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Development of Substrate-Independent Antifouling and
Bactericidal Surfaces Using Visible Light Cross-Linked
Hydrogel Coatings for Biomedical Applications

Soonjong Roh, Se Youn Jang, Youngmee Jung, Kangwon Lee,* and Jin Yoo*

Preventing biofouling and bacterial infections are pivotal issues in developing
implantable biomaterials. Zwitterionic hydrogels stand out for their
antifouling effects and high biocompatibility, making them ideal for
biomedical applications. However, the lack of direct bactericidal activity and
the limited applicability to various materials are key challenges to be
addressed in these hydrogel coatings. To address this, a dual-functional
hydrogel coating with synergetic antifouling and biocidal properties is
proposed to prevent the initial infection and consequent biofilm formation,
which can be applied to various types of substrates. This coating is fabricated
via photo-crosslinking, combining representative zwitterionic polymer, poly
(sulfobetaine methacrylate) (pSBMA), with a cationic bactericidal polymer,
poly (2-aminoethyl methacrylate) (PAEMA). Owing to antifouling and
contact-killing properties, the p(SBMA-co-AEMA) hydrogel-coated surface can
repel non-specific proteins and eradicate bacteria such as E. coli and S. aureus
that overcame the antifouling barrier. These results also demonstrate that this
hydrogel coating exhibits excellent biocompatibility and can be applied to
various substrate materials from polymers to metals. The coating method
developed in this study holds great potential for enhancing the performance
and safety of various implantable biomaterials and medical devices.

1. Introduction

millions of individuals.'! On the other
hand, preventing implant-associated infec-
tions has emerged as a significant chal-
lenge in developing these medical devices
(e.g., stents, catheters, and pacemakers).
Such infections can trigger diverse for-
eign body reactions (FBRs) and compro-
mise the functionality of medical devices,
impeding the delivery of appropriate clini-
cal interventions.[*?] Conventional implant
biomaterials, encompassing metals, poly-
mers, and ceramics, often lack inherent
self-cleaning capabilities.*! Consequently,
extensive research efforts have been de-
voted to surface modification strategies to
overcome this limitation.>>~]
Investigating and preventing biofoul-
ing is necessary, as it begins with the
adsorption of minute organic particles,
such as proteins, onto surfaces.'”) This
process, in turn, facilitates bacterial col-
onization and biofilm formation.!l To
address these issues, hydrogel coatings
are increasingly recognized for their ex-
ceptional antifouling efficacy and high
biocompatibility.['!!] Designed to prevent

Over the past few decades, implantable medical devices have
significantly advanced life quality and prolonged lifespans for

the adhesion of non-specific proteins, these coatings form a thick
hydration layer on surfaces, creating steric hindrance and an en-
ergetic barrier against fouling.['?) Moreover, their high grafting
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Figure 1. Design of versatile dual-functional p(SBMA-co-AEMA) hydrogel coating.

density, uniform coverage, and ability to precisely control
thickness give hydrogel coatings significant advantages over poly-
mer brushes.["*]

Recently, polyzwitterionic polymers have been widely used
as substitutes for poly(ethylene glycol) (PEG) due to their en-
hanced coating stability and superior antifouling properties.[1#15]
Additionally, several researchers have reported poly(ylides) as a
new class of unexplored zwitterionic materials. Notable advance-
ments in antifouling research include the exploration of N-oxide-
based materials,!'%17] sulfur ylides, and phosphorous ylides.[!#17]
Despite these developments, zwitterionic groups, such as poly
(sulfobetaine methacrylate) (pSBMA), remain a popular choice
due to their biocompatibility and effective antifouling properties.
These materials uniformly distribute both negative and positive
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charges within their structure, allowing more water molecules
to be retained in the hydration layer and increasing resistance
to dehydration.[?%! Furthermore, the ionic strength resistance of
the zwitterionic moieties stabilizes the modified surface under
varying ionic and oxidative conditions.l?!l However, several chal-
lenges remain, including limitations on the types of coating sub-
strates, the use of toxic solvents to anchor the initiators, and the
inability to eliminate bacteria that have already adhered. There-
fore, developing a universal coating method applicable to any sur-
face (e.g., metals, polymers, and ceramics) and eradicating bacte-
ria that overcome the anti-adhesion barrier becomes major chal-
lenges in antifouling hydrogel coatings.[??]

Bactericidal surfaces can be achieved by releasing bac-
tericidal agents or directly killing bacteria on the surface
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(contact-killing). While release-based bactericidal surfaces are
highly effective, they face limitations such as the finite longevity
of the agents, challenges in controlling release rates, and the
potential for resistance development with prolonged exposure.
In contrast, contact-killing surfaces maintain a long-lasting an-
tibacterial effect as long as the surface remains intact.??] They
work primarily by disrupting the membranes of adhering bacte-
ria through cationic agents including various amine-containing
polymers, chitosan, and antimicrobial peptides (AMPs).'2] These
surfaces can benefit from the selective toxicity of the amine
groups, especially targeting the more negatively charged bacte-
rial cell membranes over eukaryotic cells due to their differences
in membrane composition and structure.[?’]

