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Abstract

To improve the efficacy of anti-inflammatory factors in patients who undergo cataract sur-
gery, poly(2-hydroxyethyl methacrylate-co-methyl methacrylate) (o(HEMA-co-MMA))
hydrogels containing 3-cyclodextrin (3-CD) (pHEMA/MMA/B-CD) were designed and pre-
pared as intraocular lens (IOLs) biomaterials that could be loaded with and achieve the sus-
tained release of dexamethasone. A series of pHEMA/MMA/3-CD copolymers containing
different ratios of 3-CD (range, 2.77 to 10.24 wt.%) were obtained using thermal polymeriza-
tion. The polymers had high transmittance at visible wavelengths and good biocompatibility
with mouse connective tissue fibroblasts. Drug loading and release studies demonstrated
that introducing B-CD into hydrogels increased loading efficiency and achieved the sus-
tained release of the drug. Administering B-CD via hydrogels increased the equilibrium
swelling ratio, elastic modulus and tensile strength. In addition, B-CD increased the hydro-
philicity of the hydrogels, resulting in a lower water contact angle and higher cellular adhe-
sion to the hydrogels. In summary, pHEMA/MMA/B-CD hydrogels show great potential as
IOL biomaterials that are capable of maintaining the sustained release of anti-inflammatory
drugs after cataract surgery.

Introduction

A cataracts is defined as an opacification on the ocular lens. Cataracts have become the leading
cause of blindness worldwide because an extended life expectancy has resulted in an aging
population [1,2]. Both the incidence and the prevalence of cataracts significantly increase with
age. Currently, a strategy using phacoemulsification to extract the opaque lens followed by the
subsequent implantation of an intraocular lens is considered the best method to restore vision
[3]. However, post-operative complications, such as inflammation, infection, and posterior
capsule opacification (PCO), can occur after cataract surgery and threaten the recovery of the
patient’s vision [4-6]. Inflammation is one of the most common problems in affected patients
[7]. Both cataract surgery (considered a traumatic stimulation) and coexisting ocular diseases
(such as uveitis) can promote the migration of inflammatory cells and the release of
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inflammatory factors, resulting in post-operative inflammation [8]. Corticosteroids, such as
dexamethasone and hydrocortisone, are widely used to prevent inflammation post-cataract
surgery [9,10]. Ophthalmic formulations, such as dexamethasone eye drops, are the primary
mode of topical administration [11]. However, these formulations have several drawbacks,
such as low bioavailability (below 5.0%) and an inability to control the concentration of the
drug in the aqueous humor [12,13]. Moreover, frequently administering eye drops may result
in the poor compliance of patients, especially older and infant patients [14]. A number of drug
delivery strategies have been developed to overcome the limitations of eye drops. For instance,
sustained release capsules containing dexamethasone were embedded in the aqueous humor
and maintained a preferable drug concentration, although the argument over the toxicity of
the products of capsule degradation is not yet resolved [15]. In addition, in vitro experiments
showed that the drug sustained the release properties of contact lenses. However, both the tear
film and the cornea can hinder the migration of a drug from an extra-ocular contact lens into
the eye or dilute the drug’s concentration [16].

We sought to design and prepare a self-anti-inflammatory IOL that could be pre-opera-
tively loaded with corticosteroids and used to post-operatively release the drug [17]. Hydro-
philic materials, such as p(HEMA-co-MMA) copolymers, are widely used as IOLs because of
their excellent biocompatibility, high rate of transmission and thermal stability [18]. In partic-
ular, the relative hydrophilicity of these copolymers allows them to achieve high permeability
in aqueous media, meaning that the copolymers themselves are effective drug carriers [19].
However, the major disadvantages of using p(HEMA-co-MMA) copolymers as a drug delivery
system are that they can be loaded with only a low amount of the drug and they have short
drug-release times [20]. Several method have been developed to achieve long-term drug release
from IOLs. These include attaching IOLs to a drug delivery accessory, depositing a coating of
the drug on the IOL surface, and inducing the copolymerization of IOL monomers and modi-
fied drugs [21-25]. Cyclodextrins (CDs) are a group of macromolecules with a hydrophobic
cavity. CDs have been extensively used as drug carriers for hydrophobic drug molecules [26-
28]. Moreover, CDs have also been demonstrated to enhance the drug release capabilities of
hydrogels by forming inclusion complexes with various small drug molecules [29].

In recent years, our group has developed several functional IOL materials, such as injectable
IOL materials and shape-memory IOL materials [30-32]. In this attempt to apply anti-inflam-
matory agents following cataract surgery, we reported self-anti-inflammatory IOLs that were
based on pHEMA/MMA/B-CD hydrogels and demonstrated the capability of sustained dexa-
methasone release (S1 Fig). These IOL biomaterials were systematically evaluated in vitro to
determine their properties, including their optical and thermomechanical properties, and their
equilibrium swelling ratio (ESR), cytotoxicity, and dexamethasone loading and release behav-
iors. Because surface characteristics play important roles in the biocompatibility of IOLs, we
also used the surface wettability and lens epithelial cell (LEC) adhesion test to evaluate
pHEMA/MMA/B-CD hydrogels. The results of these experiments indicated that the pHEMA/
MMA/B-CD hydrogels were suitable IOLs materials for the in situ drug release of anti-inflam-
matory agents after cataract surgery.

