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ABSTRACT

In this paper, a novel mono-methacrylated B-cyclodextrin (B-CD) monomer mediated by disulfide
bond was synthesized, and then thermal copolymerized with HEMA monomer in the presence of
a little crosslinker to prepare redox-responsive hydrogel for regulated drug delivery. The structure
of the monomer was confirmed by FTIR, "H NMR, '>C NMR spectroscopy. The substitution degree of
polymerizable methacrylated group grafted onto B-CD was about 1 by calculating by'H NMR
(0.987) and element analysis (0.937). The mono-methacrylated B-CD monomer can well copoly-
merize with 2-hydroxyethyl methacrylate (HEMA) monomer with gel fraction over 80%. The
hydrogel shows low cytotoxicity, and copolymerization of the mono-methacrylated 3-CD mono-
mer in the hydrogels increases its equilibrium swelling degree (ESD) and tensile strength, while its
transmittance slightly decreases. Drug loading and release rate are dependent on the 3-CD
content. The hydrogel with high B-CD content of 13.83 wt% shows 1.8 and 8.5 folds puerarin
(PUE) and curcumin (CUR) loading than pure pHEMA hydrogel, respectively. The incorporation of f3-
CD sustained drug release, especially CUR release was prolonged more than 24 h from 5 h of pure
pHEMA hydrogel (80% release). The hydrogels are highly sensitive to reduced glutathione (GSH),
and low concentration of GSH of 3 mM can significantly accelerate drug release rate. The higher of
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B-CD content, the more sensitive the hydrogels to GSH, resulting in rapider drug release rate.

1. Introduction

Hydrogels, a three-dimensional crosslinked polymer net-
work with hydrophilic properties, have good bio-compa-
tible, similar flexibility to human tissue, and have been
considered as potential systems for the development of
tissue-engineered scaffolds and drug delivery systems.
For this hydrogel drug delivery system, two main
approaches are used for drug loading: (a) physical
encapsulating drug in the hydrogel [1-3], and (b) cou-
pling drug molecule to the gel backbone through che-
mical bond [4-7]. The first method is more commonly
used for drug loading. However, most of the gel matrix is
hydrophilic matrix; hydrophobic drugs are not suitable
for it; if the loading is carried out by physical methods, it
will lead to low drug loading and may be associated with
the phenomenon of burst release. The second approach
is not considered as a universal method because it
requires additional chemical modification of the drug.
This may result in the loss of the active essential group
and decrease the drug’s therapeutic efficacy [8,9]. How

to increase the different hydrophobic drug content in
hydrogels without modifying the drug structure one by
one and control drug release are key problems in the
development of long-term drug delivery systems.

At present, the method commonly used to improve
the loading capacity of hydrogel is to introduce nano-
particles (e.g., liposomes [10], nanocapsules [11], etc.)
that can encapsulate the drug or molecules (cyclodex-
trins) that can form complexes with the drug into hydro-
gels. Cyclodextrins are cyclic oligosaccharides consisting
of 6, 7, and 8 glucose units (q, 3, and y-CD, respectively)
bonded by 1-4 carbon bonds, which contain
a hydrophobic cavity and a hydrophilic surface [12,13].
The existence of the hydrophobic cavity allows them to
form complexes with hydrophobic molecules to address
the problem of low water solubility of drugs. Among
them, B-CD has been widely investigated for its good
biocompatibility, strong encapsulation properties, and
easy structural modification. To avoid burst release of
the drug, B-CD is commonly incorporated into the gel
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backbone through chemical bond [14-17] rather than
physical loading at present [18,19]. However, it is unable
to control drug release in this way; drug loading and
release depend on the affinity of the drug between (-
CD, and high inclusion constant helps to increase drug
loading and delay drug release. However, high inclusion
constant drugs may also cause some problems, such as
incomplete release or long-term low-dose release,
resulting in drug loss and even drug resistance issues.
The ideal drug release rate of drug-loaded hydrogel
should be as slow as possible during the initial drug
release stage, and then be regulated to accelerate
release after the burst release.

Currently, hydrogel systems are becoming more
‘intelligent’ by introduction of responsive polymers.
Disulfide bond can be broken in high reducing glu-
tathione environments that was highly expressed in
cancer cells [20]. Therefore, disulfide bond has been
widely introduced into the polymer structure of drug
carriers. Trotta et al. developed a nanosponge that is
bio-responsive to GSH external concentration triggering
for rapid nanocarrier destabilization inside cells, leading
to efficient intracellular drug release through disulfide-
bond cleavage. Cyclodextrin dimers [21] or duplexes [22]
have also been synthesized using one, two, and three
disulfide linkages, respectively. Disulfide-mediated
redox-responsive cyclodextrin-based nanoplatform has
demonstrated the ability of tumor targeted drug deliv-
ery, in which the nanocarrier was usually formed by host-
guest self-assembly. Qimin Jiang et al. [23] synthesized
a reduction degradable and photosensitive disulfide-

containing azobenzene-terminated branched poly
(2-(dimethylamino)ethyl methacrylate)s (Az-SS-BPDMs)
by ATRP reaction of monomer and a crosslinker
mediated by disulfide bridges. The polymer can form
supramolecular host-guest self-assembly systems with
poly(cyclodextrin) (PCD) for non-viral gene delivery vec-
tors. However, host-guest self-assembly leads to hydro-
phobic cavities of cyclodextrins to be occupied, reducing
the drug loading capacity by inclusion complex between
cyclodextrin and drug molecules. There are some reports
of disulfide cross-linked hydrogel and B-CD hydrogel as
shown in Table 1.

