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Abstract: Hydrogel soft contact lenses have been introduced as alternatives to eye drops for ophthalmic drug delivery,
because of their controllable drug loading and release behavior. In this study, acrylic hydrogel membranes were prepared
by copolymerization of the novel cross-linker, ethylaluminium diacrylate (EADA), with methyl methacrylate (MMA), 2-
hydroxyethyl methacrylate (HEMA), and N-vinylpyrrolidone (NVP) in a polypropylene mold. The swelling behavior and
mechanical properties of hydrogels containing the newly designed cross-linker were then investigated. Drug release per-
formance was evaluated using a hydrophilic drug, timolol maleate, and a cyclodextrin inclusion complex of the hydro-
phobic drug, a-tocopherol. For comparison, hydrogels were also prepared using a conventional cross-linker, ethylene
glycol dimethacrylate (EGDMA). As the results, tensile strength of the hydrogel membranes using EADA (0.168 MPa)
was significantly improved compared to that of the hydrogels made with EGDMA (0.136 MPa). The hydrogel membrane
cross-linked with 0.1 mol% EADA showed 66% o-tocopherol release after 30 h while the hydrogel membrane cross-
linked with 0.1 mol% EGDMA showed 42% o-tocopherol release. After 2 days of incubation, human fibroblasts on the
hydrogel membrane containing EADA showed significantly greater viability than those on EGDMA-containing hydrogel.

Keywords: hydrogel membrane, cross-linker, ethylaluminium diacrylate, cyclodextrin.

Introduction However, eye drop efficacy is limited by insufficient drug con-

centration and residence time.? Hydrogels are attractive mate-

More than 90% of eye diseases are treated using eye drops.' rials among drug delivery carriers such as particles and films,

. because they facilitate controlled drug loading and residence
"To whom correspondence should be addressed. time, as well as showing excellent wettability and biocom-
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©2016 The Polymer Society of Korea. All rights reserved. patibility characteristics.” For ophthalmic applications, hydro-
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gel soft contact lenses make good candidates as drug carriers,
because of their high water content and large intermolecular
pores, which allow sufficient loading and controlled release of
hydrophilic drugs.” As a result of these advantageous prop-
erties, silicon hydrogel contact lenses are widely used to carry
hydrophilic drugs.*"" Additional examples of ophthalmic drug
delivery have been reported using hydrogel soft contact lenses
made of acrylate copolymers, including drugs such as ketotifen
fumarate, norfloxacin, and timolol maleate.'*'®

Cross-linker chemistry is a critical determinant of hydrogel
characteristics through its effects on water content and
mechanical properties. For example, the cross-linker, glutar-
aldehyde, affects the water content of poly(vinyl alcohol)
(PVA) hydrogels through modulation of chemical structure and
hydroxyl group content."” Another example is hexamethylene
diisocyanate cross-linking in PVA hydrogels, for which the
molecular structure significantly affects mechanical properties,
such as polymer chain flexibility and crystallinity." In addi-
tion, physical cross-linking through ionic interactions and crys-
tallization have also been reported as factors affecting hydrogel
performance."

For hydrogel soft contact lenses, cross-linking is also a cru-
cial factor affecting drug release performance. A large number
of studies have reported mainly covalent cross-linkers for
hydrogel soft contact lenses. The most commonly used are
methacrylic cross-linkers, such as ethylene glycol dimethac-
rylate (EGDMA)."*'*% In addition, N,N-methylene-bis-acryl-
amide® and 2-methacryloyloxyethyl phosphorylcholine® have
been evaluated as cross-linkers for drug delivery applications
using hydrogel soft contact lenses.

This study focused on the preparation of hydrogels using a
novel cross-linker, ethylaluminium diacrylate (EADA), which
confers soft contact lenses with unique performance charac-
teristics. For comparison, hydrogels were also synthesized
using the conventional cross-linker, EGDMA. The perfor-
mance of the two cross-linkers was compared by examination
of mechanical properties, swelling ratios, optical transmittance,
and drug release. Hydrogel membranes were loaded with rep-
resentative hydrophilic and hydrophobic drugs to evaluate their
potential as carriers for the delivery of various types of drugs.