To fully meet the desired requirements, this study introduces
a substrate-independent hydrogel coating technique that com-
bines the antifouling characteristics of a polyzwitterionic poly-
mer with the bactericidal properties of a primary amine-based
polymer, utilizing visible light cross-linking. To immobilize the
photoinitiator-loaded SiO, nanoparticles (NPs) onto the sub-
strate, we dip-coated the target surfaces with a polydopamine
(pDA) layer, which facilitated strong adhesion of the NPs to the
substrate. Unlike previously reported hydrogel coating methods
that use benzophenone,?*%] which are limited to polymeric sur-
faces, the use of pDA expands the applicability to a broader range
of substrates. The antifouling functionality was achieved by syn-
thesizing zwitterionic pSBMA hydrogel on the surfaces through
photo-crosslinking. Notably, the physical properties of the hy-
drogel, as well as its antifouling and antithrombogenic perfor-
mance, were optimized at a specific concentration of the cross-
linker, poly(ethylene glycol dimethacrylate) (pPEGDMA). More-
over, the addition of bactericidal poly(2-aminoethyl methacrylate)
(PAEMA) not only effectively prevented biofilm formation but
also strengthened the adhesive interactions between the surfaces
and the hydrogel layer through Michael addition or Schiff base
reactions, thereby forming strong bonds.[2*?’] Conclusively, the
novelty of this study lies in its universally applicable coating pro-
cess under extremely mild conditions and the dual functionality
of the antifouling and bactericidal p(SBMA-co-AEMA) hydrogel
with enhanced physical stabilities. Based on this coating method,
vulnerable and sensitive biomaterials can now be explored for
use in implantable biomedical devices without the risk associated
with toxic organic solvents and bacterial infections.

2. Results and Discussion

2.1. Fabrication of Zwitterionic pPSBMA Hydrogel Coating

Figure 1A delineates the scheme of the zwitterionic hydrogel
coating, comprising three pivotal steps. Initially, pDA was em-
ployed to confer adhesive properties on the hydrogel layer across
diverse substrate types. Subsequently, a suspension of SiO, NPs
adsorbed with Ru(bpy), was applied onto the pDA-coated sub-
strates to anchor the photoinitiator on the surface. These SiO,
NPs play an instrumental role in evenly distributing the pho-
toinitiator and enhancing its photochemical reactivity through
electrostatic bonding with Ru(bpy), as a non-covalent interaction,
thereby improving the coating stability (Figure S1, Supporting
Information).?®] The hydrogel layer was then formed by immers-
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Table 1. Summary of compositions for fabricating different hydrogel coat-
ings.

Sample SBMA [g] AEMA [mg] pEGDMA [g] 1X PBS [mL]
SHG0.1?) 2 - 0.1 10
SHGO0.3 2 - 0.3 10
SHGO.5 2 - 0.5 10
SAHGO.5P 2 80 0.5 10

) SHG denotes pSBMA hydrogel; ®) SAHG denotes p(SBMA-co-AEMA) hydrogel.

ing the substrates in the pre-gel solutions and curing them under
blue light for 3 min.

The pre-gel solution consisted of monomers, a cross-linker,
and sodium persulfate (SPS). When exposed to visible light, the
photo-excited Ru** oxidizes into Ru** by transferring electrons
to SPS. Upon receiving the electrons, SPS dissociates into sul-
fate anions and sulfate radicals. These radicals then initiate the
cross-linking of pSBMA by propagating through the methacry-
loyl groups (Figure 1B).[?l To optimize hydrogel formation,
pre-gel solutions were prepared with different concentrations
of pEGDMA, specifically 0.1, 0.3, and 0.5 g in 10 mL of PBS.
The final zwitterionic hydrogel condition was determined by
evaluating each hydrogel through physicochemical analysis and
antifouling tests, as detailed in the three experimental groups
shown in Table 1.

2.2. Surface Characterization of Zwitterionic pPSBMA Hydrogel

The surface morphologies of zwitterionic pSBMA hydrogels
(SHG) with varying concentrations of the cross-linker pEGDMA
were analyzed using scanning electron microscopy (SEM),
as shown in Figure 2A. First, pDA aggregates and SiO, NPs
were sequentially observed on the Si wafer following each
pre-coating step, contrasting with the pristine Si wafer. After the
hydrogel coating, relatively flat top surfaces and porous struc-
tures appeared in SHGO.3 and SHGO.5, indicating successful
hydrogel layer formation in these groups, except for SHGO.1.
Interestingly, as the pPEGDMA concentration increased, SHGO0.5
exhibited more uniform and circular pores, whereas SHGO.3
had irregular and elongated shapes in the cross-sectional images
(insets in the SEM images). Furthermore, surface roughness, as
analyzed by atomic force microscopy (AFM), showed that higher
PEGDMA concentrations led to smoother surfaces, as seen in
SHGO.5, due to tighter cross-linking (Figure 2B).

The chemical composition of the zwitterionic hydrogel was
confirmed by Fourier transform infrared (FTIR) spectroscopy
(Figure 2C). The FTIR spectra of each layer demonstrated
successful deposition following each coating step. The bands
at 800 cm™! (Si—O bending) and 957 cm™! (Si—OH stretching)
indicated the deposited SiO, NPs on the pDA-coated layer. After
hydrogel coating, the hydration layer was signified by 3550-3200
cm~! range from the hydroxyl group (O—H stretching) and a
band of 1715 cm™!, demonstrating the formation of hydrogel
layer from its carbonyl group (C=O stretching).’%! The bands
at 1644 cm~! (C—N stretching) and 1480 cm™! were observed in
SHGO0.3 and SHGO.5, derived from the quaternary ammonium
of pSBMA (C—N). Moreover, the vibration peak at 1029 cm™!
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Figure 2. Characterization of zwitterionic SHG coatings. A) Surface morphology of SHG coating with different ratios of cross-linker observed by SEM
images. Insets in the SEM images provide a closer view (upper row) and cross-sectional images (lower row), respectively. B) Surface roughness of
SHGO.1, SHGO.3, and SHGO.5 coating. ***p < 0.001 and **p < 0.01. C) ATR-FTIR spectra and D) water contact angles for each step in SHG coating

process. ***p < 0.001 compared to the pristine Si wafer.

