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ABSTRACT: Biofouling on polymeric membranes poses a
significant challenge in protein production and separation
processes. We report here on the use of zwitterionic peptides
composed of alternating lysine (K) and glutamic acid (E) residues
to reduce biomolecular fouling on gold substrates and polymeric
membranes within a protein production-mimicking environment.
Our findings demonstrate that both gold chips and polymeric
membranes functionalized with longer sequence zwitterionic
peptides, along with a hydrophilic linker, exhibit superior
antifouling performance across various protein-rich environments.
Furthermore, increasing the grafting density of these peptides on substrates enhances their antifouling properties. We believe that
this work sheds light on the antifouling capabilities of zwitterionic peptides in cell culture environments, advancing our
understanding and paving the way for the development of zwitterionic peptide-based antifouling materials for polymeric membranes.

■ INTRODUCTION
The gradual buildup of proteins, cellular debris, and other
substances on substrate surfaces over time, particularly under
biological and physiological conditions,1,2 poses significant
challenges in various fields such as drug delivery, water
treatment, protein separation, among others.3−8 Efforts to
address fouling-related issues and to devise effective solutions
have been a central focus of extensive research over the past
few decades.8−13 One commonly employed strategy for
preventing surface fouling is the chemical modification of
surfaces with poly(ethylene glycol) (PEG)14,15 or zwitterionic
polymers.16−18 These methods are intended to minimize the
accumulation of biomolecules, inhibit microbial adhesion, and
curb biofilm formation on various surfaces, particularly in
medical devices and related applications.19−22 While PEG and
its shorter variant, oligo(ethylene glycol) (OEG), are
commonly used as coatings to resist foulant adsorption,23

their susceptibility to oxidation and degradation over time and
conformational instability in high ionic strength buffers
presents a considerable obstacle.15 In this context, zwitterionic
polymeric materials, known for their robust antifouling
properties and stability in high-salt conditions, have emerged
as promising alternatives.24−28

Zwitterionic polymers are characterized by an equal number
of closely positioned negatively charged and positively charged
groups within their structure.13 These polymers promote

surface hydration through ionic solvation, creating a dense
hydration shell that establishes a high-energy barrier against
fouling.28−31 Early research by the Jiang Lab pioneered the
investigation of antifouling properties in zwitterionic poly-
mers,5,8,13 particularly with phosphorylcholine (PC)-based
systems,32,33 which exhibited superior resistance to protein
adsorption and cellular adhesion while maintaining charge
neutrality. Building upon this foundational work, subsequent
advancements in carboxybetaine (CB)-based34−38 and sulfo-
betaine (SB)-based31,38−41 zwitterionic polymers have demon-
strated their ultralow fouling capabilities, establishing a new
paradigm in surface modification strategies. Despite the
extensive body of research on zwitterionic polymers,
investigations into the antifouling properties of zwitterionic
peptides remain relatively limited, particularly under cell
culture and various protein production conditions. Zwitter-
ionic peptides, comprising an equal number of positively and
negatively charged amino acid residues, offer enhanced design
versatility and biocompatibility compared to polybetaines.42−44
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While previous studies have demonstrated the antifouling
properties of zwitterionic peptide coatings and some important
molecular design criteria,6,45−49 comprehensive evaluations
under diverse conditions, such as a protein production
environment and extreme lysed cell environments, remain
largely unexplored.

In this study, we selected zwitterionic peptides for their
versatile design possibilities offered by peptide motifs and their
superior biocompatibility under cell culture conditions.50,51 By
attaching these peptides to a gold substrate, we demonstrated
their antifouling properties against various testing solutions,
including protein solutions, cell culture media, and lysed cell
solutions. Furthermore, we developed a new membrane
modification strategy by functionalizing zwitterionic peptides
onto a poly(ether sulfone) (PES) membrane and verified the
antifouling performance of the modified membranes under
different conditions. These rationally designed peptides
exhibited strong resistance to foulants even under extreme
lysed cell conditions, highlighting the excellent antifouling
capabilities of zwitterionic peptides.

