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multilayer coating based therapeutic contact lens
for effective bacterial keratitis treatment
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Contact lenses (CLs) are an important medical device for ophthalmic disease treatment. They can be used

not only to correct refractive errors, such as myopia, but also can serve as a drug carrier for ocular surface

disease treatment. In this study, a therapeutic CL was designed for bacterial keratitis treatment by

constructing an antibacterial surface coating via a layer-by-layer (LbL) electrostatic self-assembly

method. Vancomycin-incorporated chitosan nanoparticles were firstly prepared by ionic condensation of

sodium tripolyphosphate (abbreviated as CTVNP). The positively charged CTVNP were then used for LbL

deposition with negatively charged heparin (HEP), obtaining a (HEP/CTVNP)n polyelectrolyte multilayer

on the CL surface. It is shown that such antibiotic incorporated surface coating doesn't influence the

light transmittance of the CL, so it should not affect the patients' visual acuity when wearing them. The

in vitro bacteriostatic effect evaluation was performed via live and dead bacteria staining and scanning

electron microscope (SEM), which demonstrated the effective antibacterial property of such a surface.

The fabricated therapeutic CL was then used to treat bacterial keratitis on a rabbit model. The results

showed that such CL could effectively control the development of the bacteria-infected cornea and had

a significant therapeutic effect.
Introduction

Corneal disease is one of the leading causes of blindness, with
approximately 500 000 cases per year worldwide.1 Infectious
keratitis is one of the main corneal diseases that is caused by
direct infection by bacteria, fungi, yeasts, or amoebae, in which
the bacterial infection stays at number one.1 Bacterial keratitis
is oen caused by infection of Gram-positive bacteria, which
produces a variety of biologically active substances and toxins
leading to corneal epithelial defects and corneal stroma
necrosis in the defect area.2 It has the characteristics of high
incidence, acute onset, and rapid progress. If the treatment is
poorly controlled or not controlled in a timely manner, it can
lead to progressive tissue destruction, corneal perforation, and
even damage to the entire eye and serious vision loss. Clinical
treatment of bacterial keratitis is mainly antibiotic eye drops
administration. However, due to the limitation of the eye
anatomy and physiological factors, the drug bioavailability in
such administrationmode is as low as less than 5%.3 As a result,
high frequency administration is required. However, the patient
compliance decreases with the increasing administration
frequency. The side effects are increasing as well. As the cornea
is a non-vascular tissue, the main route of its drug absorption is
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based on diffusion on the corneal surface. The corneal epithe-
lium is a stratied layer presenting Ca2+-dependent membrane
adherent regions (zonula occludens, zonula adherens, and
desmosomes) that create tight junctions that are highly resis-
tant to drug diffusion.4 So the drug delivery carriers those can
increase the drug residence time and the corneal permeability
may achieve higher bioavailability in actual application.

Contact lens (CL) is a kind of ocular device that commonly
used in ophthalmic diseases treatment.5,6 Apart from vision
correction, CL can be used therapeutically to treat dysfunctions
of the eye, particularly corneal irregularities.7 They can also be
used as drug carriers for the treatment of ocular diseases.8,9

Several techniques have been developed to construct drug
eluting CL, including polymer coating,10 drug or drug contained
nanoparticle soaking,11,12 hydrogel membranes coating,13 as
well as supercritical uid-assisted molecular imprinting.14

Polyelectrolyte multilayer that fabricated by layer-by-layer (LbL)
self-assembly technology is proved to be an effective yet simple
surface mediated drug eluting coating method.15 With advan-
tages of water phase based preparation, good activity protection
of the functional molecules, and ease fabrication on the
sophisticated architecture, polyelectrolyte multilayer has been
used to surface modication in several biomedical implants.16,17

