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초록: 본 연구에서는 청색광 흡수와 항산화 기능을 가진 천연물질 베타카로틴을 소프트 콘택트렌즈에 첨가하여 청             

색광을 저감시키는 기능성 렌즈를 개발하였다. 2-hydroxyethyl methacrylate (2-HEMA) 기반 폴리머에 다양한 농           

도의 베타카로틴을 첨가하여 제작한 렌즈 필름의 광학 및 물리적 특성을 평가한 결과, 베타카로틴 함유 렌즈는 투               

명도를 유지한 채 청색광 투과를 효과적으로 감소시켰으며 렌즈의 기계적 성질에도 유의한 변화가 없었다. 다만 베              

타카로틴 함량이 증가할수록 표면 친수성은 다소 감소했으나, 렌즈로부터의 베타카로틴 용출은 검출 한계 수준으로            

매우 낮았으며, 세포 독성 역시 관찰되지 않았다. 이러한 결과를 통해 베타카로틴 함유 기능성 소프트 콘택트렌즈는              

청색광 감소용으로 유망하며, 향후 친수성 개선을 통해 착용 적합성을 높일 필요가 있다.

Abstract: This study developed a functional soft contact lens capable of reducing blue light by incorporating beta-car-

otene, a natural antioxidant known for blue light absorption. Soft lens films were fabricated using a 2-hydroxyethyl 

methacrylate (2-HEMA) polymer with various beta-carotene concentrations, and their optical, physical, and biological 

properties were evaluated. The beta-carotene-incorporated lenses effectively reduced blue light transmission while main-

taining transparency and mechanical integrity up to 500 μM of beta-carotene. Hydrophilicity of the lenses slightly 

decreased at higher beta-carotene content, but beta-carotene release into solution was minimal. No cytotoxic effects were 

observed in cell viability tests; in fact, higher beta-carotene concentrations showed enhanced cell proliferation, likely due 

to antioxidant effects. These results demonstrate that beta-carotene functionalized soft contact lenses can mitigate blue 

light exposure without compromising lens performance, though further work is needed to improve lens hydrophilicity for 

wearer comfort.

Keywords: blue light, soft contact lens, beta-carotene, 2-hydroxyethyl methacrylate, antioxidant.

Introduction

With the rapid advancement of digital display devices, modern

individuals are increasingly exposed to artificial light sources 

from light emitting diode (LED) screens such as smartphones, 

monitors, and TVs.1 Artificial light sources can be broadly cat-

egorized into LED and lamp types, with most current display 

devices using LEDs.2 LED-based devices emit a significant 

amount of radiant intensity in the blue light spectrum, which 

falls within the visible light range.3 Studies have shown that 

while the radiant intensity of lamp types is similar to that of 

natural light (sunlight), the radiant intensity of LED types is 

more than twice as high compared to natural light.4 The blue light 

spectrum is known to range from approximately 350 nm to 500 

nm in wavelength.5 This range also includes part of the ultra-

violet (UV-A region) spectrum, leading blue light to be referred

to as high-energy visible light (HEV).6

Commercial white LEDs are typically realized by exciting a 

yellow-emitting phosphor with a blue LED pump; the resulting 

spectra often contain a pronounced blue component that moti-

vates blue-light filtering at the eye.7

Prolonged exposure to blue light can cause various health 

issues.8,9 For instance, excessive exposure to blue light can reach 

the retina and damage photoreceptor cells, leading to macular 
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degeneration, sleep disorders, and vision deterioration.8 Accord-

