFRP allows for the formation of ultrathin hydrogel
layers. Furthermore, IIFRP leads to uniform selective layers due
to the formation of the hydrogel layer at an interface spanning
the surface of the support, minimizing defects. We envision that
this novel fabrication method can open up promising routes for
industrial-scale fabrication of ultrathin hydrogel selective layers.
Furthermore, IIFRP can be readily extended to the fabrication
of hydrogels with additional functionalities via incorporation of
different comonomers (e.g, charged monomers, zwitterions,
etc.) in a reliable and reproducible manner for a variety of
applications.

B EXPERIMENTAL METHODS

Materials. Poly(ethylene glycol) diacrylate (PEGDA, average M,
700 Da), poly(ethylene glycol) methyl ether acrylate (PEGMEA,
average M, 480 Da), poly(ethylene glycol) (PEG, average M, 200 or
600 Da), 2-hydroxy-2-methylpropiophenone also known as Darocur
1173 (photoinitiator, PI), and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich (St. Louis, MO). n-Hexadecane (99%)
was purchased from ACROS Organics. Cytochrome C, equine heart,
+90%, and Aprotinin, from bovine lung, were purchased from Alfa
Aesar (Ward Hill, MA). Phosphate buffered saline (PBS) packs (0.1 M
sodium phosphate, 0.15 M sodium chloride, pH 7.2) were purchased
from Thermo Scientific (Rockford, IL). Reagent alcohol was obtained
from VWR (West Chester, PA). Ultrapure deionized water generated
by Biolab 3300 RO, a building-wide RO/DI water purification unit by
Mar Cor Purification, was used for all experiments. All the chemicals
were analytical grade, and used without further purification.
Polysulfone (PS35, 20 kDa) ultrafiltration membranes purchased
from Nanostone Water, Inc. (Oceanside, CA) were used as the
support membrane to provide mechanical stability.

Fabrication of Ultrathin Hydrogel Layer. The support
membrane (Polysulfone, PS, Nanostone) was first washed with
ethanol, dried, and then taped along all edges onto a glass plate. An
aqueous solution containing 5—20% v/v PEGDA (700 g mol™"), with
or without additives (PEG200, PEG600, or PEGMEA), was poured on
the support membrane. The support membrane was equilibrated with
this aqueous monomer solution for 3 min to provide enough time for
monomers, comonomers, and porogens to diffuse into the pores. The
penetration of PEGDA into PS helps further stability of the coating
layer on PS. The aqueous solution was then poured out, and the
membrane surface was gently dabbed using a filter paper to remove
any residual droplets. A solution of 0.1% v/v of oil-soluble PI
(Darocur) in n-hexadecane was poured on the membrane surface. The
membrane surface was covered with a glass plate to prevent initiation
from PS support membrane.*”** Subsequently, the membrane was
exposed to 365 nm UV light with an 8 W hand-held UV lamp
(Spectronics Corp., Westbury, NY) for varying times (1—20 min). The
excess solution covering the membrane was then poured out, and the
membrane surface was washed with a water/ethanol mixture 1:1 ratio
several times and kept in DI water overnight to ensure the complete
removal of unreacted monomer, additives, initiator, and hexadecane.

Field-Emission Scanning Electron Microscopy (FESEM). The
microstructure of the membrane was characterized by Field-emission
scanning electron microscopy (Supra SS) at 4 kV and 7 mm working
distance. Dried membranes were frozen in liquid nitrogen and cut with
a razor blade for cross-sectional imaging. Samples were sputter-coated
(Cressington 108 manual, Ted Pella Inc,, CA) with Au/Pd (60/40) in
an argon atmosphere.

Attenuated Total Internal Reflectance—Fourier Transform
Infrared (ATR—FTIR). ATR—FTIR spectra of membranes were
collected using a FTIR-6200 spectrophotometer (JASCO Corp,
Tokyo, Japan) over the range 4000—600 cm ™ at a 2 cm™" resolution.
Prior to analysis, membranes were air-dried for 24 h.

Membrane Performance. Filtration experiments were performed
using an Amicon 8010 dead-end stirred cell (Millipore) with a cell
volume of 10 mL and an effective filtration area of 4.1 cm? attached to
a 1 gal reservoir. The cell was stirred at 500 rpm. Tests were
conducted at an applied transmembrane pressure (TMP) of 40 psi.
Water flow rate through the membranes was measured by collecting
the permeate in a container placed on a scale (Ohaus Scout Pro)
connected to a computer and recording the increase in permeate
weight over time. The membrane permeance (Lp) was calculated by
normalizing flux (J), defined as the water flow rate divided by active
membrane area, with applied transmembrane pressure (AP):

J

"7 AP

Membrane performance in protein filtration was studied by filtering
solutions of a series of proteins with different sizes at a concentration
of 100 ppm in PBS buffer one at a time. The first 1 mL of filtrate was
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discarded, and the subsequent 1 mL was collected. The concentration
of protein in this filtrate was measured using UV—vis spectroscopy
(Thermo Scientific Genesys 10S spectrometer, Waltham, MA) at 285
nm for BSA and Aprotinin and 410 for Cytochrome C. Protein
rejection was calculated according to

<)
R% =|1—- —]X 100
F

where R is the solute rejection, and Cg and C;, are the concentration of
feed (100 ppm) and permeate, respectively. Membranes were washed
(soaked in DI water, and DI water was filtered through overnight)
before subsequent protein filtration experiments. No significant shift in
water permeance was noted between protein filtration experiments.

The fouling properties of the membrane were investigated in a
cross-flow system with a flat-frame membrane module (Sterlitech
CF016A, Kent, WA) integrated with a KrosFlo Research II TFF
System (Spectrum Laboratories, Inc., Compton, CA). The CF016 cell,
with an as-manufactured effective membrane area of 20.6 cm” and a
channel depth of 2.3 mm, was fitted with an impermeable plastic mask
that allowed the installation of round membrane swatches with an
effective filtration area of 4.1 cm?® Experiments were performed at
transmembrane pressure (TMP) of 40 psi and feed flow rate of 135
mL min~, corresponding to a shear rate of 9.4 s™' and a Reynolds
number of 120, indicating laminar flow. This value was selected based
on the literature that re;)orts more severe irreversible fouling occurring
at low Re numbers.”' "
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