In our previous investigations, polysaccharides multilayers,
including chitosan (CHI)/hyaluronic acid,18 as well as anti-
proliferative drug loaded CHI nanoparticle/heparin (HEP),15
© 2021 The Author(s). Published by the Royal Society of Chemistry
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have been fabricated onto the intraocular lens to prevent the
posterior capsular opacication postoperatively. Due to the
good biocompatibility, the polysaccharides based poly-
electrolyte multilayers were fabricated onto the CL surface for
effectively antibiotic loading and thus to fabricate an antibac-
terial loaded therapeutic CL for effective bacterial keratitis
treatment. The vancomycin (Van) was used due to its efficient
antibacterial property on Staphylococcus aureus, Streptococcus
pyogenes, and Streptococcus pneumonia. The Van incorporated
CHI nanoparticle was rstly prepared via ionic condensation of
CHI and tripolyphosphate (TPP), obtaining positively charged
CHI–TPP–Van nanoparticle (CTVNP). The CTVNP was then used
as a component for polyelectrolyte multilayer fabrication on CL
surface via LbL deposition with negatively charged HEP (Fig. 1).
The in vitro antibacterial effect as well as the in vivo treatment
for bacterial keratitis was carried out for evaluation the fabri-
cated therapeutic CL.
Materials and methods
Materials

The CHI (molecular weight (MW) approximately 179.17 kDa,
high viscosity (>400 mPa s)), TPP, and HEP (185 USP units per
mg) were purchased from Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). The Van was purchased from Meilun
Biotechnology Co., Ltd. (Dalian, China). The polyethyleneimine
(PEI, MW ¼ 25 000) was purchased from Sigma-Aldrich (St
Louis, MO, USA). The LIVE/DEAD® Viability Kit, FBS, DMEM/
F12 (1 : 1) cell culture media, and other cell culture-related
reagents were purchased from Invitrogen (Waltham, MA,
USA). The Luria–Bertani (LB) broth medium and agar powder
were purchased from Solarbio Science & Technology Co., Ltd.
(Beijing, China). Cell Counting Kit-8 (CCK-8) was purchased
from Beyotime. All other chemicals were of analytical grade and
used without further purication.
Drug-loaded CHI nanoparticle preparation

The Van incorporated CHI nanoparticle was prepared via ionic
condensation of positively charged CHI and negatively charged
Fig. 1 Schematic illustration of the therapeutic contact lens preparation
loaded nanoparticle via ionic condensation of chitosan and tripolyphosph
(c) CTVNP/HEP multilayer modified contact lens for bacterial keratitis tre

© 2021 The Author(s). Published by the Royal Society of Chemistry
TPP, obtaining CHI–TPP–Van nanoparticle (CTVNP). The
fabrication process was according to our previous investiga-
tions.15,19 Briey, 1 mg mL�1 CHI in 1% acetic acid solution,
2 mg mL�1 TPP solution were rstly prepared. A certain Van
powder was then dissolved into CHI solution and the nal Van
concentration was 0.1 mg mL�1. Finally, 3 mL TPP was added
dropwisely into 16 mL CHI–Van mixture solution under
magnetic stirring at 800 rpm at room temperature and incu-
bated for another 30 min and thus the CTVNP was obtained.
The size and zeta potential of the nanoparticles were measured
by dynamic light scattering method on a particle size analyzer
(Autosizer 3000, Malvern Instruments Limited, UK).

Multilayer lm fabrication and surface modication

Hydrophilic CL was used as substrate for the polyelectrolyte
multilayer fabrication via electrostatic LbL assembly. CL was
rstly immersed in 3 mg mL�1 PEI solution for 2 h, getting
aminated surface to facilitate the subsequent polyelectrolyte
multilayer fabrication.20 The aminated CL was then dipped into
1 mg mL�1 HEP acetate buffer solution (pH ¼ 4) and freshly
prepared CTVNP solution for 15 min alternately, with acetate
buffer rinsing intervals, which obtains the HEP or CTVNP
absorbed surface aer each deposition step. One HEP and
CTVNP deposition cycle was dened as (HEP/CTVNP)1 and the
procedure was continued until the desired bilayer number was
deposited. Thus the Van incorporated coating was fabricated
onto the CL surface and the therapeutic CL was obtained. The
multilayer fabrication on the surface was followed by water
contact angle measurement by a contact angle analyzer (OCA20,
Dataphysics, Germany). The surface morphology and the
transmittance of the (HEP/CTVNP) multilayer modied CL
materials were also investigated by using SEM (Phenom-World,
the Netherlands) and ultraviolet-visible (UV-vis) spectropho-
tometer respectively (UV-1780, SHIMADZU, Japan), with pris-
tine CL materials served as controls.