ing to one study, lipofuscin, a pigment in the eye, can induce 

cell death when excessively exposed to blue light.8 Moreover, 

one of the representative diseases caused by blue light expo-

sure is macular degeneration.10 The macula, located at the center 

of the retina, is crucial for sharp and detailed vision.11 Macular 

degeneration, exacerbated by blue light exposure, results in 

oxidative damage to retinal cells and is a leading cause of vision 

impairment and blindness, particularly in people over 40 years 

old.10,12 Additionally, blue light exposure can interfere with the 

production of melatonin, a hormone that regulates sleep, poten-

tially causing sleep disorders.10

Contact lenses, as a vision correction medical device alter-

native to glasses, have seen increasing usage across various 

generations.13,14 Currently, over 60% of the population uses glasses 

or contact lenses, with approximately 20% opting for contact 

lenses.13,14 Contact lenses are broadly categorized into hard lenses 

and soft lenses, with over 90% of contact lens users choosing 

soft contact lenses.15 This growing demand for soft contact lenses 

is due to their comfort, wide field of vision, and reduced sen-

sitivity to external environmental factors.15

2-hydroxyethyl methacrylate (2-HEMA) is a principal mono-

mer for soft contact lenses and is typically polymerized with a 

crosslinker such as EGDMA and initiated by AIBN or pho-

toinitiators, often together with hydrophilic comonomers (e.g., 

methacrylic acid). 2-HEMA is a polar, hydrophilic monomer; 

its polymer (pHEMA) forms water-swollen hydrogels. A homopoly-

mer pHEMA lens contains ~38 wt% water, and by adjusting 

comonomer content and crosslink density the equilibrium water 

content can be tuned to ~20–80 wt%.16

There are several methods to block blue light, including 

color change and physical coating. One approach involves using 

blue light-reducing materials to manufacture contact lenses. 

Coumarin and acridine are common blue light-blocking sub-

stances; however, they can pose toxicity risks when used in con-

tact lenses that are in direct contact with the body.17 To address 

this issue, beta-carotene, a natural substance, has been selected 

for application in the eyes due to its safer profile. Beta-carotene 

is one of the important bioactive substances found in nature, pri-

marily belonging to the carotenoid family.18 Carotenoids are organic 

pigments present as organic metabolic components in plants, 

algae, bacteria, and fungi, with more than 600 types of carot-

enoids discovered to date.18 The chemical structure of beta-car-

otene consists of two beta-ionone rings and a long conjugated 

double bond chain.19 This structure imparts strong antioxidant 

properties to beta-carotene.19 The conjugated double bond system 

stabilizes free radicals, preventing cellular damage.19 Addition-

ally, this structure is highly effective in absorbing light, exhib-

iting strong absorbance in the wavelength range of 400 nm to 

500 nm.20 Furthermore, beta-carotene can be converted into vitamin 

A (retinol) in the body, acting as an essential nutrient for main-

taining vision, enhancing immune function, and supporting cell 

growth and differentiation.18

This study investigates beta-carotene–loaded 2-HEMA films 

as blue-light-filtering contact lens materials that reduce the 

transmission of incident blue light (400–500 nm) via spectral 

absorption while maintaining lens-relevant properties. Beta-

carotene has blue light-absorbing properties and antioxidant 

functions, providing a dual effect of reducing blue light expo-

sure and protecting retinal cells from oxidative damage.

Experimental

Materials. In this study, 2-hydroxyethyl methacrylate (2-     

HEMA, Junsei, JPN, Mw 130.14), ethylene glycol dimethacrylate 

(EGDMA, Sigma-Aldrich, USA, Mw 198.22), methacrylic acid

(MA, Junsei, JPN, Mw 86.09), and ,′-Azobis(isobutyronitrile)

(AIBN, Junsei, JPN, Mw 164.21) were used to create a soft 

contact lens alternative film. During the polymerization process, 

2-HEMA served as the main material, with EGDMA as the 

crosslinker, MA as the organic compound, and AIBN as the 

radical initiator. Custom-made silicone molds with areas of 10.56π

and 2.25π were utilized for film production. Beta-carotene

(Sigma-Aldrich, USA, Mw 536.87) was used for its blue light 

reduction and antioxidant properties. The cytotoxicity assess-

ment was performed using CRL-4005 (Human skin fibroblast, 

ATCC, USA) cells. Human skin fibroblast cells were chosen 

because the skin and cornea share a common ectodermal embry-

onic origin, allowing for the study of stromal-epithelial inter-

actions in specific situations such as wound healing.21 Due to 

these reasons, CRL-4005 cells were selected for the evaluation. 

The cells were cultured in a T-75 flask with Dulbecco’s Min-

imum Essential Medium (DMEM, Welgene, USA) supplemented 

with 10% fetal bovine serum (FBS, Gibco, USA) and 1% penicil-

lin/streptomycin (P/S, Sigma-Aldrich, USA). Indirect toxicity

was then assessed using the Cell Counting Kit-8 (CCK-8, 

DOJINDO, Japan).