Materials and methods

The 2-HEMA, MMA, ethylene glycol dimethacrylate (EGDMA), 3-methylbenzoic acid
(3-MBA) and B-CD were purchased from Sigma-Aldrich, Beijing. The 2,2’-azobisisobutyroni-
trile (AIBN), acryloyl chloride and other solvents were obtained from J&K Scientific, LTD. All
reagents and solvents were used without further purification.
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Synthesis of triple-methacrylated-B-CD (Triple-MA-B-CD)

As described in the literature, triple-MA-B-CD was synthesized using a traditional method
based on acryloyl chloride (S1 Fig) [33]. In detail, 6.0 g B-CD (previously dried at 100.0°C for
12 h) was dissolved in a mixture of 40.0 mL of dried N,N-dimethylformamide (DMF) and 14.0
mL of dried triethylamine (TEA) while magnetically stirred for more than 20 min. Then, 5.0
mL of acryloyl chloride was slowly dropped into the mixture at 0°C while in an atmosphere of
nitrogen. The resulting mixture was stirred for another 30 min at room temperature and then
vacuum-filtrated. Then, acetone was added to the filtrate drop by drop to obtain a precipita-
tion product. The solvent was removed, and the precipitate was washed with acetone at least
three times to further purify the product. Finally, the precipitate was collected and dried at
room temperature under a vacuum. The "H NMR spectra of B-CD was then recorded using a
Bruker AMX400 apparatus (Germany).

Preparation of pHEMA/MMA/B-CD hydrogels

MMA, EGDMA and Triple-MA-B-CD were dissolved in HEMA using the formulation listed
in Table 1. After AIBN was added, the mixture was immediately injected into molds made
using two glass plates coated internally with a polypropylene film. The molds were separated
by a silicon frame (1 mm thick) [34]. Then, the molds were placed in an oven at 50.0°C for 12
h and then heated to 70.0°C for another 24 h. After polymerization, the gel plates were
immersed in boiling water for 15 min to extract the unreacted monomers. Each gel was then
cut into disks (10.0 mm in diameter), and the disks were hydrated in distilled water for 3 days.
The water was replaced every 12 h. The disks were then dried in an oven at 105.0°C for 24 h to
obtain the disk-shaped samples that were used to evaluate drug loading and in vitro release
profiles.

Characterization of pHEMA/MMA/B-CD hydrogels

Weight loss ratio before and after extraction. The pre-extraction weight of the dried
samples [M; (g)] was measured before they were immersed in boiling water. The post-extrac-
tion weight of the samples [M, (g)] was determined after they were dried at 105.0°C. The
weight loss ratio (wt.%) of pHEMA/MMA/B-CD hydrogels was calculated as follows:

(Ml — Mz)

Weight loss ratio(%) = x 100% (1)

Fourier-transform infrared (FT-IR) spectroscopy analysis. The FT-IR spectra of the
prepared pHEMA/MMA/B-CD hydrogels were recorded over the range 400.0-4000.0 cm™*
using a FT-IR spectrophotometer (Perkin-Elmer) with the potassium bromide pellet

Table 1. Formulations of pHEMA/MMA/B-CD hydrogels.

Samples

pHEMA/MMA
pHEMA/MMA/B-CD1
pHEMA/MMA/B-CD2
pHEMA/MMA/B-CD3
pHEMA/MMA/B-CD4

Monomers (wt.% of | Drug carrier (wt.% of total monomers) Crosslinker (wt.% of total monomers) Initiator (g)

total monomers)

HEMA MMA Triple-MA-$-CD EGDMA AIBA
85.58 14.00 — 0.42 0.0075
83.21 13.61 2.77 0.41 0.0075
80.96 13.24 5.40 0.40 0.0075
78.84 12.90 7.88 0.39 0.0075
76.82 12.57 10.24 0.38 0.0075

https://doi.org/10.1371/journal.pone.0189778.t001
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technique. The FT-IR spectra of the unmodified B-CD and Triple-MA-B-CD were evaluated
using the same methods.

Thermo-mechanical properties. The glass transition temperature (T,) of the pHEMA/
MMA/B-CD hydrogels was measured using differential scanning calorimetry (DSC) with a
DSC Q2000 (TA Instruments, New Castle DE, USA) equipped with a refrigerated cooling
accessory. Nitrogen (flow rate: 50.0 mL min™') was used to purge the gas. To determine the T,,
5.0-10.0 mg of the dried samples were accurately weighed and then placed in crimped alumi-
num pans and covered with a lid. All of the samples were run using alumina as reference at
temperatures ranging from 40.0°C to 200.0°C (the temperature was raised 20.0°C min™").
Mechanical properties were evaluated using standard dumbbell-shaped specimens that were
cut from prepared wet gel plates using a dumbbell-shaped cutting knife (test section size: 10.0
mm X 40.0 mm). A Series IX Automated Materials Testing System (Instron Corp, USA) was
used to determine the elastic modulus, tensile strength and elongation at break of the samples
at a stretching rate of 1.0 mm sec™' at 37.0°C and a relative humidity of 60.0%.

Optical properties. The transparency of the pHEMA/MMA/B-CD hydrogels was mea-
sured at 300.0-800.0 nm using a Shimadzu 2600 UV/vis spectrophotometer. Its refractive
index (RI) was determined using an Abbe refractometer (WAY, Shanghai Precision & Scien-
tific Instrument, China).

ESR. Dried, disk-shaped samples were immersed in distilled water for 24 h until they
achieved swelling equilibrium. The weights of the wet samples [M,, (g)] were determined after
moisture was carefully cleaned from the surface using a soft tissue. The weights of the dried
samples [M4 (g)] were measured after they were dried at 105.0°C for 24 h. The ESR of the
pHEMA/MMA/B-CD hydrogels was calculated using the following equation:

M, — M
ESR (%) = % x 100% (2)

Surface wettability. The water contact angles (CAs) of the wet samples were determined
using an OCA15 contact angle analyzer (Dataphysics, Germany). Drops of distilled water
(~1.0 pL in volume) were applied to the surfaces of the samples.