Cytotoxicity assays

1 � 1 cm2 PET sheets were used as the assembly substrate
during the sample preparation, which were divided into four
and its treatment on bacterial keratitis. (a) Preparation of vancomycin
ate (CTVNP); (b) CTVNP/HEP multilayer fabrication via LbL deposition.
atment.
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groups: pristine, PEI, (HEP/CTNP)4.5, (HEP/CTNP)5, each group
had ve parallel samples. Aer assembly, both sides were irra-
diated under UV for 4 hours to eliminate bacteria on the
surface. Human corneal epithelial cells (HCEC) were selected
and planted in a sterile 96 well plate with a density of 5000 per
well. Each sample was placed in the corresponding well, 10
minutes later, and were co-cultured with cells for two days.
Finally, the cytotoxicity was determined with the CCK-8 diluted
with medium at the ratio of 10 : 1. 100 mL aforementioned CCK-
8 solution was added to wells and incubated for 2 hours. The
absorbance at 450 nm was determined and recorded using
a microplate reader. The wells without cells in CCK-8 solution
were set as blank group, the CCK-8 solution plus cells were set
as control group. The remaining four groups above were treated
as experimental groups. The cell viability was calculated by the
formula: (A(experimental group) � A(blank group)) � (A(control
group) � A(blank group)) � 100%.

Drug release prole investigation

The in vitro release behavior of the (HEP/CTVNP) multilayer
modied CL materials was also conducted in this study to
investigate the antibiotic release prole from the therapeutic
CL. The materials were incubated in phosphate-buffered saline
under gentle shaking at 37 �C. A total of 200 mL of the release
buffer was collected at certain time point (15 min, 30 min, 1 h,
2 h, 4 h, 6 h, 8 h, 12 h, 24 h, 2 days, 4 days, 7 days, 2 weeks, and 1
month) and stored in a refrigerator at 4 �C. When all the
samples were collected, the samples were tested by a microplate
reader (SpectraMax M5, MD, USA). The optical density (OD) at
280 nm was read and the amount of the Van releasing at the
certain time point was calculated according to the standard
curve that measured simultaneously by a list of pure Van solu-
tion with different concentrations.

In vitro antibacterial properties assessment

In vitro antibacterial property of the Van incorporated CL
materials were investigated by bacterial live/dead staining.21

The Staphylococcus aureus was used as model bacteria. The
bacteria was cultured in an LB broth medium for 12 h, diluted
to 105 CFU mL�1 and set aside for seeding. The materials were
placed on 24 well cell culture plates and sterilized by ultraviolet
irradiation for 2 h. Aer sterilization, 1 mL freshly propagated
bacteria suspension (105 CFU mL�1) was seeded into the wells
and incubated for 8 h. Then the culture supernatant was dis-
carded, rinsed by PBS buffer for three times and the staining
solution was subsequently added in the absence of light for
15 min, followed with PBS rinsing. The dead or live bacteria
were observed by uorescent microscopy (ECLIPSE-Ti, Nikon,
Japan). The pristine or the no drug incorporated multilayer
(HEP/CTNP, without Van adding when CHI nanoparticle prep-
aration) modied CL materials were served as controls.