Experimental

Materials. All materials required for the preparation of
hydrogel soft contact lenses were purchased from Sigma-
Aldrich, and were used after additional purification. The molds

used for contact lens production were provided by EnvoyVi-
sion Corporation, Korea. The monomers used for hydrogel
polymerization were 2-hydroxyethylmethacrylate (HEMA), n-
vinyl-pyrrolidone (NVP), and methyl methacrylate (MMA).
Azobisisobutyronitrile (AIBN) was used as a polymerization
initiator, and ethylene glycol dimethacrylate (EGDMA) was
used as a cross-linker. The novel cross-linker, ethylaluminium
diacrylate (EADA), was chemically synthesized using ethyl-
aluminium dichloride and acrylic acid. For drug release tests,
a well-known medicine for glaucoma, timolol maleate, was
chosen as a representative hydrophilic drug, while vitamin E
(a-tocopherol), prepared as a B-cyclodextrin (B-CD) inclusion
complex, was chosen as a representative hydrophobic drug
(Sigma-Aldrich).

Synthesis of the Novel Cross-linker, EADA. The novel
cross-linker, EADA, was synthesized using ethylaluminium
dichloride and acrylic acid at a molar ratio of 1:2. Ethylal-
uminium dichloride was dissolved in hexane and the solution
was purged with nitrogen for 10 min. Acrylic acid was added
using a syringe. The mixture was stirred at 60 °C for 10 h. Sub-
sequently, the mixture was sonicated, distilled water was
added, and the product was separated from unreacted starting
materials by centrifugation, and was then freeze-dried to obtain
a white powder.

Analysis of the Cross-linker, EADA. The synthesis of
EADA was confirmed through the identification of chemical
bonds using Fourier transform infrared spectroscopy (FTIR),
using a Spectrum GX spectrometer and Autolmage analysis
software (PerkinElmer). Aluminium content was determined
by the method of inductively coupled plasma spectroscopy
(ICP), using an Optima 7300DV spectrophotometer (Perkin-
Elmer). In addition, Baeyer’s reagent was used to confirm the
presence of unsaturated chemical bonds in EADA. The relative
viscosity in mixtures of monomers and EADA cross-linker
was monitored using an Ostwald viscometer, with the viscosity
of distilled water at 25 °C as a calibration reference.

Synthesis of Hydrogel Membranes. Mixtures of AIBN,
HEMA, NVP, MMA, and cross-linkers were stirred at a speed
of 300 rpm for 3 h. Molds containing 0.05-0.1 mL of mixture
were then incubated in an oven at 120 °C for 90 min to facil-
itate polymerization. The concentrations of initiator, mono-
mers, and cross-linkers used in the polymerization mixtures are
shown in Table 1.

Swelling Ratios and Mechanical Properties. Hydrogels
were prepared using the new cross-linker, and water content
(w) was measured by immersing the hydrogel membranes in
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Table 1. Concentrations of Initiator, Monomers and Cross-linkers Used for Preparation of Hydrogels

Designaion Composition 1o AIBN NVP MMA EADA EGDMA  Degree of
of sample (mol%) (mol%) (mol%) (mol%) (mol%) (mol%) swelling (%)
A 92.7 0.1 7 02 0 0 426
B 92.5 0.1 7 02 02 0 394
C 92.5 0.1 7 02 0 02 39.6
D 92.5 0.1 7 0.2 0.1 0.1 357
E 91.7 0.1 7 02 1 0 322

distilled water for 12h. The swelling ratio was calculated
using the formula w=[(72-m1)/m1]x100 where m2 and m1 are
the masses of the dry and hydrated membranes, respectively.

The mechanical properties of hydrogel membranes were
measured in a universal testing machine (model 3343, Instron),
using a 1 kgf load cell, at an extension speed of 10 mm/min.
The test specimens were fabricated using Teflon molds mea-
suring 1 cm in width and 6 cm in height. Average values of
tensile strength, Young’s modulus, and elongation at break
were obtained from measurements using 10 specimens. Max-
imum and minimum values were excluded before calculation
of the mean values.

Drug Release. Drug-loaded hydrogel soft contact lenses
were prepared by the addition of drugs during hydrogel syn-
thesis. Release of the drugs, timolol maleate and a-tocopherol,
was determined by absorbance at wavelengths of 294 and
293 nm, respectively, using a UV-VIS spectrophotometer
(JASCO V-650). Cumulative drug release was analyzed by
quantitation of the absorbance peaks at multiple timepoints.

