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초록: 본 연구는 실리콘 하이드로겔 콘택트렌즈에 올레산 처리를 통해 항생제 가티플록사신의 탑재량을 증가시키고,            

히알루론산과 키토산을 이용한 layer-by-layer(LBL) 다층 코팅으로 지속적인 약물 방출 및 물리적 특성을 향상시키            

는 것을 목적으로 하였다. 올레산과의 상호작용으로 약물 탑재량이 증가했으며, LBL 코팅은 약물 방출 지속성을 크              

게 개선하였다. 특히, 코팅층이 증가할수록 함수율이 증가하였으며, 향균성이 강화되어 장기간 미생물에 대한 보호 효             

과가 지속되었다. 히알루론산과 키토산과 같은 천연 다당류로 LBL 다층 코팅을 형성함으로써 약물 방출 지속 시간              

이 연장되고, 물리적 특성이 향상되었다.

Abstract: This study aimed to increase the loading of the antibiotic gatifloxacin in silicone hydrogel contact lenses 

through oleic acid treatment and to improve sustained drug release and physical properties using layer-by-layer (LBL) 

multilayer coatings with hyaluronic acid and chitosan. The interaction with oleic acid increased the drug loading, and 

LBL coating significantly enhanced the drug release duration. Specifically, as the number of coating layers increased, the 

water content also increased, and the antibacterial efficacy was strengthened, providing prolonged protection against 

microorganisms. The formation of LBL multilayer coatings with natural polysaccharides like hyaluronic acid and chi-

tosan extended the drug release duration and improved the physical properties. 

Keywords: contact lens, layer-by-layer coating, oleic acid, gatifloxacin, hyaluronic acid, chitosan.

Introduction

With the advancement of the information society and the 

widespread use of smartphones, more people are using contact 

lenses to improve their vision and for cosmetic reasons. How-

ever, this growing trend has raised concerns about eye health. 

Wearing hydrogel contact lenses has been linked to ocular dis-

eases,1,2 changes in corneal thickness,3,4 and alterations in cor-

neal curvature and visual acuity due to hypoxia.2,5

In response, many studies have examined the physical prop-

erties,6 therapeutic lenses, antimicrobial properties,7 and col-

ored varieties of contact lenses8 to enhance user experience. 

The use of silicone hydrogel lenses with high oxygen perme-

ability is also on the rise.9,10

Due to their hydrophobic nature, silicone hydrogel contact 

lenses are prone to protein and lipid deposits on the lens sur-

face, leading to reduced wettability, discomfort, and eye dis-

eases.11

Therefore, ongoing research aims to enhance oxygen per-

meability, increase wettability, and reduce protein adsorption to 

improve contact lens performance.12

In addition to correcting refractive errors and cosmetic rea-

sons, contact lenses are being explored as potential drug deliv-

ery systems for treating ocular diseases.13 Drug delivery to the 

anterior segment of the eye is commonly accomplished through

formulations, including solutions, suspensions, and ointments.14,15

However, traditional ophthalmic formulations exhibit low ocu-
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lar bioavailability due to many factors, including reflex tearing 