The in vitro antibacterial effect of the therapeutic CL was also
evaluated by scanning electron microscopy (SEM).22,23 The
bacteria culture was carried out in the similar way to the above
bacterial live/dead staining experiment. The materials were
soaked in the bacterial suspension for 12 h and washed with
26162 | RSC Adv., 2021, 11, 26160–26167
PBS. Then the adherent bacteria were xed by 2% glutaralde-
hyde solution for 12 hours, dehydrated in 50%, 70%, 90%, and
100% alcohol for 2 h, 1 h, 1 h, and 2 h, respectively. Then the
specimens were treated by spray-gold. SEM was used to study
the bacterial distribution and morphology on the surfaces. The
no drug loaded multilayer (HEP/CTNP) modied CL materials
were served as controls.

Animal experiments

The animal experiments were approved by the local laboratory
animal committee (Laboratory Animal Ethics Committee at
Wenzhou Medical University). Japanese white rabbits with
weight around 2.5 kg with random gender were obtained from
the Wenzhou Medical University Laboratory Animal Center
(Approval No. 2019-057). The experiment was carried out
according to the Laboratory Animals – guidelines for ethical
review of animal welfare (2018, China). Routine ocular exami-
nation was performed on all animals before the experiment to
rule out eye diseases. Ooxacin eye drops were used on the same
batch of rabbits 3 times every day for 3 days. The animal model
of bacterial keratitis was established according to the ref. 28.
Briey, the rabbits were anesthetized by injection of 2%
pentobarbital (1 mL kg�1) and a muscle relaxant (SuMianXin,
0.2 mL kg�1). The cornea was circumcised with an 8.5 mm ring
drill to reach the depth of the stroma, and 100 mL of Staphylo-
coccus aureus (105 CFUmL�1) was injected into the stroma along
the incision with a 1 mL disposable insulin syringe. As the
liquid spread, the bacteria had entered the corneal stroma. Aer
bacterial infection model setup, the prepared therapeutic CLs
with Van incorporation in the surface coating were covered onto
the cornea with 10-0 ophthalmic sutures xation on the
conjunctiva to keep them from falling off. The no drug loaded
multilayer (HEP/CTNP) modied CL were served as controls.
The anterior segment was photographed by slit lamp post-
operatively 3 and 7 days aer therapeutic CL wearing. The CLs
were removed in the postoperatively 7 days and the ocular
infection severity was evaluated by themorphology and integrity
of the cornea observation. Finally, the rabbits were anesthetized
and euthanized, the whole eyeballs of the rabbits were removed
and xed in 4% paraformaldehyde, and the tissues were sepa-
rated for paraffin sections and HE staining.

Statistical analysis

The results were expressed as the mean � standard error of the
mean for each sample. Three parallel samples were used in each
experimental group and each experiment was repeated three
times independently.

Results and discussion
Nanoparticles and multilayer fabrication and coating onto cLs

CHI is a kind of natural polysaccharide with excellent biocom-
patibility, antibacterial activity, and good hydrophilicity.24 It is
insoluble in neutral medium whereas became soluble in the
acidic medium due to the protonation of the –NH2 group at the
D-glucosamine unit. The protonation of the CHI makes it good
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Zeta potential (a) and particle size (b) of the prepared CTVNP.

Fig. 4 Light transmittance (a) and SEM images of surface morphology
(b) of the CL materials with or without HEP/CTVNP multilayer
modification.
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positive charge. As a result, CHI nanoparticles were commonly
investigated in the drug delivery elds via the method of the
ionic condensation of the positively charged CHI with nega-
tively charge molecules, such as tripolyphosphate (TPP).15,19

Herein, the CHI–TPP nanoparticle was used to load the antibi-
otic Van with the aim to fabricate therapeutic CL ultimately. The
Van loaded CHI–TPP nanoparticle (CTVNP) was prepared under
the optimized N/P ratio (the mole ratio of N element in CHI and
P element in TPP) according to the previous investigations.15,19

As shown in Fig. 2(a), the prepared CTVNP rendered strong
positively charge on their surface, with the zeta potential value
of 38.7 � 0.4 mV. The particle size was mainly concentrated at
approximately 350 nm, as shown in Fig. 2(b). As expected, the
results showed that the positively charged CTVNP was
successfully prepared. And it is appropriate in the following
surface modication via LbL electrostatic self-assemble
technique.