(S=0) and 1165 cm™' (S=O) also proved the formation of
PSBMA.[24]

The antifouling properties of hydrogel coatings are attributed
to their high surface energy, which creates thermodynamically
unfavorable conditions that prevent the non-specific adsorption
of proteins.['31 The water contact angle (WCA) was measured
to evaluate each coating layer’s surface energy (Figure 2D). Due
to the hydrophilicity of pDA, the WCA slightly decreased from
95.5 + 9.8° for the pristine Si wafer to 61.8 + 3.7°for the pDA-
coated surface. The WCA drastically reduced to 0° across all
hydrogel-coated groups, regardless of the pEGDMA concentra-
tion. Despite previous results indicating that SHGO0.1 did not
form a hydrogel layer on surfaces, the presence of deposited
SiO, NPs seemed to impact the WCA, likely due to the polar
silanol groups(*? and residual pSBMA on the SHGO.1 surface
(Figure S2, Supporting Information). These findings confirm
that pPSBMA contributes to the superhydrophilic properties of
coatings.

2.3. Mechanical Properties and Biocompatibility of Zwitterionic
pSBMA Hydrogel

In dynamic environments where body fluids are present, the me-
chanical strength of a coating layer is crucial. This is because
deformation of the coating under fluidic conditions can lead to
device malfunction and potentially exacerbate infections.?’! To
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evaluate the mechanical properties of each hydrogel, rheological
property and swelling behavior were analyzed. SHGO.5 exhibited
the highest storage modulus (G’) across all frequencies compared
to the other groups, indicating superior stability of the pSBMA
hydrogel under shear stress (Figure 3A). Since SHG0.1 demon-
strated liquid-like characteristics, with storage modulus values
similar to those of the loss modulus (G”), swelling ratio compar-
isons were only conducted between SHGO0.3 and SHGO.5. Gen-
erally, zwitterionic hydrogels exhibit a high swelling ratio due to
their strong affinity for water molecules, which raises concerns
about detachment from the coating surface because of the dis-
crepancy in mechanical strength between the coated hydrogel
and the substrate.[*}] As illustrated in Figure 3B, SHGO.5 exhib-
ited a lower swelling ratio compared to SHGO.3, reaching equi-
librium just after day 1. This outcome suggests that pEGDMA
enhances the coating stability by creating a denser hydrogel net-
work, which restricts the swelling of pSBMA chains by water
molecules.>*]

To ensure the biocompatibility of the coatings on mam-
malian cells, the cytotoxicity of the SHG coating layer was as-
sessed using human dermal fibroblasts (HDFs). HDFs were
cultured for 24 h in the extraction medium from an SHG-
coated silicon wafer, followed by live/dead staining and cell vi-
ability assay (Figure 3C). The results showed that all groups
with the SHG coating maintained cell viability above 80%, con-
firming that SHG is sufficiently biocompatible for biomedical
applications.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Mechanical properties and biocompatibility of zwitterionic SHG coatings. A) Oscillatory shear rheological properties of SHG0.1, SHGO0.3 and
SHGO.5. The filled and open points represent the storage modulus (G’) and the loss modulus (G”), respectively. B) Swelling behaviors of SHGO0.3 and
SHGO.5 for 7 days. C) (a) Live/dead staining of HDFs cultured with or without SHG (Green: live cells, Red: dead cells) and (b) Quantification of cell

viability using CCK-8 assay after 24 h.

2.4. Antifouling Performance and Applicability of Zwitterionic
pSBMA Hydrogel

The antifouling properties of the SHG-coated surfaces were eval-
uated Dby their resistance to the adsorption of cells, platelets, and
proteins. First, cell adhesion was examined by culturing HDFs
on the pristine and SHG-coated surfaces for 24 h (Figure 4A).
The results revealed that antifouling effects varied with the con-
centrations of the cross-linker. Only a few immature, round-
shaped HDFs were observed on the SHG0.3 and SHGO.5 sur-
faces, whereas the pristine Si wafer and SHGO.1 surfaces had
dense and fully stretched cells. Particularly, the SHGO.5 coating
significantly reduced cell adhesion rates compared to the pris-
tine substrate, indicating that a high concentration of cross-linker
positively impacts antifouling effects. Cell adhesion may be dis-
rupted for two major reasons related to zwitterionic moieties.
First, the formation of a robust hydration shell makes it ther-
modynamically unfavorable for cells to penetrate, as the alternat-
ing positive and negative moieties strongly interact with water
molecules. Additionally, the incorporation of the pEGDMA en-
hances water retention, helping the hydrogel maintain its con-
formation and providing greater resistance to biomolecules. The
second reason is steric hindrance of zwitterioinic polymer chains.
These chains tend to return to their original swelling state, due
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to their hydrophilic nature, after being deformed by foulants.
This resilience prevents cells from attaching to the zwitterionic
hydrogel-coated surface.[3>3¢] Furthermore, the inhibitory effect
of SHGO.5 on platelet activation was observed from the SEM im-
ages (Figure 4B). This confirmed that the coating conditions of
SHGO.5 effectively contribute to its antifouling capabilities, con-
sidering that platelet activation is influenced by surface stiffness
and topography.l”:38l

Subsequently, protein resistance was evaluated by QCM-D,
which monitored in situ protein adsorption on the surface. The
frequency shifts indicated the amounts of adsorbed bovine serum
albumin (BSA) and human fibrinogen (hFg) on the pristine gold
quartz and SHGO.5-coated surfaces (Figure 4C), where a decreas-
ing frequency indicates increasing protein adsorption on the
surface.l'% The frequency values of the SHGO.5-coated surface re-
mained unchanged in both protein solutions of BSA and hFg. In
contrast, those of the pristine quartz surface drastically dropped,
demonstrating the dramatic antifouling efficacy of the SHGO0.5
coating. This result indicates that an intact hydrogel layer was
formed on the surface of the gold quartz, preventing non-specific
adsorption, consistent with the results of cell and platelet adhe-
sion.

