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Long-Lasting, Transparent Antibacterial Shield: A Durable,
Broad-Spectrum Anti-Bacterial, Non-Cytotoxic, Transparent
Nanocoating for Extended Wear Contact Lenses

Nahyun Park, Chae-Eun Moon, Younseong Song, Sang Yu Sun, Ji-Min Kwon,
Sunghyun Yoon, Seonghyeon Park, Booseok Jeong, Jemin Yeun, Joseph Michael Hardie,
Jun-ki Lee, Kyoung G. Lee,* Yong Woo Ji,* and Sung Gap Im*

The increasing incidence of serious bacterial keratitis, a sight-threatening
condition often exacerbated by inadequate contact lens (CLs) care, highlights
the need for innovative protective technology. This study introduces a
long-lasting antibacterial, non-cytotoxic, transparent nanocoating for CLs via a
solvent-free polymer deposition method, aiming to prevent bacterial keratitis.
The nanocoating comprises stacked polymer films, with poly(dimethylamin-
omethyl styrene-co-ethylene glycol dimethacrylate) (pDE) as a biocompatible,
antibacterial layer atop poly(2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetras-
iloxane) (pV4D4) as an adhesion-promoting layer. The pD6E1-grafted
(g)-pV4D4 film shows non-cytotoxicity toward two human cell lines and
antibacterial activity of >99% against four bacteria, including methicillin-res-
istant Staphylococcus aureus (MRSA), an antibiotic-resistant bacteria and
Pseudomonas aeruginosa, which causes ocular diseases. Additionally, the film
demonstrates long-lasting antibacterial activity greater than 96% against
MRSA for 9 weeks in phosphate-buffered saline. To the best knowledge, this
duration represents the longest reported long-term stability with less than 5%
decay of antibacterial performance among contact-killing antibacterial
coatings. The film exhibits exceptional mechanical durability, retaining its
antibacterial activity even after 15 washing cycles. The pD6E1-g-pV4D4-coated
CL maintains full optical transmittance compared to that of pristine CL. It is
expected that the unprecedentedly prolonged antibacterial performance of the
coating will significantly alleviate the risk of infection for long-term CL users.
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1. Introduction

Contact lenses (CLs) that undergo continu-
ous use inevitably accrue mechanical dam-
age on their surfaces, which may act as a
favorable environment for bacterial kerati-
tis (BK). This phenomenon poses a signif-
icant public ocular health issue, account-
ing for approximately up to 2 million cases
of visual impairment annually.[1] In severe
cases, BK results in vision impairment and
even total blindness, necessitating the use
of antibiotics as a counteracting agent.[2]

However, due to the need for multiple pe-
riodic doses, the antibiotic treatment en-
tails potential risks including cytotoxicity,
tissue damage, and promotion of antibiotic-
resistant bacterial strains.[3] To date, BK
is primarily attributed to various bacte-
ria including P. aeruginosa,[4] S. aureus,[5]

and methicillin-resistant Staphylococcus au-
reus (MRSA). [5] Therefore, it is imperative
to develop a long-lasting antibacterial sur-
face coating method with chemical stability
and mechanical durability to prevent BK.[1b]

The rise of reusable CLs, with extended
periods ranging from 2 weeks to 2 years,
presents an increased risk of bacterial
infection due to improper maintenance,
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underscoring the necessity for antibacterial coatings.[6] To apply
antibacterial coatings to reusable CLs, it is crucial to consider the
following factors: 1) chemical stability, 2) mechanical durability,
and 3) optical transparency. In the corneal environment or con-
tact lens solution containing various ionic species, the poor sta-
bility of the coating – especially in a saline environment – can
provoke antibacterial coating damage, such as cracking, delami-
nation, or dissolution of the coating layer,[7] which may result in
leaching of antibacterial functionalities therefrom.[8] In the event
of release or leaching of antibacterial moieties from the coating,
toxicity risks can also arise, highlighting the importance of the
chemical stability of the coating.[9] Given the potential damage
incurred during cleaning and repeated use of CLs, the mechan-
ical durability of the coating is one of the most crucial factors to
be considered.[7a] For successful application in contact lenses, it
is essential to select materials with low absorbance in the visible
spectrum and refractive indices closely matching those of lens
materials to maintain full optical transparency. Therefore, it is
critical to develop an antibacterial coating that is durable, non-
cytotoxic, and transparent.[10]

Many previous studies have aimed to develop coatings with
long-lasting antibacterial effects, based on two primary mech-
anisms: the release of antibacterial agents and contact-killing
mechanisms. Despite the extensive research, the application of
these antibacterial coatings to CLs remains challenging.[8,11] The
release of antibacterial agents, such as Ag+ ions, antimicrobial
peptides, and small molecule antibiotics,[8,11a–h] has proven ef-
fective in eradicating bacteria; however, there are limitations, in-
cluding potential cytotoxicity,[9,12] limited loading capacity,[8,9,11c]

and the risk for the bacteria to acquire antibiotic resistance.[3,13]

