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A triblock copolymer was synthesized by ring opening polymerization of é—caprolactone in the presence of
poly(ethylene glycol) (PEG). The resulted PCL-PEG-PCL triblock copolymer, PEG and monomethoxy (MPEG)
were functionalized by end group acrylation. NMR and FT-IR analyses evidenced the successful synthesis and
functionalization of polymers. A series of photo-crosslinked hydrogels composed of acrylated PEG-PCL-Acr
and MPEG-Acr or PEG-Acr were prepared by exposure to visible light using lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate as initiator. The hydrogels present a porous and interconnected structure as shown by
SEM. The swelling performance of hydrogels is closely related to the crosslinking density and hydrophilic
content. Addition of MPEG or PEG results in increase in water absorption capacity of hydrogels. In vitro deg-
radation of hydrogels was realized in the presence of a lipase from porcine pancreas. Various degradation
rates were obtained which mainly depend on the hydrogel composition. MTT assay confirmed the good bio-
compatibility of hydrogels. Importantly, in situ gelation was achieved by irradiation of a precursor solution
injected in the abdomen of mice. Doxorubicin (DOX) was selected as a model antitumor drug to evaluate the
potential of hydrogels in cancer therapy. Drug-loaded hydrogels were prepared by in situ encapsulation.
In vitro drug release studies showed a sustained release during 28 days with small burst release. DOX-loaded
hydrogels exhibit antitumor activity against A529 lung cancer cells comparable to free drug, suggesting that
injectable in situ hydrogel with tunable properties could be most promising for local drug delivery in cancer
therapy.

Introduction

Hydrogel is a three-dimensional network composed of hydro-
philic polymers crosslinked by physical or chemical bonding as first
reported by Wichterle and Lim in 1960." Due to their good biocom-
patibility and physical characteristics such as superabsorbency, visco-
elasticity, softness and flexibility, hydrogels have been extensively
studied as promising biomaterials for biomedical applications, such
as drug or bioactive factor carrier in disease treatment, cell scaffold in
tissue engineering, and wound dressing to protect and promote
wound healing, etc.””

Traditional hydrogels are pre-formed and implanted via invasive
surgical incision. Nowadays, advances in materials chemistry have
made it possible to design and develop injectable in situ-forming
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hydrogels.® Injectable hydrogels can be implanted into the body via a
syringe or catheter, greatly reducing surgical costs, improving patient
comfort, and enabling minimally invasive treatment.” Drugs and bio-
active agents can be blended with the hydrogel precursor solution to
easily achieve uniform encapsulation in the hydrogel.® Moreover,
precursor solutions injected in liquid form avoid the shear thinning
effect of syringe. Simultaneously, in situ-forming hydrogel can per-
fectly fill cavities of any shapes after injection, thus adapting to
requirements of various biological applications.®!® For example,
Schiff based hydrogel prepared from oxidized alginate dialdehyde
and gelatin was used to fill the site of meniscal tears for tissue
repair.'" Thermosensitive drug-loaded hydrogels were delivered by
injection into the tumor (near and inside) and into the postoperative
cavity for tumor therapy.'>'* Poly(ethylene glycol) (PEG) based
hydrogel with antibacterial performance was applied for promoting
wound healing.'”

Injectable hydrogels can be formed in situ either by chemical
bonding or physical crosslinking such as chain entanglements,


mailto:sufeng@qust.edu.cn
mailto:liufusheng63@sina.com
mailto:suming.li@umontpellier.fr
https://doi.org/10.1016/j.xphs.2023.02.004
https://doi.org/10.1016/j.xphs.2023.02.004
http://www.ScienceDirect.com
http://www.jpharmsci.org

hydrophobic or ionic interactions, and hydrogen bonding.'® The
major advantage of physical hydrogels is that no crosslinking agent
is required, but physical hydrogels generally have low stability.
In contrast, chemical hydrogels can achieve a wider range of physico-
chemical properties while ensuring the biocompatibility.!” Photo-
crosslinking based on free radical polymerization has emerged as a
promising strategy to prepare injectable chemical hydrogels due to
mild reaction conditions, high reaction rate, low energy input and
spatiotemporal control for hydrogel processing.'®'? Acrylate func-
tionalized natural and synthetic polymers such as gelatin, hyaluronic
acid, chitosan, alginate, dextran and PEG have been extensively stud-
ied as photo-crosslinking materials for applications in tissue repair
and regeneration, drug delivery, and cell culture.’®® In contrast to
natural biopolymers, PEG is not degradable under in vivo conditions.
In order to impart degradability to PEG based hydrogels, degradable
copolymers have been prepared from PEG and degradable polyesters,
including polylactide (PLA), poly(lactide-co-glycolide) (PLGA),
poly(trimethylene carbonate) (PTMC) and poly(e-caprolactone)
(PCL).2*27 One of the most relevant benefits is that hydrogels pre-
pared from acrylate functionalized PEG-PLA, PEG-PLGA, PEG-PTMC
and PEG-PCL copolymers are able to degrade in vivo into nontoxic
molecules which can be metabolized or eliminated from the living
organisms by renal excretion. Among the various degradable poly-
mers, PCL has been widely investigated for uses as biomaterial due to
its outstanding biodegradability and biocompatibility.?*>'