Puerarin is a traditional Chinese medicine extracted
from wild kudzu roots. Although puerarin is insoluble in
water, it can be solubilized into liquid formulations, such
as 1.0 wt% eye drops, which have been used in clinical
treatment of glaucoma and high intraocular pressure
and can maintain long-term intraocular hypotension.
Curcumin is another active ingredient extracted from
traditional Chinese medicine with lower water solubility.
It has been widely exploited for its anti-inflammatory,
antioxidant, anti-microbial, and anti-tumor effects
[24,25], in addition to being used to treat corneal and
retinal neovascularisation, and to inhibit the prolifera-
tion of lens epithelial cells and retinal pigment epithe-
lium [26,27]. Both drugs can be used for ocular
administration to treat eye diseases. However, its low
water solubility and the biofilm barriers limit its applica-
tion, and how to improve its water solubility and biolo-
gical barrier membrane penetration is a major challenge
for its application [28]. The poor bioavailability of current

Table 1. Disulfide cross-linked hydrogel and B-CD hydrogel for drug delivery.

Method of
drug -load Drug Components Disulfide bond source Ref.
Drugs physically encapsulated in the disulfide ~ DOX  Low-generation peptide dendrimer-SS-low-generation Dimethyl I-Cystinate 1
cross-linked hydrogel peptide dendrimer Bis(acrylamide)
BSA  Oxidized hyaluronic acid-SS-oxidized hyaluronic acid 3,3’ -dithiobis 2
(propionohydrazide)
MTX  Disulfide-cross-linked hydrogel of methoxy poly(ethylene L-cystine 3
glycol)-poly(L-phenylalanine-co-L-cystine)
Drug molecules are coupled to the hydrogel CPT  Poly(ethylenimine)-SS-CPT/oxidized sodium alginate-IR780 2,2 -dithiodiethanol 4
backbone via disulfide bond OVA  Methacrylated dextran- trimethyl aminoethyl methacrylate-  Pyridyldisulfide-containing 5

SS-OVA methacrylamide
(thiol-disulfide
exchange)
RC7  RC7-SS- RC7 Cysteine amino acid 6
peptide (thiol-disulfide
exchange)
CTX  PEG-tethered methacrylic acid-bis(ethylene methacrylate) 2,2" -dithiodiethanol 7
PI03 disulfide-CTX/PI103
Drug complexes physically encapsulated in MTX  B-CD/kappa-carrageenan 18
hydrogel GA  HPB-CD/bacterial cellulose/poly (vinyl alcohol) 19
Drug complexes are coupled to the hydrogel NFX  Poly (ethylene glycol)- Hexamethylene diisocyanate-B-CD 14
backbone via chemical bond IBU  Polyvinyl alcohol-B-CD 15
(undegradable) IBU-Na
CUR  Poly(B-cyclodextrin triazine) 16
PTX
RST  B-CD-polyvinypyrrolidone-co-poly (2-acrylamide- 17

2-methylpropane sulphonic acid)




conventional ophthalmic solutions and the clearing
mechanisms at the corneal surface (including lacrima-
tion, tear turnover, and tear dilution) can lead to drug
loss; the increase of dosing frequency to maintain ther-
apeutic concentration may also cause side effects and
low patient adherence [29,30]. All these factors make the
ocular application of puerarin and curcumin become
more difficult. How to improve the drug content in
a single dose, the bio-barrier membrane permeability
and prolong the corneal residence time is the major
challenge for the ophthalmic application. Cheng et al.
[30] modified HPMC with mucosal adhesion properties
to obtain methacrylic anhydride-modified hydroxypro-
pyl methylcellulose hydrogel to prolong the drug resi-
dence time in the eye. However, there are some issues
that have not been resolved, such as the low amount of
drug available in a single dose and uncontrolled drug
release. Both puerarin and curcumin can form inclusion
with B-CD, and curcumin indicates a higher inclusion
constant than puerarin [31].

Based on above problems of gel drug delivery system,
a novel mono-methacrylated B-CD monomer mediated
by disulfide bond was synthesized, and then copolymer-
ized with HEMA monomer to prepare redox-responsive
hydrogel. One side, grafted $-CD in the hydrogel can
increase affinity of the gel backbone to drug molecules
due to inclusion complex, resulting in improved drug
loading and delayed drug release. On the other side,
disulfide bond endows gel backbone with redox sensi-
tivity that can accelerate drug release after the initial
rapid drug release by opening the disulfide bond using
glutathione solution and avoid incomplete drug release.
Two potential ophthalmic drugs, puerarin and curcumin,
were used as model drugs to evaluate the drug loading,
release properties and redox sensibility of the cyclodex-
trin-grafted redox-responsive hydrogel mediated by dis-
ulfide bond.