■ MATERIALS AND METHODS
Chemicals and Materials. All Fmoc amino acids including Rink-

Amide and O-benzotriazole-N,N,N′,N′-tetramethyluronium-hexa-
fluoro-phosphate (HBTU) were purchased from Advanced Auto-
mated peptide Protein Technologies (AAPTEC, Louisville, KY,
USA). Silicon wafer chips with 100 nm gold were purchased from
Platypus Technologies (Madison, WI, USA). PES was kindly provided
by MilliporeSigma (Burlington, MA, USA). Pure human immuno-
globulin G1 (IgG1) was obtained from Bristol Myers Squibb (Boston,
MA, USA). N-(3,4-Dihydroxyphenethyl)methacrylamide (dopamine
methacrylamide) was purchased from Polymer Source Inc. (Dorval,
Montreal, Canada). The LIVE/DEAD Viability/Cytotoxicity Kit was
purchased from Fisher Scientific (Suwanee, GA, USA). The HEK 293
cell line was purchased from American Type Culture Collection
(ATCC, Manassas, VA). Dulbecco’s modified Eagle’s medium
(DMEM)/high glucose, trypsin−EDTA (0.25%), phenol red, and
PBS were obtained from Thermo Fisher Scientific (Carlsbad, CA,
USA). Other reagents were sourced from Sigma-Aldrich (St Louis,
MO, USA) or VWR (Randor, PA, USA) unless otherwise specified.
Synthesis and Purification of Zwitterionic Peptides. All the

peptides were synthesized using the standard 9-fluorenylmethox-
ycarbonyl (Fmoc) solid-phase synthesis technique and D-amino acids.
The peptide KE8 was synthesized by the sequential conjugation of
eight pairs of alternating Fmoc−D−Glu(OtBu)−OH amino acids and
Fmoc−D−Lys(Boc)−OH amino acids, four Fmoc−Gly−OH amino
acids, and one Fmoc−D−Cys(Trt)−OH on the Rink-Amide resin.
20% of 4-methylpiperidine in dimethylformamide (DMF) solution
was used to deprotect the Fmoc. The amino acids were coupled onto
the resin after the deprotection using a mixture of amino acids, HBTU
and N,N-diisopropylethylamine (DIEA) (4:4:6 molar equivalence to
free amine) in DMF for 2 h. Each conjugation of amino acids was
followed by two rounds of Fmoc deprotection to ensure the
availability of a free amine group on the amino acids. In the end,
the cleavage of the resin was performed using a mixture of
trifluoroacetic acid (TFA), triisopropylsilane (TIS), and water at a
ratio of 92.5/5/2.5% v/v for 3 h. The solution containing the peptide
and TFA was collected and concentrated in cold diethyl ether. The
precipitate was washed with cold diethyl ether three times and
centrifuged at 5000 rpm for 5 min. The crude peptide was dried under
the hood overnight and allowed to stand for further purification. For
purification, the crude peptide solid was dissolved in a water and
acetonitrile (ACN) mixture containing 0.1% v/v NH4OH and then
purified by a Varian ProStar Model325 (Agilent Technologies, Santa
Clara, CA) reverse-phase high-performance liquid chromatography
(RP-HPLC) using a mobile phase of water and ACN. The peptide
was separated from impurities by preparative RP-HPLC using a C18

column with a flow rate of 16 mL/min, 10 mL injections, and
monitoring at 220 nm for peptide. The eluent gradient was run
linearly from 10% to 40% ACN over 20 min. The collected fractions
were analyzed by electrospray ionization mass spectrometry (ESI-MS)
to isolate fractions containing the molecules of interest. Factions with
the correct mass were combined, and excess ACN was removed using
rotary evaporation. The peptides were lyophilized using a Labconco
FreeZone freeze-dryer.
Gold Chip Pre-treatment and Modification. Gold-coated

silicon wafers were obtained from Platypus Technologies (Madison,
WI, USA). The gold chips were first immersed in Nanopure water and
cleaned using a sonicator. They were then treated with a basic piranha
solution (NH4OH/H2O2, 7:3) at 75 °C for 20 min, followed by
extensive rinsing with Nanopure water and drying with nitrogen gas.
To remove any remaining moisture, the chips were stored in a
vacuum desiccator. Subsequently, the gold chips underwent plasma
cleaning (Denton evaporator) for 30 min to eliminate residual organic
particles and enhance surface hydrophilicity by transferring electrons
to the surface. Before use, the chips were rinsed with ethanol and
Nanopure water three times and dried with nitrogen gas. Both the
piranha solution and plasma cleaning were employed to remove
organic matter and impurities while also increasing surface hydro-
philicity. For peptide modification, the gold chips were incubated in a
1 mg/mL zwitterionic peptide solution prepared in PBS buffer for 24
h, resulting in zwitterionic peptide-modified gold chips.
Nonspecific Protein Adsorption Assays. Zwitterionic peptide-