While the use of quaternary ammonium compounds (QACs)[11f]

and antimicrobial peptide (AMP) coatings[2a,11i] could maintain
antibacterial activity for contact-killing on a substrate, QACs and
AMPs applied to the substrate suffered from poor adhesion, es-
pecially in the salt ion-rich environments.[14] Furthermore, the
QAC-based method does not ensure long-lasting antibacterial
properties due to the coating degradation and release of antibac-
terial substances from the substrate.[15]

In this study, we propose a novel, long-lasting antibacterial
coating directly applicable to CL surfaces with outstanding me-
chanical and chemical durability, especially in the corneal envi-
ronment. These lenses are coated directly with a stacked poly-
mer film, featuring a robust antibacterial surface. The polymer
comprises two layers: the bottom layer consists of poly(2,4,6,8-
tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane) (pV4D4), serv-
ing as an adhesion-promoting layer to provide strong surface ad-
hesion as well as mechanical passivation for the CL, while the
top layer grafted on the adhesion-promoting layer is a copolymer
synthesized from two monomers, dimethylaminomethyl styrene
(DMAMS) and ethylene glycol dimethacrylate (EGDMA) to pos-
sess antibacterial activity as well as non-cytotoxicity. All the poly-
mer layers are synthesized via a vapor-phase method, initiated
chemical vapor deposition (iCVD) process. The process ensures
conformal modification of 3D CL structure in a solvent-free man-
ner at room temperature, which ensures damage-free modifi-
cation of the CL surface. The deposition process preserves the
full transparency of the CLs in the whole visible range.[16] The
copolymer film also demonstrates outstanding biocompatibil-
ity and strong antibacterial performance.[17] The p(DMAMS-co-

EGDMA)-g-pV4D4-coated CLs demonstrate remarkable chemi-
cal stability, maintaining antibacterial performance in aqueous
solution with high salt ion concentration for at least more than
9 weeks. The unprecedentedly prolonged antibacterial perfor-
mance of the developed anti-bacterial coating is expected to re-
duce the risk of infection for long-term CL users and can be ex-
tended to various medical device applications.

2. Result and Discussion

2.1. Design Strategy and Synthesis of the Long-Lasting
Anti-Bacterial Polymer Films

Human hands are a known source of bacteria and are consid-
ered high-potential vectors for causing BK on the CL surfaces.
(Figure 1a). We expect that the CL surface modified with the long-
lasting anti-bacterial coating can eradicate bacteria even when
worn, thus minimizing the occurrence of BK.

To develop a long-lasting antibacterial polymer thin film for
reusable CL, we designed the composition of the anti-bacterial
coating to satisfy the following criteria: 1) effective antibacterial
performance to prevent bacterial infection on the CLs, 2) non-
cytotoxicity to minimize corneal side effects, and 3) long-lasting
antibacterial activity in physiological aqueous environments with
high concentration of salt ions, ensuring chemical stability and
mechanical durability to prevent film failure during wear.

In Figure 1b, an organosilicon adhesion-promoting layer,
pV4D4 was introduced to enhance the adhesion of the antibac-
terial coating to the target surfaces via the iCVD process.[18] This
layer adheres strongly to various substrate materials,[19] and to
the CL surface as well. The adhesion-promoting effect of the
pV4D4 layer is primarily attributed to the residual vinyl groups
present in pV4D4. The multiple vinyl groups in the pV4D4 serve
as cross-linkable anchoring sites, allowing for the grafting of var-
ious functionalities onto polymer brushes, by forming strong co-
valent bonds with the overlaying layers.[18–19] We introduced a
copolymer layer, p(DMAMS-co-EGDMA), or pDE[20] to achieve
superior anti-bacterial activity and non-cytotoxicity grafted on top
of the pV4D4 layer. Achieving both antibacterial efficacy and
biocompatibility on the pDE surface is a crucial goal of this
study. The antibacterial performance of the pDE surface primar-
ily stems from a “contact-killing” mechanism, driven by the pro-
tonation of the DMAMS moiety under physiological conditions,
which results in the surface becoming cationic.[17b,c,20] These pos-
itive charges interact with the anionic lipids in bacterial cell mem-
branes, particularly phosphatidylglycerol, leading to membrane
disruption, leakage of intracellular contents, and eventual bacte-
rial cell death. However, this electrostatic interaction, while effec-
tive against bacteria, could also pose a risk to mammalian cells.
The key difference lies in the membrane composition: bacterial
membranes are rich in anionic lipids, such as phosphatidylglyc-
erol, making them particularly susceptible to electrostatic interac-
tions, whereas mammalian cell membranes predominantly con-
tain neutral lipids like phosphatidylcholine and sphingomyelin
in their outer layers.[21] This difference in membrane composi-
tion led us to hypothesize that by precisely controlling the sur-
face charge through adjustments to the DMAMS composition,
we could selectively target bacterial cells while minimizing cyto-
toxic effects on mammalian cells. Incorporating pEGDMA as a
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Figure 1. A schematic illustration of a) antibacterial CLs to eradicate broad-spectrum bacteria and prevent bacterial keratitis compared to pristine CLs
and b) the synthesis of long-lasting anti-bacterial and non-cytotoxic copolymer film with chemical stability and mechanical durability via an iCVD process.

biocompatible cross-linker further supported this balance, lead-
ing to the successful development of a polymeric film that is both
effective against bacteria and safe for mammalian cells.[22] Con-
sequently, a pDE-g-pV4D4 layer synthesized via the iCVD pro-
cess enhances chemical stability and mechanical durability in an
aqueous saline solution similar to a corneal environment.