Equipment and Instrumentation. We measured spectral     

transmittance, T(), of the films by UV–Vis spectrophotometry

(V-550, JASCO, TS Science, KOR) and calculated absorbance, 

A() = −log10 T(). In addition, blue-band attenuation (%) at 

selected wavelengths (e.g., 425/475 nm) was computed as 
 Polym. Korea, Vol. 49, No. 6, 2025
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[1−T()] × 100. We avoid the ambiguous term “absorption rate” 

and report A() and attenuation (%) explicitly. To check the 

physical property changes based on the beta-carotene content, 

a Universal Testing Machine (LRX Plus, LLOYD, USA) was 

used. Hydrophilicity was evaluated with a contact angle ana-

lyzer (Phoenix 300 Touch, S.E.O. Co, Ltd, KOR). Drug release 

patterns over time were examined using a shaking incubator 

(SI-300R, Lab Companion, KOR). For cytotoxicity evaluation, 

samples were sterilized with an EO gas sterilizer (MK-EO30, 

MKT, KOR) and cytotoxicity was assessed with a Micro-

plate Reader (iMARKTM, BIORAD, USA).

Fabrication Film for Soft Contact Lens Replacement by       

Polymerizing 2-HEMA. Soft contact lenses are typically cured in        

cylindrical/rotational molds and thus form semi-spherical parts 

that are unsuitable for standardized testing; therefore, flat films 

were cast as surrogates. The pre-cure (monomer) mixtures were 

fixed at 2-HEMA 99.2 wt%, EGDMA 0.4 wt% (crosslinker), 

MA 0.2 wt% (hydrophilic comonomer), and AIBN 0.2 wt% 

(thermal initiator) (all wt% relative to total monomers); only 

beta-carotene loading was varied (0–500 μM). Components were 

combined at room temperature and magnetically stirred for 60 min 

to homogeneity, then cast into a silicone mold (planform area 

10.56π) and thermally cured at 110 ℃ for 40 min. After demold-           

ing, films were hydrated in PBS at room temperature for 24 h 

(lens-relevant condition). All processing conditions other than 

beta-carotene loading were kept identical across samples.

Note on residual monomers: A dedicated quantitative assay 

for residual (unreacted) monomers (e.g., ATR-FTIR residual vinyl 

quantification or solvent-extraction analysis) was not performed 

in this study. Nevertheless, within our test window, the films 

maintained macroscopic transparency and monotonic blue-band 

attenuation at lens-relevant thickness, and no cytotoxicity was 

observed, which indirectly supports sufficient conversion for 

the present proof-of-concept. A formal residual-monomer quantifi-

cation is proposed for future work.

Fabrication of 2-HEMA Polymer Film Containing Beta-      

carotene and Analysis of Absorbance Distribution/absorption     

Rate. (1) Fabrication of 2-HEMA Polymer Film Containing       

Beta-Carotene: Because beta-carotene is strongly hydrophobic 

whereas 2-HEMA is polar/hydrophilic, beta-carotene was first 

dissolved in ethanol as a 50 mM stock solution and then dis-

persed into the 2-HEMA prepolymer prior to curing. The stock 

solution was added to the prepolymer to reach final beta-caro-

tene concentrations of 100, 200, 300, 400, and 500 μM (final 

ethanol content  2 vol%), followed by 5 min bath sonication 

and 30 min magnetic stirring to ensure homogeneity. The 2-

HEMA polymer films containing beta-carotene were manu-

factured using a silicone mold with an area of 2.25π and average 

thickness of 0.100–0.120 mm, following contact lens standards 

of ISO 18369-1. Films were then cured and residual solvent was 

removed during curing and by vacuum-drying to constant mass 

under identical drying and hydration conditions.