modified gold chips were rinsed with Nanopure water before use. A 1
mg/mL IgG protein solution was prepared for the protein adsorption
test. Three zwitterionic peptide-modified gold chips, one regular
peptide-modified gold chip, and one plain gold chip were incubated in
the IgG protein solution for 4 h. After incubation, the gold chips were
removed and rinsed thoroughly with a PBS solution to remove loosely
bound proteins. The rinsed gold chips were then immersed in 4 mL of
fresh PBS solution and sonicated for 5 min to dislodge any adsorbed
proteins. UV−vis spectroscopy was used to measure the absorbance
of the resulting solutions across a wavelength range of 600−200 nm.
The absorbance values were subsequently converted to the adsorbed
protein mass. The same procedure was applied to test adsorption in
cell culture media and lysed cell media.
PES Membrane Pre-treatment and Modification. The PES

membrane, delivered with a lubricant coating, was first rinsed with
water to remove the lubricant. Dopamine methacrylamide (DM) was
dissolved in Tris buffer (pH 8.5, 50 mM) to prepare a 1 M solution.
The PES flat membranes were initially immersed in ethanol to clean
the surface and then transferred to the DM solution. The membranes
were shaken for 2 h at room temperature and subsequently allowed to
settle overnight to preserve the pore structure.

After DM modification, the membranes were rinsed three times
with Nanopure water to remove excess DM and minimize nonspecific
adsorption. The membranes were then immersed in a 1 mM
zwitterionic peptide solution and incubated for 3 days at room
temperature to complete the modification process.
Grafting Density Tests. The grafting density of zwitterionic

peptides on the PES-DM membrane was analyzed by using HPLC. A
calibration curve correlating the concentration of KE12 peptides with
the area under the curve was created using serial dilutions from 1 mM
to 1 μM. A 1 mM KE12 solution was used as the stock solution to
attach the zwitterionic peptides to the PES-DM membrane.
Membranes were incubated in the stock solution for 1, 3, and 5
days to compare the effects of the incubation time. After incubation,
the membranes were rinsed with Nanopure water to remove
unattached peptides, and the rinsed solution was collected for
analysis.

The concentration of KE12 in both the incubated and rinsed
solutions was measured by HPLC to calculate the peptide grafting
density. This was determined by subtracting the analyzed mass of
unattached peptides from the total initial mass of KE12. The same
procedure was applied to two additional conditions: varying the DM
concentration and varying the KE12 concentration. For DM
concentration tests, membranes were treated with 1, 3, and 5 mM
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DM under three days of incubation with 1 mM KE12. For varying
KE12 concentrations, membranes were incubated with 0.5, 1, and 1.5
mM KE12 while maintaining the DM concentration and incubation
time constant.

Antifouling performance studies were conducted for each
membrane using an IgG protein solution under different conditions,
following the same procedure as that used for gold chip modification.
The absorbance of IgG proteins was measured by UV−vis
spectroscopy and converted into protein mass per unit area to
quantify the antifouling performance.
Cell Viability Assays. The HEK 293 cell line was selected for the

cell viability assay. Cells were passaged three generations before use
and exposed to three concentrations of KE12 (0.4, 4, and 40 μM).
Two control groups were included: a negative control (cells without
peptide treatment) and a positive control (cells treated with ethanol).
Approximately 10,000 cells per well were seeded on 8-well slides and
cultured in DMEM for 12 or 24 h.

A 4 μM stock solution of ethidium homodimer-1 (EthD-1) was
prepared in sterile DPBS, and 5 μL of the calcein AM stock solution
was added to the EthD-1 solution. A total of 100 μL of the combined
reagents was added to each well, followed by a 45 min incubation.
Confocal microscopy was used to observe the fluorescence of the live
and dead cells in each well. Calcein AM and EthD-1 exhibit

excitation/emission wavelengths of 494/517 and 528/617 nm,
respectively, allowing for the differentiation of live (green
fluorescence) and dead (red fluorescence) cells.
Cell Culture and Peptide Cytotoxicity Tests. The CHOZN GS

cell line cultured in proprietary media was used for spent media
analysis. Fresh culture medium served as the Day 0 medium, while cell
culture supernatant was collected on Day 5 of culture. Cell lysates
were prepared by using the freeze−thaw method. Cell suspension
samples were frozen at −80 °C for 30 min, followed by thawing at 37
°C for 30 min. This cycle was repeated three times to ensure complete
cell lysis.