and blinking, incomplete absorption, nasal discharge, poor 

metabolism, and relative impermeability of the corneal epithe-

lium.16 To compensate for this drawback, drugs must be pre-

scribed frequently to achieve the required therapeutic drug 

levels in the target tissue.17 Such frequent prescribing not only 

increases the risk of side effects but also reduces patient com-

pliance. Consequently, there is a growing interest in more 

effective ocular drug delivery systems.17

Contact lens-based drug delivery systems offer high biocom-

patibility and efficient drug delivery capabilities. However, due 

to their thin and structurally limited space, contact lenses face 

significant challenges in loading a sufficient amount of drugs.18

Additionally, incorporating drugs into contact lenses can alter 

their mechanical and optical properties, affecting wearer com-

fort and lens performance.19

There have been many studies on the use of contact lenses 

for ocular drug delivery.20,21 Ophthalmic drugs released from 

lenses remain on the corneal surface longer than drops, and 

contact lenses are easy to load with drugs. Drug delivery via 

contact lenses may also lead to higher compliance, especially 

in patients who require refractive correction.22 Escherichia coli 

isolated from the diseased ocular surface has demonstrated a 

strong potential for biofilm formation, highlighting its role in 

persistent infections and antimicrobial resistance.23

Several studies have been conducted on using fatty acids in 

ocular drug delivery systems. Unsaturated fatty acids, such as 

oleic acid, linolenic acid, and α-linolenic acid, act as micro-

emulsions for treating ocular diseases.24-26 In vitro and ex vivo

studies of oleic acid-based microemulsions have been effective 

for the ocular delivery of ofloxacin.23 Furthermore, chitosan-

coated nanoemulsions based on oleic acid have been found to 

be a safe means of delivering cataract therapeutics.27

In particular, oleic acid, when used alone, can enhance the 

corneal permeability of both water- and fat-soluble compounds 

in vivo and is safe over a wide concentration range. Fatty acid-

based drug carriers have the lowest toxicity and are primarily 

useful for hydrophobic drug delivery. These carriers have low 

melting points, low viscosity, and relatively high flexibility, 

which facilitates their use in implant and injection delivery.28

Gatifloxacin is a fourth-generation fluoroquinolone antibac-

terial agent with a broad antibacterial spectrum and potent anti-

microbial activity. In comparative studies, gatifloxacin demonstrated 

potent antimicrobial activity against a wide range of gram-

negative and gram-positive organisms, further supporting its 

effectiveness in treating ocular infections.29 It is much more 

effective against gram-positive bacteria compared to ciproflox-

acin and sparfloxacin.30,31

Natural polysaccharides are easy to apply to hydrogels and 

are used in many applications because of their biocompatibil-

ity, biodegradability, and excellent mechanical properties.32

Chitosan, alginate, collagen, and hyaluronic acid are examples 

of natural polysaccharides. They contain hydrophilic functional 

groups such as hydroxyl, amine, and carboxyl groups that, when 

applied to contact lenses, can improve water content and wet-

tability and impart antiviral and antimicrobial properties.33

Natural antimicrobial agents have been shown to inhibit bio-

film formation and exhibit antimicrobial effects against both 

gram-positive and gram-negative bacteria. For example, Staph-

ylococcus aureus, a gram-positive bacterium, and Escherichia 

coli and Pseudomonas aeruginosa, both gram-negative bacteria, 

respond well to natural antimicrobials.34,35 Chitosan and chito-

oligosaccharides, in particular, have demonstrated strong anti-

microbial effects, making them suitable for biomedical appli-

cations, including drug delivery systems.36 These properties can 

vary depending on the molecular weight of hyaluronan and chi-

tosan, which affects drug diffusion and mechanical integrity.37

In recent years, techniques such as layer-by-layer (LBL) and 

interpenetrating polymer network (IPN) have become popular 

for enhancing the performance of contact lenses and controlling 

drug release. LBL technique allows for superior control by coat-

ing surfaces with biomolecules and cells, colloids, and polymers. 

LBL coatings using hyaluronan and chitosan have been shown 

to exhibit antibacterial effects against Staphylococcus aureus

and Pseudomonas aeruginosa, supporting the use of LBL 

techniques for improving contact lens properties.38 This tech-

nique involves the sequential adsorption of alternating nega-

tively and positively charged polymers onto the surface.39 The 

LBL multilayer bond between the negatively charged hyaluronic 

acid and the positively charged chitosan is formed by the bind-

ing of positively and negatively charged polymers (Figure 1). 

However, LBL coating often result in a reduced drug loading 

capacity while controlling drug release.40 Studies on Layered 

Double Hydroxide (LDH) assemblies with LBL polymer coat-

ings have shown that this method can be optimized to increase 

drug loading capacity while maintaining controlled release 

behavior.41

Polyelectrolyte layers have been used to control drug release 

from hydrogels because they can minimize the amount of drug 

released from the surface, reducing the initial burst release, and 

act as a barrier that slows down the diffusion of drug particles 

by reducing the pore size of the contact lens.42,43
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This study aims to overcome the limitations of existing drug 

delivery systems, oleic acid was introduced to improve the 

drug loading capacity and natural polysaccharides such as 

hyaluronic acid and chitosan were used to ensure continuous 

drug release through LbL muticoating.