2. Materials and methods
2.1. Materials

Acetic anhydride (AC,0, 99%), 2,2"-disulfanediyldiace-
tic acid (96%), 4-dimethylaminopyridine (DMAP),
2-hydroxyethyl methacrylate (HEMA), reduced glu-
tathione (GSH) and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC, 99%) were
purchased from Sinopharm Chemical Reagent Co.
N-Hydroxysulfosuccinimide sodium salt (NHS,99%), B-
cyclodextrin (B-CD), 2,2’-azobis (AIBN), Ethylene
dimethacrylate (EDGMA), tosyl chloride (p-TsCl) and
ethylenediamine (EDA) were purchased from Aladdin

DESIGNED MONOMERS AND POLYMERS e 23

Reagent Co. Puerarin (PUE) was provided by Jiangsu
Tiansheng Pharmaceutical Co., Curcumin(CUR) was
purchased from Hubei Changao Pharmaceutical Co.
Tween 80 (99%) and Cell Counting Kit-8 (CCK-8)
were purchased from Shanghai Dibai Biotechnology
Co. All other reagents were analytic grade and used
as received without further purification.

2.2. Synthesis of mono-methacrylated -
cyclodextrin monomer mediated by disulfide bond

First, Mono-EDA-3-CD was synthesized by a two-step
reaction according to previously published articles
[32]. Then, NHS ester functional monomer was
synthesized according to previous report [33].
Finally, NHS ester functional monomer (3.93g, 10
mmol) and mono-EDA-B-CD (2.9 g, 2 mmol) were dis-
solved in 20 mL DMSO and stirred at 25°C for 3 days.
A yellow precipitate is obtained by adding 500 mL
acetone to the solution at the end of the reaction.
And then, the precipitate was repeatedly dissolved in
the water-methanol mixture, and were precipitated
in acetone several times for removal of unreacted
components. The precipitate was dried under vacuum
at 30°C overnight to obtain mono-methacrylated f3-
cyclodextrin monomer mediated by disulfide bond
(MA-SS-B-CD, 2.59).

2.3. Preparation of redox-responsive hydrogel film

Monomer of MA-SS-B-CD, cross-linker of EDGMA (0.2 wt
% of total monomers) and initiator of AIBN (0.2 wt% of
total monomers) were dissolved in 50 mg solvent of
DMSO, in which monomer of HEMA were added fol-
lowed by sonicating for 1 min to obtain transparent
polymerization solution. Then, the polymerization solu-
tion was injected into the cavity of a polypropylene plate
mold separated by a polypropylene frame with
a thickness of 200 um and then cured at 80°C for 12 h.
Finally, transparent redox-responsive hydrogel films
were immersed in ultra-pure water at 25°C for 48 h to
remove solvent of DMSO. Subsequently, all hydrogel
films were freeze-dried for 48 h to ensure the complete
removal of DMSO.

2.4. Characterization

2.4.1. "H NMR and >C NMR spectroscopy

The'H NMR and'C NMR analyses of mono-EDA-B-CD,
NHS ester functional monomer, and mono-methacrylated
-cyclodextrin monomer mediated by disulfide bond
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(MA-SS-3-CD) were carried out on a Brucker AC (400 MHz)
spectrometer using DMSO-dg as solvent.

2.4.2. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of mono-EDA-B-CD, NHS ester func-
tional monomer, and MA-SS-B-CD monomer were
recorded on an IR Prestige-21 over the range 400-
4000cm™" using the potassium bromide pellet
technique.

2.4.3. Element analysis

All samples had been subjected to the soxhlet extraction
treatment using 80 mL of ethanol as the extractant for
12 h before testing, and then all samples were dried at
105°C for 12 h. The content of C, N, H, S in mono-metha-
crylated B-cyclodextrin monomer and the redox-respon-
sive hydrogel were directly determined on a Vario EL IlI
instrument. The content of B-CD in the hydrogels was
calculated according to the content of S element.

2.4.4. Gel fraction

Polymeriable solution (monomers of HEMA and MA-SS-
[3-CD, crosslinker of EGDMA) with a total weight of W,
and initiator of AIBN, solvent of DMSO were mixed and
injected into molds. After 12 h curing at 80°C, the molds
were opened and curing hydrogel films were taken out
and wrapped in a filter paper, and then Soxhlet extrac-
tion was carried out with 80 mL anhydrous ethanol as
the extraction solution for 12 h. The gel film by Soxhlet
extraction were dried at 105°C for 12 h, and then weight
(W,). The gel fraction (%) was calculated according to
Equation (1).

Gelfraction(%) = i x 100% (1

2.4.5. UV-Visible absorption/transmittance spectra
The hydrated redox-responsive hydrogel films with dif-
ferent content of MA-SS-B-CD were cut into 10 x 30 mm?
strips and attached to the inner wall of quartz cuvettes
filling with ultra-pure water, and its absorbance/trans-
mittance spectra were measured by Agilent Cary 60
Spectrophotometer over the range of 200-800 nm
using ultra-pure water as a reference.

2.4.6. Equilibrium swelling degree (ESD)

The hydrated hydrogel films with different MA-SS-B-CD
contents were cut into 10 x 30 mm? and wiped with
filter paper to remove its surface water. The hydrated
hydrogel strips (Wy,) were placed in an oven at 37°C, and
their weights (W;) were measured at different dehydra-
tion times within 2 h. Finally, the temperature of the
oven was raised to 105°C for 2 h to obtain dried hydrogel

(Wy), and the equilibrium swelling degree (ESD) of the
hydrogel was calculated according to Equation (2):

W, — W,
“’T"x 100% )

to

ESD(%) =

where W, and Wy represent the weight of hydrogel
in swelling state and dry state, respectively.