The CHOZN GS cell line (Sigma-Aldrich) was cultured in
commercial medium (EX-Cell CD CHO Fusion) in both batch and
fed-batch modes (Figure S7) for the viability study. Suspension cells
were maintained in 125 mL shake flasks with a working volume of 30
mL and agitated at 125 rpm, at 37 °C, and under 5% carbon dioxide.
Culture media supernatants were collected every 24 h to assess
growth and viability, with Day 5 samples used for IgG titer
measurements. Viable cell density was determined by using
hemocytometry.
Protein A HPLC. Chromatographic measurements were per-

formed by using an Agilent 1260 Infinity II LC System. A prepacked
Protein A column (POROS A, 20 μm, 2.1 mm × 30 mm, 0.1 mL;

Figure 1. Molecular design and illustration of the zwitterionic peptide-modified substrate with antifouling properties. (A) Chemical structures of
the four designed molecules. The three zwitterionic peptides (KE8, KE12, and MKE12) consist of varying numbers of lysine and glutamic acid
pairs and feature different linker designs. NZP, the control peptide, lacks zwitterionic characteristics and consists of an unequal number of lysine
and glutamic acid residues. (B) Schematic representation of the antifouling mechanism of zwitterionic peptide-modified substrates, depicting the
formation of a hydration shell that repels foulants.
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Thermo Fisher Scientific, cat. no. 2100100) was employed for titer
quantification. The binding buffer (Buffer A) consisted of 10 mM
phosphate buffer with 100 mM sodium chloride at pH 7.2, while the
elution buffer (Buffer B) consisted of 12 mM hydrochloric acid and
100 mM sodium chloride at pH 2.7. Absorbance was recorded at 280
nm. Harvested cell culture (HCC) samples were filtered through a
0.22 μm filter prior to HPLC analysis.

■ RESULTS AND DISCUSSION
Molecular Design and Substrate Modification. In

designing the zwitterionic peptides, our goal was to achieve a
zwitterionic characteristic by incorporating alternating pos-
itively and negatively charged natural amino acid residues.

Figure 1A illustrates the molecular design of four different
peptides, where we varied the number of charged groups and
linker designs to identify key determinants of the antifouling
performance. The first peptide, KE8, consists of 8 pairs of
lysine (K) and glutamic acid (E) residues, where lysine
provides the positive charge, and glutamic acid provides the
negative charge. Four glycine (G) residues serve as a flexible
linker for the zwitterionic peptides, followed by a cysteine
anchor group. The cysteine residue, containing a thiol group,
facilitates surface modification through well-defined thiol-gold
chemistry or thiol−ene chemistry. The second peptide, KE12,
shares a similar design with KE8 but incorporates 12 pairs of

Figure 2. Evaluation of antifouling performance of zwitterionic peptide-modified gold chips. (A) Schematic of the antifouling performance
assessment process, including cell environment incubation, surface sonication, and UV−vis measurement. (B) Quantification of IgG protein
adsorption per unit area (cm2) using UV−vis spectroscopy (the used IgG concentration was 1 mg/mL). (C) Adsorption of fresh cell culture media
(Day 0) measured at 280 nm. (D) Adsorption of aged cell culture media (Day 7) measured at 280 nm. (E−G) Adsorption of lysed cell culture
media at (E) 280 nm (proteins), (F) 260 nm (nucleic acids), and (G) 220 nm (amino acids). Each error bar represents the standard deviation of
three independent measurements. Data are presented as mean ± SD (*p < 0.05; **p < 0.01; ns p > 0.05; ****p < 0.0001 for KE12 vs PGC and
control NZP; unpaired t-test, n = 3).
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charged residues. For the third peptide, we altered the linker
design, replacing the four glycine residues with 11-
mercaptoundecanoic acid, which consists of an 11-carbon
hydrocarbon chain with a terminal thiol group and carboxylic
acid. This linear hydrocarbon linker is more hydrophobic than
the glycine-based linker. By varying the number of charged
groups and linker designs, we could systematically evaluate
their effects on antifouling performance. As a control molecule,
we also designed and synthesized NZP, which contains 12
pairs of charged residues but lacks the zwitterionic character-
istic. All amino acids used were selected as D-amino acids to
reduce susceptibility to enzymatic degradation. The peptides
were purified using HPLC, and their masses were confirmed
via ESI (Figures S1−S4). Details of chemical synthesis and
purification are included in the following Materials and
Methods section.

The hypothesized antifouling mechanism of zwitterionic
peptide-modified substrates is illustrated in Figure 1B. In the
illustration, the zwitterionic peptides are shown attached to the

substrate, with alternating positively charged (red segments)
and negatively charged (blue segments) amino acid residues.
These peptides are anchored to the substrate via an anchor
group (orange) and a linker (black). The charged groups
within the peptide chains attract and retain water molecules,
forming a dense hydration shell (depicted as blue molecules).
This hydration shell acts as a physical and energetic barrier,
effectively preventing the adsorption of a wide range of
foulants including proteins, cells, cell debris, enzymes, DNA/
RNA, and organic molecules.