(2) Evaluation of Absorbance Distribution and Absorption 

Rate of 2-HEMA Polymers Containing Beta-Carotene at Var-

ious Molar Concentrations: The absorbance of 2-HEMA polymer

films containing beta-carotene was measured in terms of molar 

concentration. The control group used 2-HEMA polymers with-

out added beta-carotene, while the experimental groups included 

measurements at 100, 200, 300, 400, and 500 μM. The mea-

surement range was determined to be 300 nm to 600 nm, which 

includes the blue light region. Based on the measurement results, 

the absorbance was calculated using the Lambert-Beer law 

(see Table 1).22

Verification of the physical property changes in 2-HEMA     

polymer films containing beta-carotene. The physical property     

changes of 2-HEMA polymer films with varying beta-caro-

tene content were examined. Specimens were prepared according 

to the contact lens physical property evaluation standards of ISO

18369-4 (see Table 2). Control: 2-HEMA film with 0 μM beta-car-

otene; Experimental: 2-HEMA film with 500 μM beta-caro-

tene (identical formulation otherwise) The average thickness of 

the specimens was set to 0.102 ± 0.02 mm, and measurements 

were taken up to the ultimate strength. Before testing, the spec-

imens were hydrated in PBS for 24 hours, and the load (N) over 

time was measured. The tensile speed was set to 1 mm per min-

ute, with a maximum force of 100 N (see Table 3).

Evaluation of the Hydrophilicity of 2-HEMA Polymer Films     

Containing Beta-carotene. The hydrophilicity of 2-HEMA     

Table 2. Size of Specimens of 2-HEMA Polymer Film

Division Length

A 35 mm

B 10 mm

C 5 mm

D 0.102 mm

 

Table 1. The Relationship Between Transmittance and Absorbance 

Using Lambert-Beer’s Law

I/I0 T A

1 100 0

0.1 10 1

0.01 1 2
폴리머, 제49권 제6호, 2025년
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polymer films with varying amounts of the hydrophobic sub-

stance beta-carotene was observed. To evaluate hydrophilicity, 

contact angle tests were conducted on the film surfaces. Prior 

to the tests, the water content standards of contact lenses, ISO-

14534, were considered. The control group used commercially 

available soft contact lenses, while the experimental groups used 

2-HEMA polymer films with beta-carotene concentrations ranging 

from 100 μM to 500 μM. Before testing, the films were hydrated 

in PBS for 24 hours and then completely dried. The sessile drop 

method was applied for contact angle measurements to eval-

uate hydrophilicity.

The sessile drop method is a widely used technique for mea-

suring the contact angle of a liquid on a solid surface.23 This 

method involves dropping a microliter-scale solution onto the 

surface and measuring the contact angle of the droplet.23 The 

contact angle is defined as the angle formed at the contact point 

between the solid surface and the liquid/gas interface, and it is 

calculated based on the shape of the droplet.23 In this study, 

water was used to measure the droplet angle on the surface to 

evaluate hydrophilicity.

Investigation of Beta-carotene Elution From Beta-carotene-     

containing 2-HEMA Polymer Films. 2-HEMA forms a net-       

work structure during the polymerization process.24 This struc-

ture facilitates the exchange of oxygen and moisture, and when 

beta-carotene is incorporated, a coacervation effect occurs. The 

coacervation effect refers to the phase separation of the added 

substances from the solution when other materials are added to 

the acrylic polymer or when the temperature is changed. This 

effect was applied to investigate beta-carotene elution patterns.25

The control group used 2-HEMA polymer films without beta-

carotene, while the experimental group used 2-HEMA polymer 

films containing beta-carotene in the range of 100 μM to 500 μM. 

Each group was stirred in PBS at 37 ℃ and 200 rpm using a             

shaking incubator. Measurements were taken after 24, 72, and 

120 hours, and absorbance was measured using a UV/vis spec-

trometer at each time point. The measurement range was set 

from 300 nm to 600 nm.

Evaluation of cytotoxicity of Beta-carotene-containing    

2-HEMA polymer films. To evaluate the degradation and impact        

of the drug when beta-carotene, an antioxidant, is added during 

the polymerization process of 2-HEMA, a cytotoxicity assess-

ment was conducted. For the cytotoxicity evaluation of the film 

form, an eluate test, which is one of the indirect evaluation meth-

ods, was performed. All specimens were soaked in 70% alcohol 

for 30 minutes, then cleaned using an EO gas sterilizer. After 

that, to facilitate the hydration process, they were hydrated in ster-

ile PBS for 24 hours. The hydrated specimens were then immersed 

in 50 mL of medium (DMEM + FBS + penicillin/streptomycin)