2.4.7. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analyses were
carried out on a DSC-25 Waters TA Instruments
calorimeter with a TA Universal Analysis 2000 soft-
ware. All operations were carried out in a nitrogen
atmosphere. The hydrated hydrogel films about 8 mg
were put in aluminum sample pans. The samples
were cooled down to —40°C and heated up to 40°C
at a rate of 5°C/min. Both quantitative and qualitative
data on endothermic processes were obtained from
the thermograms. Measure three times in parallel,
and then the free (Xgee) and bound water (Xpoung)
content in the hydrogels were calculated using the
following formula [34,35].

Xpee = ’Z,—'; x 100% (3)

Xbound = Xrotal - Xfree (4)

where H,, is the melting enthalpy of tested lenses and
Hs is the heat of fusion of pure water (340.6 J/g).

2.4.8. Mechanical properties

The WDN-05J universal testing machine was used to
test the mechanical properties of different hydrated
hydrogels at room temperature and a relative humid-
ity of 60%. The hydrated hydrogel films with
a thickness of 200 um were cut into 10 x 30 mm?
strips and tested in triplicate with a crosshead

speed of 20 mm-min~".

2.4.9. Cytocompatibility

The UV-sterilised hydrogel film (10x 10 mm?) was
immersed in 500 uL of DMEM high glucose medium
with 10 vol% FBS for 24 h to obtain the extraction
medium. L929 cells were inoculated into 96-well
plates (5% 10* cells/well, 500 pL) and incubated at
37°C for 24h. The culture medium was replaced
with 100 uL of extraction medium and incubated at
5% CO, for 24 h at 37°C. To investigate the cellular
activity using the CCK-8 assay, the CCK-8 stock solu-
tion was added into the PBS solution to obtain the
final CCK-8 assay (5mg/mL in PBS), and the culture
medium was removed from the culture medium and
gently rinsed with PBS for two times. Then, 10 uL of



CCK-8 assay solution was added to the the cell-
seeded samples and incubate further for 4h, and
then 100 uL DMSO was added. Optical density (OD)
was measured using a spectrophotometric plate
reader (Spectra Max M5) at a wavelength of 450 nm.
Cell viability (%) of the samples was calculated using
Equation (5):

Cellviability (%) = 22smet 5 100% 5)

control

2.4.10. Drug loading

Hydrated hydrogel films (10 x 30 mm?) were dried at
105°C for 12 h, and then immersed in 10 ml aqueous
soaking solutions with puerarin (PUE) concentrations
of 0.8 mg-ml™" or ethanol soaking solutions with cur-
cumin (CUR) concentrations of 1.0 mg-ml‘1 to load
drug for 48 h. The concentration of soaking solutions
after drug loading was determined at the maximum
absorption wavelength of 250 nm (PUE) and 425 nm
(CUR) using an Alpha-1502 spectrophotometer. The
amount of loaded drug on the hydrogel was calcu-
lated as the difference of drug mass in soaking
solution.

2.4.11. In vitro drug release

The hydrogel films loaded with PUE or CUR were
immersed in 100 ml release medium of 0.01 M PBS-T
buffer solution (pH=7.4) or PBS solution (pH=7.4,
0.01 M) containing 1.5wt.% Tween 80, respectively,
and then shaken at 120 rpm at 37°C. A sample of 5
ml of release medium was taken out and replaced
with the same volume of fresh release medium at
regular time intervals in order to mimic perfect sink
conditions for release evaluation. The concentration
of PUE or CUR in the release medium was deter-
mined using an UV-vis spectrophotometer. To evalu-
ate the redox responsive of the hydrogels, different
concentration of GSH was added to release medium.
In addition, we have conducted drug release studies
on the films at different pH conditions, and the
release behavior of drug loaded hydrogel was deter-
mined as above.

N
(0]
o) (0]
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3. Results and discussion