■ ZWITTERIONIC PEPTIDE-MODIFIED GOLD CHIPS
AND NONSPECIFIC PROTEIN ADSORPTION

We first investigated the nonspecific protein adsorption of
zwitterionic peptide-modified gold chips. The preparation of
zwitterionic peptide-modified gold chips is detailed in the
Materials and Methods section, and the nonspecific protein
adsorption assay is illustrated in Figure 2A. In this study,
zwitterionic peptides (1 mg/mL) were covalently attached to

Figure 3. Illustration and characterization of PES membrane modification. (A) Schematic representation of the PES membrane modification steps,
highlighting the intermediate PES-DM membrane used to attach zwitterionic peptides. The zoomed-in images show the membrane state at each
modification stage. SEM images of (B) unmodified PES membrane with an average pore size of 431 ± 30.9 nm, (C) intermediate PES-DM
membrane with an average pore size of 415 ± 20.8 nm, and (D) zwitterionic peptide-modified PES membrane (PES-DM-KE12) with an average
pore size of 457 ± 21.1 nm. The scale bar represents 10 μm. Data are presented as mean ± SD, with n = 100 for each membrane. Peptide grafting
density, represented as the number of peptide chains per nm,2 was analyzed by varying (E) incubation time, (F) DM concentration, and (G) KE12
concentration. Each error bar indicates the standard deviation of three independent measurements (n = 3).
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gold chips using well-established thiol-gold chemistry.46,52,53

This approach leverages the strong affinity between the thiol
groups of cysteine residues and the gold substrate to ensure a
stable peptide coating. The effectiveness of the zwitterionic
peptides in resisting nonspecific protein adsorption was
assessed using a sonication-based technique, which allows
the quantification of loosely adsorbed proteins and foulants.
The sonication process effectively removes noncovalently
bound proteins from the gold surface, and the collected
sonication solution was analyzed using UV−vis spectroscopy.
By employing Beer’s Law and the known absorptivity value of
the IgG protein solution, we determined the mass of proteins
adsorbed on the gold chips (Figure 2A).

A comparison between zwitterionic peptide-modified gold
chips and plain gold chips (PGCs) clearly demonstrated the
superior antifouling properties of the modified surfaces (Figure
2B). PGCs exhibited the highest level of protein adsorption at
∼13.3 ng/cm2, indicating minimal antifouling resistance and
serving as a baseline for comparison. Among the zwitterionic
peptides tested, KE12 showed the most pronounced
antifouling performance with a low adsorption level of
approximately 2.2 ng/cm2. MKE and KE8, by comparison,
demonstrated adsorption levels of ∼4.2 and ∼7.4 ng/cm2,
respectively. Both KE12 and MKE fell below the commonly
accepted ultralow fouling threshold of 5 ng/cm2, indicating
their ability to effectively resist protein adsorption through the
formation of a zwitterionic hydration shell. The difference in
the adsorption levels between KE12 and MKE may be
attributed to variations in their linker designs. In contrast,
the control molecule NZP, which lacks zwitterionic character-
istics, exhibited higher protein adsorption at 9.5 ng/cm2. These
findings underscore the importance of optimizing both the
zwitterionic characteristics and linker design as well as
incorporating a higher number of lysine−glutamic acid pairs
to enhance antifouling efficacy.

To further validate the antifouling capabilities of zwitterionic
peptides under different conditions, we extended our analysis
to cell culture media. Figure 2C,D presents the adsorption
levels of various gold chips in fresh (Day 0) and aged (Day 7)
cell culture media, respectively. Consistent with the results
obtained using IgG protein solutions, KE12-modified gold
chips showed the lowest adsorption levels, demonstrating
robust antifouling properties, even in complex biological
environments. To challenge the antifouling performance of
the modified gold chips under extreme conditions, we exposed
them to lysed cell solutions and measured the absorbance at
three key wavelengths: 280, 260, and 220 nm (Figure 2E−G).
Absorbance at 280 nm indicates the presence of most proteins,
that at 260 nm indicates nucleic acids (DNA and RNA), and
that at 220 nm corresponds to amino acids. Across all
wavelengths, KE12 consistently exhibited the best antifouling
performance among all tested peptides, indicating its broad-
spectrum resistance to various foulants under the extreme lysed
cell conditions.
PES Membrane Modification and Characterization.

