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Synthesis and Properties of Temperature-Sensitive
and Chemically Crosslinkingable Poly(ether-
urethane) Hydrogel

Ruiz*rgi Li,% Na Liu,® Binggiang Li,® Yinong Wang,* Guolin Wu, " and Jianbiao
Ma,

The temperature-responsive and crosslinkingable poly(ether-urethane)s (PEUs), which may be
useful for the tissue adhesive, are prepared through the processes of polymerization of
poly(ethylene glycol)s (PEG), Mono-p-methoxylbenzilidene-pentaerythritol and hexamethylene
diisocyanate, hydrolysis of the acetal in PEUs and the grafting methacrylate (MA) to PEUs. After
gelating, the PEU solution in a specific temperature range via a rapid reversible temperature
response, the physical hydrogel is further self-cross-linked or cross-linked with PEG diacrylate
(PEGDA) by photocuring or thermal solidification. These PEU-MA gels are characterized by
Fourier transform infrared spectra (FTIR), nuclear magnetic resonance (NMR) and size exclusion
chromatography (SEC). The sol-gel phase transition through temperature response and chemical
crosslinking are investigated by rheology testing. It is found that the swelling ratio, degradation,
adhesive strength and mechanical properties of the PEU-MA gels are affected by the ratio of
hydrophilic and hydrophobic segments in PEU and the grafting ratios of MA in PEU-MA gels. The
adhesive strengths on the tissues with PEU-MA are stronger than glass and PBT. The adhesion
on artificial duramater with PEU-MA can be kept over one month even immersed in water. The
good biocompatibility of the PEU-MA gels is demonstrated via cytotoxicity evaluation. As a
result, these PEU-MA gels are promising candidates to be the tissue adhesive, drug-loading
materials for soft tissue filling and regeneration.

Inc.) is the most prominent commercial example of
polyurethanes, which is used for abdominal tissue bonding.?’

To date, a large variety of tissue adhesives, sealants and
hemostatic agents have been developed to overcome the
drawbacks of conventional closure techniques (including
stapling and suturing),® such as having a relatively long
application time,® ® eliciting inflammatory responses* ® and
additional damage on the tissue.® Thereinto, tissue adhesives
are patches or glues that bind various tissues together in order
to allow for the natural healing process to occur, and are
applied to a variety of tissues, such as skin, intestine,
subcutaneous tissue and visceral organ.>® The materials of
tissue adhesives are mostly based on synthetic polymers
(including polycyanoacrylates, ° poly(ethylene glycol)s
(PEGs),* *? polyurethanes'® and polyesters'*), polysaccharide
(including chitosan,®**" dextran®® !° and hyaluronan® %), and
protein (including fibrin?, gelatin® 2* and albumin®: %),
Polyurethanes are a significant class of synthetic polymers
for different tissue adhesive due to their absence of hemolytic
behavior and excellent thermal stability at physiological
temperature.> *® TissuGIu® Surgical Adhesive (Cohera Medical
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TissuGlu® is a polyurethane-based adhesive, which is a one-
component glue consisting of a hyperbranched polymer with
isocyanate end groups containing about 50 wt% of lysine. %%’

However, according to the feedbacks on the animal and
clinical experiments,”®3° now available tissue adhesives,
including cyanoacrylates (CA), polyurethanes and fibrin sealant,
have been associated with limited adhesion strength, poor
control over adhesion activation, or toxicity.?**° Recently,
light-activated polymers have been used to the tissue
adhesives with their good properties of high adhesive
strength, facilitative control over adhesion activation and
biocompatibility.*** But most of these hydrophilic
adhesives were substantial swelling and quick washout in
the presence of shear stress.”®