3.1. Synthesis of mono-methacrylated -
cyclodextrin monomer mediated by disulfide bond
(MA-SS-B-CD)

Mono-EDA-B-CD and NHS ester functional monomer
with chemical structure shown in Scheme 1 were firstly
synthesized, and then dissolved all in DMSO to react as
the route shown in Scheme 1 to synthesize mono-
methacrylated B-cyclodextrin monomer mediated by
disulfide bond. '"H NMR spectra of the raw materials
and the product are shown in Figure 1. The peaks at
2.70 ppm in Figure 1b are attributed to -CH, adjacent to
primary and secondary amines. The characteristic peaks
of B-CD were observed at 3.68-3.83 ppm, 3.25-3.51
ppm, 4.85 ppm, and 5.75 ppm corresponding to the
protons in sugar units of -CD. The peak of -CH, adjacent
to the disulfide bond in the functional monomers of NHS
ester (Figure 1a) appeared at 3.62 and 3.78 ppm, which
overlapped with the B-CD characteristic peaks, making it
difficult to determine whether the disulfide bond was
grafted onto B-CD or not. However, the characteristic
peak of the CH, =CH, appears at 5.53 ppm and 6.05
ppm and is not interfered by other peaks. In the spec-
trum of SS-B-CD (Figure 1c), the signal peaks of the
proton of =CH, at 6.05 ppm and the three major absorp-
tion peaks of B-CD at 3.68-3.83 ppm, 3.25-3.51 ppm,
4.85 ppm and 5.75 ppm can be observed simulta-
neously, so it can be determined that the disulfide
bond is successfully grafted to 3-CD. Moreover, the
peak area ratio between the peak at 6.05 ppm and the
peak at 4.85 ppm is 1:7, and the content of S element in
the monomer is 4.39% as shown in the element results
shown in Table 2. This is in agreement with calculated
S content (4.40%) on the basis of molecular formula
indicating that only one polymerizable carbon-carbon
double bond was grafted onto 3-CD and mono-metha-
crylated B-cyclodextrin monomer was successfully
synthesized.

13C NMR spectra of the intermediates and MA-SS-B-
CD are shown in Figure 2. Absorption peaks located at
102.7, 82.04, 72.5-73.8, 60.5, and 31.2 ppm which are
attributable to B-CD can be observed in Figure 2b, and

H

YJ\O/\/O\[O]/\S’SJOJ\O' N?

(0]
- ~_O s M N
Yko \gﬂs H/\/ @

Scheme 1. The synthesis route of mono-methacrylated B-cyclodextrin monomer mediated by disulfide bond.
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Figure 1. The'H NMR spectra of intermediates and MA-55-B-CD.

Table 2. Gel fraction and element content of the MA-SS-B-CD monomer and dried hydrogels.

Element content (wt.%)

Gel fraction
Samples (wt%) N C H S B-CD content (wt.%)
Monomer 2.05 41.71 6.03 4.39 77.85
2 92.7 0.07 53.74 6.8 0.15 2.66
3 89.0 0.22 53.38 6.89 0.31 5.68
4 85.2 0.3 52.89 6.75 0.5 8.87
5 83.5 0.42 52.98 6.82 0.78 13.83
0 o .
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Figure 2. The'*C NMR spectra of intermediates and MA-SS-B-CD.
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Figure 3. The FTIR spectra of intermediates and MA-SS-B-CD.

a signal peak for the carbon atom in -CH, of the EDA is
also present at 49.5 ppm. In Figure 2a, signal peaks at
173.2, 170.1, and 166.4 ppm caused by four different
C=0 can be observed. The absorption peaks due to the
CH, =CR;R; in the HEMA fragment and the -CH, in the
NHS fragment can be seen at 126.7 and 26 ppm. In the
spectrum of the final product, characteristic peaks
induced by C=0 as well as CH,=CR;R, can be seen, and
the disappearance of the absorption peak located at 26
ppm is due to the cleavage of the NHS fragment.
Moreover, the -CH, absorption peak of EDA, which was
originally located at 59.5 ppm, was shifted due to the

o o
H —
\l)ko/\/omﬂs,s\)kw\/v«
! @
o
MA-SS--CD

o

o
YLQ/\/OH )H(Owo)k(
o

HEMA EDGMA

N

NN,

Sl
AIBN
-

- -
S-S drug B-CD

Drug
carrier

T T T T 1
2500 2000 1500 1000 500

Wavelength (cm™ 1 )

formation of amide bonds. It can be concluded that we
have successfully synthesized the MA-SS-B-CD.

Figure 3 shows FTIR spectra of intermediates and the
final product of MA-SS-3-CD. The absorption peak cen-
tered at 1650cm™' is related to the C=C and
N-H stretching vibration. The absorption peak centered
at 1780 cm™ is attributed to the C=0 stretching vibra-
tion, and the absorption band around 2920-3010cm™"
can be ascribed to C-H stretching vibration affected by
the adjacent groups. The spectrum of the final product
(Figure 3c) was similar to that of EDA- B-CD, but there
was an absorption peak at 1550 cm™' due to stretching

Figure 4. Schematic diagram of redox-responsive hydrogel backbone and regulated drug release by GSH drops.
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vibrations of HN-CO in the amide Il band, which con-
cluded that the disulfide bond was successfully grafted
on B-CD.

3.2. Preparation and characterization of
redox-responsive hydrogel films

As the schematic diagram shown in Figure 4, a redox
hydrogel was designed to expect for ocular drug deliv-
ery with stable drug release by drop GSH eye drop after
initial burst release. Mono-methacrylated p-CD mono-
mer (MA-SS-B-CD) is insoluble in 2-hydroxyethyl metha-
crylate (HEMA), and therefore DMSO was used as
solvent. Transparent hydrogels were prepared by

‘ - 100

- 80

| =

Al S

ks | F60

£ 34 2

£ — 0 % B-CD 8

2 2.66 % B-CD =
<

<, 5.68% p-CD 40 E

‘ 8.87 % B-CD s

=

13.83% B-CD

T T T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

Figure 5. The absorbance and transmittance of hydrogel films
with different B-CD content.

thermal curing. The MA-SS-B-CD monomer can well
copolymerize with HEMA monomer with gel fraction
over 80% as listed in Table 2. The element content of
the hydrogels was determined by element analysis, and
[3-CD content of the hydrogels was calculated according
to its S content (Table 2).