Water soluble acrylated PCL-PEG-PCL (PEG-PCL-Acr) triblock
copolymers have been used to prepare hydrogels as drug delivery
vehicles and cell scaffolds.>***> Ko et al. synthesized photo-cross-
linked PEG-PCL-Acr hydrogels to encapsulate chondrocytes and bone
marrow stem cells for cartilage tissue engineering.>* Data showed
that the co-culture of both cell types in hydrogel provides an appro-
priate in vitro microenvironment for chondrogenic differentiation
and cartilage matrix production. Xu et al. prepared PEG-PCL-Acr
hydrogels for cell printing. Three types of human cells were bio-
printed with the hydrogel to fabricate complex cell-gel constructs
with high cell viability.?® Multi-arm PEG-PCL block copolymers were
also used to prepare photo-crosslinked hydrogels. Hou et al. studied
the influence of arm number and copolymer concentration on the
properties of hydrogels prepared from acrylated multi-arm copoly-
mers.>® The results showed that the gelation time, equilibrium swell-
ing ratio, in vitro degradation, and drug release rate decreased with
the increase of arm number and copolymer concentration. In our pre-
vious work, PEG-PTMC-Acr and 4 arm PEG-PCL-Acr hydrogels were
prepared. The effects of copolymer concentration, hydrophilic/hydro-
phobic ratio, and block length on hydrogel properties and drug
release behaviors were investigated.>®>” Mixture of copolymers has
also been tested to prepare hydrogels with specific properties. Xie
et al. reported a cartilage-like hydrogel by mixing PEG-PCL-Acr and
PEG-PLA-Acr for the repair of cartilage injury.*®

In this work, a series of photo-crosslinked hydrogels were pre-
pared by mixing PEG-PCL-Acr with acrylated PEG (PEG-Acr) or mono-
methoxy PEG (MPEG-Acr). The addition of mono-acrylated MPEG or
diacrylated PEG is expected to tune the hydrogel properties and drug
release behaviors. Photo-crosslinked hydrogels were prepared from
mixture solutions of PEG-PCL-Acr and PEG-Acr or MPEG-Acr at differ-
ent contents, using lithium phenyl-2,4,6-trimethylbenzoylphosphi-
nate (LAP) as photo-initiator and visible light as light source. The
internal morphology, swelling behavior, enzymatic degradation, and
cyto-compatibility of hydrogels were investigated. Drug release
behavior was evaluated in vitro using doxorubicin (DOX) as a model
of hydrophilic anti-tumor drugs. The antitumor activity of drug-
loaded hydrogels was evaluated in vitro using A549 cancer cell line.
Most importantly, in situ gelation was achieved by subcutaneous
injection of a hydrogel precursor solution containing polymers, LAP
and DOX, followed by exposure to a light source, thus illustrating the

feasibility of in situ preparation of drug delivery systems using mini-
mally invasive method.

Methods
Materials

Monomethoxy PEG with Mn of 5000 g/mol (MPEGsk), and PEG
with Mn of 10000 g/mol (PEG;ox) were supplied by Sigma-Aldrich.
PEG with Mn of 5000 g/mol (PEGsk) was purchased from Bidepharm.
Stannous octoate (Sn(Oct),), acryloyl chloride, triethylamine (TEA),
¢—caprolactone (¢—CL), doxorubicin hydrochloride (DOX) and lipase
from porcine pancreas (20 U/mg) were obtained from Aladdin.
Dichloromethane and ¢—CL were dried over calcium hydride (CaH,)
and distilled prior to use. Acryloyl chloride was dried over CaH,. All
other chemicals and solvents were used as received.

1929 cells were obtained from ATCC (USA). Dulbecco’s modified
eagle medium (DMEM), penicillin-streptomycin, fetal bovine serum,
and 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazo-liumro-
mide (MTT) were supplied by Thermo Fisher Scientific, Ltd. (China).
Male Kunming mice, aged eight weeks, were supplied by Jinan Pen-
gyue Experimental Animal Breeding Co., Ltd. (China). Animal care
was made in accordance with the Guide for the Care and Use of Labo-
ratory Animals, and the in vivo experiments were approved by the
Ethics Committee for Animal Experimentation of Qingdao University
of Science and Technology (Document No. 2017-1).