Cytotoxicity Assays. Cytotoxicity was tested using human
dermal fibroblasts purchased from the Korean Cell Line Bank
(CCD-986sk). The cells obtained at the passage number of 4-
15 were used for the evaluation of cytotoxicity of the hydrogel
membranes. For the preparation of cell culture media, Dul-
becco’s modified Eagle’s medium, fetal bovine serum and pen-
icillin G-streptomycin stock solutions, were obtained from
GIBCO.

The cytotoxicity of hydrogel soft contact lenses was tested
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) assay. Fibroblasts were cultured on hydrogel
soft contact lenses in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and 1% penicillin
G-streptomycin. The cultures were then incubated for 4 h with
50 pL of MTT solution, and the resulting dye was solubilized
using 0.04 N HCl-isopropanol in the dark. The absorbance was
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measured at a wavelength of 570 nm using an ELx800 kinetic
microplate reader (Bio-T® Instruments, Inc., Highland Park).

Results and Discussion

Analysis of Cross-linker Synthesis. The synthesis of
EADA was confirmed using FTIR analysis to detect functional
groups, including C=0, C-H, and C=C bonds. As shown in
Figure 1, the expected peak for the C-H bond was found at a
frequency of 2950 cm™, while the non-conjugated peak cor-
responding to C=C and C=0 bond stretching was observed at
frequencies of 1646 and 1710 cm™, respectively. In addition,
C=0 and C-O bonds corresponding to the carboxylate anion,
showed strong peaks at frequencies of 1500 and 1450 cm™,
respectively. The presence of Al was confirmed by ICP, thus
demonstrating the successful chemical synthesis of EADA.
The presence of a C=C bond in EADA was further confirmed
using Baeyer’s reagent. Unsaturated organic compounds react
with potassium permanganate to produce a change in color
from pink to brown. This method is widely used to confirm the
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Figure 1. FTIR spectrum of the cross-linker, EADA.
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Figure 2. Images of a 0.02 M KMnO, solution before (pink, left)
and after (brown, right) added with 0.01 M EADA solution.

presence of vinyl groups in organic compounds because of its
simplicity.” Figure 2 shows photographs of the EADA solu-
tion before and after adding potassium permanganate, illus-
trating the color change. Thus, Baeyer’s reagent clearly
confirmed the presence of a C=C bond after synthesis of
EADA.

The functional effect of cross-linking on hydrogel polymers
was tested by measuring the relative viscosity, using an Ost-
wald viscometer. The viscosity of the polymer synthesized
using 0.1 mol% AIBN and 99 mol% HEMA, in the absence of
EADA, showed a value of 350 cp, while it had a value of
4270 cp when 0.1 mol% EADA was added. Thus, EADA was
an effective cross-linker, dramatically increasing the viscosity
of the polymer solution.

Mechanical Properties. The effects of the two cross-
linkers, EGDMA and EADA, on the mechanical properties of
hydrogel soft contact lenses were investigated. As shown in
Figure 3, the tensile properties of hydrogel soft contact lenses
made using EADA were significantly improved compared to
those of the hydrogel made with EGDMA. EADA forms both
covalent and ionic bonds, while EGDMA provides only cova-
lent bonds. Due to the strong ionic bonds, EADA creates stron-
ger bridges between polymer chains, resulting in superior
mechanical properties. Goda et al. reported a phosphoryl-
choline-based intermolecular cross-linker, which provides
superior tensile strength compared to conventional cross-
linkers because of its higher reactivity with monomers.”
Cross-linker structure also affects polymer crystallinity, which
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Figure 3. Mechanical properties of the hydrogel membranes made
from two types of cross-linker: (a) tensile strength; (b) elongation at
break.

can have pronounced effects on mechanical properties.'®**2

Therefore, it is worth studying both the effects of cross-linker
type and concentration on hydrogel performance by varying
the choices of cross-linker structure and reaction conditions.

Swelling Behavior. Swelling behavior is an essential char-
acteristic of hydrogels because it profoundly affects drug load-
ing and diffusivity in drug delivery applications. Swelling
behavior is also crucial for user comfort while wearing contact
lenses. The swelling ratios determined after soaking hydrogel
soft contact lenses in water are summarized in Table 1. The
highest swelling ratio, 42.6%, was observed for the hydrogel
that had been fabricated without a cross-linker. The swelling
ratio was found to decrease as the hydrogel cross-linker con-
tent was increased. In addition, no significant difference in the
swelling ratios was observed for hydrogels synthesized using
EADA or EGDMA. However, in the hydrogel cross-linked
with a mixture of both EADA and EGDMA, the swelling ratio
was found to be lower. The swelling behavior of hydrogels
depends on hydrogen bonding between hydrogel polymer
chains and water molecules, and can be strongly affected by
cross-linker chemistry.”’ Thus, increased cross-linker reaction
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time and concentration typically result in greater cross-linking
density, and a decreased swelling ratio.”**** When two dif-
ferent types of cross-linkers are used simultaneously, this may
result in hydrogels containing greater cross-linking density and
lower water content.