HEMA-based hydrogel film has high visible light
transmittance and has be used as contact lens for
ophthalmic drug delivery vehicle [36,37]. Figure 5
shows that the transmittance of the hydrogel decreases
as the content of MA-SS-3-CD component increases. This
may be ascribed to the polarity difference between MA-
SS-B-CD and HEMA, resulting in slightly mocrophase
separation in the hydrogels. The transmittance of the
gel film with 13.83% [-CD content remains about 80%
at The most sensitive wavelength of the human eye is
600 nm [38], meeting the requirements of light transmis-
sion as a therapeutic contact lens material for ophthal-
mic drug delivery carriers.

Water in hydrogel can be classified by free water and
bound water content. The former plays an important
role in material transfer such as oxygen and drug transfer
between the hydrogel and the external environment,
and the latter affects the moisturizing properties of the
hydrogels [34,39]. Figure 6a shows water loss curve of
hydrated hydrogels at 37°C temperature. All hydrogels
undergo a rapid dehydration in the first hour, indicating
the presence of a large amount of free water in the
hydrogel. Figure 6b shows the equilibrium swelling
degree (ESD) of the hydrogel films that positively corre-
lated with the content of B-CD, e.g., the ESD increased
from 36.2% to 54.4% as the content of B-CD was
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Figure 6. The weight loss curves (a) and ESD (b) of hydrogel films with different -CD content.
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Figure 7. The DSC thermograms of hydrogel films with different
B-CD contents.

increased from 0% to 13.83%, which can be explained by
the multiple hydroxyl groups on -CD forming hydrogen
bonds with water molecules. The existence form of
water in the hydrogels was studied by DSC analysis,
and the results are shown in Figure 7 and Table 3. All
hydrogels show a narrow heat absorption peak at 0°C
corresponding to the heat absorption and melting of the
frozen free water in the hydrogels. Heat flow gradually
increases as the increment of 3-CD component in the
hydrogels. The proportion of free and bond water in
hydrated hydrogel was calculated according to the
heat flow and the results are listed in Table 3. It can be
seen that the contents of free and bound water were all
positively correlated with the contents of CD in the gel.
This might be related to the molecular structure of p-CD.
One side, 3-CD molecules have strong rigidity, and the
space between two B-CD molecules can accommodate
more water molecules, which leads to an increase in the
free water content. On the other side, the multiple
hydroxyl groups on -CD can form non-covalent hydro-
gen bond forces, resulting in an increment in the bound
water content.
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Figure 8 shows the stress-strain curves of the hydro-
gel films with different 3-CD content. It is evident that
the mechanical properties including in Young’s modu-
lus, tensile strength, and elongation at break show an
overall increased tendency with the increment of 3-CD
content. For example, the tensile strength and elonga-
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Figure 8. Tensile stress-strain curves of wetted hydrogel films
with different p-CD content.

tion at break increased from the original 0.125 MPa and
169.9% to 0.239 MPa and 281.2% with the increase of B-
CD content from 0 to 8.87%. This may be ascribed to
rigid 3-CD molecule with abundant hydroxyl forming
more intermolecular hydrogen bonds [40,41] or the sub-
ject-guest interactions between 3-CD and some smaller
polymer fragments interspersed in the cavities of 3-CD
[42,43]. These results show that the hydrogel films con-
taining B-CD both exhibit better tensile properties than
the pure HEMA hydrogel films, indicating that the hydro-
gel film with 3-CD has better flexibility. pHEMA hydrogel
has been widely used as contact lens, and incorporation
of B-CD in the hydrogels may improve its movement
during blinking because of higher Young’'s modulus [44].

To verify the biocompatibility of hydrogels with dif-
ferent percentages of 3-CD, cytotoxicity test was carried
out using L929 cells (Figure 9). The results show that the

Table 3. The melting enthalpy and total water content of the hydrogels with different B-CD content and calculated free/bound water.

Samples

(B-CD content, wt%) The melting enthalpy H,, (J/g)

Total water content (wt.%)

Free water content (wt.%) Bound water content (wt.%)

1(0) 29.912 36.2
2 (2.66) 38.713 40.7
3(5.68) 47.746 44.8
4 (8.87) 56.790 49.44
5( 67.990 54.4

8.78 27.42
11.37 2933
14.02 30.78
16.67 32.77
19.96 34.44
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Figure 9. Cytotoxicity assay of hydrogel films with different B-CD
content.

cell viability after treatment with hydrogels containing
0%, 2.66%, 5.68%, 8.87%, and 13.83% of 3-CD was
98.24%, 98.65%, 98.65%, 97.29%, and 97.15%. This indi-
cates that the redox-responsive hydrogels have low
cytotoxicity, and it can be used as a medical biomaterial.