The fabricated CTVNP was then used to construct poly-
electrolyte multilayer on the CL material surface via LbL depo-
sition with negatively charged HEP. The multilayer deposition
was followed by the surface wettability measurement by water
contact angle measuring instrument in each step. As shown in
Fig. 3, the water contact angle of the pristine material was
approximately 75�. The surface aminolysis slightly decreased
Fig. 3 The water contact angle of the surface in each deposition step
during the HEP/CTVNP multilayer fabrication.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the contact angle. When the subsequent LbL deposition of the
HEP and CTVNP carried out, the surface hydrophilicity greatly
increased, which were indicated by the generally decreasing of
the contact angle values. It is interesting that the contact angle
values showed an alternating downward trend aer one bilayer
(HEP/CTVNP) deposition. The surfaces with HEP as the outmost
layer (0.5, 1.5, 2.5, 3.5 and 4.5 bilayer) were more hydrophilic
than that with CTVNP as the outmost layer (1, 2, 3, 4 and 5
bilayer). Aer the HEP/CTVNP multilayer deposition, the
surface became more and more hydrophilicity, with water
contact angle between 10� to 20� aer 5 bilayer's modication.
This result not only clearly indicates the successful alternate
deposition of HEP and CTVNP onto the surface, but also indi-
cates the excellent hydrophilicity of the modied surface.

As the prepared therapeutic CL not only a drug eluting
system, but also a refractive correction device, the optical
property of the HEP/CTVNP multilayer modied CL materials
was investigated to evaluate the inuence of the surface coating
on the light transmittance. Fig. 4(a) shows that the light trans-
mittance changes of the materials with or without HEP/CTVNP
multilayer coating. It can be observed that the surface coating of
HEP/CTVNP multilayer does not noticeably change the light
transmittance of the substrate materials, no matter the depo-
sition coating is 1 bilayer or 5 bilayer. Fig. 4(b) shows the surface
morphology of the material with or without the HEP/CTVNP
multilayer coating as observed via SEM. Compared with the
pristine material, no signicant change was found when the
coating was established on the surface, which also a clue that
such therapeutic coating modication does not affect the bulk
property of the CL materials.
Cytotoxicity evaluation

The purposes of wearing the coated CL on the damaged corneal
surface were to protect the tissue and promote the self-repair of
corneal epithelium; on the other hand, to control the spread of
inammation and treat infection. Different coatings were co-
cultured with HCECs for 2 days, and the cytotoxicity was
determined to evaluate the safety of the (HEP/CTNP)n on the
ocular surface. As shown in Fig. 5, the cell viability of the
RSC Adv., 2021, 11, 26160–26167 | 26163



Fig. 5 The toxicity of different coatings onto the CL cultured with
HCECs.

RSC Advances Paper
unmodied group (pristine) was 88%, and that of the aminated
group (PEI) was 86%. When heparin was used as the outermost
layer, the value was 87%. It decreased in the (HEP/CTNP)5
group, because of the positive charge of chitosan nanoparticles.
However, the viability was still above 80%, which was a normal
range. The results demonstrated that the multilayer
membranes were safe on ocular surface, and the application of
(HEP/CTNP)n-CLs were feasible.
Drug release investigation

Polysaccharides have an increasing number of applications in
biomaterials elds such as tissue engineering, drug carriers,
and drug controlled release.25,26 It is well known that owing to
the rapid development of bacterial keratitis, the corneal struc-
ture would be rapidly destroyed if it is not treated in time or if
the dose of antibiotics was not reached. Therefore, the drug
release proles of the therapeutic CL were investigated. The
cumulative Van release was shown in Fig. 6. It can be observed
that the drug underwent burst release within 24 h, and
Fig. 6 Cumulative Van release amounts from the HEP/CTVNP multi-
layer modified CL materials in one month. The insertion is the ampli-
fication in the early stage.