2.2. Characterization of the pDE Film

To determine the optimal conditions for balancing antibacte-
rial activity and biocompatibility, pDE copolymers were synthe-
sized using the iCVD process with three distinct compositions—
pD8E1, pD6E1, and pD4E1 – utilizing DMAMS to EGDMA in-
put flow ratios of 8:1, 6:1, and 4:1, respectively. The 8:1 ratio was
chosen for its superior antibacterial activity, the 4:1 ratio for its
high biocompatibility, and the 6:1 ratio as a compromise that
balances both properties effectively. These ratios were expected
to reflect key points where the interaction between antibacte-
rial efficacy and biocompatibility is most significant. Fourier-
transform infrared spectroscopy (FT-IR) and X-ray photoelectron
spectroscopy (XPS) analyses were conducted to characterize the
composition of each copolymer. As shown in Figure 2a, the FT-IR
spectra of pDE copolymers exhibited distinct peaks at 1722 cm−1

and at 2765 cm−1 representing the carbonyl group in EGDMA
and the tertiary amine moiety in DMAMS, respectively. With an
increase in the flow ratio of DMAMS, the intensity of the carbonyl
peak decreased, while the intensity of the tertiary amine moiety
peak gradually increased. This result demonstrated successful

adjustment of the pDE copolymer composition through the iCVD
process. In the XPS spectra, an increase in the DMAMS flow rate
led to a higher XPS N1s peak intensity and a decrease in the O1s
peak intensity (Figure 2b). Subsequently, the DMAMS:EGDMA
surface compositions for pD8E1, pD6E1, and pD4E1 surfaces
were determined as 1.8:1, 1.3:1, and 0.8:1, respectively, based on
the quantitative XPS analysis (Figure 2c; Tables S1–S2, Support-
ing Information).

Protonation of the tertiary amine moiety of DMAMS is a cru-
cial process to convert the amine group to a positively charged
QAC, thus imparting antibacterial properties to the pDE films.
We exposed the pDE film to a pH 7.4 phosphate-buffered
saline (PBS) solution, mimicking physiological conditions,[7a]

and measured the protonation through high-resolution XPS
scans. In Figure S1a–f (Supporting Information), the N1s spec-
tra of pD8E1, pD6E1, and pD4E1 films showed a significant rise
in the peak intensity at ≈401 eV after incubation in PBS solu-
tion, indicating the formation of the QACs. Figure 2d shows zeta-
potential values of each film in an aqueous environment. As the
ratio of DMAMS in the pDE films increased, the zeta-potential
value also notably increased from 6.0 to 36.7 mV, showing a pos-
itively charged surface was induced in the pDE films in the aque-
ous environment.

2.3. Anti-Bacterial Performance and Cytotoxicity of pDE Thin Film

To assess the antibacterial performance, Staphylococcus aureus (S.
aureus) was selected as a representative target ocular pathogen for
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Figure 2. Synthesis and characterization of the pDE films a) FT-IR spectra, and b) XPS survey scan spectra of pD8E1 (light purple), pD6E1 (green), and
pD4E1 (light blue) polymers, respectively. c) Fraction of DMAMS and EGDMA in each copolymer after XPS analysis. d) Zeta potential result of pDE
films. Error bars indicate standard deviation (n = 3).

corneal infections.[23] S. aureus cultures (105 CFU mL−1) were in-
dividually inoculated onto the pristine and pDE-coated CLs and
left in contact for 2 h. Subsequently, a colony assay was per-
formed using the samples from both CLs and the bacteria so-
lution (Figure 3a). The pristine CL was surrounded by numer-
ous bacterial colonies, while on the CLs coated with pD8E1 and
pD6E1, practically no bacterial colonies were detected. For the
pD4E1-coated CL, mild to moderate colony growth was detected.
The same trend was also observed for the bacteria solution re-
trieved from each CL (lower images in Figure 3a). In Figure 3b,
pD8E1 and pD6E1 copolymer films provided exceptional antibac-
terial performance, achieving antibacterial efficiencies greater
than 99% against S. aureus within a 2 h incubation period. In
contrast, pD4E1 demonstrated a relatively lower antibacterial ef-
ficiency of 71%. The negative control without antibacterial coat-
ing exhibited no antibacterial activity. The antibacterial efficiency
against S. aureus substantially improved with increasing tertiary
amine content of DMAMS in the copolymer due to an increased
number of protonated amine moieties in the aqueous environ-
ment (Table S3, Supporting Information).