3.3. Drug loading and in vitro release

Two drugs, PUE and CUR, are used as model drugs for
drug loading tests, and the results are shown in
Figure 10a,b. It can be observed that the drug-loading
capacity of the hydrogel is directly proportional to con-
tent of B-CD, indicating that two drugs can all form

loading efficiency (%o)

0 T T T T T

0% 2.66 % 5.68% 8.87 % 13.83 %
content (wt%)

inclusion complexes with the hydrophobic 3-CD cavity.
The hydrogel films containing B-CD show a large differ-
ence in loading capacity for PUE and CUR, and the
average increased loaded amount of CUR is about 3.85
mg/g dried hydrogels, significantly greater than
increased PUE loaded amount (1.15 mg/g dried hydro-
gels) as every 10% increment of added free MA-SS-3-CD
content. 3-CD forming complexes with PUE and CUR
accounted for 10.78 wt% and 35.01 wt%, respectively,
calculated according to Equation (6) [45]. This indicates
that the loading amount can be further improved. The
drugs forming inclusion complexes with B-cyclodextrin
accounted for 49.72% and 89.36%, respectively, of total
loaded PUE and CUR calculated by Equation (7) [44],
indicating that -CD component in the hydrogel signifi-
cantly improved the drug-loading capacity.

X oo — ['"F”"L‘W'*‘/B*CD7'”17"15’”/‘(1 ~Cp-co )] Me-co (6)
inclusion = 1000x Cg_cp X Mg
m, x(1-Cp_
Xpoo = Mo (1-G-c0) 1000, (7)

MprEma/B—CD

where mpuema and Mypemap-co are the amounts of
loaded drug (mg) in 1g dried pHEMA and pHEMA/(3-
CD hydrogel, respectively, Mg cp and Mg,g are the mole-
cular weight of B-CD (1135 Da) and the drug (PUE, 416
Da; CUR, 368 Da), respectively, and Cg.cp is the actual
content of 3-CD (about 13.83 wt.%) in the hydrogel film.

The drug release rate is governed by diffusion of
free drug in aqueous phase of the hydrogel, dissocia-
tion of 3-CD/drug molecule inclusion complexes, and
absorbed drug by pHEMA backbone. All hydrogels
show burst release of drug at initial release time as

loading efficiency (%o)

0 T T T T T

0% 2.66 % 5.68 % 8.87 % 13.83 %
content (wt%)

Figure 10. Loading capacity of gel films with different ratios for (a) PUE and (b) CUR.



a
100 e
~ 804
R
F
S 60 '
® |
o }'5” " Control group GSH group
B i —a-- 0% sageiel 30 184
% 40 4 fﬁ"_ - -266% =0 =2.66%
-] 4 - -568% 568%
E]
8 ---887% - -887%
< 54 - -13.83% 13.83%
|
0 4
T T T T T
2 4 6 8 10
Time (h)
100 <4 c Y S L DI SRS S — p SRR A
3 - (3 =9
l’ -
/ /’. ’ P -t
. 80 ; A .
X I3 ¥ 3
< 1 i’ »
O | g i
2 604 t »
5 ' ¥ - = - OmM GSH
2 ] (] * - 3mM GSH
< " A - SmM GSH
s 404 fe A
2 v
<04 %
¥
0 '
T T T T T T
0 5 10 15 20 25
Time (h)

DESIGNED MONOMERS AND POLYMERS ‘ 31

100 4

80

60

Accumulative release (%)

Control group GSH group
== 0% --- 0%
40 4 * -266% ==0==266%
- A= -568% & 5.68%
-+ -887% -=0--887%
13.83% 13.83%
20
04
T T T T T T
0 5 10 15 20 25
Time (h)
100 d
80
S
2
5 604
2
2]
B
=
= 40
=}
3
3
<
20 4 i
0% 2.66% 5.68% 8.87% 13.83%
a---pH12 " * " PHL2 --a---pH12---#---pH1.2 ---a-- pH1.2
0 N ~----pH6.8 ~*" PH68 o pHE8---e-- pH6.8 -+~ pH6.8
—a-pH7.4 " PHTA i pH7 4o pHT A s pHTA
T T T T T T
0 5) 10 15 20 25
Time (h)

Figure 11. Drug release profiles of hydrogel films with different ratios of MA-SS-B-CD loaded with (a) PUE and (b) CUR under non-
redox and redox conditions. (c) Drug release profiles of CUR-loaded hydrogel films under different redox conditions. (d) Drug release
profiles of CUR-loaded hydrogel films under different pH conditions.

shown in Figure 11a and 11b, and more than 60% PUE
(Figure 11a) and 25% CUR (Figure 11b) are released
from the hydrogels in 1 h. Moreover, the incorporation
of B-CD in the hydrogel decreases its burst release
effect. This indicates that free drugs in aqueous
phase and absorbed drug by HEMA backbone can be
rapidly release from the hydrogels, resulting in burst
release, and the following sustain release is mainly
ascribed to higher affinity from inclusion complex
between drug and B-CD. Figure 11 shows that PUE
can be completely released into release medium in 6
h, while about 20% loaded CUR was still not released
within 24 h, especially the hydrogel with high 3-CD
content. Burst release is a main problem for hydrogel
drug delivery. This can be overcome by improved
affinity between drug and the polymer backbone in
the hydrogel. However, high affinity often leads to
Incomplete drug release, resulting in drug loss and

difficulty in achieving long-term therapeutic effects as
shown in the hydrogel incorporating 3-CD for CUR
delivery. It is obviously important to improve the
release rate of high affinity drug in its release later
stage from hydrogel. Based on this, we designed the
hydrogel backbone: linking 3-CD molecule onto poly-
mer backbone by disulfide bonds that can be broken
in a reducing environment, so as to rapid release of
the drug as inclusion state by added GSH. To confirm
this, blank hydrogel film was immersed in 3 mM GSH
solution for 2h, and then the sulfur content in the
hydrogel was determined. The results showed that
the sulfur content decreased from initial 0.78 wt% to
0.43 wt%, indicating that nearly 90% of the disulfide
bonds were broken, and the hydrogel shows high
redox sensitivity to GSH.