26164 | RSC Adv., 2021, 11, 26160–26167
sustained release was followed which continued as long as one
month. Therefore, enough therapeutic amount of the Van can
be released in the early stage, which had great treating efficiency
of infectious disease treatment. Also, the sustained release of
the Van from the therapeutic CL could effectively prevent the
biolm formation when the antibiosis was not complete.27
In vitro antibacterial effect evaluation

The antibacterial effect of the fabricated therapeutic CL was
investigated by in vitro bacteria culture. To compared the effect
of the loaded Van in the therapy, no Van loaded surface coatings
(HEP/CTNP) were also investigated as controls, which were
fabricated by the LbL deposition of the HEP with the CHI
nanoparticles without Van loading. The bacteria were seeded
onto the surface modied materials and the adherent bacteria
on the surface were photographed under the condition of SEM
photography by xation and dehydration.28,29 It can be seen that
there were plenty of bacteria found on the material surface of
the no Van loading. The adherent bacteria presented intact
morphology. However, aer the Van loaded multilayer modi-
cation, almost no bacteria were found on the surface. A very few
adherent bacteria found on the surface were rendering struc-
tural failure in morphology. This result indicated that the HEP/
CTVNP surface modication on the CL can serve an effective
antibacterial therapy (Fig. 7).

To further conrm the antibacterial property, bacterial live/
dead staining was performed to observe the germicidal effi-
cacy of the coating surfaces. It is a common yet effective method
used to assess the bacterial activity by making use of the
differences in physiological functions and properties of dead
and live bacteria. The kit consisted of two stains, propidium
iodide (PI) and SYTO 9. The green uorescing SYTO 9 can enter
intact cell membranes (live bacteria), whereas red uorescing PI
only permeates cells with damaged cytoplasmic membranes
(dead bacteria).30,31 As shown in Fig. 8, numerous live bacteria
were found on the pristine CL material surface, cell biolm also
began to formation on such surface in the investigated time
Fig. 7 The Staphylococcus aureus adhesion on the CL material
surfaces. HEP/CTNP and HEP/CTVNP referred to the CL surface
coating without or with Van loading.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 The fluorescent images of bacterial live/dead staining results on pristine, HEP/CTNP multilayer and HEP/CTVNP multilayer modified CL
material surfaces. SYTO 9, PI, and merge response to living channel, dead channel, and merging channel respectively (100�).
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period. When the surface was covered by the multilayer coating
without Van loading, the surface bacterial adhesion were
similar to that on the pristine, whereas no bacterial biolm was
detected on the surface as the adherent bacteria were uniformly
dispersed. However, there was almost no bacterial adhesion
found on the Van loaded HEP/CTVNP multilayer surface, no
matter live or dead bacteria. There was no doubt about it that
the Van loading could kill the bacteria on the surface, yet it was
surprising and interesting that the killed bacterial corpses were
not found on the surface. It is known that the bacterial corpse
accumulation is also a key issue in biolm formation. So the
bacterial corpses releasing property aer bacterial killing was
also important for long term antibacterial therapy. Herein, no
live and dead bacteria was found on the HEP/CTVNP multilayer
coating surface, which suggested that such surface coating can
not only kill bacteria effectively on the surface but also release
the bacterial corpse from the surface. It is reported that the
hydrophilic polysaccharide multilayer renders excellent anti-
fouling properties.32 So, the release of the bacterial corpses
may due to the excellent hydrophilicity of the (HEP/CTVNP)
multilayer.