for 24 hours to extract the eluate. The concentration range of 

the eluate was measured from 0 μM to 500 μM. The cells used 

were CRL-4005 cells cultured in T-75 flasks, stained with trypan 

blue (Gibco, USA), and counted using a hemacytometer. They 

were then seeded into a 96-well plate at a density of 1×104

cells/200 μL. The cells in the plate were cultured in an incubator 

for 24 hours, then the medium was replaced with the eluate from 

the specimens, and further cultured for 24 hours. Finally, CCK-8 

was added at a ratio of 1/10 of the total medium volume to react 

with the adhered cells. After 4 hours, cytotoxicity was measured 

at a wavelength of 450 nm using a microplate reader.

Statistical Analysis. The experimental results of this study     

were evaluated for statistical significance using T-test analysis 

within a 95% confidence interval (*p < 0.05). When there were 

three or more outcome variables, an ANOVA test was applied.

Results and Discussion

Morphology of 2-HEMA Polymer Films. Figure 1 shows     

the results of synthesizing 2-HEMA, EGDMA, MA, and AIBN 

into film form. During the film manufacturing process, depending 

on the properties of the mold, the 2-HEMA polymer became 

integrated with the mold during the curing process. As a result, 

an ideal 2-HEMA polymer film was obtained when a silicone 

mold was used. Figure 1 illustrates the morphology of the 2-

HEMA polymer film before and after hydration.

Table 3. Experimental Environment for Physical Properties Tests 

of 2-HEMA Polymer Film

Average thickness 0.102 ± 0.02 mm

Hydration condition 24 hours in phosphate buffer saline

Tensile limit test
Cross head loading speed: 1 mm/min
Maximum Load: 100 N

Figure 1. Morphology of 2-HEMA polymer film: (a) before hydra-

tion; (b) after hydration. Size: 6.5 π, thickness: 1.53 ± 0.025 (mm).
 Polym. Korea, Vol. 49, No. 6, 2025
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Absorbance Distribution and Absorption Rate of Beta-      

Carotene-containing 2-HEMA Polymer Films According    

to Molar Concentration Content. Figure 2 and Figure 3 show         

the absorbance distribution and statistical significance evaluation 

results of beta-carotene-containing 2-HEMA polymer films accord-

ing to molar concentration ratios. Table 4 shows the absorption rate 

results calculated using the Lambert-Beer law. The distribution 

results indicate that the beta-carotene-containing films exhibited 

absorbance capability across the entire blue light spectrum, with 

the highest absorbance observed in the 450 nm to 500 nm range. 

The absorbance of the control group, which did not contain 

beta-carotene, was minimal in the 300 nm range. The absorp-

tion rate was over 43% at concentrations above 200 μM in the 

475 nm range and over 43% at concentrations above 400 μM 

in the 425 nm range. The statistical significance evaluation of 

the molar concentrations showed a significant difference of 

99.999% across the entire blue light spectrum at concentrations 

above 200 μM, and a significant difference of 95% in the 375 nm 

range at a 100 μM concentration. No significant difference was 

observed in the 325 nm range.

Fabrication Morphology 2-HEMA Polymer Films According     

to Beta-carotene Content. Beta-carotene imparts an orange-     

red tint and, at high loadings, can influence the visual appearance 

of the material. To contextualize color and clarity, we docu-

mented both the pre-cure (monomer) mixtures and the post-cure 

films at a contact-lens-relevant thickness. Complementarily, 

bright-field optical microscopy of the pre-cure 2-HEMA mix-

Figure 2. Absorbance distribution of 2-HEMA polymer including 

beta-carotene according to molarity.
폴리머, 제49권 제6호, 2025년

Figure 3. Results of the statistical significance comparison of beta-carotene absorbance in the blue light region (molarity), (n = 5), 

(***p < 0.001, *p < 0.05).