Synthesis and Characterization of Polymers

PEG-PCL-Acr was synthesized by using a two-step procedure.’’
Briefly, 10 g of PEGiox (1.0 mmol), 2.28 g of ¢—caprolactone
(20.0 mmol) and 2.28 mg of Sn(Oct), were added in a dried flask. The
system was purged three times, and sealed under vacuum. Polymeri-
zation then proceeded at 130°C for 72 h. The crude product was
dissolved in dichloromethane, and the solution was precipitated by
addition of diethyl ether. Finally, the product was vacuum dried to
remove all organic solvents.

The resulted PCL-PEGok-PCL triblock copolymer was then func-
tionalized by esterification with acryloyl chloride. TEA and acryloyl
chloride were dropwise added to the copolymer solution in dichloro-
methane. The system was stirred for 1 h at 0 °C, and then heated to
40 °C. The reaction proceeded for 24 h under N, protection. The crude
product was purified by precipitation in diethyl ether, dialysis against
distilled water, and freeze drying. The obtained product was noted as
PEGok-PCL-Acr. Acrylated MPEGsy-Acr and PEGsk-Acr were synthe-
sized from MPEGsg or PEGsg under similar conditions.

Preparation and Characterization of Photo-Crosslinked Hydrogels

Photo-crosslinked hydrogels were prepared from acrylated poly-
mers by exposure to visible light using LAP as photoinitiator.>**°
Typically, LAP (0.05 %o w/v) and polymers (10% w/v) were added to
distilled water (1 mL). After complete dissolution, the reaction sys-
tem was exposed to visible light (405 nm, 3 W) for 2 min, yielding a
photo-crosslinked hydrogel at a concentration of 10%.

The feasibility of in situ gelation was assessed by subcutaneous
injection of a hydrogel precursor solution in the abdomen of mice,
followed by exposure to visible light. LAP (0.05 %. w/v), polymers
(10% w/v) and DOX (0.05 % w/v) were dissolved to distilled water
(1 mL). The solution was sterilized by filtration through a 0.22 um
membrane. Then, 200 i L solution was subcutaneously injected into
the abdomen of mouse by using a sterile syringe equipped with a
22 G needle. The area of injection was exposed to visible light
(405 nm, 3 W) for 2 min.



Characterization

Proton nuclear magnetic resonance (*H NMR) spectra was regis-
tered using Avance-500 spectrometer (Bruker Daltonics Inc., Billerica,
MA, USA) at 500 MHz. Chemical shifts (§) were reported in ppm.
Tetramethylsilane was used as internal reference, and deuterated
chloroform (CDCl3) as solvent.

Fourier transform infrared spectroscopy (FT-IR) spectra was
recorded on TENSOR 27 FT-IR spectrometer (Bruker Optics, Ger-
many). Samples were prepared using potassium bromide (KBr) pellet
method. 32 scans were made for each measurement in the wave-
number range of 400 - 4000 cm .

Scanning electron microscopy (SEM) was performed on JCM-7000
microscope (JEOL NeoScope, Japan). The accelerating voltage was
10.0 kV. Hydrogel samples were quenched in liquid nitrogen, lyophi-
lized, and carefully fractured. Observation was then made after gold
sputtering.

Swelling of Hydrogels

The gravimetric method was adopted to evaluate the degree of
swelling and weight loss of hydrogels. As prepared hydrogels were
placed in phosphate buffered saline (PBS) at pH 7.4 containing 0.1%
sodium azide. After 72 h swelling at 25°C, the swollen samples were
taken out and weighed. Finally, the samples were lyophilized and
weighed again. The swelling ratio and gel content were calculated
according to the following equations:

Swelling ratio (%) = Ws =Wa 100 1)
Wq
Gel content (%) = Wq x 100 (2)
Wo

Where Wy is the weight of polymers used to prepare hydrogel sam-
ples, W; is the weight of swollen hydrogels, and Wy is the remaining
weight of lyophilized hydrogels.

Degradation of Hydrogel In vitro

In vitro degradation was achieved in the presence of lipase from
porcine pancreas. As-prepared hydrogels were first swollen in deion-
ized water for 72 h at 25°C so as to extract uncrosslinked water-solu-
ble species from the network, and then freeze-dried. The obtained
dried samples were immersed in 20 mL pH 7.4 PBS containing lipase
at a concentration of 2 mg/mL. 0.1% sodium azide was added to the
degradation medium as a bactericide. In vitro degradation was con-
ducted at 37 °C under constant shaking (100 rpm). The medium was
renewed with equal amount of fresh enzyme solution twice a week.
At preset time intervals, the samples were withdrawn from the
medium and freeze-dried. Three parallel experiments were made for
each data point. The hydrogel weight loss was calculated from the
following equation:

Weight loss (%) = w % 100 3)
i

Where W; and W; refer to the initial dry weight and the remaining
weight at time t, respectively.