In vivo antibacterial effect and biocompatibility evaluation

The fabricated therapeutic CLs were applied to the rabbit eyes
with bacterial keratitis pre-established. To avoid the
© 2021 The Author(s). Published by the Royal Society of Chemistry
detachment of the therapeutic CLs from the ocular surface
induced by the animal scratching, bulbar conjunctiva four
points xation was given via 10-0 ophthalmic suture. When the
CLs were attached to the eye, they acted as a bandage, pre-
venting the invasion of other external bacteria and promoting
wound healing. As shown in Fig. 9a1 and b1, the bacterial
keratitis was successfully established before the therapeutic CLs
administration. The arrows represent the injected bacteria in
the cornea stroma. The therapeutic CLs were then worn onto
the ocular surface and the therapy lasted for one week. It
showed that severe inammation produced in the eyes which
wore the HEP/CTNP multilayer modied CLs for 3 days
(Fig. 9a2). Secretory liquid was found on the eyes and white
blind spots were generated in the cornea. The white blind spots
were observed worse growth in the postoperative 7 days. Almost
all the cornea was blind due to the serious bacterial keratitis
(Fig. 9a3). In the contrary, though there were still some secre-
tions on the eye surface near the sutures, the eyes wore with the
HEP/CTVNP multilayer coated CLs showed less inammation
and the cornea basically became clear in the postoperative 3
days (Fig. 9b2) and the cornea recovered to clear 7 days post-
operatively (Fig. 9b3).

The histological sections of the anterior segment were
investigated for further demonstration of the therapeutic CLs
effectiveness in treating the bacterial keratitis, as shown in
RSC Adv., 2021, 11, 26160–26167 | 26165



Fig. 9 The slit lamp images of the bacterial keratitis established rabbit eyes with HEP/CTNP (a) or HEP/CTVNP (b) multilayer modified CLs
treatment for 0 day (a1, b1), 3 day (a2, b2) and 7 day (a3, b3).
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Fig. 10. As a transparent refractive medium without blood
vessels, the cornea has a profound inuence on vision. Its
position in front of the eyeball enables the cornea to protect the
visual organs. Therefore, the integrity of the structure and
function of the cornea are of great signicance. It could be seen
that the ocular tissues in anterior segment kept normal struc-
ture when the bacterial infected eyes were treated with thera-
peutic HEP/CTVNP multilayer modied CLs. Typically, cornea
consists of the epithelium, Bowman's layer, stroma, Descemet's
Fig. 10 Histological images of the anterior section in the eyes treated wi
CTVNP) via hematoxylin–eosin staining.

26166 | RSC Adv., 2021, 11, 26160–26167
membrane, and the endothelium.33 The cornea was intact when
the infected eyes were treated the therapeutic HEP/CTVNP
multilayer coated CLs. The corneal thickness and structure
were not signicantly changed in this situation. However, when
no Van was incorporated in the coatings (HEP/CTNP), the
corneal thickness was greatly increased. The chamber angle (as
indicated q in the gures), which is the angle between cornea
and iris, also became narrower in this situation (q1 < q2). The
thicker cornea and the narrower chamber angle might due to
th non-therapeutic coating (HEP/CTNP) and therapeutic coating (HEP/

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the serious inammatory reaction of the bacterial infection
when coatings on the CLs were no therapeutic effects. All these
results revealed the excellent effectiveness of the therapeutic CL
in treating the bacterial keratitis.

Conclusions

In this investigation, therapeutic CLs were designed and
prepared via the LbL self-assembly of the HEP and the Van
incorporated CHI nanoparticle. The fabricated antibiotics
incorporated polysaccharide (HEP/CTVNP) multilayer coating
modication on the CLmaterials does not signicantly affect its
light transmittance whereas the incorporated antibiotics could
be released from the coatings. It was interesting that the (HEP/
CTVNP) multilayer coating could not only effectively kill the
bacteria on the surface, but also release the bacterial corpse
from the material surface. The Specic bacterial “kill-release”
property may due to the excellent hydrophilicity of the thera-
peutic coating, which might have great potential in treating the
infectious disease. The curative effect was conrmed by the
bacterial keratitis in the rabbit models, where signicant heal-
ing was found when the infected eyes were treated by the
therapeutic coating modied CLs. All these results suggested
that such “kill-release” antibacterial surface coating based
therapeutic contact lens could serve an effective alternative in
treating bacterial keratitis.
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