Optical Transmittance. Figure 4 shows the effect of cross-
linker content on transmittance in hydrogel soft contact lenses.
Non-cross-linked hydrogel (Figure 4(A)) had low transmit-
tance compared with transmittance in EADA (Figure 4(B),
(D),(E)) and EGDMA (Figure 4(C)) hydrogels. Low trans-
mittance would be an unsuitable property for contact lenses. In
contrast, the hydrogels containing either of the two cross-
linkers, EADA or EGDMA, showed optical transmittance
greater than 90% in the visible range (400-800 nm). The type
of cross-linker used has little if any effect on the optical prop-
erties of hydrogel soft contact lenses. However, there was a
slight decrease in transmittance when the cross-linker con-
centration was greater than 1 mol% (Figure 4(E)), cautioning
that cross-linker amounts need to be carefully controlled.

Drug Release. Hydrophilic Drug Release: Hydrophilic
drugs are highly compatible with acrylic monomers, thus facil-
itating the manufacture of drug-loaded hydrogel soft contact
lenses. We therefore focused on the effects of the cross-linkers
on drug release performance using timolol maleate, a hydro-
philic drug widely used for the treatment of glaucoma.' Mono-
mer and cross-linker ratios used for hydrogel synthesis are
shown in Table 1. The content of timolol maleate was 200 pg
per lens. The amount of drug released was determined by spec-
trophotometry.

Transmission (%)

50 T T T T T 1
300 400 500 600 700 800

Wavelength (nm)
Figure 4. Optical transmittance of soft contact lenses prepared
using different cross-linkers. The concentration of cross-linkers: (A)

without cross-linker; (B) 0.1 M EADA; (C) 0.1 M EGDMA; (D)
0.1 M EADA+0.1 M EGDMA,; (E) 1 M EADA.
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Figure 5 shows the cumulative release of timolol maleate
over time. When the hydrogel did not contain a cross-linker,
drug release was only 36%. However, the release of timolol
maleate increased to 64% and 70% in hydrogels cross-linked
with EADA or EGDMA, respectively. Thus, by controlling
cross-linking, drug release properties can be optimized for the
needs of different applications. Moreover, hydrogel chemistry
is important because the binding between polymer and drug is
a critical factor in drug release performance. Several studies
have determined the optimum composition of hydrophobic and
hydrophilic components in copolymeric hydrogels, and eval-
uated the microstructures obtained using different monomers
and variation of mixing ratios.>**?° It has also been reported
that increased cross-linking in chitosan gels, using genipin as
a cross-linker, led to delayed release of albumin.®®

It is noteworthy that the highest levels of drug release, 77%,
occurred in the hydrogel that was cross-linked using a com-
bination of both EADA and EGDMA. A potentially irregular
pattern of cross-linking bridges, resulting from the cross-
linkers combination, may provide more sites for the capture of
drug molecules. As shown in Table 1, the hydrogel containing
the combination of two cross-linkers showed a lower swelling
ratio, compared to hydrogels containing only one type of
cross-linker. Thus, hydrogel polymer chains can be more effec-
tively cross-linked using two cross-linkers with different
chemical bonding properties and different chain lengths.

Hydrophobic Drug Release: For hydrophobic drugs, the
evaluation of drug release behavior is more challenging,
because of their lack of solubility in water. Therefore, addi-

100 -

Cumulative release of timolol (%)

T T T T
0 5 10 15 20 25 30

Time (h)
Figure 5. Cumulative amount of timolol maleate released from the
hydrogel membranes as function of incubation time. The concen-
tration of cross-linkers: (A) without cross-linker; (B) 0.1 M EADA;
(C) 0.1 M EGDMA; (D) 0.1 M EADA+0.1 M EGDMA.
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Figure 6. Scheme showing preparation and drug release of B-CD
inclusion complex.