A cytotoxicity assay was performed using normal human
dermal fibroblasts (NHDFs) as representative cells to simulate
potential contact between the antibacterial coatings and hu-
man skin, particularly when CLs are worn.[24] NHDFs (5 × 104

cells/well) were seeded onto pDE-coated Petri dishes and cul-
tured for 1 day in vitro (DIV), followed by live/dead fluores-
cence microscopic analysis to evaluate cell viability on each sur-

face. In Figure 3c, pD8E1 exhibited only minimal green fluo-
rescence and a relatively large amount of red fluorescence, in-
dicating cytotoxic properties, causing cell death or impairment
of cellular functions.[22,25] In contrast, the pD6E1 and pD4E1
copolymers showed excellent remaining cell viability of over
99%, comparable to that of the positive control, tissue culture
on polystyrene (TCPS) (Figure 3d). These properties can be at-
tributed to the biocompatible EGDMA moiety in the copolymers,
diluting the tertiary amine moiety in DMAMS.[10,20] According to
ISO-10993-5,[26] relative cell viability exceeding 80% is considered
non-cytotoxic for medical devices. Consequently, the pD6E1 and
pD4E1 films exhibited non-cytotoxicity for the NHDFs. There-
fore, due to its exceptional antibacterial performance as well as
non-cytotoxicity, the pD6E1 film was chosen as the optimized
composition for application in CLs.

2.4. Characterization and Application of pD6E1-g-pV4D4
Film to CL

Following the deposition of pV4D4 onto the CL surface as an
adhesion layer, the antibacterial pD6E1 layer was subsequently
deposited. FT-IR spectroscopy was employed to analyze the syn-
thesis of pD6E1-g-pV4D4.[20] As depicted in Figure 4a, the peak
at 1070 cm−1 (highlighted in gray), representing the asymmet-
ric Si─O─Si stretching peak from the cyclic siloxane ring, was
observed in both the spectra of pV4D4 and pD6E1-g-pV4D4,
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Figure 3. Antibacterial and non-cytotoxic performance of the pDE films. a) The colony assays on the extraction solution (white scale bars: 45 mm, black
scale bar: 7.5 mm) in contact with pDE-coated CLs and pristine CLs (red scale bars: 10 mm) against S. aureus and b) the antibacterial efficiencies of the
polymer surfaces. c) Live (green)/dead (red) assay of normal human dermal fibroblasts (NHDFs) cultured on the surface of pD8E1, pD6E1, and pD4E1,
and tissue cultured polystyrene (TCPS) for 1 DIV. (light blue scale bars: 100 μm, white scale bars: 250 μm) d) The cell viability of thin films. Error bars
indicate standard deviation (n = 3).

indicating the formation of pV4D4 film. The peak at 2765 cm−1

(highlighted in yellow), assigned to the tertiary amine in
DMAMS, was observed in the spectra of both pD6E1 and pD6E1-
g-pV4D4. These results confirmed the successful synthesis of the
pD6E1-g-pV4D4 films via the iCVD process.

To assess the non-leaching property of the film, dishes coated
with pD6E1 and pD6E1-g-pV4D4 were immersed in PBS solution
for 2 weeks followed by gas chromatography (GC) analysis. From
the GC analysis, the release of DMAMS and EGDMA moieties
was clearly observed in the PBS solution from the pD6E1-coated
dish, whereas no apparent peak related to DMAMS or EGDMA
was observed from the pD6E1-g-pV4D4-coated dish. (Figure 4b;
Figure S2a–d, Supporting Information). These results strongly
infer that the pV4D4 adhesion promotion layer improved the ad-
hesion of the pD6E1 layer substantially, and highlights the out-
standing chemical stability of the pD6E1-g-pV4D4 film, which is
directly linked with the long-term preservation of antibacterial
performance in the PBS solution.

We further evaluated the biocompatibility of the pD6E1 film af-
ter grafting onto the pV4D4 film by introducing other types of hu-
man cells, specifically primary human corneal epithelial (HCE)
cells, in addition to NHDFs.[27] As demonstrated in Figure 4c
and Figure S3a,b (Supporting Information), the pD6E1-g-pV4D4
film showed high cell viability of over 90% for both NHDFs and
HCE cells, comparable to that of TCPS,[26] confirming the excel-
lent biocompatibility thereof.

To effectively prevent ocular diseases caused by bacteria, it
is important to retain a broad spectrum of anti-bacterial prop-
erties targeting several species of bacteria. Therefore, we as-
sessed the antibacterial properties of the pD6E1-g-pV4D4 film
against four other bacterial species, namely Pseudomonas. aerug-
inoasa (P. aeruginosa), Methicillin-resistant S. aureus (MRSA),

Klebsiella pneumoniae carbapenemase-producing carbapenem-
resistant Enterobacteriaceae (KPC-CRE), and Escherichia coli O157:
H7 (E. coli O157: H7). Especially, P. aeruginosa is one of the most
common bacteria associated with bacterial keratitis and may
cause permanent blindness when CLs are used improperly.[4]

MRSA and KPC-CRE are each representative gram-positive and
gram-negative antibiotic-resistant bacteria, respectively, and are
responsible for a significant number of bacterial infections world-
wide. In 2017, more than 13000 CRE infections in hospitalized
patients were reported, and about 1100 deaths were caused by
bacterial infections in the United States.[28] E. coli O157: H7 was
also selected as a representative gram-negative bacteria causing
severe intestinal infection in humans.[29] As shown in Figure 4d,
numerous colonies were formed in the pristine dish, while no
colony was observed in the pD6E1-g-pV4D4-coated dishes for all
bacterial species. Of note, the pD6E1-g-pV4D4 coating enabled an
antibacterial efficiency exceeding 99% against all tested species
(Figure 4e). It follows from the observations above that pD6E1-
g-pV4D4 exhibited exceptional antibacterial activity against a
broad-spectrum of bacteria associated with ocular diseases.