Table 4. The Calculation Result of Blue Light Absorption Rate of Molarity (unit: %)

Wavelength Control 100 μM 200 μM 300 μM 400 μM 500 μM

475 nm 3.49 24.30 43.57 51.59 55.07 59.79

425 nm 3.95 15.99 33.19 35.77 43.22 48.94

375 nm 3.31 5.72 11.48 15.55 17.90 18.83

325 nm 21.26 21.58 26.69 31.27 34.15 38.14
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tures (10×/40×; thin observation chamber, ~100–200 μm path 

length) revealed no micron-scale inclusions ( 2–3 μm) or 

emulsified domains across 0–500 μM, indicating no evidence 

of micron-scale phase separation prior to curing; by contrast, 

beta-carotene in water (500 μM) produced readily visible aggre-

gates, serving as a positive control. Figure 4 illustrates the con-

centration-dependent coloration of the pre-cure 2-HEMA mixtures 

(0–500 μM). Figure 5 shows hydrated, post-cure films pre-

pared to a standardized thickness (0.10 ± 0.02 mm; ISO 18369-

1 series), which remained visually clear without apparent haze 

or band-like discoloration across all loadings, with background/

pattern visibility preserved. At this standardized thickness, films 

showed no visible change in shape or clarity before versus after 

hydration (PBS, 24 h) under uniform illumination, consistent 

with hydrogel behavior at the examined thickness. Consistent 

with the appearance, the spectral data (Table 4) exhibit a monotonic 

increase in blue-band attenuation with beta-carotene loading, 

supporting absorption-dominated behavior and a uniformly dis-

persed matrix at the micron scale under the tested conditions.

Verification of Changes in Physical Properties of 2-HEMA     

Polymer Films with Beta-carotene. Figure 6 shows the changes     

in the physical properties of 2-HEMA polymer films according 

to the presence and maximum content of beta-carotene. Each 

group measured the breaking point in kgf units, applying the 

contact lens physical property standard ISO-18369-4. As a result, 

both groups measured between 0.18 kgf and 0.21 kgf, which 

is within the standard specification for contact lenses, and the 

T-test results showed no significant difference.

Hydrophilicity Evaluation According to Beta-carotene    

Content. Figure 7 summarizes the static water contact angle     

(hydrated films). A modest, concentration-dependent increase 

in contact angle was observed with beta-carotene loading. We 

interpret this trend as interfacial enrichment of a hydrophobic 

additive near the air/water interface during curing/hydration—

distinct from bulk phase separation—consistent with the main-

tained macroscopic transparency and monotonic blue-band attenu-

ation (Table 4). While a higher contact angle may influence initial 

wettability, on-eye comfort depends on multiple surface-related 

factors; accordingly, we outline practical mitigation strategies 

(reduced loading, minor hydrophilic comonomers such as NVP/

MA, surface conditioning layers such as PVP, and host–guest 

complexation to limit hydrophobe exposure) to be explored in 

follow-up studies.26

Verification of Beta-carotene Elution from 2-HEMA Polymer     

Films Based on Beta-carotene Content. Figure 8 shows     

Figure 4. Before the production of 2-HEMA polymer film accord-

ing to molarity: (a) 100 μM; (b) 200 μM; (c) 300 μM; (d) 400 μM; 

(e) 500 μM.

Figure 5. After the production of 2-HEMA polymer film according 

to molarity: (a) film mold; (b) 100 μM; (c) 200 μM; (d) 300 μM; (e) 

400 μM; (f) 500 μM, Size: 3π, Thickness: 0.102 ± 0.02 mm.

Figure 6. Comparison of the breaking point of 2-HEMA polymer 

film according to the content of beta-carotene (n = 5), (*p > 0.05), 

Width: 0.5 ± 0.01 (cm), Length measurement: 3.5 ± 0.02 (cm).
 Polym. Korea, Vol. 49, No. 6, 2025
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the beta-carotene elution patterns of 2-HEMA polymer films 

according to the concentration changes of beta-carotene in the 

blue light region. The results indicate that the 2-HEMA polymer 

films without beta-carotene exhibited a small amount of absor-

bance. This absorbance was measured in the 300 nm range due 

to the characteristics of 2-HEMA, and there was no change in 

absorbance over time. The 2-HEMA polymer films containing 

beta-carotene showed increased absorbance as the beta-caro-

tene content increased, although the increase over time was 

minimal. An increase in absorbance over time in the blue-light 

region indicates beta-carotene elution; however, the elution 

Figure 7. Results of contact angle of 2-HEMA polymer film containing beta-carotene ratio: (a) control (0 μM); (b) 100 μM; (c) 200 μM; (d) 

300 μM; (e) 400 μM; (f) 500 μM.