Experimental

Reagents and Materials. The silicone monomer (3-meth-      

acryloxy-2-hydropropoxy) propylbis (trimethylsiloxy) methyl-

silane (SiGMA, GEO specialty chemicals), along with hydrophilic 

monomers N-vinyl-2-pyrrolidone (NVP) and N,N-Dimethyl 

acetamide (DMA), were used to prepare the silicone hydrogel 

contact lenses. Ethylene glycol dimethacrylate (EGDMA) served 

as the cross-linker, and 2,2-azobisisobutyronitrile (AIBN, Jun-

sei Chemical Co, Japan) was used as a thermal initiator. Gati-

floxacin (Santa Cruz Biotechnology, USA), a fluoroquinolone 

antibacterial agent, was used to investigate the drug release from 

the contact lenses, and oleic acid, a fatty acid, was used to increase 

drug loading efficiency. LBL coating was applied using hyal-

uronic acid (molecular weight: 8000-15000 Da), a natural

polysaccharide, and water-soluble low-molecular-weight chi-

tosan (molecular weight: 5000 Da). All reagents used in this 

study were purchased from Sigma-Aldrich (Korea) except 

SiGMA, AIBN, and gatifloxacin. 

Contact Lens Fabrication. The silicone hydrogel contacts      

used in this study were prepared using silicone monomer SiGMA 

and hydrophilic monomers DMA and NVP. EGDMA was the 

crosslinker for polymerization, and AIBN was the thermal ini-

tiator. All samples were agitated with a stirrer for 15 minutes, 

and the mixed reagents were thermopolymerized at 100 ℃ for     

1 h using a 0.00D P.P mold. The polymerized contact lenses 

were used after separating them from the mold and removing 

unreacted monomers. The hydrophobic interaction of oleic 

acid and gatifloxacin was used to increase the drug load. First, 

oleic acid was prepared at a concentration of 30 mM in ethanol, 

and the lenses were immersed at room temperature for one 

day. Then, after soaking in distilled water for 1 h to wash off 

the remaining ethanol, gatifloxacin was prepared in distilled 

water at a concentration of 0.3 mg/mL and soaked for one day. 

Table 1 shows the components and mixing ratios required for pre-

paring the contact lenses. 

LBL Multilayer Coating. Multilayer coating with anionic     

hyaluronic acid and cationic chitosan was performed using the 

LBL technique to prevent rapid initial release and prolong sus-

tained drug release. First, hyaluronic acid and chitosan were 

added to deionized water at a ratio of 0.3% each and stirred by 

ultrasonication for 1 h. After immersion in the hyaluronic acid 

solution for one minute, the solution that did not stick to the 

distilled water was removed and then immersed in the chitosan 

solution for one minute again. This process was repeated twice. 

Scheme 1 illustrates the multilayer coating process of anionic 

hyaluronic acid and cationic chitosan using LBL technique.

Samples containing no gatifloxacin and oleic acid were 

Figure 1. Chemical bond of hyaluronic acid and chitosan.

Table 1. Percentage Composition of Silicone Hydrogel Contact Lenses (%)

SIGMA DMA NVP EGDMA AIBN Gatifloxacin Oleic acid

R 30 60 8.7 0.3 1 - -

G 30 60 8.7 0.3 1 0.3 -

O 30 60 8.7 0.3 1 0.3 3mM
 Polym. Korea, Vol. 49, No. 4, 2025
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labeled R, samples containing only gatifloxacin were labeled 

G, and those immersed in oleic acid and then gatifloxacin were 

labeled O. Samples containing the drug and coated only with 

hyaluronic acid were labeled H, and those containing the drug 

and coated with chitosan alone were labeled C. The samples 

double-coated with chitosan on H were labeled HC, and the 

samples triple-coated with hyaluronic acid on HC were labeled 

HCH. Lastly, samples coated with four layers of chitosan were 

labeled HCHC.

Characterization. Light transmittance was measured using     

a Cary 60 UV-vis spectrophotometer, and the spectral trans-

mittance was measured in the visible region (380 nm-780 nm) 

following ISO standards. 

Water content was measured using the gravimetric method 

as per ISO 18369-4:2017, Ophthalmic optics Contact lenses Part 

4: Physicochemical properties of contact materials. Before measur-

ing the water content, uncoated samples were hydrated in phos-

phate buffer saline (PBS, 1X, pH7.4) at 37℃ for 24 h, and the            

samples LBL coated with oleic acid, hyaluronic acid, and chi-

tosan, respectively, were measured 10 times per sample to 

obtain the average. 