tional steps must be taken to enhance drug loading. Cyclo-
dextrins (CDs) have a hydrophilic exterior but contain a
hydrophobic interior cavity, which facilitates the formation of
host/guest inclusion complexes.*’** On account of their non-
toxic and biodegradable natures, CDs have frequently been
used in biomedical applications, such as drug delivery. -CD is
also used as a co-monomer during hydrogel polymerization,
resulting in improved swelling ratio and tensile strength, as
well as controlled drug release through the formation of 3-CD
drug inclusion complexes.”*** In this study, a representative
hydrophobic drug, a-tocopherol, was prepared as a B-CD
inclusion complex. The interior cavity size of B-CD was suit-
able for a host/guest interaction with a-tocopherol, as illus-
trated in Figure 6. It was also convenient that a-tocopherol
showed an absorption peak at a wavelength of 292 nm, while
B-CD did not.

The effect of the B-CD/a-tocopherol complex on optical
transmittance was shown in Figure 7. Hydrogel soft contact
lenses containing less than 0.01 g of the complex (Figure 7(A),
(B), (C)) were highly transparent. However, the transmittance
was drastically reduced for lenses containing higher drug con-
tent (Figure 7(D), (E)). For optical applications, therefore, this
limits the content of the B-CD inclusion complex that can be
used.

To investigate the drug release performance of the B-CD
inclusion complex, hydrogel soft contact lenses containing dif-
ferent ratios of cross-linkers were fabricated as summarized in
Table 1. Cumulative drug release from lenses containing 80 pig
of the B-CD-a-tocopherol complex is shown in Figure 8.

The contact lenses fabricated under all four cross-linker con-
ditions released most of the a-tocopherol within 2 h, which
therefore differs from the rate of release for the hydrophilic
drug, timolol maleate. However, the hydrogel soft contact lens
cross-linked with 0.1 mol% EADA (B) showed the best drug
release performance among four, thus confirming its potential
for ophthalmic drug delivery applications. Further studies will
focus on the interaction between the B-CD inclusion complex
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Figure 7. Optical transmittance of the hydrogel membranes con-
taining B-CD/a-tocopherol complex: (A) 0.001 g; (B) 0.005 g; (C)
0.010 g; (D) 0.05 g; (E) 0.1 g in 12 mL of monomer solution.
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Figure 8. Cumulative release of a-tocopherol from soft contact
lenses containing the B-CD inclusion complex. The concentration of
cross-linker: (A) without cross-linker; (B) 0.1 M EADA; (C) 0.1 M
EGDMA; (D) 0.1 M EADA+0.1 M EGDMA.

and the EADA cross-linker, and this may allow improvements
in the efficiency of hydrophobic drug release.

Cytotoxicity. Fibroblasts were cultured on hydrogels cross-
linked with EGDMA or EADA, and MTT assays were carried
out (Figure 9). After 1 or 2 days of incubation, fibroblasts on
the hydrogel containing EADA showed significantly greater
viability than those cultured on EGDMA-containing hydrogel.
Thus, the hydrogel synthesized with EADA was biocompat-
ible with use in soft contact lenses. Furthermore, after 3 days
of incubation, hydrogels containing EGDMA or EADA
showed similar levels of fibroblast viability, confirming that
both types of hydrogel are safe for use in soft contact lenses.

Polymer(Korea), Vol. 40, No. 4, 2016



634

P<0.05

201 mEE EGDMA hydrogel

15 I EADA hydrogel

16

1.4 4 P <0.0005
1.2 4

P <0.0005

0.8

0.6

0.4 4

Cell viability (absorbance at 570 nm)

0.2 4

0.0 4

2
Incubation time (day)

Figure 9. Viability of fibroblasts cultured on the hydrogels synthe-
sized using two different cross-linkers.

Conclusions

Hydrogel soft contact lenses were prepared for ophthalmic
drug delivery applications using the novel cross-linker, EADA,
which contains Al as part of its chemical structure. The chem-
ical synthesis of EADA was shown to be successful, and the
functional characteristics of EADA as a cross-linker were
investigated by evaluation of hydrogel viscosity. The presence
of the metal ion in the structural backbone of EADA provides
hydrogel soft contact lenses with unique properties, including
excellent mechanical and swelling characteristics. Further-
more, hydrogel contact lenses prepared using EADA exhibited
stable and controlled drug release properties. Finally, the
EADA cross-linked hydrogel showed little if any cytotoxicity,
confirming its safety for use in the fabrication of soft contact
lenses.
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