Figure 4D shows SHGO0.5 coated on various materials in-
cluding PET, PS, PTFE, Cu, SUS (Stainless steel), Al, and
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Figure 5. Introduction of AEMA and characterization of SAHGO.5. A) Schematic illustrations of AEMA B) Comparison of rheological properties between
SHGO.5 and SAHGO.5. The filled and open points represent the storage modulus (G') and the loss modulus (G"), respectively. C) Swelling behaviors
of SHGO.5 and SAHGO.5 for 7 days. D) Fluorescent images and thickness measurement of SHGO.5 and SAHGO.5 coating layers. E) Live/dead staining
of HDFs cultured with SHG0.5 and SAHGO.5. (Green: live cells, Red: dead cells) and quantification of cell viability using CCK-8 assay after 24 h. F)
Hemolysis rates of SHGO0.5 and SAHGO.5. ***p < 0.001 compared to Ctrl(+).

glass. Owing to the versatile adhesive properties of pDAP*#]
and photo-crosslinking with visible light, all the substrates dis-
played the desired circular coating layer on their surfaces. Even
when the substrate was bent, the coating layer remained in-
tact without peeling, demonstrating the applicability of SHGO.5
to both metallic and polymeric biomaterials. Consequently, we
focused on the SHGO.5 coating in the subsequent bactericidal
studies.
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2.5. Introduction of Amine-Containing Monomer to Fabricate
Bactericidal Hydrogel

As depicted in Figure 5A, the bactericidal surface was achieved by
adding AEMA to the optimized zwitterionic hydrogel (SHGO.5).
Primary amines are known for their superior bactericidal activ-
ity and high selectivity. Positively charged primary amines can
easily disrupt the outer membranes of bacteria with a negative
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charge.I!l Additionally, their amino group (-NH,) can easily par-
ticipate in reactions with electrophiles. This reactivity enables
primary amines to exhibit synergistic effects, either by combin-
ing with other antimicrobial agents or by enhancing adhesive
strength when used with surfaces modified by pDA.[*?]

The concentration of AEMA was optimized considering both
bactericidal effect and low cytotoxicity (Figure S3, Supporting
Information). To confirm the formation of p(SBMA-co-AEMA)
(SAHGO.5) coating on polyvinyl chloride (PVC) which is one of
the common medical polymers, the chemical composition was
analyzed by SEM/EDS, FTIR, and XPS (Figure S4, Supporting
Information). The mechanical properties of SAHGO.5 were an-
alyzed by a rheological variation, swelling ratio, and thickness
measurement.

In the rheological analysis, SAHGO.5 also showed a gel prop-
erty (G’ > G”) but was stiffer than SHGO.5 with a slightly
increased G’ value (Figure 5B). The storage modulus of the
SAHGO.5 was similar to that of human soft tissue, which
might enhance the coating durability by preventing damage from
the dynamic environment in the human body.[**! Furthermore,
the 33% reduction in the swelling ratio of SAHGO.5, achieved
through the addition of AEMA, demonstrated enhanced mechan-
ical strength (Figure 5C, Figure S5, Supporting Information). A
lower swelling property can help maintain adhesion considering
that the swelling forces exceeding the strength of the hydrogel
network lead to hydrogel detachment.**] The thickness of the
SHGO.5 and SAHGO.5 coating layers was visualized under wet
conditions using fluorescence microscopy (Figure 5D). Notably,
SAHGO.5 exhibited a significantly reduced thickness (179 =+
32 um) compared to SHGO.5 (236 + 69 um). A thinner hydrogel
layer provides enhanced flexibility and improved conformity to
the substrate surface, thereby strengthening interfacial adhesion
and mechanical integrity without compromising the physical or
functional properties of the hydrogel (Figures S6-S8, Supporting
Information).*]

To verify biocompatibility after the introduction of a bacterici-
dal substance like AEMA, in vitro cytotoxicity and hemolysis as-
says were conducted. Following the previous test method, HDFs
were treated with the extraction of SAHGO.5 and cultured for
24 h. As depicted in Figure 5E, the cytotoxicity of SAHGO.5 did
not significantly differ from the control and SHGO.5, exhibiting
~100% cell viability. Moreover, SHGO0.5 and SAHGO.5-coated sur-
faces displayed low hemolysis rates comparable to that of nega-
tive control, implying that p(SBMA-co-AEMA) coating is harm-
less (Figure 5F).