Functional B-CD content. Dried pHEMA/MMA/B-CD disks were soaked in 10.0 mL of
3-MBA aqueous solution (0.5 mg mL™) at 37.0°C for 48 h in the dark. The concentration of
3-MBA was determined at 281.0 nm using a Shimadzu 2600 UV /vis spectrometer. The total
amount of 3-MBA loaded in each of the samples was defined as the difference between the
amount in the solution before and after immersion. The proportion of functional 8-CD in the
samples was estimated by determining the amount of 3-MBA that specifically combined with
single B-CD in the hydrogels.

Drug loading and release. Dried pHEMA/MMA/B-CD disks were immersed in 10.0 mL
of a 0.04 or 0.08 mg mL™ dexamethasone aqueous solution (in Milli-Q water) at 25.0°C to
load the dexamethasone. In addition, in some systems, samples were immersed in a 0.08 mg
mL" dexamethasone solution and placed in an oven at 37.0°C to determine whether heat
influenced loading efficiency. In all of the above systems, the samples were incubated in the
dark for 48 h to achieve absorption equilibrium. The amount of dexamethasone that was
loaded in the hydrogels was defined as the difference between the initial amount of dexametha-
sone in the aqueous solution and the amount that remained after loading. The samples were
analyzed at 240.0 nm using a Shimadzu 2600 UV/vis spectrometer.

Samples loaded with dexamethasone were rinsed with distilled water and then placed in 4.0
mL of distilled water at 37.0°C. A 2.0 mL sample solution was periodically obtained from the
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immersion medium, which was supplemented with the same volume of pure distilled water.
The amount of dexamethasone released by the samples was determined using a spectropho-
tometer at 240.0 nm.

Cytotoxicity. L1929 cells (mouse connective tissue fibroblasts, obtained from the Chinese
Academy of Preventive Medical Sciences, Beijing, China) were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM; HyClone) supplemented with 10.0 vol.% heat-inactivated fetal
bovine serum (FBS, HyClone), penicillin (100 U mL™) and streptomycin (100 ug mL ™) ina
humidified incubator in 5.0% CO, at 37.0°C [35]. The cells were cultured to the end of loga-
rithmic growth phase when 80.0% of the cells showed a tendency to fuse. In subsequent cul-
tures, the cell monolayer was washed twice using phosphate-buffered saline (PBS) and then
incubated with trypsin-EDTA cell dissociation buffer (0.05% trypsin and 0.25% EDTA) for 5
min at 37.0°C to achieve separation. Then, the 1929 cells were suspended in culture medium,
and the cell suspension was diluted to a cell density of 2.0 x 10* mL™". Samples of the resulting
1929 cell suspension (500 uL) were seeded in 24-well tissue culture plates (Costar) and co-cul-
tured with the sterilized pHEMA/MMA/B-CD disks in DMEM for 7 days. The medium was
replaced every 2 to 3 days. Samples that had been previously autoclaved were then immersed
in PBS for 48 h under sterile conditions. The cultures were analyzed using inverted phase con-
trast microscopy to determine cell morphology on the 1%, 2", 4™ and 7" day. Cell viability
and proliferation were evaluated using MTT assays [36]. In addition, toxic organotin polyvinyl
chloride (PVC) and high-density polyethylene (HDPE) films were used as the positive and
negative controls in the cytotoxicity tests.

LEC adhesion tests. SRA01/04 cells (a human LEC line, obtained from the Chinese Acad-
emy of Preventive Medical Sciences, Beijing, China) were used to assess the lens capsule
biocompatibility of pPHEMA/MMA/B-CD hydrogels [37]. The culture and detachment proce-
dures used in experiments involving SRA01/04 cells were similar to those used in L929 cells
except for the amount of FBS (15.0 vol.%). Cell density was adjusted to 2.0 x 10> mL™". Then,
100.0 pL of the cell suspension was seeded on the bottom of 96-well plates, which were then
embedded with sterilized disk-shaped samples (6.0 mm in diameter). The samples and cell sus-
pensions were then co-cultured for 24 h. The morphologies of the SRA01/04 cells were evalu-
ated using inverted phase contrast microscopy, and the amounts of SRA01/04 cells that had
adhered to the surfaces of the samples were detected using crystal violet assays [38].

Data processing method

All of the qualitative tests were performed in duplicate, and the secondary results were
adopted. The quantitative experiments performed in this study were each repeated at least 3
times. The results were expressed as the mean + standard error of mean (SEM) and compared
using one-way ANOVA and student’s ¢-test. The level of statistical significance was set at 5%
(P<0.05).