Cyto-Toxicity Assay

The cyto-toxicity of the hydrogels was determined by MTT assay.
Hydrogel extracts were prepared by soaking freeze-dried hydrogels
in PBS at various concentrations from 0.5 to 5.0 mg/mL for 72 h. L929
and HUVEC cell suspensions were prepared in DMEM containing 10%
FBS, 100 U/mL penicillin and 100 pg/mL streptomycin at a

concentration of 2x10° cells/mL. In each well of a 96-well plate,
100 L cell suspension was added. Cell culture proceeded for 24 h at
37°C in an environment composed of 5% CO, and 95 % humidity to
allow cell adhesion. Transwell inserts with a polycarbonate porous
membrane (0.4 pm pore size), containing 100 uL hydrogel extract,
were placed in wells. 100 L hydrogel extract was then added. After
72 h, the culture medium was removed, and replaced by 100 uL fresh
DMEM. 0.1 mg MTT was added, and cell culture continued for 4 h.
Finally, all medium was removed, and 150 uL DMSO was added to
fully dissolve crystallized formazan. The OD value of the DMSO solu-
tion was determined at 490 nm. DMEM was selected as the negative
control, and a 0.5% aqueous solution of phenol as the positive control.
The relative growth rate (RGR) was calculated according to the fol-
lowing equation:

D,
RGR (%) _ o) test sample %« 100 (4)

0 negative control

In vitro Drug Release

Drug loaded hydrogels were prepared by in situ photo-crosslink-
ing of drug containing precursor solutions.?! Typically, LAP (0.5 mg),
polymers (100 mg) and DOX (0.5 mg) were added in 1 mL distilled
water. The solution was exposed to visible light (405 nm, 3 W) for
2 min, yielding a drug loaded hydrogel. In vitro drug release was per-
formed at 37°C by soaking drug-loaded hydrogel in 5 mL PBS
(pH 7.4). At predetermined time intervals, the total release solution
was collected, and the same amount of fresh PBS was added. The
absorbance of collected release solutions was measured at 490 nm.
The accumulative amount of released drug was calculated on the
basis of a previously established calibration curve of DOX.

In vitro Anticancer Activity

MTT assay was used to determine the anti-tumor effect of drug-
loaded hydrogels as described above (Section 2.6), in comparison
with free drug and blank hydrogels. Human lung cancer A549 cell
line was selected to evaluate the proliferation inhibitory effect of
drug-loaded hydrogels. Untreated cells were taken as a negative
control group.

Statistical Analysis

All the experiments were performed in triplicates for 3 or 5 inde-
pendent times. The data were revealed as mean + standard deviation.
Statistical analyses were carried out by the sample t-test, using Ori-
ginPro 2022 software package. Values with p > 0.05 were considered
not significant, *p < 0.05 statistically significant, **p < 0.01 very sig-
nificant, and ***p < 0.001 extremely significant.

Results and Discussion
Characterization of Polymers

A PCL-PEGok-PCL triblock copolymer was synthesized by ring
opening polymerization (ROP) of ¢é—caprolactone in the presence of
PEGiox as macro-initiator and Sn(Oct), as catalyst (Scheme 1). The
e—caprolactone/PEG molar ratio was 20. The resulted copolymer was
end functionalized by reaction with acryloyl chloride to yield PEG;ox-
PCL-Acr. Similarly, acrylated MPEGsk-Acr and PEGsg-Acr were syn-
thesized from MPEGsk and PEGsy using the same procedure, respec-
tively (Scheme 1).

The chemical structure of the functionalized polymers was stud-
ied by '"H NMR. As shown in Fig. 1, the signal a at 3.66 ppm belongs
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Scheme 1. Synthesis route of acrylate functionalized MPEGsg-Acr, PEGsk-Acr and PEG;ox-PCL-Acr polymers.

to the main chain methylene protons of PEGsk-Acr or MPEGs-Acr.
The signal h at 3.35 ppm belongs to the terminal methyl group of
MPEGsk-Acr. The signals b, ¢, d, e at 1.38, 1.65, 2.31 and 4.07 ppm are
attributed to the different methylene groups of PCL block in the tri-
block copolymer. The signals f and g detected in 5.60-6.30 ppm are
assigned to the acryloyl group of functionalized chain ends.