The protein-resisting performance of zwitterionic peptide-
modified gold chips prompted us to explore their application in
polymeric membranes, given their widespread use in protein
purification, water treatment, and medical devices. For this
study, we selected a commercially available PES membrane,
commonly used in tangential flow filtration systems for protein
purification. As illustrated in Figure 3A, DM was first deposited
onto the PES membrane to introduce reactive double bonds

for peptide attachment. The deposition was facilitated and
stabilized by hydrogen bonding interactions, with the hydroxyl
groups of DM’s catechol moiety forming hydrogen bonds with
the oxygen atoms in the ether linkages of the PES membrane.
DM is a brownish powder that is soluble under slightly basic
conditions, and successful deposition was visually confirmed by
a color change of the membrane from white to orange. We
utilized thiol−ene chemistry, a versatile organic reaction that
forms a stable thioether bond between thiol groups and
alkenes, to anchor the zwitterionic peptides to the membrane
surface. This robust thioether linkage provides a stable and
reliable peptide attachment. For these studies, we selected
KE12 as the zwitterionic peptide due to its superior
performance demonstrated in our experiments with gold
chips. The successful attachment of zwitterionic peptides was
confirmed by using Fourier transform infrared spectroscopy
(FTIR). We compared the FTIR spectra of PES-DM and PES-
DM-KE12 (Figure S5). The successful thiol-ene reaction was
evidenced by the disappearance of the C−H alkene bending
peak at 1000−875 cm−1 and the emergence of a new C−S
bond peak at 730−580 cm−1, confirming the covalent
attachment of the zwitterionic peptides.

Next, to determine whether the chemical modifications
affected the membrane structure and pore size, we analyzed the
surface morphology of the unmodified PES membrane, the
dopamine-methacrylamide-modified PES membrane (PES-
DM), and the zwitterionic peptide-modified PES membrane
(PES-DM-KE12) using scanning electron microscopy (SEM),
as shown in Figure 3B−D. Pore size measurements were
conducted on 100 randomly selected regions for each
membrane type. The KE12-modified PES membrane exhibited
an average pore size of 457 ± 21.1 nm, which was consistent
with that of both the unmodified PES membrane and the
intermediate PES-DM membrane. This result indicates that
the modification process did not alter the pore size, thereby
preserving the membrane’s functional integrity.

We further evaluated the grafting density of the modified
membrane by altering the incubation conditions as the grafting
density of zwitterionic peptides on the PES membrane is
crucial for antifouling performance. The stability of surface
modification and optimal peptide density are crucial factors
affecting long-term antifouling performance. A higher grafting
density generally correlates with enhanced antifouling effects.
Figure 3E presents the impact of varying the peptide
incubation times (1, 3, and 5 days). The results showed a
significant increase in grafting density from Day 1 (0.07
chains/nm2) to Day 3 (0.18 chains/nm2), with a minor
increase from Day 3 to Day 5 (0.2 chains/nm2). These findings
indicate that incubation times beyond 2 days contribute
minimally to further increasing the grafting density. This
optimization seems to strike a balance between achieving
sufficient surface coverage and preserving the peptides’
conformational freedom, which is crucial for effective
hydration shell formation and antifouling performance. The
stability of the surface modification was further validated
through protein adsorption tests conducted under diverse
conditions, including exposure to cell culture media and lysed
cell solutions. Remarkably, the modified membranes consis-
tently maintained their antifouling properties, demonstrating
their robustness and suitability in challenging biological
environments. We then assessed protein adsorption for the
membranes incubated for different durations using a 1 mg/mL
IgG solution (Figure S6A,B). The results aligned with the
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peptide density measurements, showing that higher peptide
densities resulted in lower protein adsorption. Membranes
incubated for 1 day adsorbed 1.3 μg/cm2 of IgG, while those
incubated for 3 and 5 days adsorbed approximately 0.9 μg/
cm2.

Another key factor affecting grafting density is the
concentration of DM used in membrane modification. DM
introduces double bonds onto the PES membrane while
enabling zwitterionic peptide attachment via the thiol-ene
chemistry. Interestingly, increasing the DM concentration from
1 to 3 and 5 mM did not significantly enhance peptide grafting
density. Figure 3F compares DM concentrations of 1, 3, and 5
mM, showing a similar peptide density of approximately 0.9
chains/nm2. However, protein adsorption increased as the DM
concentration rose, especially from 1 to 3 mM, as illustrated in
Figure S6C,D. Unexpectedly, higher DM concentrations
resulted in increased protein adsorption, likely due to the
adhesive nature of dopamine methacrylamide. Excess DM
seems to enhance protein adherence to the membrane surface,
thereby compromising its antifouling performance. Finally, we
optimized the zwitterionic peptide concentration to achieve
the highest grafting density, as shown in Figure 3G. A higher
peptide concentration led to an increased grafting density and
reduced protein adsorption, as confirmed by Figure S6E,F.
Based on these findings, we determined the optimal conditions