Results and discussion
Synthesis of triple-MA-3-CD monomers

Fig 1A shows the FT-IR spectra of B-CD and Triple-MA-B-CD. The appearance of a peak at
1726 cm™ (responsible for the ester groups) and an increase in absorbance at 1658 cm™ (char-
acteristic of C = C double bond stretching) confirmed the formation of Triple-MA-B-CD. The
H NMR spectra (*H NMR (D,0, 400.0 MHz): & 6.61-5.96 (9H, m), 5.27-5.05 (7H, m), 4.08-
3.76 (28H, m), and 3.75-3.49 (14H, m)) indicated that the degree of substitution of the 21
hydroxyl groups on p-CD by methacrylic groups was 3. Assuming that Triple-MA-B-CD has a
molecular weight of 1297.0 Da, the yield of the procedure was approximately 76.3 + 4.8%.
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Fig 1. FT-IR spectra. (A) 3-CD and Triple-MA-3-CD; (B) dried hydrogels: pHEMA/MMA hydrogel and pHEMA/MMA/B-CD3 hydrogel.
https://doi.org/10.1371/journal.pone.0189778.g001

Preparation of pHEMA/MMA/B-CD hydrogels

Acrylates and methacrylates are commonly used as IOL biomaterials because they have a high
RI and favorable biocompatibility and are FDA-approved. They were therefore chosen as the
basic monomers with which to synthesize p(HEMA-co-MMA) copolymers [39]. In particular,
HMEA and MMA were selected because of their relatively high hydrophilicity, which is associ-
ated with a preferable amount of drug-loading when using small molecular drugs [40]. As
shown for the formulations listed in Table 1, pHEMA/MMA/B-CD hydrogels were prepared
using radical copolymerization without solvents during processing. Unlike unsubstituted p-CD,
the solubility of Triple-MA-B-CD was superior to the HEMA/MMA mixture. After polymeriza-
tion, the hydrogels were immersed in boiling water to extract any unreacted monomers. The
post-extraction weight loss ratio of the copolymers was below 1.0% (S2 Fig), and this meets the
FDA extraction standard for IOLs. In addition, the disk-shaped samples were accurately
weighed. We found that as the proportion of B-CD increased, the weight of dried samples that
had nearly the same size (10.0 mm in diameter and 1.0 mm in thickness) decreased. This effect
was attributed to the presence of hydrophobic cavities in the B-CD molecules (S3 Fig).

Fig 1B shows the FT-IR spectra of the dried pPHEMA/MMA and pHEMA/MMA/B-CD
hydrogels. The FT-IR spectra of the samples were similar before and after Triple-MA-B-CD
was incorporated. Mainly, there were hydroxyl groups at 3700-3050 cm ™', the ester groups
and carbonyl groups of pPHEMA/MMA/B-CD were at 1730 cm™, and the peak at approxi-
mately 1217-1110 cm™ was assigned to the ether groups of B-CD and the pHEMA/MMA
component of the hydrogels.

Thermo-mechanical properties

The T, and elastic modulus are two parameters that are very important for IOL biomaterials.
On the one hand, implanting materials with a T, below 37.0°C into the eyes may induce insta-
bility in the molecular chains, making them unsuitable for IOLs. On the other hand, the IOLs
are deformed by the process of folding and preassembling them into injectors before implanta-
tion, and these deformations are associated with the elastic modulus of the IOL biomaterials.
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Fig 2. Thermo-mechanical properties. (A) T, (e P<0.05 vs control) and elastic modulus (O P<0.05 vs control) of each of the pHEMA/MMA/B-CD
hydrogels as a function of 3-CD content. (B) Elongation at break (¢ P<0.05 vs control) and tensile strength (O P<0.05 vs control) at 37°C relative to the
elastic modulus of the pHEMA/MMA/B-CD hydrogels.

https://doi.org/10.1371/journal.pone.0189778.9002

Fig 2A shows the Tg and elastic modulus of the pHEMA/MMA/B-CD hydrogels. According
to a DSC thermograph, the control pHEMA/MMA hydrogels underwent a glass to rubber tran-
sition at 86.67°C, which is similar to the values obtained in a previous report on pHEMA/
MMA networks [41]. The incorporation of Triple-MA-B-CD into the hydrogels significantly
increased the T, of the samples. Moreover, there was a positive correlation between T, (range
from 86.67°C to 122.33°C) and the B-CD content. This result was attributed to an increase in
cross-linking points, which was accompanied by a decrease in average molecular weight
between the cross-linked points following the incorporation of Triple-MA-B-CD [42]. The elas-
tic modulus of the pHEMA/MMA/B-CD hydrogels was measured using mechanical tensile test-
ing at 37.0°C to simulate in vivo conditions. Dried samples exhibited increased fragility, and we
therefore measured the elastic modulus of wet samples. As shown in Fig 2A, the elastic modulus
steeply and nonlinearly increased as the concentration of B-CD increased. This was mainly
because the incorporation of the rigid f-CD molecule, which has a large volume, decreased the
flexibility of the chain structure of the copolymers [43]. The tensile strength and elongation at
break of each pHEMA/MMA/B-CD hydrogel relative to its elastic modulus is shown in Fig 2B.
As the elastic modulus increased, the tensile strength of the samples also increased, whereas
elongation at break decreased. Thus, there was an inherent trade-off between elongation at
break and tensile strength. In recent years, cataract surgery has become a minimally invasive
refractive surgery, meaning that bigger IOLs can be implanted through smaller incisions.
Therefore, in IOL biomaterials, a higher elongation at break is much more important than a
higher tensile strength because the eyeball originates only a small amount of stress. Neverthe-
less, in this study, the elongation at break of the pPHEMA/MMA/B-CD4 hydrogel with the high-
est B-CD content (10.24 wt.%) was still over 100.0%, making it suitable as an IOL biomaterial.

Optical properties

In the eyes, IOLs act in a manner similar to a camera lens. Hence, an IOL can regulate the
intensity and focus of light that enters the eyes, and the optical properties of IOL biomaterials
are therefore especially important. In this study, transmittance and RI were used to evaluate
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the optical properties of pHEMA/MMA/B-CD hydrogels. Fig 3A shows the spectral transmit-
tance of the samples. All of the samples had a transparent appearance and a high spectral trans-
mittance (>80.0%) at visible wavelengths (400.0-800.0 nm). In particular, each sample had a
higher transmittance (>90.0%) at 600.0 nm, indicating that the hydrogels have excellent opti-
cal properties.