The degree of polymerization (DP) of PCL blocks in the triblock
copolymer was determined from the integrations of signals c and a. A
value of 18 was obtained, which is close to the feed ratio. The total
Mn of PCL blocks was 2000 as determined from the DP of PCL blocks
and the molar mass of caprolactone. The triblock copolymer is thus
noted as PCL;x-PEG;ox-PCL;y, and the functionalized one as PEG;gk-
PCL,-Acr. The degree of substitution (DS) of chain ends by the
acryloyl group was calculated from the integration of signals f and a.
The DS of MPEGsk-Acr, PEGsk-Acr, and PEG;gk-PCLy-Acr was 59.1%,
60.2% and 75.2%, indicating successful acrylation of the hydroxyl end
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Figure 1. 'H NMR spectra of PEG;ox-PCLy-Acr (A), PEGsk-Acr, (B) and MPEGsk-Acr (C)
in CDCl.

groups. It is noteworthy that the DS of PCL-PEG-PCL copolymer is
higher than that of PEG and MPEG. Similar findings have been
reported in the case of PTMC-PEG-PTMC and 4-arm PEG-PCL
copolymers.>®*’

FT-IR spectroscopy was also used to investigate the chemical
structures of polymers. Fig. 2 shows the FT-IR spectra of the polymers
before and after functionalization. Both PEGsx and MPEGsk present
two main bands at 2880 and 1110 cm~! which are assigned to the
stretching vibration of CH, and C-O-C (Fig. 2D, 2F), respectively.
The triblock copolymer PCL;qx-PEG1ox-PCLx presents a band at
1730 cm™! due to the stretching vibration of carbonyl group, and a
band at 2880 cm™! assigned to the stretching vibration of CH, groups
(Fig. 2B). On the spectra of PEG;ox-PCLy-Acr (Fig. 2A), PEGsk-Acr
(Fig. 2C), and MPEGsg-Acr (Fig. 2E), the characteristic band of the C=C
double bond is detected at 1640 cm™!, indicating their successful
functionalization. Moreover, PEGsk-Acr and MPEGsk-Acr exhibit a
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Figure 2. FT-IR spectra of PEG;ox-PCLyi-Acr (A), PCL1x-PEG1ok-PCL1k (B), PEGsi-Acr,
(C), PEGsk (D), MPEGsk-Acr (E), and MPEGs (F).



small band at 1730 cm~!, which further confirms the functionaliza-
tion with attachment of acrylate group.

Characterization of Hydrogels

A series of hydrogels were prepared by crosslinking of acrylated
polymers via free radical polymerization. LAP, synthesized as previ-
ously reported,*®*” was selected as photoinitiator to generate free
radicals under visible light irradiation. Blank and DOX-loaded photo-
crosslinked hydrogels were successfully prepared in vitro from pre-
cursor solutions by exposure to visible light at 405 nm for 2 min as
LAP has maximum absorption at 365 and 405 nm. The whole prepa-
ration process is simple, safe and fast. Importantly, the use of visible
light sources ensures the safety of the procedure for biological appli-
cations. Gelation using visible light is not concern when preparing
the injection. In fact, the wavelength range of visible light is very
large. Thus the light intensity at a specific wavelength is not sufficient
to initiate photopolymerization during the preparation of solutions.

The composition of the various copolymers is shown in Table 1.
Mixtures of PEGqok-PCLyk-Acr and MPEGsk-Acr or PEGsk-Acr were
used in order to modulate the properties of resulted hydrogels.
Hydrogels obtained from mixtures of PEGqx-PCLyk-Acr and MPEGsk-
Acr are named as MPAX, and those obtained from mixtures of
PEG10k-PCLok-Acr and PEGsk-Acr are named as PAX, with x designat-
ing the content (%) of MPEGsi-Acr or PEGsk-Acr in the hydrogels. On
the other hand, hydrogel prepared from pure PEGok-PCLyk-Acr is
abbreviated as PPA.

In situ gelation was realized by subcutaneous injection of 200 uL
of sterilized hydrogel precursor solution into the abdomen of mice.
The injected area was immediately irradiated with 405 nm wave-
length visible light for 2 min. Abdominal skin tissue was then care-
fully peeled off. A well formed hydrogel was obtained (Fig. 3). DOX-
loaded hydrogel was also obtained under similar conditions, thus
illustrating the in-situ gelation of drug-loaded precursor solutions. In
other words, in-situ construction of a local drug delivery system is
feasible. Elisseeff et al. previously explored the efficiency of UVA and
visible light transmission through pig skin to initiate photo-polymeri-
zation of poly(ethylene oxide) dimethacrylate.*?> Methacrylated chi-
tosan and gelatin solutions have also been subjected to transdermal
gelation by UV light irradiation for applications in tissue engineering
and drug delivery.*>* In this work, visible light-initiated polymeriza-
tion is applied to provide a safer strategy for in situ gelation in vivo,
which is of major importance for the clinical applications of topical
drug delivery systems.