2.6. Antifouling Performance of Dual-Functional
p(SBMA-co-AEMA) Hydrogel

One of the primary concerns regarding dual-functional coatings
is that antifouling and bactericidal activities may interfere with
each other.[??] Therefore, it is imperative to identify coating con-
ditions that can effectively harmonize both functionalities. We
first conducted an anti-cell adhesion test to determine the com-
parable antifouling effects of SAHGO.5 with zwitterionic SHGO0.5
coating. As before, HDFs were directly seeded onto the pristine
PVC and SAHGO.5-coated PVC, and observations were made on
each day 1 and 3. Figure 6A shows fewer cells attached to the
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SAHGO.5-coated surface than to the pristine PVC, which was cov-
ered with fully extended cells on day 1. Notably, there was no ob-
served increase in cell adhesion and spreading even by day 3, sug-
gesting that the SAHGO.5 coating maintains its inhibitory effect
on cell attachment over time. Specifically, the cell adhesion rate
showed a 66% and 73% decrease on the SAHGO.5-coated surface
compared to the pristine PVC on days 1 and 3, respectively.

Blood-contacting devices should inhibit thrombus formation
and platelet activation to maintain functionality without induc-
ing inflammation. Generally, blood coagulation is initiated by
the tissue factor (TF) protein and platelet activities, ultimately
leading to the formation of a thrombus.[*] To evaluate the an-
tithrombogenicity of SAHGO.5, we exposed both pristine PVC
and SAHGO0.5-coated PVC to calcified whole blood and ob-
served thrombus formation. Severe blood clots were detected
on the pristine PVC, whereas the SAHGO0.5-coated PVC exhib-
ited a clean and transparent surface without thrombus formation
(Figure 6B; Figure S9, Supporting Information). The amount of
thrombus was quantified by detaching it from the surfaces and
measuring the absorbance at 595 nm. The results showed that the
absorbance of the SAHGO.5-coated PVC (0.04 + 0.001) was seven
times lower than that of the pristine PVC (0.12 + 0.06). Moreover,
when exposed to dynamic blood flow at a flow rate of 170 mL
min~! no blood clots were observed on the SAHGO.5-coated sur-
face while a significant amount of clotting occurred on the pris-
tine PVC over time (Figure S10, Supporting Information). The
finding indicates that even in dynamic conditions, the anticoag-
ulant properties of the SAHGO.5 coating are maintained without
degradation. Platelet activation was analyzed by incubating each
substrate (pristine PVC and SAHGO.5-coated PVC) in platelet-
rich plasma (PRP) and determining the activity of lactate dehy-
drogenase (LDH), which increases with platelet activation. The
colorimetric value of LDH significantly decreased in SAHGO.5-
coated PVC (0.25 + 0.05) compared to the pristine PVC (1.64 +
0.19) (Figure 6C).

2.7. Bactericidal Performance of Dual-Functional
p(SBMA-co-AEMA) Hydrogel

To assess the bactericidal properties of SAHGO.5, namely
P(SBMA-co-AEMA), we examined bacterial attachment and
biofilm formation using Escherichia coli (E. coli) and Staphylococ-
cus aureus (S. aureus) as representative gram-negative and posi-
tive bacteria, respectively. Each bacteria solution was dropped on
the pristine PVC, SHGO.5, and SAHGO.5 surfaces and incubated
for 3 h. Bacterial presence on the surfaces was analyzed using
live/dead staining, and the number of detached bacteria was de-
termined through colony counting (Figure 7A). Numerous bac-
teria were observed on the pristine PVC surface, whereas only
a few adhered to the SHGO0.5 and SAHGO.5 surfaces. Notably,
dead bacteria were found exclusively on the SAHGO.5 surface,
indicating its contact-killing effect. Additionally, it was observed
that bacteria detached from the SAHGO.5 surface were unable to
form colonies both in E. coli and S. aureus, further demonstrat-
ing its bactericidal efficacy. While there was no significant dif-
ference in the number of detached E. coli between pristine PVC
and SHGO.5, the SHGO.5 surface may promote bacterial growth
by encapsulating surviving bacteria within the matrix. In con-
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Figure 6. Antifouling and antithrombogenicity of SAHGO.5 coating. A) Cell morphology by Alexa Fluor 594-Phalloidin/DAPI staining (Red: F-actin, Blue:
Nuclei) and adhesion rate of HDFs on the pristine PVC and SAHGO.5-coated PVC on day 1 and day 3. B) The relative amount of thrombus formed on
the pristine PVC and SAHGO.5-coated PVC, and coagulated thrombus images on the surfaces. C) Quantification of adhering platelet activations on the
pristine PVC and SAHGO.5-coated PVC and SEM images of each surface. **p < 0.01 and ***p < 0.001.

trast, SAHGO.5 effectively inhibits both bacterial growth and at-
tachment, demonstrating its superior bactericidal properties and
highlighting its potential for advanced antibacterial applications.

It is widely accepted that bacterial biofilms contribute to over
80% of chronic infections, and S. aureus commonly exists in hos-
pital environments. Particularly, preventing biofilm formation in
advance is crucial because, once formed, biofilms are challeng-
ing to remove and resistant to immune responses in the hu-
man body.*’) In our system, we anticipated that a thick hydration
layer of pSBMA would inhibit the adherence of bacterial cell wall-
anchored proteins, while the amine groups of pAEMA would
subsequently work to kill all the barely attached bacteria, prevent-
ing biofilm formation. To evaluate the biofilm inhibitory ability,
the SAHGO.5 surface and the other surfaces were exposed to the
high-density droplet of S. aureus for 3 h and cultured in a fresh
LB medium for 24 h. As seen in Figure 7B, the trend of biofilm
formation decreased in the order of pristine PVC, SHGO.5, and
SAHGO.5. Digital images revealed that the LB medium cultured
with pristine PVC and SHGO.5 became blurry and opaque, indi-
cating biofilm coverage. In the case of SHGO0.5, a small number of
bacteria that had not yet been removed seemed to proliferate and
form biofilms, suggesting that a single antifouling effect is not
sufficient to completely prevent biofilm formation. In contrast,
the medium with SAHGO.5 remained clear and transparent, with
no biofilm formation, due to the dual functionality of antifoul-
ing pSBMA hydrogel combined with bactericidal pAEMA. In the
SEM images, additionally, circular shapes of S. aureus of the pris-
tine PVC and SHGO.5 turned into star-shaped with bumpy sur-
faces in SAHGO.5, indicating positively charged amine groups
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disrupted bacterial membranes to induce cell death. This anti-
biofilm activity continued until day 14, demonstrating significant
bactericidal effectiveness compared to SHGO.5 (Figure S11, Sup-
porting Information).