Fig 3B shows the RI values of the samples, which were originally approximately 1.464 and
then increased slightly from 1.463 to 1.466 as -CD content increased. The high RI of the
hydrogels results from the high RI of HEMA and MMA because materials that contain chain-
like structures always have a high RI. Moreover, the incorporation of Triple-MA-B-CD
enhanced these chain-like structures. The RI of commercial hydrophilic acrylic IOLs is
approximately 1.46 + 0.3 [44]. In addition, IOLs that consist of materials with a higher RI can
be much thinner, which would be helpful for reducing the size of surgical incisions, especially
during minimally invasive cataract surgery [45].

ESR

The concentration of water in a hydrophilic IOLs biomaterial is closely related to its hydrophi-
licity, surface wettability and drug-loading capacity. Here, ESR was used to evaluate the concen-
tration of water in the pHEMA/MMA/B-CD hydrogels. Fig 4A shows the relationship between
B-CD content and ESR. The control group ((HEMA/MMA hydrogels) had an ESR of 40.37%,
which is similar to previously reported values [46]. As B-CD content increased, the ESR of the
samples increased from 40.37% to 60.60%, probably because of the hydrogen bonds that formed
between the unmodified hydroxyl groups in Triple-MA-B-CD and water molecules.

Surface wettability and LEC adhesion tests

In modern cataract surgeries, a high incidence of PCO remains a concern [47,48]. The results
of recent studies have indicated that the remnant space between an IOL and the lens posterior
capsule plays an essential role in the occurrence of PCO because it indicates that the lens cap-
sule is not completely filled by the IOL [49]. Linnola et al. proposed the “Sandwich theory” to
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Fig 3. Optical properties. (A) Spectral transmittance of the pHEMA/MMA/B-CD hydrogels. (B) Refractive index of the pHEMA/MMA/B-CD hydrogels as a
function of -CD content (¥ P<0.05 vs control).

https://doi.org/10.1371/journal.pone.0189778.g003
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explain the mechanism underlying PCO [50]. Briefly, if an IOL is likely to adhere to LECs, the
remnant space can be filled with a monolayer of LECs, and this will prevent adhesion by extra
LECs. The surface of the IOL, the LEC monolayer and the lens posterior capsule consequently
form a sandwich-like structure that prevents the occurrence of PCO. This method is also
described as “no space, no PCO”.

Previous studies have demonstrated that the capacity of LECs to adhere to an IOL surface
can be evaluated by measuring the surface CA [51]. As shown in Fig 4B, the water CAs in the
pHEMA/MMA/B-CD hydrogels ranged from 79.37° to 66.05° and decreased as the 3-CD con-
tent increased. Furthermore, LEC adhesive tests were carried out to confirm the relationship
between the surface wettability of the hydrogels and their ability to adhere LECs. As shown in
Fig 5A, the amount of LECs that adhered to the control pHEMA/MMA hydrogels was smaller
than the amount that adhered to the pHEMA/MMA/B-CD hydrogels that contained B-CD.
The amount of LECs that adhered to the surfaces of the pHEMA/MMA/B-CD hydrogels
increased as the B-CD content increased. All of the LECs spread well and exhibited a typical
epithelial cell morphology. The amount of LECs was evaluated by measuring absorbency at
630.0 nm using a microplate reader (crystal violet staining, Fig 5B). There was a positive corre-
lation between the absorbency of the LECs and B-CD content, and the observed difference was
statistically significant. Based on the results described in this section, we conclude that the
higher the B-CD content is, the lower the CAs of the samples are and the greater the amount of
LECs that will adhere to the surface of the sample. Therefore, according to the “Sandwich the-
ory”, the incorporation of Triple-B-CD into the pPHEMA/MMA hydrogels may confer protec-
tion against PCO.

Capability of functional 3-CD in pHEMA/MMA/B-CD hydrogels

To determine the capability of small drug molecules to combine with pHEMA/MMA/B-CD,
3-MBA was used as a model drug, and its access to B-CD cavities was evaluated. This factors
was used because it has a high affinity for B-CD [52]. Table 2 shows the amount of 3-MBA that
was loaded into the samples (per gram) and the number of 3-MBA molecules that was loaded
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into a single B-CD cavity. The amount of 3-MBA that was taken up by the control pHEMA/
MMA hydrogels was 20.93 mg g, and it was mainly found in the aqueous phase. As the B-CD
content increased, the amount of 3-MBA that was loaded by the pHEMA/MMA/B-CD hydro-
gels markedly increased. The difference was statistically significant (P<0.05).

In addition, 3-MBA can exist in pHEMA/MMA/B-CD hydrogels in the following states:
dissolved in the aqueous phase of the wet hydrogel, absorbed non-specifically to the hydrogel
backbone or specifically combined with §-CD. Thus, the number of 3-MBA molecules that
can be combined in a single B-CD cavity can be defined as the difference between the total
loading amount and the amount that exists in the aqueous phase. As presented in Table 2,
there was a positive relationship between the B-CD content in the samples and the molar ratio
of 3-MBA to B-CD. Interestingly, more than one 3-MBA molecule can be combined into one
B-CD cavity when the proportion of B-CD in the hydrogels was equal to or more than 7.88 wt.
%. It was previously demonstrated that 3-MBA molecules can form dimers (or structures with
an even higher order) when suspended in a relatively apolar medium [53]. Therefore, some
3-MBA molecules that are loaded into the hydrogels while in the aqueous phase could form
dimers with other molecules that were partially combined within the B-CD cavities.