for the peptide grafting process to maximize antifouling
performance in zwitterionic peptide-modified membranes.
Antifouling Performance of Modified PES Mem-

branes in Static Conditions. We further evaluated the
antifouling performance of zwitterionic peptide-modified PES
membranes in various testing solutions, comparing them to
unmodified PES membranes and intermediate PES-DM
membranes. The same sonication technique was applied for
this protein resistance assay, where lower protein adsorption
indicated a better antifouling efficacy. The results mirrored the
trends observed in the gold chip protein adsorption assay. As
shown in Figure 4A, the unmodified PES membrane adsorbed
45.5 μg of IgG protein per cm2, which is nearly six times higher
than the adsorption observed for the KE12-modified
membrane (8.0 μg/cm2). Other zwitterionic peptide-modified
membranes, such as PES-DM-KE8 and PES-DM-MKE, also
demonstrated strong antifouling performance, though not as
effectively as PES-DM-KE12.

Interestingly, the intermediate PES-DM membrane ex-
hibited higher protein adsorption than the unmodified PES
membrane, possibly due to the adhesive nature of dopamine
methacrylamide, which may promote protein adherence.
However, the zwitterionic peptide modification significantly
improved the antifouling ability, resulting in lower protein

Figure 4. Antifouling performance of the modified PES membrane. (A) Antifouling performance of the unmodified PES membrane, intermediate
PES membrane (PES-DM), nonzwitterionic control membrane (PES-DM-NZP) and zwitterionic peptide-modified membranes (PES-DM-KE8
and PES-DM-KE12) using a 1 mg/mL IgG protein solution, measured by UV−vis to determine protein adsorption per unit area. (B) Protein
adsorption of the same membranes using fresh (Day 0) cell culture media, measured at 280 nm. (C) Protein adsorption of the same membranes
using 7 day cell culture media, measured at 280 nm. (D−F) Adsorption of lysed cell culture media at (D) 280 nm, (E) 260 nm, and (F) 220 nm,
measured for all membrane types. Each error bar represents the standard deviation of three independent measurements. Data are presented as
mean ± SD (*p < 0.05; **p < 0.01; ns p > 0.05; and ****p < 0.0001 for KE12 vs unmodified PES and nonzwitterionic control membrane PES-
DM-NZP; unpaired t-test, n = 3).
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adsorption levels compared to both unmodified and PES-DM
membranes.

This trend was consistent across other testing solutions.
Figure 4B,C demonstrates that zwitterionic peptide-modified
membranes effectively resisted protein adsorption in a more
complex cell culture environment. We measured the
absorbance of the sonication solution at 280 nm for both
fresh (Day 0) and aged (Day 7) cell culture media. Day 7
media contained a higher concentration of proteins, which
explained the higher absorbance values across all membranes
in Figure 4C compared to Figure 4B. In Figure 4D−F, we
assessed membrane adsorption at 280, 260, and 220 nm,
respectively, confirming consistent results with IgG protein
solution and cell culture media. Interestingly, while KE12
consistently demonstrated the best antifouling performance,
the magnitude of improvement over KE8 was not directly
proportional to the 50% increase in the number of charged
pairs. This observation can be attributed to two key factors.
First, KE8, with its 8 pairs of charged groups, can already

achieve strong antifouling properties through effective
hydration layer formation. The additional charged pairs in
KE12 enhance this hydration barrier, resulting in superior
performance across all testing conditions, although the
improvement is commensurate with the increase in charged
KE pairs. Second, the longer chain length of KE12 may
introduce greater steric hindrance, potentially reducing the
surface grafting density of the peptides and limiting further
gains in antifouling efficiency. Despite these considerations,
KE12 consistently exhibited the best antifouling performance,
indicating that the benefits of additional charged pairs
outweigh any steric limitations introduced. These findings
provide valuable insights into optimizing zwitterionic peptide
design, emphasizing the importance of balancing charged
group density with peptide chain length. The exceptional
antifouling properties of KE12-modified membranes in both
cell culture media and lysed cell environments highlight their
potential for advanced protein purification applications.