2.8. Anti-Infective Activity of Dual-Functional p(SBMA-co-AEMA)
Hydrogel In Vivo

To investigate the bactericidal effectiveness of SAHGO.5 in vivo,
we constructed a subcutaneous bacterial infection model using
Sprague Dawley (SD) rats. For the in vivo test, we chose tita-
nium (Ti) as an implant substrate, which is well-known as one of
the promising implantable biomaterials due to its good mechani-
cal properties and biocompatibility.l*] The pristine and hydrogel-
coated Ti surfaces were exposed to S. aureus before the operation,
and each infected sample was subcutaneously implanted under
the backs of the rats. On days 1 and 3, all the substrates were col-
lected, and the living bacteria on the surfaces were cultured on
agar plates (Figure 8A). Compared to the pristine and SHGO.5,
only the SAHGO.5-coated surface had almost no colonies on
both days, indicating that the single antifouling effect of SHGO0.5
alone was insufficient to prevent bacterial infections. In other
words, the dual functionality of the SAHGO.5, which initially
inhibits bacterial attachment and subsequently kills remaining
bacteria on the surface, plays a key role in preventing infection
aggravation.[*’] Furthermore, the histological images of the tis-
sues in contact with the samples showed the recruitment of in-
flammatory cells (stained in dark purple) triggered by each sub-
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Figure 7. Bactericidal performance and biofilm inhibitory activity of SAHGO0.5 coating. A) Representative colony (detached bacteria) and live-dead staining
(attached bacteria, Green: live/ Red: dead) images of E. coli and S. aureus incubated on the pristine PVC, SHGO0.5, and SAHGO0.5-coated PVC. The number
of bacteria detached was quantified using a colony counting method. B) Biofilm images formed on the pristine PVC, SHGO0.5, SAHGO0.5-coated PVC, and
optical density (OD) values proportional to biofilm by crystal violet staining method. Representative SEM images of S. aureus on each sample. *p<0.05

and **p < 0.01.

strate (Figure 8B). A large number of inflammatory cells were
observed in the pristine Ti and SHGO.5 groups, whereas a rela-
tively negligible number of cells appeared around the SAHGO.5
surface. This demonstrated that the SAHGO.5 attacked only the
bacteria without causing FBRs.

3. Conclusion
This study successfully developed a dual-functional p(SBMA-co-
AEMA) hydrogel (SAHGO.5) surface by combining the zwitteri-

A B
S. aureus

PristineTi  SHGO0.5

Day 1

Day 3

onic pSBMA with the cationic bactericidal pAEMA for biomed-
ical applications. The hydrogel layer can be uniformly formed
on various substrates, from metals to polymers, regardless
of their geometry, via visible light cross-linking. To optimize
the dual-functionality, we first adjusted the physical proper-
ties and antifouling performance of the zwitterionic SHG by
varying the concentration of the cross-linker, pEGDMA. Sub-
sequently, incorporating pAEMA into the hydrogel layer en-
dowed it with bactericidal properties and reinforced the mechan-
ical strength needed for a coating surface, decreasing the thick-

SHGO0.5
e

i
§
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P

Figure 8. The anti-infective activity of SAHGO0.5 coating in vivo. A) Photographs of S. aureus colonies on LB agar plates cultured from the pristine,
SHGO.5, and SAHGO.5 coated Ti substrates after extraction. B) Representative H&E staining images of skin tissues around the implanted substrate on
day 3 after the subcutaneous implantation. Enlarged images of each stained section are shown below, with the yellow lines indicating the areas directly

in contact with the samples.
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ness and swelling ratio. The optimized SAHGO.5 surface exhib-
ited high biocompatibility and significant inhibitions of cells,
platelets, and bacteria attachments. Importantly, the SAHGO.5 ef-
fectively prevented biofilm formation due to the contact-killing
activity of amine groups, displaying long-term coating stabil-
ity. These bactericidal performances were retained in vivo, as
the SAHGO.5 coating substantially decreased bacterial growth
in SD rats without inducing the foreign body response. Based
on these results, we propose that this new coating method
has great potential to prevent health-associated infections with
its outstanding dual functionality and substrate-independent
applicability.

4. Experimental Section

Materials:  Unless otherwise noted, all chemicals were purchased from
Sigma-Aldrich and used in as-received condition.