The excellent antibacterial properties of the coating can be
integrated monolithically into the CLs. As shown in Figure 4f,
both pD6E1-g-pV4D4-coated CLs and the solution retrieved from
them had completely prevented colony growth, while the pris-
tine CLs and their solution showed significant colony growth.
6.7 × 104 colonies/CL were formed in pristine CLs, whereas the
pD6E1-g-pV4D4-coated CLs exhibited no colonies (Figure 4g).
Based on the colony assay, pD6E1-g-pV4D4-coated CL possessed
exceptional antibacterial efficiency, with over 99.9% effectiveness
(Figure S4, Supporting Information).

To investigate the optical characteristics of pDE-g-pV4D4 film,
the transmittance of pD6E1-g-pV4D4 film was analyzed using
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Figure 4. Characterization and antibacterial performance of pD6E1-g-pV4D4 film for application in CLs a) FT-IR spectra of pV4D4, pD6E1, and pD6E1-
g-pV4D4 films, respectively (n = 3). b) Gas chromatography analysis data to show non-leaching property of DMAMS, EGDMA monomer, and pD6E1-
g-pV4D4 thin film. c) Cell viability of pD6E1-g-pDV4D4 and tissue cultured polystyrene (TCPS) for 1 DIV. d) Colony assays of extraction solution (scale
bars: 45 mm) in contact with pD6E1-g-pV4D4-coated dishes and pristine dishes (scale bars: 10 mm). e) Antibacterial efficiency of MRSA, KPC-CRE, E.
coli O157: H7, P. aeruginosa in contact with the pD6E1-g-pV4D4 films (n = 3). f) Colony assays of extraction solution (scale bars: 45 mm) in contact
with pD6E1-g-pV4D4-coated CL and pristine CL (scale bars: 10 mm) against P. aeruginosa. g) Corresponding antibacterial efficiencies of pD6E1-g-
pV4D4-coated CL against P. aeruginosa. h) Images of pristine and pD6E1-g-pV4D4-coated CL between the CLs and text and i) Transmission spectra of
pD6E1-g-pV4D4-coated glass and pristine glass. j) Refractive index of pDE-g-pV4D4 thin films compared to general RGP and soft lens (n = 3).
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ellipsometry (Figure 4i), showing the full transparency of the
300 nm-thick pD6E1-g-pV4D4 film in whole visible light range.
To confirm practical applicability, the pDE-g-pV4D4 film was ap-
plied to a commercially available CL, and the transparency of
the pDE-g-pV4D4-coated CL remained unchanged (Figure 4h).
Figure 4j also shows the refractive index (RI) of a rigid gas-
permeable (RGP) lens, soft lens, and pD6E1-g-pV4D4 film,
demonstrating that the RI difference of pD6E1-g-pV4D4 film
from that of RGP and soft lenses are quite small – less than
0.05.[30] These results demonstrate that pD6E1-g-pV4D4 coating
does not induce significant visible aberration and maintains an
RI similar to that of CLs, thereby confirming the suitability of the
coating for CLs. Generally, liquid-based coating processes pose
significant challenges in achieving uniform ultrathin film on the
non-flat surface of soft and delicate substrates like CLs while
maintaining their CL integrity.[8,11h] On the other hand, the iCVD
process allows for conformal ultrathin – sub-micron-thick – coat-
ing even on non-flat surfaces due to the advantages of the vapor
deposition under mild process conditions, thus fully preserving
optical transparency in CLs.

2.5. Long-Lasting Anti-Bacterial Properties of pD6E1-g-pV4D4
Film

Considering the practical duration of CL usage, it is imperative
for the antibacterial coating to maintain its effectiveness over
an extended period. However, only a few studies on antibacte-
rial coatings have been reported to monitor their effectiveness
over a long-term period.[11f,14,15] To date, among antibacterial coat-
ings based on contact-killing mechanism, the longest duration of
long-term antibacterial effectiveness tested is 12 weeks, however,
the surface showed a substantial decrease in anti-bacterial perfor-
mance with the final efficacy below 70%.[11f]