As described above, the concentration of water in the hydrogels increased as -CD content
increased, whereas mesh size decreased as a result of an increased degree of polymerization.

Table 2. The amount of 3-MBA loaded into each pHEMA/MMA/B-CD hydrogel.

Sample Code 3-MBA loaded into the samples

Total (mg g™ in dried hydrogels) Molar ratio (mol mol™ B-CD)
pHEMA/MMA 20.93(0.72) ]
pHEMA/MMA/B-CD1 2251 (1.45) 0.54 (0.13)
pHEMA/MMA/B-CD2 25.62 (1.59) 0.93 (0.09)
pHEMA/MMA/B-CD3 28.41 (0.54) 1.04 (0.14)
pHEMA/MMA/B-CD4 32.63(1.53) 1.24.(0.06)

https://doi.org/10.1371/journal.pone.0189778.t1002
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On the one hand, hydrogels with a higher water content load more drugs in the aqueous
phase, causing them to release a greater initial burst of the drug. On the other hand, a smaller
mesh size conferred a longer sustained release. This effect was observed in the dexamethasone
release test described below.

Drug loading

Dried pHEMA/MMA/B-CD disks were immersed in an aqueous solution of dexamethasone
(0.08 mg mL™") at 25.0°C to load the drug. The amount of drug that effectively loaded into the
hydrogel was significantly affected by the concentration of the drug and the immersion tem-
perature. Hence, in some system, the dexamethasone concentration was adjusted to 0.04 mg
mL" or the immersion temperature was set to 37.0°C. Hydrogels that were loaded with dexa-
methasone reached equilibrium after 48 h of immersion.

Table 3 shows the amounts of dexamethasone that were loaded by the samples at equilib-
rium. More dexamethasone was loaded when either the dexamethasone concentration in the
aqueous solution or the immersion temperature was higher (P<0.05). We estimated that
~15.28% and ~7.67% of the dexamethasone in the soaking solution was loaded into the sam-
ples when the B-CD content was 7.88 wt.% and a 0.08 and 0.04 mg mL™" dexamethasone aque-
ous solution was used, respectively (immersion temperature: 25.0°C). When the immersion
temperature was increased to 37.0°C, the proportion of dexamethasone that loaded into the
hydrogels increased to ~18.16% because heat promoted the diffusion of the drug into the
copolymer network and also increased the possibility of inclusion complex formation [54].
The B-CD content in the hydrogels also played a particularly important role in the amount of
dexamethasone that was loaded. As the B-CD content increased, the amount of dexametha-
sone that was loaded also progressively increased (P<0.05). This result is potentially explained
by the formation of inclusion complexes between the dexamethasone molecules and hydro-
phobic B-CD groups because this increases the affinity of the hydrogels for the dexamethasone
molecules. Despite the changes observed in ESR and mesh size in the copolymers (as a result
of the incorporation of B-CD), we were able to calculate the proportion of 8-CD that was occu-
pied by dexamethasone molecules (B-CDyc) as follows:

o [mpHEMA/MMA/ﬁ—CD - mpHEMA/MMA X (l_CB—CD)] X

B—CDy(%) = My 00% (3)
1000 x Cy_cp X M

dexamethasone

where mypgma-mma-g-co and MppEvma-mma are the amounts of dexamethasone (mg g'l) that
loaded in the dried pHEMA/MMA and pHEMA/MMA/B-CD hydrogels, respectively, as
shown in Table 3; Mg_cp and Mgexamethasone are the molecular weights of f-CD (1297.0 Da)
and dexamethasone (392.5 Da), respectively; and Cg_cp is the concentration of f-CD in the
pHEMA/MMA/B-CD hydrogels, as listed in Table 1.

As described in Table 4, increasing the dexamethasone concentration or the immersion
temperature increased the B-CD;c. When samples were incubated under the same immersion
conditions, the B-CDyc in the samples was similar despite the B-CD content. Because the total
number of B-CD was higher in the hydrogels with a higher B-CD content, the amount of dexa-
methasone that specifically combined with B-CD was also higher. Not only can B-CD combine
with dexamethasone to form inclusion complexes, but pHEMA/MMA networks can also
absorb dexamethasone via non-specific binding, potentially causing the dexamethasone mole-
cules to be hydrophobically absorbed to the hydrogel backbone, to freely diffuse within the
aqueous phase of the hydrogel or to combine with water molecules via hydrogen bonds. The
percentage of dexamethasone that loaded via non-specific binding (Pnc) was estimated as
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Table 3. The amounts and proportions of dexamethasone that loaded into the pHEMA/MMA/B-CD hydrogels.

Sample Code Amount of dexamethasone (mg g™ of dried sample) Percentage of dexamethasone (%)
Immersion 2lmmersion 3Immersion Immersion Immersion Immersion
condition | condition I condition I condition | condition Il condition I
pHEMA/MMA 0.21(0.02) 1.48 (0.19) 1.98 (0.07) 1.97 (0.66) 6.73(1.41) 9.04 (0.31)
pHEMA/MMA/B- | 0.33 (0.12) 2.11 (0.15) 2.67 (0.05) 2.98 (0.25) 9.42 (1.68) 11.92 (1.18)
CD1
pHEMA/MMA/B- 0.59 (0.14) 2.76 (0.15) 3.40 (0.03) 5.22 (1.36) 12.21 (0.64) 15.04 (1.47)
CcDh2
pHEMA/MMA/B- 0.89 (0.11) 3.54 (0.28) 4.22(0.05) 7.67 (0.22) 15.28 (1.16) 18.16 (0.98)
CD3
pHEMA/MMA/B- 0.98 (0.06) 3.65(0.16) 4.26 (0.07) 8.40 (0.56) 15.61 (0.64) 18.21 (1.29)
CD4