Hydrogels are able to swell in an aqueous medium by absorbing
large amounts of water without dissolving. It is known that the swell-
ing properties of photo-crosslinked hydrogels prepared from amphi-
philic copolymers are dependent on the polymer concentration and
hydrophilic/hydrophobic balance.?>*>” Hydrogels with desired
properties can also be obtained by mixing two copolymers in the pre-
cursor solution.®® Nevertheless, weight loss is often observed during
swelling as uncrosslinked components can diffuse out and be dis-
solved in the medium.

The swelling and weight loss ratios of the hydrogels were deter-
mined by soaking as prepared hydrogels in deionized water for 72 h at
25°C to reach the swelling equilibrium. The medium was regularly

changed so as to facilitate removal of uncrosslinked polymers. As
shown in Fig. 4A, the swelling ratio of PPA hydrogel is 1704%, and the
gel content is 85%. MPA10, MPA20 and MPA50 hydrogels present a
swelling ratio of 2103, 3093, and 4735%, and a gel content of 76, 68
and 64%, respectively. Thus the ability of MPA hydrogels to absorb
water is significantly improved as compared to PPA hydrogel due to
the addition of MPEG-Acr component. In fact, PEG-PCL-Acr is acrylated
at both chain ends, and is thus fully involved in the photo-crosslinked
network. In contrast, MPEG-Acr is acrylated at one chain end only, and
is attached to the network as pendant chains. As a consequence, MPA
hydrogels exhibit a looser network structure with lower crosslink den-
sity as compared to PPA hydrogel. Higher MPEG-Acr content leads to
lower crosslinking density, resulting in higher swelling and lower gel
content. It is also noteworthy that higher MPEG-Acr content increases
the hydrophilic/hydrophobic balance in MPA hydrogels, which favors
water absorption. On the other hand, lower gel content also favors
water absorption as more space is available for water absorption.

The swelling ratio of PA10, PA20, PA50 and PA80 hydrogels is 1922,
2029, 2629 and 3158%, respectively, suggesting an increasing trend of
swelling ratio with increasing PEG-Acr content. Meanwhile, the gel
content of PA hydrogels decreases from 81% for PA10 to 75% for PASO.
Higher PEG-Acr content and lower gel content both favor water
absorption. It is also noted that PA hydrogels present higher swelling
ratio and lower gel content than PPA hydrogel because of the lower
PEG content of the latter. In contrast, PA hydrogels present lower
swelling ratio and higher gel content than MPA hydrogels with the
same PEG contents, which could be attributed to the looser network
structure and lower crosslink density of MPA hydrogels. These findings
demonstrate the possibility to tailor in a large range the swelling
behavior of hydrogels prepared from acrylated amphiphilic copoly-
mers by addition of PEG-Acr and/or MPEG-Acr of various contents.

Photo-crosslinked hydrogels contain hydrolyzable bonds in the
network, including both acrylate groups and PCL ester bonds, which
provides the network with degradability.*> PCL degrades very slowly
by pure hydrolysis,*® but its degradation is strongly accelerated in
the presence of lipases.?” The degradation behavior of hydrogels was
determined by using lipase from porcine pancreas as lipases could be
involved in the in vivo degradation of PCL based materials.*” As pre-
pared hydrogels were first subjected to swelling-lyophilization treat-
ment so as to eliminate uncrosslinked species. As shown in Fig. 4B,
almost linear increase of weight loss is observed in all cases during
the whole degradation period up to 4 weeks. MPA20 hydrogel
presents the fastest degradation rate, reaching a weight loss of 27.9%
after 4 weeks. This is followed by MPA10 hydrogel (22.7%) and PPA
hydrogel (21.7%). The higher degradation rate of MPA as compared to
PPA can be explained by the crosslinked structure of both hydrogels
prepared from MPEG-Acr and/or PEG-PCL-Acr. The attachment of
MPEG-Acr with a single reaction site in the network leads to looser
network structure, resulting in high swelling ratio that facilitates
entry of enzyme and water molecules. Once the acrylate linkage
between PCL and MPEG is broken, MPEG block will be detached from
the hydrogel. In contrast, the detachment of PEG block is less easier
as it is included in the network at both sides. On the other hand, the
degradation rates of PA hydrogels are all lower than those of PPA and
MPA hydrogels, and the final weight loss values vary from 11.8 to
20.4%. In fact, the addition of diacrylated PEG component in PA