We evaluated the long-term antibacterial efficiency of synthe-
sized pD6E1-g-pV4D4 against MRSA up to 9 weeks in compari-
son to pD6E1 films. In Figure 5a, the antibacterial efficiency of
pD6E1 films significantly degraded by 40% only after 3 days of in-
cubation in PBS solution (physiological conditions) and reached
down to less than 30% in a 7-day incubation. On the other hand,
the antibacterial performance of pD6E1-g-pV4D4 films was sus-
tained for 9 weeks, retaining the antibacterial efficiency exceed-
ing 96% during that period, which clearly confirms the long-
lasting retention of the antibacterial performance of the pD6E1-
g-pV4D4 films, attributed to the non-leaching property of the
grafted pDE on pV4D4 layer that prevents the loss of antibacte-
rial QAC moiety (Figure 4b).[11b] To the best of our knowledge,
the long-term antibacterial performance retention greater than
95% surpassing 9 weeks is one of the longest ones among the
QAC-based antibacterial coatings reported to date (Table S4, Sup-
porting Information). These results strongly suggest that the un-
paralleled long-term preservation of antibacterial performance
in the PBS solution is associated with the chemical stability of
thin films, and it is of critical importance to secure a leaching-
free strategy to warrant long-lasting antibacterial performance.
In addition to long-lasting antibacterial performance, we com-
pared other critical parameters, including optical properties, non-
cytotoxicity, and antibacterial efficiency of the pD6E1-g-pV4D4
films with those of benchmark antimicrobial materials such as

chitosan,[31] Ag nanoparticles,[32] and CuO nanoparticles.[33] Sil-
ver and copper oxide nanoparticles, although effective in an-
tibacterial activity, exhibit significant cytotoxicity and poor optical
transmittance, making them less suitable for contact lens appli-
cations. Chitosan, known for its biocompatibility and moderate
antibacterial activity, is non-cytotoxic but has limited antibacterial
durability, lasting only up to 4 days, and offers lower optical trans-
mittance compared to pD6E1-g-pV4D4. In contrast, the pD6E1-g-
pV4D4 thin film demonstrates exceptional long-lasting antibac-
terial performance, excellent non-cytotoxicity, and high optical
transmittance, making it an ideal candidate for contact lens ap-
plications aimed at preventing ocular infections.

The mechanical durability of the pD6E1-g-pV4D4 film was
also investigated intensively. A repeated washing cycle test was
conducted to simulate the repeated usage of anti-bacterial film-
coated CL. For this purpose, MRSA (1 × 104 CFU mL−1) was
inoculated onto the films for 2 h to check the anti-bacterial per-
formance. Subsequently, the inoculated pD6E1-g-pV4D4-coated
dish was rinsed with deionized water and dried in ambient air.
Such a procedure was repeated and antibacterial efficiency was
measured consecutively for 15 times. The results showed that the
pD6E1-g-pV4D4 film retained greater than 99% of the initial an-
tibacterial efficiency against MRSA (Figure 5b). Notably, the an-
tibacterial efficiency consistently exceeded 99% across 15 consec-
utive cycles against MRSA. These findings confirmed the supe-
rior durability of our coating for repeated usage of CLs. To further
validate the robustness of the pD6E1-g-pV4D4 film under condi-
tions similar to those encountered by actual contact lens wear-
ers, we also conducted a washing test using a 3% H2O2 solution,
which is commonly used in many contact lens cleaning solutions.
After exposure to H2O2, the antibacterial performance was as-
sessed against 1 × 105 CFU mL−1 MRSA (Figure S5, Supporting
Information). Remarkably, the pD6E1-g-pV4D4 film maintained
over 99% antibacterial efficiency, even after multiple washing cy-
cles with H2O2. Additionally, it’s worth noting that while H2O2 is
highly reactive and can impact the stability and shelf life of clean-
ing solutions, our thin film continued to demonstrate excellent
antibacterial performance with just simple water washing. This
suggests that H2O2 solutions may not be necessary to maintain
effective antibacterial properties, offering significant advantages
in terms of ease of use and longevity of the contact lenses.

To simulate harsh conditions, the pD6E1-g-pV4D4 film was
immersed in a PBS solution containing a high concentration of
salt ions in an ultrasonication bath (20 kHz) for 24 h (Figure 5c).
After 24 h of ultrasonication, there was no significant change
in film thickness. AFM analysis was also performed to check
the change in surface morphology by measuring the root mean
square roughness (RMS) value of the films before and after the
24 h ultrasonication (Figure 5d). The RMS roughness of the
film remained less than 1 nm and maintained its smooth sur-
face even after ultrasonication, indicating the mechanical robust-
ness of the anti-bacterial coating. An anti-bacterial assay was
conducted on pD6E1-g-pV4D4 film exposed to 4 h and 24 h
of ultrasonication in PBS solution, showing the antibacterial
efficiency exceeding 99% against MRSA (1 × 104 CFU mL−1)
for both conditions (Figure 5e). The results also confirm that
the anti-bacterial films exhibit outstanding mechanical durabil-
ity, enabling long-term survival in harsh physiological ocular
environments.
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Figure 5. Chemical stability and mechanical durability of the pD6E1-g-pV4D4 film. For the chemical stability test, a comparison of antibacterial efficiencies
of a) pD6E1 films without pV4D4 layer and pD6E1-g-pV4D4 films after incubation in PBS solution for an extended period against MRSA. b) Antibacterial
efficiency of pD6E1-g-pV4D4 after 15 washing cycles against MRSA (Scale bar: 45 mm). After the ultrasonication test in PBS solution, c) thickness change,
(d) AFM images of the pD6E1-g-pV4D4 films (Scale bar: 1 μm). e) Antibacterial efficiency of the pD6E1-g-pV4D4 films against MRSA after ultrasonication
test in PBS solution for 4 and 24 h. f) Images of various substrates before and after iCVD coating, including a latex glove, Petri dish, cell culture plate,
and Si wafers (Scale bar: 90 mm). All experiments were performed in triplicate, and the error bars represent the standard deviation.
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Furthermore, the pD6E1-g-pV4D4 film can be applied to var-
ious substrates commonly used in the medical field, extending
beyond CLs. Figure 5f depicts different substrates including a
latex glove, petri dish, cell culture plate, and Si wafers before
and after coating pD6E1-g-pV4D4 film via the iCVD process. The
coated substrates show no signs of damage or color alternation
post pD6E1-g-pV4D4 coating, indicating the formation of an ul-
trathin film. This highlights the versatility of the coating, as it can
be effectively applied to several substrates necessitating antibac-
terial properties.