Oxygen transmittance was measured using the polarographic 

method. Oxygen permeability and oxygen transmittance were 

examined by measuring the current values with a Model 201T 

O2 permeomterTM (CREATECH, USA) after the samples 

were treated for at least 2 h inside a WL1000S (WITHLAB, 

Korea) constant temperature and humidity chamber at 36±0.5 ℃        

and 98% humidity.

Contact lens thickness was measured using a Litematic VL-

50 (Mitutoyo, Japan). Each sample was measured three times 

to obtain the average. 

Drug Release. The drug release from multilayer-coated      

samples with natural polysaccharides was examined over 48 h.

The baseline was set with phosphate buffer saline (PBS, 1X, 

pH7.4) solution, and the absorbance of gatifloxacin in PBS 

containing each sample was measured over time. The absor-

bance value at 293 nm, the maximum absorption wavelength 

of gatifloxacin, was measured using the Agilent Cary 60 UV-

vis spectrophotometer. The molar extinction coefficient of gati-

floxacin was calculated using ε293nm=8.23×10-4 cm-1M-1 for 1 mg/

mL and expressed as the average of three measurements for 

each sample.

Antimicrobial Properties. To investigate the antimicrobial     

properties of contact lenses containing gatifloxacin and those 

LBL coated with hyaluronic acid and chitosan, E. coli (ATCC 

10536) was obtained from the Korean Culture Center of Micro-

organisms. The liquid medium was prepared by mixing 200 mL

of distilled water with 0.6 g beef and 1 g peptone, adjusted to 

pH 7.2, and sterilized with a sterilizer. One μL of E. coli was 

added to 20 mL of liquid medium and incubated at 37 ℃ for     

12 h before use. After hydrating the coated contact lenses in 

PBS solution for 6 h at room temperature, each sample was 

placed in a vial with 10 mL liquid medium and incubated at 

37 ℃ for 3 h, and then diluted 10000-fold using saline. Finally,     

a 1 mL smear of the diluted solution was made on a dry film 

medium (E. coli, 3M PetrifilmTM) and incubated at 37 ℃ for     

24 h. Each sample was measured three times to obtain the 

mean Colony-forming unit (CFU).

Statistical Analysis. The statistical analysis of the collected     

data was performed using SPSS for Windows (Ver. 22). A one-

way ANOVA was conducted to compare the light transmit-

tance data among the multilayer-coated samples, followed by 

a Tukey HSD test for post hoc comparisons to determine sig-

nificant differences between groups. Additionally, an independent 

t-test was applied to evaluate the effects of specific treatments, 

such as the inclusion of gatifloxacin, oleic acid treatment, and 

Scheme 1. Schematic diagram of layer by layer (LBL) coated contact lens using hyaluronic acid and chitosan.
폴리머, 제49권 제4호, 2025년



Drug Release and Characterizatio of Multilayer Coated Contact Lenses with Natural Polysaccharides 429

   
multilayer coating application. All experimental data were pre-

sented as mean ± standard deviation (SD), and **statistical sig-

nificance was set at *p < 0.05, **p < 0.01, ***p < 0.001.

Results and Discussion

Physical Properties of Multilayer Coated Contact Lenses.      

Light Transmittance: Light transmittance is the most basic       

physical property of contact lenses. The visible light transmit-

tance of the samples treated with oleic acid and then multilayer 

coated with the natural polysaccharides (hyaluronic acid and 

chitosan) was measured to improve the drug loading efficiency 

of contact lenses. Figure 2 shows the results. 

The light transmittance of R, the most basic sample, was 

94.23±0.17%, while G with gatifloxacin was 93.11±0.71%, 

and O treated with oleic acid was 91.92±0.61%. Compared to 

R, the transmittance decreased with additional treatments. The 

transmittance of H and C coated with a single layer of natural 

polysaccharides was 91.19±0.80% and 91.11±0.01%, respec-

tively. As the number of layers increased with successive coat-

ings, the transmittance tended to decrease: HC (90.71±0.76%), 

HCH (90.45±0.17%), and HCHC (89.93±0.83%). 

Statistical analysis revealed a significant difference in light 

transmittance among the multilayer-coated groups (H, C, HC, 

HCH, HCHC) as determined by one-way ANOVA (p < 0.05).

Additionally, an independent t-tests showed significant dif-

ferences between R and all other samples (p < 0.001), as well 

as G and O (p < 0.01).