Table 5. Comparison of Contact Angle Size According to Beta-

carotene Content

Groups condition (a) (b) (c) (d) (e) (f)

Molarity (μM) 0 100 200 300 400 500

Degree (°) 49.11 52.11 55.03 57.02 57.74 63.16

Figure 8. Comparison graph of release absorbance of 2-HEMA polymer film containing beta-carotene according to the difference in molarity 

(n=5).
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into PBS was minimal yet detectable, while the film’s appearance 

and blue-band attenuation (Table 4) were unchanged over the 

same period and no cytotoxicity was observed, supporting that 

this is a trace-level release without practical impact on the optical

function or biocompatibility of the films in our test window.

Cytotoxicity of 2-HEMA Polymer Films According to Beta-       

carotene Content. Figure 9 shows the cytotoxicity results of        

2-HEMA polymer films containing beta-carotene. The results 

confirmed that there was no cytotoxicity depending on the 

presence and increasing molar concentration of beta-carotene. 

Interestingly, cell proliferation occurred at concentrations above 

200 μM, which is believed to be due to the antioxidant reaction 

induced by beta-carotene released from the film in CRL-4005 

cells. Additionally, studies have reported that carotenoid com-

pounds enhance wound healing in skin cells.24 T-test evaluation 

between molar concentrations showed significant differences 

of 95% at 300 μM and 400 μM, and 99% at 500 μM, demon-

strating cell proliferation.

Conclusions

In this study, beta-carotene was incorporated into 2-HEMA 

films to evaluate their effectiveness in reducing the transmis-

sion of incident blue light (400–500 nm) to the eye and their 

suitability as contact lens materials.

(1) Absorption Efficiency of Beta-Carotene: Beta-carotene 

exhibited a high absorption efficiency of over 43% across the 

entire blue light spectrum (350–500 nm). This indicates that 

beta-carotene effectively reduces the transmission of blue light 

through the 2-HEMA polymer film.

(2) Compliance with Contact Lens Standards: When the films 

were produced according to contact lens manufacturing stan-

dards, they maintained transparency while meeting the require-

ments for blue light reduction.

(3) Physical Properties: The physical properties of the 2-HEMA 

polymer films, such as mechanical strength and flexibility, were 

not adversely affected by the addition of beta-carotene up to a 

maximum concentration of 500 μM. This suggests that the struc-

tural integrity is maintained when beta-carotene is used in con-

tact lenses.

(4) Beta-carotene Elution and Stability: The elution of beta-

carotene from the 2-HEMA polymer films was minimal, indi-

cating that the active ingredient is stably retained within the 

polymer matrix. This is beneficial for maintaining the long-term 

efficacy of the contact lenses while minimizing beta-carotene 

elution.

(5) Cytotoxicity: Cytotoxicity tests showed no cell toxicity at 

all concentrations of beta-carotene. Interestingly, cell prolifer-

ation increased at concentrations above 200 μM, likely due to 

the antioxidant properties of beta-carotene. This suggests that 

beta-carotene is biocompatible and may promote cell health 

under certain conditions.

(6) Hydrophobicity: A drawback observed was the increase 

in hydrophobicity of the films with higher concentrations of 

beta-carotene. Contact angle measurements indicated that high 

concentrations of beta-carotene increased the hydrophobicity 

of the film surface, which could cause discomfort for the wearer. 

Therefore, further research is needed to improve the hydro-

philicity of the films to ensure comfort during wear.

In conclusion, 2-HEMA polymer films containing beta-carotene 

Figure 9. Cytotoxicity of 2-HEMA polymer film containing beta-carotene according to molarity (n = 4), (**p < 0.01), (*p < 0.05).
 Polym. Korea, Vol. 49, No. 6, 2025
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effectively reduce blue light transmission, maintain appropriate 

physical properties, and are beneficial to cells. Thus, these films 

are suitable for use as blue light-reducing contact lenses. How-

ever, to optimize their use as contact lenses, further research is 

needed to improve the hydrophilicity of the films to ensure wearer 

comfort. Further research is needed to improve the hydrophilicity 

of the films and ensure wearer comfort.
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