In our study, we assessed the wettability of the pD6E1-g-pV4D4
coating, which showed a water contact angle of 70°, and mea-
sured a water retention time of 1 s, both of which are impor-
tant factors for the comfortability of wearing CLs (Figure S7a–c,
Supporting Information). However, further investigation is nec-
essary to comprehensively evaluate the comfortability, including
additional assessments of water content, air permeability, and
mechanical modulus. These aspects are critical to ensuring that
the coated lenses not only provide effective antibacterial protec-
tion but also maintain the necessary comfort and breathability
for long-term use.

3. Conclusion

In this study, we successfully developed a high-performance,
long-lasting antibacterial coating that is non-cytotoxic and suit-
able for long-term, repeated use in CLs. The anti-bacterial pD6E1-
g-pV4D4 polymer film was newly designed and synthesized
using a solvent-free iCVD process. This optimized copolymer
film demonstrated exceptional anti-bacterial efficiency, achiev-
ing >99% effectiveness within 2 h of exposure against vari-
ous bacteria, including standard and antibiotic-resistant strains
directly associated with bacterial keratitis. The introduction of
the adhesion-promoting pV4D4 layer significantly enhanced the
chemical stability and mechanical durability of the coating. This
results in unprecedentedly superior long-lasting antibacterial
performance, maintaining efficacy even after 9 weeks of incu-
bation in PBS. The nanocoating applied under mild deposition
conditions enabled the damage-free modification of the CL sur-
face, preserving its optical properties such as transparency and
refractive index comparable to pristine CLs without causing any
deformation. This research highlights the potential application
of the pD6E1-g-pV4D4 coating to various biomedical devices
that require robust antibacterial properties. We believe that this
unprecedented long-lasting anti-bacterial coating will facilitate
the convenient and hygienic use of CLs, significantly reducing
the risk of bacterial keratitis. Furthermore, the versatility of the
iCVD process allows for the extension of this technology to a
wide range of substrates and medical applications, promoting
improved safety and effectiveness in healthcare settings.

4. Experimental Section
Fabrication of p(DMAMS-co-EGDMA)-g-pV4D4 Using iCVD: To syn-

thesize pDE-g-pV4D4 in situ via the initiated chemical vapor deposi-
tion (iCVD) process, 1,3,5,7-tetramethyl-1,3,5,7-tetravinyl cyclotetrasilox-
ane (V4D4, 95%, Gelest), 2-dimethylaminomethyl styrene (DMAMS,
90%, Acros, Belgium), ethylene glycol dimethacrylate (EGMDA, 98%,
Sigma–Aldrich, USA), and tert-butyl peroxide (TBPO, 98%, Sigma–Aldrich,

USA) were heated to 70, 50, 60, and 25 °C, respectively. The vaporized
monomers and initiator were injected into a customized iCVD chamber
and the pDE-g-pV4D4 was grown directly on arbitrary substrate materials
including glass, silicon wafer (Si), polystyrene (PS), rigid gas permeable
(RGP) lens. The flow rate of V4D4 was 0.9 sccm. After depositing the
pV4D4 thin film, pDE was deposited with the flow rates of DMAMS and
EGDMA at 0.5 to 1.1 and 0.2 sccm, respectively. The chamber pressure
was maintained at 150 mTorr, and the temperature of the filament was
heated to 140 °C. The temperature of the substrate was 40 and 36 °C for
pV4D4 and pDE, respectively.

Characterization of p(DMAMS-co-EGDMA)-g-pV4D4: To confirm the
compositional ratio of thin films, Fourier transform infrared (FT-IR) spec-
tra were obtained by using ALPHA FT-IR spectrometer in the absorbance
mode (Bruker Optics) with a resolution of 1.4 cm. The composition of
atomic ratio in polymer thin films was measured using an X-ray photo-
electron spectrometer (Alpha K source, ThermoFisher Scientific). A spec-
troscopic ellipsometer (M2000, J. A. Woollam) was used to measure the
thickness of the thin films. Zeta-potential values of the thin films were mea-
sured using a Nano Zetasizer 3600 (Malvern Instruments Ltd, Malvern,
UK) equipped with a He-Ne laser source (633 nm). The transmittance
spectra of thin films were obtained by UV/vis spectroscopy (UV-3600, Shi-
madzu). AFM images to measure roughness were obtained using a scan-
ning probe microscope (NX10, Park Systems).