The effect of GSH on drug release was studied and
the results are shown as GSH group in Figure 11a,b.
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GSH improves strongly drug release rate from 3-CD-
containing hydrogels. The higher the content of 3-CD
in the hydrogel, the faster the drug release rate,
resulting in both PUE and CUR can be completely
release in 5h under redox conditions provided by
GSH. This was mainly ascribed to rapidly diffuses of
GSH into the gel matrix, and then reducing disulfide
bonds into sulfhydryl groups, and $-CD and included
drug were dissociated from the hydrogel backbone,
and then release into release medium. Figure 11c
shows the drug release curves of the hydrogels
under different different redox conditions provided
by different GSH concentration in release medium. It
can be seen that more than 80% of loaded drug was
released in 5h at low GSH concentration of 3 mM,
indicating that the hydrogel system was highly sensi-
tive to GSH and only a small amount of GSH was
required to significantly accelerate the drug release.
This suggests that the hydrogel may be suitable as
a drug loading contact lens for ocular drug delivery.
After the drug release, GSH eye drops are dosed to
accelerate the release of residual curcumin, so as to
maintain a longer and smoother drug concentration in
tears. In addition, released 3-CD possess a thiol group
from broken disulfide bonds, which can bind with the
amino acid residues of eye proteins, resulting in
a perhaps increased residence times of the drug in
the eyes [46].

The drug release profiles of pure pHEMA gel film and
gel films with different B-CD content at pH 1.2, 6.8, and
7.4 are shown in Figure 11d. It can be seen that the
release profiles of the pHEMA film and the gel films
with different B-CD content at pH 7.4 and 6.8 remain
basically unchanged, which demonstrates that the gels
are more stable in neutral and weak acidic environ-
ments. The 24-h cumulative release of the pHEMA film
at pH 1.2 was only about 1.7% higher than at pH 7.4,
which was not a significant improvement. Whereas, the
24-h cumulative release of the gel film with 13.83% 3-CD
content increased by about 6.4% at pH 1.2. The reason
for this phenomenon is that the ester bond in the gel
network is hydrolyzed under strongly acidic conditions.
This occurs as a minor disruption for the pHEMA gel
network, whereas for gel films containing MA-SS-B-CD
(containing ester bond), ester bond breakage results in
the release of the inclusion complexes. Figure 11d shows
that the more apparent hydrolysis of the ester bond
occurs after about 9 h, whereas in Figure 11c, a large
number of disulfide bond breaks in gel film with 13.83%
B-CD content can be observed within 9 h under 3 mM
GSH conditions. This indicates that the gel film is stable
to acid and the gel is more sensitive to GSH compared to
acid.

To predict and clarify the drug release in vitro, the
results should be fitted with a suitable mathematical
model. We used four mathematical models, including
the Zero-order (8), First-order (9), Higuchi (10), and
Korsmeyer-Peppas (11) models, to clarify the mechanism
of drug release from the hydrogel film. We found that
the first-order and Korsmeyer-Peppas models fitted bet-
ter, and their R was above 0.91 (Supporting informa-
tion). The diffusion exponent (n) in the Korsmeyer-
Peppas fitted model was below 0.45, which indicated
that all the drug release mechanisms were fick diffusion.
Interestingly, the diffusion exponent (n) of curcumin was
higher in the 5 mM GSH condition than in the non-GSH
condition, demonstrating that the drug release is
inclined to be the combination of diffusion and erosion.
The reasons for this are the high affinity of B-CD for
curcumin and the high sensitivity of the disulfide bond
to GSH.

i = Kyt (8)

&"—; =a(1—e*) )
i = —Knt: (10)
e — Kpth (1)

Conclusions

Mono-methacrylated (-cyclodextrin (3-CD) monomer
mediated by disulfide bond was synthesized, and
redox-responsive hydrogel incorporating 3-CD were
successfully prepared. The hydrogels have good bio-
compatibility, high light transmittance, and excellent
mechanical properties. Incorporation of B-CD in the
hydrogel increases loading amount of puerarin and
curcumin by 1.8 and 8.5 folds because of inclusion
complexes between drug molecules and B-CD cavity,
resulting in slower release rate of two drugs from the
hydrogel as shown in the control group in Figure 11a
and Figure 11b under non-reducing conditions, espe-
cially curcumin release was prolonged more than 24 h
from 5h of pure pHEMA hydrogel (80% release). The
disulfide bridge bond between B-CD and main chain
of the hydrogel backbone is highly sensitive to
reduced glutathione (GSH), and low GSH concentra-
tion of 3 mM can break the disulfide bond, resulting in
rapid release of 3-CD/drug complexes. The redox-
responsive hydrogel has potential application as con-
tact lenses loaded drugs with high affinity to cyclodex-
trin for ocular drug delivery.
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