These results are consistent with past studies showing that 

hydrophobic materials such as gatifloxacin and oleic acid decrease 

the transmittance of lenses.44,45 However, studies measuring the 

UV-visible transmittance of silicone hydrogel contact lenses 

have demonstrated that a slight reduction in transmittance does 

not impair optical performance, ensuring safe and effective lens 

use.46 

Additionally, similar findings have been reported in multi-

layer-coated therapeutic contact lenses and intraocular lenses 

(IOLs), where the addition of coating layers did not compro-

mise visual performance.47,48

These findings collectively suggest that the multilayer coat-

ings applied in this study do not induce visual distortion and 

effectively maintain the optical functionality of the lenses.

Furthermore, although the light transmittance of the drug-

loaded polysaccharide multilayer coated samples decreased to 

some extent, they remained above 88% according to ANZI 

Z80.20, the international standard for contact lenses, indicating 

that their visual properties and characteristics were not com-

promised.

Water Content: Water content is related to the curvature,     

thickness, and material of the lens and is one of the most sig-

nificant factors in determining eye health and the comfort of 

wearing contacts. Figure 3 shows the water content of each 

sample. 

The water content of R is 65.29±0.72%, while G and O are 

66.42±2.12% and 63.28±1.91%, respectively. In general, the 

presence of hydrophobic drugs in the lens tends to decrease the 

water content due to their low affinity for water.44 The water 

content of O decreased due to the hydrophobic interaction of 

gatifloxacin with oleic acid. The hydrophobic coating of oleic 

acid reduced the hydrophilic surface area of the lens, thereby 

reducing the space available for water molecules to be absorbed 

into the lens.45

LBL-coated contact lenses with natural polysaccharides showed 

increased water content compared to lenses without LBL coating. 

In particular, the lenses coated with hyaluronic acid had higher 

Figure 2. Transmittance of multilayer coated silicone hydrogele con-
tact lenses. The statistical significance was set at *p < 0.05, **p < 0.01, 
and ***p < 0.001.

Figure 3. Water contents of multilayer coated silicone hydrogel con-
tact lenses.
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water content than those coated with chitosan because hyal-

uronic acid contains more hydroxyl (-OH) groups than chitosan, 

which gives it a greater ability to bind and retain water mol-

ecules.49 

Additionally, statistical analysis revealed significant differences

in water content among the multilayer-coated samples (p < 0.001).

Independent t-test results showed no significant difference 

between R and G (p = 0.4688), whereas significant differences 

were observed between R and all other samples (p < 0.001). A 

significant difference was also observed between O and G (p

< 0.01).

These results suggest that LBL coating has a significant impact 

on water content. Specifically, the fact that natural polysaccha-

ride-coated samples showed significant differences from R indi-

cates that LBL coating with hyaluronic acid and chitosan plays 

a crucial role in enhancing the hydrophilicity of the lens.49,50

Among them, the significant difference observed between 

HC and HCH (p < 0.05) suggests that the interactions between 

alternating layers in the LBL structure may play a more sig-

nificant role in modulating water content than merely increasing 

the total number of layers. In this study, it was observed that 

as hyaluronic acid and chitosan were alternately deposited, the 

potential for hydrogen bonding increased, which may have led 

to enhanced water retention.

Conversely, no significant difference was found between the 

H single-layer coating and multilayer coatings, suggesting that

even a single-layer hyaluronic acid coating may be sufficient to 

achieve a substantial increase in water content. This result implies 

that while hyaluronic acid coating improves water retention, 

the effect of additional multilayer coatings does not necessarily 

lead to a proportional increase in water content. The findings 

indicate that the role of LBL coatings in modulating water con-

tent depends not only on the number of layers but also on the 

molecular interactions occurring within the multilayer structure.

These findings confirm the results above show that LBL coat-

ing with hyaluronic acid significantly improves contact lens 

hydrophilicity.

Oxygen Transmissibility: Oxygen is an essential compo-      

nent of corneal metabolism, and for contact lens users, oxygen 

transmissibility is a critical property for ocular health. Figure 4

shows the test results of oxygen transmissibility (10-9(cm×mLO2)/ 

(sec×mL×mmHg), Dk/t) of the drug-loaded and natural poly-

saccharide multilayer-coated samples.