1 Immersion condition | included an immersion solution with a dexamethasone concentration of 0.04 mg ml™" at 25°C;

2 Immersion condition Il included an immersion solution with a dexamethasone concentration of 0.08 mg mi™* at 25°C; and
3 Immersion condition Il included an immersion solution with a dexamethasone concentration of 0.08 mg ml™* at 37°C.

https://doi.org/10.1371/journal.pone.0189778.t1003

follows (the variety of ESR and mesh size with the changes in B-CD content are ignored):

mpHEMA/MMA X (1 - CB—CD)

P (%) = x 100% (4)

M, HEMA/MMA/B—CD

where mppgva-Mma-p-cp and MppEma-mMa are the amounts of dexamethasone (mg g'l) that
loaded in the dried pHEMA/MMA and pHEMA/MMA/B-CD hydrogels, respectively, as
shown in Table 3; and Cg_cp is the concentration of B-CD in the pHEMA/MMA/B-CD hydro-
gels, as listed in Table 1.

The Py of the samples treated with different immersion conditions are also shown in
Table 4. There was a negative correlation between Py and B-CD content, whereas there were
positive correlations between Py and the dexamethasone concentration and immersion tem-
perature. This was because increasing the dexamethasone concentration or immersion tem-
perature promoted both the migration of dexamethasone molecules from the immersion

Table 4. The percentage of B-CD that was occupied by dexamethasone (B-CD,c) in the pHEMA/MMA/B-CD hydrogels and the percentage of dexa-
methasone that loaded via non-specific binding (Pyc) out of the total loaded amount.

Sample Code  |B-CDc (%) Pnc (%)
"Immersion 2lmmersion 3Immersion Immersion Immersion Immersion
condition | condition Il condition Il condition | condition Il condition Il
pHEMA/MMA - - - 100 (-) 100 (-) 100 (-)
pHEMA/MMA/B- | 1.47 (0.23) 7.93(0.14) 8.86 (0.23) 63.08 (1.36) 68.41 (2.41) 72.17 (0.23)
CD1
pHEMA/MMA/B- | 2.35 (0.12) 8.30 (0.29) 9.31(0.17) 34.74 (2.47) 50.83 (1.38) 55.26 (1.81)
CcD2
pHEMA/MMA/B- | 2.89 (0.21) 9.14 (0.16) 10.03 (0.33) 22.43 (0.64) 38.50 (1.73) 43.31 (2.52)
CD3
pHEMA/MMA/B- | 2.54 (0.14) 7.50 (0.13) 7.99 (0.24) 19.81 (1.32) 36.41 (0.85) 41.84 (0.28)
CDh4

" Immersion condition | included an immersion solution with a dexamethasone concentration of 0.04 mg ml™ at 25°C;
2 Immersion condition Il included an immersion solution with a dexamethasone concentration of 0.08 mg mi™ at 25°C; and
3 Immersion condition Il included an immersion solution with a dexamethasone concentration of 0.08 mg ml™" at 37°C.

https://doi.org/10.1371/journal.pone.0189778.t1004
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Fig 6. Total amount of dexamethasone released from pHEMA/MMA/B-CD hydrogels pre-soaked in dexamethasone solution (mg/g of dried
hydrogels). The immersion conditions were (A) 0.04 mgmL™ at 25°C, (B) 0.08 mgmL™" at 25°C and (C) 0.08 mgmL™" at 37°C.

https://doi.org/10.1371/journal.pone.0189778.9006

solution to the aqueous phase of the hydrogel and the formation of dexamethasone/B-CD
inclusion complexes. The migration of the molecules occurred prior to the formation of the
complexes. Therefore, the increase in the non-specific binding-mediated uptake of dexametha-
sone into the hydrogels was greater than the uptake that occurred via its specific combination
with B-CD.

Drug release in vitro

IOLs that are implanted into the eyes are surrounded by aqueous humor, which is constantly
circulating. Therefore, in in vitro assays, periodically replacing half of the released medium
may simulate aqueous humor circulation. As shown in Fig 6, the in vitro release of dexametha-
sone can be sustained for at least 10 days. Its biphasic release behavior manifests as an initial
burst release followed by a relatively sustained release. The release rate of dexamethasone is
influenced by the following factors: (1) the diffusion of the drug from the aqueous phase, (2)
the separation of drug molecules that have only weakly interacted with the hydrogel backbone,
and (3) the dissociation of drug/B-CD complexes. Factors (1) and (2) are responsible for the
initial burst release of dexamethasone, while factor (3) contributes to its subsequent sustained
release. As described above, the Py in the samples decreased as the concentration of 3-CD
increased, and factor (3) therefore gradually came to replace factors (1) and (2) and to domi-
nate the release behavior of dexamethasone.

Moreover, the higher the B-CD content in the sample is, the higher the total amount of
dexamethasone that was released. We estimated that the cumulative dexamethasone release
rates over the first 24 h in the samples with B-CD contents of 0 wt.% and 10.24 wt.% were
~71.3% and ~57.3%, respectively (immersion condition: 0.04 mg mL™? at 25°C). Therefore,
adding B-CD to the hydrogels slowed the rate of dexamethasone release.