Table 1

Compositions of Hydrogels Prepared from Acrylated PEG;oi-PCLyk-Acr, PEGsi-Acr and MPEGs-Acr.
Hydrogel MPA10 MPA20 MPA50 PA10 PA20 PA50 PA80 PPA
PEG10x-PCLyk-Acr (%) 90 80 50 90 80 50 20 100
PEGsk-Acr (%) 0 0 0 10 20 50 80 0
MPEGsk-Acr (%) 10 20 50 0 0 0 0 0
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Figure 3. In vivo and in vitro preparation of blank and drug-loaded hydrogels by visible light irradiation of acrylated polymers in the presence of LAP.

hydrogels results in higher crosslink density and lower PCL content
as compared to PPA and MPA hydrogels. Thus there are less ester
bonds available for enzymatic hydrolysis, leading to slower degrada-
tion. The higher the PEG-Acr content, the slower the degradation.
Therefore, the degradation rate of hydrogels prepared from acrylated
PEG-PCL, PEG and MPEG can be tailored by varying the material com-
position. Degradation mainly results from enzymatic cleavage of PCL
ester bonds, as well as acrylate end groups.®°

The water absorption and drug release behavior of hydrogels are
closely related to the network structure. The internal morphology of
as prepared MPA20, PA20 and PPA hydrogels was observed by using
SEM as shown in Fig. 5. All hydrogels exhibit a uniformly distributed
and interconnected porous structure. Similar structures are observed
for other hydrogels (Fig. S1).
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Cyto-Toxicity Assay

Based on the enzymatic reduction of MTT by living cells, the for-
mation of formazan crystals is proportional to cell viability. MTT
assay is thus widely applied to evaluate the cytocompatibility of bio-
materials. In this work, L929 cells from mice and human HUVEC cells
were used to determine the cyto-toxicity of hydrogels. As shown in
Fig. 6A, the RGR of DMEM selected as negative control is 100%, and
that of 0.5% phenol solution selected as positive controls is 20%. After
co-culture with MPA, PA and PPA hydrogels for 72 h, the RGR values
of L929 cells are all above 90% in the concentration range from 0.5 to
5.0 mg/mL (Fig. 6A). Similar results are obtained for HUVEC cells
(Fig. 6B). According to the US Pharmacopeia Standards and ISO
10993, the hydrogels present excellent cytocompatibility.
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Figure 4. Swelling ratio and gel content data of hydrogels (A), variation of weight loss ratio of hydrogels during degradation in the presence of lipase (B).



Figure 5. SEM images of as prepared MPA20 (A), PA20 (B), and PPA (C) hydrogels.

In vitro Drug Release

DOX is one of the most efficient chemotherapeutic drugs, but it
has important adverse effects on myocardial cells, limiting its clinical
applications. Local drug delivery systems can avoid the first-pass
effect and locally release the drug, especially for the treatment of
solid tumors. Thus DOX-containing hydrogel precursor solution can
be administered to the lesion site through a syringe, which can maxi-
mize the effective drug delivery and minimize the toxic side effects.

Drug loading was realized during in-situ gelation. It is thus con-
sidered that initially added drug was totally encapsulated. Photo-
crosslinked drug-loaded hydrogels were immersed in 5 mL PBS to
assess drug release behaviors. As illustrated in Fig. 7A, PPA hydrogel
has the slowest release profile. The drug release ratio of MPA10,
MPA20, MPA50 and PPA is 9.3, 15.6, 31.2 and 7.2% after 24 h, respec-
tively, and reaches 52.8, 58.9, 77.6 and 48.6% after 28 days. Thus with
increase of MPEG content, the drug release rate shows an increasing
trend. This finding can be assigned to the reduced crosslinking den-
sity with increasing MPEG content since loose network facilitates
drug diffusion, in agreement with swelling data.

Similar drug release trends are observed for PA hydrogels as
shown in Fig. 7B. The drug release rate of PA10, PA20, PA50 and PA8O
is 12.1%, 14.2%, 17.2% and 23.3% after 24 h, respectively, and increases
to 49.7%, 54.9%, 66.1% and 87.5% after 28 days. The higher the PEG
content, the higher the release rate because drug release is enhanced
by swelling. Similarly, the drug release rate from PA hydrogels is
higher than that from PPA hydrogel. It has been shown that purely
hydrophilic hydrogels exhibit very fast drug release, while the addi-
tion of hydrophobic blocks decreases the release rate.® It is worth
mentioning that, for the same PEG or MPEG content, the drug release
from MPA20 or MPA 50 is faster than that from PA20 or PA50.
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In our previous work, PEG-PTMC-Acr and 4aPEG-PCL-Acr photo-
crosslinked hydrogels were prepared, and drug loading was achieved
by soaking freeze dried gels in drug solutions. Biphasic drug release
profiles were obtained with strong burst release up to 50% after
24 h.*%%7 The strategy of in situ drug loading allows to greatly reduce
burst drug release (7.2% drug release from PPA hydrogel at 24 h), and
to maintain a sustained drug release at a later stage.