The oxygen transmissibility of G was 28.34±0.67 Dk/t, similar 

to R 29.26±0.42 Dk/t, while O decreased slightly to 27.21±0.94 

Dk/t. The decrease in O compared to R showed the same trend 

as in water content, which is consistent with the theoretical results 

that the oxygen permeability and water content of hydrogel 

contact lenses are proportional.51

The oxygen transmissibility of monolayer-coated H and C 

were 27.01±0.47 Dk/t and 26.64±0.52 Dk/t, respectively, while 

those of the multilayer-coated HC, HCH, and HCHC samples 

were 25.77±0.87 Dk/t, 25.02±0.59 Dk/t, and 24.34±0.65 Dk/t, 

respectively. The oxygen transmissibility tended to decrease slightly 

as the number of coating layers increased. 

As the number of coating layers increased, the oxygen trans-

missibility decreased even though the water content increased. 

It appears that the multilayer coating process physically blocked 

the path of oxygen permeating through the lens.

These results are consistent with a previous study, which 

showed that polymer coating on the lens surface increases the 

surface density and limits the space for oxygen to permeate 

and that multiple layers of coating can impede oxygen perme-

ation, resulting in decreased oxygen transmissibility.52 As the 

number of LBL coatings increased, oxygen transmissibility 

gradually decreased. However, previous studies have reported 

that a minimum oxygen transmissibility of 12 Dk/t is sufficient 

to maintain corneal health during daily wear,53 while another study 

suggested that 24 Dk/t is the minimum requirement for daily 

wear contact lenses.54 The lowest measured oxygen transmis-

sibility in this study, 24.34 Dk/t, exceeds these thresholds, 

suggesting that the developed lenses maintain an oxygen 

transmissibility level that remains within the acceptable range 

for safe long-term use, even with LBL-induced reduction in 

oxygen permeability.

Furthermore, statistical analysis revealed significant differ-

ences in oxygen transmissibility among the multilayer-coated 

samples (p < 0.001). Additionally, a significant difference was 

observed between R and all other samples (p < 0.001). These 

Figure 4. Oxygen transmissibility of multilayer coated silicone hydrogel
contact lenses.
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results highlight the impact of multilayer coatings and further 

support the role of natural polysaccharide-based LBL coatings 

in maintaining oxygen transmissibility.

Drug Release. Figure 5 shows the amount of gatifloxacin        

released from oleic acid-treated and multilayer-coated contact 

lenses over 48 h.

The uncoated G released 68.79 μm of gatifloxacin, while the 

oleic acid-treated O released the most drug at 206.07 μm. Sam-

ples H and C, which were monolayer coated with hyaluronic 

acid and chitosan, released 104.58 μm and 128.49 μm, respec-

tively (Figure 5(a)). This is likely due to the hydrophobic inter-

action between gatifloxacin and oleic acid, which attract each 

other in hydrophilic environments such as water, resulting in 

better binding of gatifloxacin to the oleic acid-coated surface.55

HC with a double-layer coating released 142.21 μm, HCH 

with a triple-layer released 106.01 μm, and HCHC with a qua-

druple-layer released 73.12 μm of the drug. 

As shown in Figure 5(a), the uncoated and monolayer-coated 

samples (G, O, H, and C) all released the drug for up to 3 h and 

then stopped. The oleic acid-treated O sample showed signifi-

cantly higher drug release compared to the other monolayer 

samples due to its increased drug loading capacity, indicating 

that oleic acid successfully enhances drug loading. On the other 

hand, the multilayer coated HC and HCH samples released 

gatifloxacin up to 12 h. The quadruple-layer coated HCHC 

showed continuous drug release for 48 h.

The contact lenses with no coating layer showed faster drug 

release than those with an LBL coating of hyaluronic acid and 

chitosan. Furthermore, the amount of gatifloxacin released grad-

ually decreased as the coating layer accumulated on the lens 

surface by LBL technique, but the duration of drug release was 

sustained for a longer period of time.

These results were attributed to the polymeric coating con-

sisting of an ionic bond between anionic hyaluronic acid and 

cationic chitosan, which controls the diffusion of the drug and 

blocks its migration,56 and the higher crosslink density on the 

lens surface compared to monolayer coated lenses, resulting in 

slower drug release.57,58 Additionally, the molecular weight of 

the polysaccharides, such as hyaluronic acid and chitosan, plays 

a critical role in controlling both the drug release kinetics and 

the mechanical integrity of the multilayer coating.37,41 In this 

study, it was also demonstrated that long-term drug release was 

possible by multilayer coating with hyaluronic acid and low-

molecular-weight chitosan.