In addition, we found that the total amount of dexamethasone released during the initial
2-3 days (burst release stage) was higher than the amount that dissolved in the aqueous phase
and combined with the hydrogel backbone. These results indicate that the dissociation of a
portion of the drug/B-CD inclusion complexes occurred in the initial stage. Two things should
be noted here. First, the burst release of the drug may have promoted the dissociation of the
inclusion complexes. Second, the fact that we periodically replaced half of the release medium
may also have enhanced the dissociation.
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When samples were immersed in the lower concentration of dexamethasone (0.04 mg mL™),
the hydrogels become loaded with a lower amount of dexamethasone, and the Py was smaller.
Therefore, a relatively weaker burst release and a relatively slower sustained release were
observed. In contrast, heating the drug during the loading stage resulted in a relatively stronger
burst release of dexamethasone. Nevertheless, a higher dexamethasone concentration was
observed in the samples immersed in an aqueous solution and those that were heated. Both of
these treatments may have increased the total amount of dexamethasone that was released
because under these conditions, the hydrogels can load more dexamethasone.

For patients who undergo cataract surgery, the incidence and seriousness of post-operative
inflammation are much higher during the earlier recovery time than during the following
stages [55]. The results of this study show that pHEMA/MMA/B-CD hydrogels loaded with
dexamethasone may benefit these patients by controlling post-operative inflammation because
the biphasic release behavior of dexamethasone corresponds relatively well to the regular pat-
tern of occurrence of post-operative inflammation.

Cytotoxicity

The cytotoxicity of the sterilized hydrogels was analyzed using L929 fibroblasts. The 1929 cells
were incubated in direct contact with the samples for 1, 2, 4 and 7 days. The results shown in
Fig 7 demonstrate the influence of the samples on cell morphology, which was assessed using

1d 2d
A-- l.

Fig 7. Inverted phase contrast microscopy images of the morphologies of L929 mouse connective tissue fibroblasts. (A) HDPE: negative
controls, (B) pHEMA/MMA/B-CD3 hydrogels with 7.88 wt.% 3-CD, and (C) PVC: positive controls. All wet samples are stained by Using Crystal Violet
and all microscopy images are shown at the same magnification (40x).

https://doi.org/10.1371/journal.pone.0189778.9007
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Fig 8. Cell viability in L929 mouse connective tissue fibroblasts of pHEMA/MMA/B-CD hydrogels
assessed using MTT assays.

https://doi.org/10.1371/journal.pone.0189778.9008

crystal violet staining. 1929 cells that were cocultured with pHEMA/MMA/B-CD hydrogels
are compared to the positive controls (toxic organotin PVC) and the negative controls
(HDPE) in images obtained using phase contrast microscopy. As shown, the cells incubated
with HDPE (negative control) and normal 1929 fibroblasts were fusiform- or star-shaped cells
that proliferated and formed an aggregated monolayer as the incubation time increased. In
contrast, normal nuclear and cytoplasmic morphologies were rarely observed in the L929 cells
cocultured with organotin PVC (positive control). Additionally, the view fields are full of
residual granular or cord-like cell debris, indicating cell death and cell lysis. The L929 cells
incubated with pHEMA/MMA/B-CD3 hydrogels maintained a favorable polygonal shape with
stretched filopodia, which is a typical morphology of normal L929 cells. No detachment and
no debris were observed in these cocultures.

Fig 8 shows the results of MTT assays that were performed to quantitatively characterize
viability and proliferation in cell cultures. The values obtained for cell viability in the L929 cells
were similar among the groups of pHEMA/MMA/B-CD hydrogels and the negative control on
day 1, whereas in the positive control, cell viability decreased to ~25.0% on day 1 and was
nearly 0% on day 2. After 7 days of co-culture, the cell viability rate remained ~100.0% in the
negative control but was slightly lower in the pHEMA/MMA/B-CD hydrogels groups. These
results indicate that hydrogels used in this study exhibited good biocompatibility.

Conclusions

In this study, we successfully prepared and characterized pHEMA/MMA/B-CD hydrogels that
exhibit a sustained release pattern when loaded with dexamethasone. The optical properties,
thermomechanical properties, and ESR of the hydrogels can be adjusted by changing the §-CD
content. A higher 3-CD content in the hydrogels was associated with a higher concentration of
loaded dexamethasone. Additionally, introducing B-CD extended the drug-releasing time.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189778 December 15, 2017 15/19


https://doi.org/10.1371/journal.pone.0189778.g008
https://doi.org/10.1371/journal.pone.0189778

@° PLOS | ONE

Cyclodextrin-containing hydrogels as an intraocular lens for sustained drug release

Moreover, heating the drug-containing solution increased the amount of dexamethasone that
was loaded and subsequently released by the hydrogels. In addition, increasing the B-CD con-
tent increased the hydrophilicity of the hydrogels. The water CA was consequently lower, and
this alteration was accompanied by an increase in the number of LECs that adhered to the sur-
face of the hydrogels. The hydrogels showed good biocompatibility with L929 mouse connec-
tive tissue fibroblasts. These in vitro results inspired us to perform in vivo experiments aimed
at testing the anti-inflammatory effects of drug-loaded, sustained-release IOLs based on the
pHEMA/MMA/B-CD hydrogels presented in this study, and these results will be reported in a
later publication. In addition, previous studies demonstrated that -CD can encapsulate a vari-
ety of small molecule drugs, including antibiotics and anti-glaucoma drugs [56,57]. Therefore,
IOLs composed of pHEMA/MMA/B-CD hydrogels may be useful for treating complicated cat-
aracts, including uveitis cataract and glaucoma with cataract.

Supporting information
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