Preparation of SHG and SAHG Hydrogel Coating: All substrates
were cleaned in isopropanol and deionized (DI) water under ultrason-
ication for 15 min and followed by drying with nitrogen. The sub-
strates were then immersed in dopamine solution (2 mg mL™! in
10 mm Tris-HCl, pH8.5, BIOSESANG, Gyronggi-do, Korea) and stirred
at room temperature for 18 h. To immobilize photo-initiator on surface,
Tris(2,2'-bipyridyl)dichlororuthenium(ll) hexahydrate (Ru(bpy);) was re-
acted with synthesized silica nanoparticles (diameter 30 nm) in DI water
overnight. After removing the solvent by centrifugation, Ru(bpy)-adsorbed
SiO, nanoparticles were resuspended in 100% ethanol. Subsequently,
[Ru(bpy);]?*/SiO, was immobilized on the pDA-coated substrates by a
vertical deposition method, followed by washing and drying. For pSBMA
and p(SBMA-co-AEMA) hydrogel coating, resultant substrates were im-
mersed in each monomer solution and irradiated by visible light for 3 min,
and the unreacted reagents were removed by dialysis against DI water for
24 h. More specific information about pre-gel solutions is described in
Table 1.

Characterizations of the Hydrogel Coating Layer:  The surface morpholo-
gies of hydrogel coating were analyzed by a scanning electron microscope
equipped with energy-dispersive spectroscope (SEM/EDS; Inspect F50,
FEI, OR, USA) and an atomic force microscope (AFM; XE-100, Park Sys-
tems, Gyeonggi-do, Korea). The chemical compositions were confirmed
by attenuated total reflection-Fourier transform infrared (ATR-FTIR; Nico-
let iS20, Thermo Fisher Scientific, MA, USA), X-ray photoelectron spec-
troscope (XPS; PHI 5000 VersaProbe, Ulvac-PHI, Kanagawa, Japan), and
water contact angles (WCA) were analyzed by (SmartDrop, Femtobiomed,
Gyeonggi-do, Korea). For measurement of hydrogel thicknesses, hydrogel-
coated substrates were immersed in rhodamine B dye solution overnight
to visualize the hydrogel layer on surfaces. After rinsing excess dying so-
lution, the fluorescent images were obtained by an upright microscope
(Eclipse Ts2R, Nikon, Tokyo, Japan) and analyzed using Image | software.
Oscillatory rheological behavior of the hydrogels was evaluated using a
rheometer (MCR102, Anton Paar, Graz, Austria) with frequency sweeps
ranging from 0.1 to 100 Hz. Swelling behavior was evaluated using a gravi-
metric method. Each hydrogel was incubated in PBS for 1, 3, and 7 days at
room temperature and freeze-dried when the weight reached equilibrium.
The swelling ratio was calculated as follows.

. . Mw - Md
Swelling ratio (%) = ———— x 100 M)
My

Mechanical Performance Evaluation of the Hydrogel Coating: To assess
the mechanical robustness of the hydrogel coating, tape-peeling, compres-
sion, and adhesive strength tests were conducted. For the tape-peeling
test, each sample surface was manually scratched with 1 mm spacing us-
ing a blade, followed by repeated application and removal of adhesive tape.
Compressive and adhesive strengths were measured using an Instron uni-
versal testing machine (Model 5966, Instron Corp., MA, USA). For com-
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pression testing, SHGO0.5 and SAHGO.5 hydrogels were prepared as cylin-
drical samples (15 mm in diameter, 2 mm in height) and compressed at a
crosshead speed of 5 mm min~" up to 95% strain. For adhesive strength
measurements, each hydrogel sample was sandwiched between two rect-
angular substrates (PET, Ti, or SUS) and subjected to tensile loading at a
rate of 1 mm min~" until interfacial fracture occurred. For time-dependent
stability evaluation, SHGO0.5- and SAHGO.5-coated PVC samples were im-
mersed in PBS and incubated at 37 °C with shaking at 300 rpm for 72 h.
Stability was assessed by measuring hydrogel thickness, water contact an-
gle (WCA), and the amount of adsorbed BSA. For BSA adsorption tests,
samples were exposed to 1% w/v BSA solution for 90 min, rinsed, and
sonicated to remove loosely bound protein. Quantification was performed
using the Bradford assay.

Cytotoxicity and Hemolysis Assay: To evaluate the cytotoxicity of the
hydrogel-coated surfaces, HDFs were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM; Gibco, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; Gibco) and 100 units mL™" of penicillin-
streptomycin (Gibco) in a humidified atmosphere of 5% CO, at 37 °C.
The pristine and the hydrogel-coated substrates were immersed in a cell
culture medium for 24 h to obtain extraction. When the confluency of cells
reached above 70% of a 75T flask, the cells were detached using Trypsin-
EDTA (0.25%, 1X, Gibco) and seeded in a 24-well cell culture plate at a
density of 5 x 10* cells per well. After incubation overnight, the culture
medium was replaced by substrate extractions and further incubated for
24 h. Finally, the cell viability was evaluated by CCK-8 and live-dead stain-

ing.

Asample — Aplank

Cell viability (%) = % 100 (2)

Acontrol - Ablank

The hemolysis rate was investigated by incubating all the substrates
with red blood cells (RBCs). To obtain the RBCs, the citrated whole sheep
blood was centrifuged at 1200 rpm for 15 min and diluted 10 times with
saline. Each sample was incubated in the diluted RBCs at 37 °C for 2 h
and centrifuged at 1200 rpm for 15 min to acquire the supernatant. PBS
and DI water were used as a negative and positive control, respectively. The
absorbance was detected at 545 nm using a microplate reader (VersaMAX,
Molecular Devices, CA, USA).