Figure 5. Cytotoxicity of KE12 peptides in the cell culture environment. Live/Dead cell viability confocal microscopy images of HEK 293 cells
exposed to KE12 peptide solutions for 12 h at concentrations of (A) 0.4 μM, (B) 4 μM, and (C) 40 μM. Images of HEK 293 cells exposed to KE12
peptide solutions for 24 h at concentrations of (D) 0.4 μM, (E) 4 μM, and (F) 40 μM. (G) Positive control showing HEK 293 cells grown in media
without zwitterionic peptides. (H) Negative control of HEK 293 cells treated with 70% ethanol. Images were acquired using a Zeiss LSM 780
confocal microscope with a 40× objective lens. Green fluorescence indicates live cells, and red fluorescence indicates dead/dying cells. Scale bars
represent 50 μm. (I) Viable cell density, (J) cell viability, and (K) titer production of CHO cells cultivated in batch culture with 0.4, 4, and 40 μM
KE12 peptide. For all conditions, the initial seeding day was designated as Day 0, and culture samples were collected every 24 h. Bars represent
mean ± s.e.m.; n = 3. *p < 0.05; NS, nonsignificant. Statistical analysis was performed using a two-tailed t-test compared to the control group.
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Cytotoxicity of Zwitterionic Peptides in Cell Culture
and Impact on Protein Production. We further assessed
the cytotoxicity of the KE12 peptide in the HEK 293 cell line
using confocal fluorescence microscopy, as shown in Figure
5A−H. Although our peptides are designed to remain
covalently bound to substrates, we tested free peptides at
concentrations far exceeding those that cells might encounter
due to potential peptide detachment or degradation during
protein production processes. This conservative approach
ensures a rigorous and comprehensive safety evaluation of the
biocompatibility of our system. The HEK 293 cell line, isolated
from human kidney cells, is widely used for cell viability assays.
Calcein AM and ethidium homodimer-1 were employed as
fluorescence stains, where live cells fluoresced green and dead
cells fluoresced red. We measured cell viability at two different
time points (12 and 24 h) across three KE12 concentrations
(0.4, 4, and 40 μM). The live control group was cultured in
pure media without peptide addition, while the dead control
group was treated with 70% ethanol. No dead cells were
observed in the zwitterionic peptide-treated groups at either
the 12 or 24 h time points, even at the highest concentration of
40 μM, which exceeds typical peptide concentrations in cell
culture media that might result from potential surface
detachment. These findings indicate that the zwitterionic
peptides used in our study are nontoxic to the cell
environment.

For a more comprehensive assessment, we conducted a
batch process study on an IgG-expressing CHO cell line,
exposing it to three different KE12 concentrations to examine
the cytotoxicity. The results demonstrated that even at a
concentration as high as 40 μM�significantly higher than any
peptide concentrations resulting from detachment or degrada-
tion�there were no statistical differences in cell growth,
viability, or titer production between the KE12-treated samples
and the control samples throughout the batch process (Figure
5I−K). Protein A column HPLC was used for titer
quantification measurement. To further validate these findings,
we conducted a 14 day fed-batch experiment with the KE12
peptide, which displayed a similar trend and corroborated the
results obtained from the initial batch process (Figure S7). It is
worth noting that the observed decline in viable cell density
and cell viability after Day 7 is typical for cells cultured under
these conditions, with no significant differences detected
between the KE12-treated samples and the control samples
throughout the experiment. This consistency highlights that
the presence of KE12 does not negatively impact cell growth or
productivity, even over prolonged culture periods. Addition-
ally, we assessed the impact of the MKE zwitterionic peptide
and the dopamine methacrylamide intermediate on CHO cell
growth to ensure that these components did not compromise
cell viability. These investigations confirmed that neither the
zwitterionic peptides nor the intermediate products had any
adverse effects on CHO cell growth under the studied
conditions. The corresponding data for these evaluations are
provided in Figures S8 and S9. Overall, these results reinforce
the biocompatibility of the zwitterionic peptides and
intermediates, supporting their potential use in applications
in which cell viability and sustained protein production are
crucial.

■ CONCLUSIONS
In this study, we designed several zwitterionic peptides with
varying numbers of charged groups and two different linker

designs to investigate their antifouling performance. Our
findings demonstrate that increasing the number of charged
groups and enhancing hydrophilicity can significantly improve
antifouling properties by promoting the formation of a more
robust hydration shell. The successful attachment of
zwitterionic peptides to both gold substrates and PES
membranes highlights the versatility of our tunable peptide
sequence design and modification chemistry. SEM imaging
confirmed that the modification process did not alter the pore
size or compromise the functionality of the PES membranes.
Protein adsorption tests conducted across various environ-
ments�including protein solutions, cell culture media, and
extreme lysed cell conditions�demonstrated the broad-
spectrum antifouling effect of zwitterionic peptides. Further-
more, optimizing the zwitterionic peptide grafting density
further enhanced the antifouling performance, indicating a
clear pathway for improvement. The optimized grafting
conditions identified in this study offer practical applications
in protein purification and membrane separation industries,
where they can help prolong the membrane lifespan and
reduce operational costs. These insights into the key
determinants of antifouling properties provide a valuable
framework for designing more effective membrane modifica-
tions.
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