In vitro Anticancer Activity

The cyto-toxicity of blank hydrogels against A549 lung cancer
cells was first tested. As shown in Fig. 8A, the RGR values of all the
hydrogels are well above 90% after 72 h co-culture, showing that
blank hydrogels have no effect on A549 cells.

As a cycle non-specific antitumor drug, DOX is able to inhibit the
synthesis of RNA and DNA, and kill tumor cells of various growth
cycles. A549 lung cancer cells were selected to evaluate the antitu-
mor activity of 5 selected drug loaded hydrogels, MPA20, MPA50,
PA20, PA50, and PPA, in comparison free drug (Fig. 8B). The amount
of free drug was equal to the drug content of DOX-loaded hydrogels.
As shown in Fig. 8B, the RGR decreases or the antitumor activity
increases with increasing drug concentration from 12.5 to 50.0 ug/
mL. The antitumor activity of PPA hydrogel is lower than that of MPA
and PA mixture hydrogels. On the other hand, MPA hydrogels exhibit
slightly higher activity than corresponding PA hydrogels at concen-
trations of 12.5 and 25 ug/mL, and mixture hydrogels containing 50%
PEG or MPEG exhibit slightly higher activity than those containing
20% PEG or MPEG. These differences are closely related to drug
release behavior of the various systems. Faster drug release leads to
higher tumor proliferation inhibitive effect, especially in the first
days. It is also noteworthy that free drug exhibits slightly higher
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Figure 6. RGR data of 1L929 cells and HUVEC cells after 72 h culture with hydrogels at different concentrations.
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Figure 7. A) Cumulative drug release from DOX-loaded MPA20, MPA50, and PPA hydrogels, (B) cumulative drug release from DOX-loaded PA20, PA50, and PPA hydrogels.

A [EIMPA20 [ MPAS0[CT]PA20 [ |PASO[_|PPA
1004 Ee e FErEeel  EearE e
80+
g
x 60
QO
4
40
20 1
"DMEM 25 5.0 10.0

Hydrogel concentration (mg/mL)

B [ OMEM [ Free drug [ MPA20 ] MPA50
[]PA20 []PASO [_]PPA
100 -
80
8
x 60-
5]
['4
40
20 4
DMEM 125 25.0 50.0

Drug concentration (ug/mL)

Figure 8. A) RGR data of A549 cells after 72 h co-culture MPA20, MPA50, PA20, PA50, and PPA hydrogels, (B) RGR data of A549 cells after 72 h co-culture with free drug and DOX-
loaded MPA20, MPA50, PA20, PA50, and PPA hydrogels at concentration of 12.5, 25, and 50.0 pg/mL.

antitumor activity than drug loaded hydrogels. Nevertheless, taking
into account the sustained-release behavior and biodegradability,
drug loaded hydrogels could be very promising for long-term
treatment.

Conclusion

A series of photo-crosslinked PEG-PCL-Acr hydrogels containing
MPEG-Acr and or PEG-Acr were prepared by using visible light as
light source and LAP as initiator. The properties of hydrogels can be
tuned by adding MPEG-Acr or PEG-Acr with different contents. The
addition of MPEG-Acr with single reactive site reduces the cross-link-
ing density, resulting in higher swelling ratio as compared to PEG-
PCL-Acr hydrogel. Addition of diacrylated PEG-Acr also leads to
increase of the swelling ratio due to higher hydrophilic content. MPA
hydrogels with loose network degrades faster than PPA and PA
hydrogels in the presence of lipase as MPEG blocks can be more easily
detached from the network as compared to PEG blocks. In contrast,
the degradation of PA is slower than that of PPA due to less degrad-
able sites.

All the hydrogels present outstanding cytocompatibility as shown
by MTT assay using A929 and HUVEC cells. DOX-loaded hydrogel is
obtained in situ by injection of a precursor solution in the abdomen
of mice followed by exposure to visible light. Prolonged drug release
up to 28 days is achieved under in vitro conditions, the release rate

depending on the network structure and hydrophilic content of
hydrogels. Last but not least, DOX-loaded hydrogels present out-
standing proliferation inhibitive effect against cancer cells in compar-
ison with free drug. Therefore, mixture hydrogels prepared from
acrylated PEG-PCL and PEG or MPEG with tunable properties could
be most promising for the construction of local drug delivery systems
in cancer therapy.
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