Asamp/e - Anegative

Hemolysis (%) = a

x 100 3)

positive — negative

Cell Adhesion Test:  To test the cell attachment on the pristine and each
hydrogel-coated surface, HDFs (5 x 10 cell mL™') were seeded on each
surface (Square, 1 X 1 mm) and incubated for 1 and 3 days in a humid-
ified atmosphere of 5% CO, at 37 °C. On the last day, adhering cells
were fixed with 4% paraformaldehydes (Biosesang, Gyeonggi-do, Korea)
for 20 min at room temperature and then permeabilized using 0.1% Triton-
X 100 (Biosesang, Gyeonggi-do, Korea) in DPBS for 5 min. After blocked
with 1% BSA for 30 min, the cells on each sample were stained with Alexa
Fluor 594 Phalloidin (1:400, Thermo Fisher) for filamentous actin and 4’
6-diamidino-2-phenylindole (DAPI, 1:1000, Molecular Probes, OR, USA).
Fluorescent images were acquired using fluorescent microscope and an-
alyzed by Origin software (OriginLab Corporation, MA, USA).

Blood Clotting and Platelet Adhesion Test: Antithrombogenic activities
were investigated by exposing each sample to sheep blood (Kisan bio,
Seoul, Korea). For the thrombus formation test, citrated sheep blood was
pre-warmed in water bath and re-activated with 0.2 m calcium chloride and
thrombin. The substrates were immersed in blood and incubated for 2 h at
37 °C, then washed with DI water. To quantify the amount of thrombus, the
coagulated blood on the surfaces was broken down by ultrasonication for
30 min and the absorbance was measured at 545 nm using a microplate
reader. Platelet activation was evaluated using PRP, which was isolated by
centrifuging whole blood at 1500 rpm for 15 min and then re-activated in
the same manner. After dropping PRP onto each surface and incubating
it for 2 h at 37 °C, the adherent platelets were quantified by LDH assay
kit (ab65393, abcam, United Kingdom) according to the manufacturer’s
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recommendations. To observe the morphology of the platelets, they were
fixed with 2.5 wt.% glutaraldehyde solution and dehydrated in a series of
ascending ethanol concentrations (50, 60, 70, 80, 90, and 100%).

Protein Adsorption Test:  Quartz crystal microbalance with dissipation
(QCM-D; Q-Sense Explorer, Biolin Scientific, Sweden) was used to com-
pare the amount of protein adsorbed on the pristine and SHGO0.5 coated
surface. After establishing a baseline in PBS, BSA (10 mg mL™") and hFg
(200 pg mL~") solution were injected at a 200 uL min~" flow rate for 15
and 60 min, respectively. Loosely adsorbed proteins were washed out by
reinjecting PBS and variations in the frequency (AF) of each sample were
analyzed using Qsoft401 software.

Bactericidal and Anti-Biofilm Test: The bactericidal activity was evalu-
ated using E. coli (KCTC 2571) and S. aureus (KCTC 1621). Before the test,
each bacterium was cultured in LB broth (BD Difco, NJ, USA) at 37 °C
overnight to reach an exponential growth phase. The activated bacteria
were diluted to 1 x 108 CFU mL~". Subsequently, 20 uL of bacterial sus-
pension was dropped on the pristine, SHGO0.5, and SAHGO0.5-coated PVC
and incubated at 37 °C for 3 h. After then, loosely adhered bacteria washed
out by PBS and were spread onto LB agar (BD Difco, NJ, USA) plates and
quantified with a colony counting method. The remaining bacteria were
visualized by a live-dead staining using BacLight bacterial viability kit (In-
vitrogen, OR, USA) according to the manufacturer’s instructions. For the
biofilm formation, S. aureus adhered on the surfaces were transferred to
the fresh LB broth and cultured at 37 °C overnight. The biofilm formed
on the culture plate was quantitively measured by crystal violet staining
and the morphologies of S. aureus were observed after fixed with 2.5 wt.%
glutaraldehyde solution and dehydrated in a series of ascending ethanol
concentrations (50, 60, 70, 80, 90, and 100%).

In Vivo Anti-Infective Test: All animal-related procedures were per-
formed with the approval of the Institutional Animal Care and Use Com-
mittee (IACUC) (Protocol No. KIST-IACUC-2022-014-5). The experimental
sections were divided into 4 groups: Sham, Pristine Ti, SHG0.5-coated Ti,
and SAHGO.5-coated Ti. The substrates are cut into a round shape with
a diameter of 1 cm and sterilized. Before the implantation, all samples
were treated with 20 uL of S. aureus (1 x 108 CFU mL~" in PBS) and incu-
bated at 37 °C for 1 h. The male SD rats (7 W, DBL, Chungbuk, Korea) of
170-220 g were respiratorily anesthetized by isoflurane and shaved. Sub-
sequently, the pre-infected substrates with S. aureus were implanted into
the incisions of rats. After 1 and 3 days, the substrates were collected, and
surrounding tissues were harvested from the humanly euthanized rats.
The bacteria on the surfaces were detached in PBS by ultrasonication and
cultured in LB agar plates for 48 h. The harvested tissues were fixed in 10%
formalin, dehydrated, and embedded in a frozen section solution (Leica,
Germany). The frozen samples were cut into small slices, stained with
H&E staining and observed by a light microscope.

Statistical Analysis:  The quantitative data are expressed as the mean +
standard error of the mean (SEM). Statistical analysis was performed us-
ing one-way ANOVA and two-sample t-tests with Origin software (Origin-
Lab Corporation, USA). Significance levels are represented as follows: *
for p < 0.05, ** for p < 0.01, *** for p < 0.001. These significance levels
are indicated in each figure. All experiments were conducted at least three
times (n > 3), unless stated otherwise.
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