In Vitro Anti-Bacterial Assay: To evaluate the antibacterial activity of
the thin films, the method described in ISO 22196 was implemented.
Staphylococcus aureus (S. aureus, ATCC 29213), Escherichia coli O157: H7
(E. coli O157: H7, ATCC 43894), methicillin-resistant Staphylococcus aureus
(MRSA, ATCC 43300), Klebsiella pneumoniae carbapenemase-producing
carbapenem-resistant Enterobacteriaceae (KPC-CRE), Pseudomonas. aerug-
inoasa (P. aeruginosa, ATCC BAA-1744) were used for anti-bacterial assay.
E.coli, S.aureus, P. aeruginosa (≈1×109 CFU mL−1) were cultured in Luria–
Bertani (LB) broth for 24 h at 37 °C. MRSA, KPC-CRE (≈1×109 CFU mL−1)
were cultured in Tryptic soy broth (TSB) for 24 h at 37 °C. LB agar and
Tryptic soy agar (TSA) were prepared for anti-bacterial assay. 0.1 mL of
bacteria (≈1 × 105 CFU mL−1) was spread on pDEV-coated Petri dishes
(35 × 35 mm2) and CLs and incubated for 2 h at room temperature. Af-
ter recovering the bacterial solution in the petri dishes and CLs, 1/50 di-
lutions were spread on agar to count the number of viable bacteria. All
experiments were in biological triplicates. The agar plates were incubated
at 37 °C for more than 15 h. The anti-bacterial efficiency was calculated by
the following formula:

Anti − bacterialefficiency (%) = (1 − N∕N0) × 100 (1)

where N is the number of viable bacterial colonies after incubation for 2 h
from the thin film-coated dishes or lens, and N0 is the number of bacterial
colonies after incubation for 2 h from non-coated dishes or lens.

Cytotoxicity Assay: Normal human dermal fibroblasts (NHDFs) pur-
chased from Lonza (Rockland ME, USA) were selected to optimize the
point between the highest cell viability and antibacterial efficiency on thin
film-coated four-well cell culture plates. NHDFs were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM, Gibco) with 10% FBS at 37 °C.
5 × 104 NHDFs were cultured on each thin film-coated and non-coated
four-well cell culture plates for 1 day. After washing the culture plates
with Dulbecco’s phosphate-buffered saline (DPBS), and stained with a
LIVE/DEAD viability/cytotoxicity kit for mammalian cells (Thermo Fisher
Scientific). Each sample was incubated with DPBS (1 mL) containing ethid-
ium homodier-1 (4 μm) solution and calcein-AM (2 μm) for 30 min at
room temperature, followed by rinsing all samples with DPBS. All sam-
ples were imaged with a fluorescence microscope (Eclipse Ti-U, Nikon).
Primary human corneal epithelial (HCE) cells were also cultured in corneal
epithelial cell basal medium (ATCC PCS-700-030) with corneal epithelial
cell growth kit (ATCC PCS-700-040) at 37 °C. HCE cells were cultured on
pD6E1V coated and non-coated four-well culture plates for 1 day.

Durability Test: To evaluate the durability of thin films in an aqueous
environment, similar to using CLs in the ocular environment, an ultrason-
ication test was performed with pD6E1-g-pV4D4 coating on Si wafer. In
the ultrasonication test, pD6E1-g-pV4D4 coating on Si wafer was placed
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on a petri dish and immersed in phosphate-buffered saline (PBS, Gibco).
Then, the dish containing the immersed sample was placed in the ultra-
sonication bath with a frequency of 20 kHz. The thickness of the sample
was measured using spectroscopic ellipsometer (M2000, J.A. Woollam)
and exposed to ultrasonication for 24 h. AFM images were obtained us-
ing a scanning probe microscope (NX10, Park Systems) to measure the
roughness of thin films after ultrasonication test. Anti-bacterial assay was
performed after ultrasonication test for 4 and 24 h.

Long-Lasting Anti-Bacterial Test: A cyclic anti-bacterial assay was per-
formed to evaluate the reuse of anti-bacterial coating for CL. In the cyclic
anti-bacterial assay, 0.1 mL of bacterial solution (1 × 104 CFU mL−1) was
inoculated on pD6E1-g-pV4D4 coated and non-coated Petri dishes, fol-
lowed by recovering the bacterial solution and washing the Petri dishes
three times with deionized water. The recovery solution was used for an
anti-bacterial assay. The cyclic anti-bacterial assay was performed using
the washed dishes. To evaluate the long-lasting anti-bacterial activity of
thin films, pD6E1V-coated Petri dishes were immersed in PBS to make a
similar environment within the eyes. After removing the PBS solution, the
Petri dishes were washed three times with deionized water and dried with
an air gun. Then, an anti-bacterial assay was performed until 9 weeks after
immersing the dishes in PBS.

Statistical Analysis: Statistical analyses were performed using Origin-
Pro 2019 (OriginLab Corporation, Northampton, USA). Data points repre-
sent the mean of at least three independent measurements. Sample size
(n) for each statistical analysis is three (n = 3).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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