Antimicrobial Properties. Antimicrobial activity was assessed     

after the gatifloxacin in the contact lenses was released for 6 h. 

Table 2 and Figure 6 show the results. 

R without gatifloxacin showed no antimicrobial activity, as 

indicated by the growth of too numerous to count (TNTC) bac-

teria. The results for G and O were 302 CFU/mL and 152 CFU/

mL, respectively, emonstrating that the antimicrobial activity 

improved with oleic acid treatment due to its ability to enhance 

drug loading. The results for H and C, which were monolayer-

coated samples, were 62 CFU/mL and 19 CFU/ml, respectively, 

suggesting that the antibacterial effect of the sample coated 

with chitosan, known for its excellent antimicrobial properties, 

was stronger. In general, chitosan contains positively charged 

amino groups that effectively inhibit bacterial growth through 

strong electrical interaction with the negatively charged bac-

terial cell membrane.58,59

After 6 h, the double-layer HC sample had 3 CFU/ml, the 

Figure 5. Drug release from silicone contact lenses coated with natural 
polymers: (a) cumulative release from multilayer coated lenses; (b) 
cumulative release from uncoated and single-layer coated lenses.

Table 2. Antimicrobial Activity of Multilayer Coated Contact Lenses (unit: CFU)

R G O H C HC HCH HCHC

TNTC 602 152 62 19 3 1 0
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triple-layer HCH sample had 1 CFU/mL, and the quadruple-

layer HCHC sample had 0 CFU/ml, indicating that no E. coli was 

detected. These results indicate that the layer-by-layer (LBL) 

coating using hyaluronic acid and chitosan demonstrated sig-

nificant antibacterial effects, consistent with findings from

previous studies on the antibacterial activity of LBL coatings 

against Staphylococcus aureus and Pseudomonas aeruginosa.38

This result further expands upon these findings by confirming

that similar antibacterial efficacy can be achieved against

E. coli, a gram-negative bacterium, demonstrating the versa-

tility of the LBL approach across different bacterial strains.

While all natural polysaccharide-coated samples showed 

excellent antimicrobial activity, the multilayer-coated sam-

ples showed better results than the monolayer-coated samples. 

In particular, the triple- and quadruple-layered coated samples 

showed very high antimicrobial activity. It shows that LBL coat-

ings can maintain the antimicrobial effect for a long time due 

to the continuous release of gatifloxacin. These results are also 

consistent with a previous study, which reported that LBL 

coatings, especially when applied in multiple layers, allow the drug 

to be released slowly and thus maintain its antimicrobial effect 

against bacteria for a long period of time.41 

Therefore, the antimicrobial properties of multilayer-coated 

contact lenses can be attributed to a combination of the anti-

bacterial activity of the coating material, chitosan, and the extended 

drug release time. Due to its structural characteristics and chem-

ical properties, the LBL coating can provide a sustained anti-

microbial effect by controlling the release of gatifloxacin. The 

confirmation of antibacterial efficacy against E. coli in this study 

reinforces the broader applicability of LBL coatings for different 

bacterial pathogens.

Conclusions

In this study, silicone hydrogel contact lenses were treated 

with oleic acid to significantly increase the drug loading of 

gatifloxacin, and subsequently multilayer coated with hyaluronic 

acid and chitosan to evaluate their drug release and physical 

properties.

The LBL-coated lenses showed an increase in water content 

but a decrease in oxygen permeability. Multilayer-coated sam-

ples showed a higher water content than the monolayer-coated 

samples, and oxygen permeability was inversely proportional 

to the number of coating layers. Moreover, the oleic acid coat-

ing allowed for a higher amount of gatifloxacin to be loaded 

into the contact lens.

The multilayer-coated samples had a longer sustained drug 

release than the monolayer-coated samples, and the initial rapid 

drug release was effectively suppressed. As the number of 

coating layers increased, the drug release time was further pro-

longed, resulting in a longer-lasting antimicrobial effect. These 

findings indicate that multilayer coatings are more effective in 

regulating drug release than monolayer coatings, thereby main-

taining a longer antimicrobial effect.
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