In order to overcome the drawbacks of the photo-activated
adhesives and be different from the hydrophobic light-activated
adhesive (HLAA),® the temperature-sensitive®*° and
chemically crosslinkingable®® hydrogels were designed to be
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used as the tissue adhesives, which were made by the
poly(ether urethane)s (PEUs). Recently, many kinds of PEU
have been used as biomaterials,*! *? e.g., multi-responsive drug
delivery systems, multi-responsive nanoparticles, and injectable
hydrogels.***” For the multi-responsive PEUs, functional
segments are incorporated into the backbone of PEU by a facile
one-pot approach for temperature, pH and redox responses.
Based on these multi-responsive PEUs, the major formation
mechanism of injectable PEU gel formation is the reversible
temperature-responsive physical cross-linking via hydrophobic
interactions.*® Nevertheless, such an injectable PEU gel was
formed by a physical network and was difficult to further
modify owing to the lack of groups capable of cross-linking in
the PEU main chain. In this study, the temperature-sensitive
and chemically crosslinkingable PEU-methacrylate (MA)
hydrogels are prepared through the processes of polymerization
of PEG, mono-p-methoxylbenzilidene-pentaerythritol (MAP)
and hexamethylene diisocyanate (HDI), hydrolysis of the acetal

in PEUs and the grafting MA to PEUs to form PEU-MA finally.

It is possible that these PEU-MA gels might overcome the
drawbacks of the photo-activated adhesives mentioned above.
Firstly, the temperature of reversible sol-to-gel transition of
PEU-MA solution is 34 °C, below the physiological
temperature, so the PEU-MA solution can be gelated rapidly
after it contacted with the body. It is prevented that the gels
could be washout in the presence of shear stress. Moreover,
these reversible gels could be further photocured to form the
low-swelling gels, of which the minimum swelling ratio was
only 0.5. It is avoided the substantial swelling of the photocured
gels. The functional drugs could be also loaded in the PEU-MA
gels to achieve the outcome of anti-inflammatory and analgesia
when the PEU gels are used to the adhesive of subcutaneous
tissue or visceral organ.

Experimental Details

Chemicals and reagents

2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(12959) (98%), triethylamine (TEA) (99%), 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AIBA) (98%) and
poly(ethylene glycol) diacrylate (PEGDA) (99%, Mw = 600)
were purchased from J&K Scientific Ltd. (Beijing, China).
PEG (Mw = 1000, 1500, and 2000 Da), HDI (98%),
anisaldehyde (99%), pentaerythritol (99%) and methacryloyl
chloride (MAC) (99.5%) were obtained from Sigma-Aldrich
(Shanghai, China).

Instruments and Measurements

Nuclear magnetic resonance (NMR) measurements of the 'H-
NMR and **C-NMR spectra were recorded at room temperature
by a Bruker AC-400 NMR spectrometer using CDCI; or
DMSO-d6 as the solvent, and tetramethylsilane as the internal
standard. Fourier transform infrared spectra (FTIR) were
measured with a Bio-Rad FTS6000 spectrophotometer at room
temperature. The samples were prepared by well-dispersing the
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complexes in KBr powder and compressing the mixtures to
form a plate. The molecular weight and distribution of the
polymers were determined by size exclusion chromatography
(SEC, Waters 2414 system Milford, MA) at 35 °C.
Tetrahydrofuran (THF) was used as the eluent at a flow rate of
1.0 mL-min. The average weights were calibrated with
standard polystyrene samples.

The sol-gel phase transition was measured by the inverting
test with a 2 mL (10 mm diameter) via test tube at temperature
intervals of 2 °C.** A series of PEU solutions (of given
concentrations in 0.01 M PBS buffer solution (pH 7.4)) were
preserved at 5 °C for 24 h. The sol-gel phase transition
behaviour of the sample at each concentration was measured by
inverting the vial after keeping it at a constant temperature for
15 min. It is defined as a gel state if no fluidity is visually
observed by inverting the vials for 1 min, or a sol state if it
flows.*® After testing, temperature was reverted to the original
low temperature range to observe the reversibility of the PEU
solutions. Tensile and adhesion tests were performed by
Testometric M500-25kN (Testometric Company Ltd, Rochdale,
England) at room temperature, for the studies of adhesion
(MPa), stress at break (MPa), strain at break (%), and Young’s
modulus (MPa)*. All the samples were strained at 200 mm

mint,

Synthesis of MAP

MAP was prepared according to a minorly modified
procedure.”® Briefly, pentaerythritol (13.6 g, 0.1 mol) was
dissolved in deionized water (100 mL). And then stirring was
started and concentrated hydrochloric acid (0.5 mL) was added,
followed by p-anisaldehyde (1.35 mL, 11.1 mmol). When the
precipitate of MAP started forming, dropwise addition of p-
anisaldehyde (11.5 mL, 94.7 mmol) was begun. After the
addition of p-anisaldehyde was completed, the mixture was
stirred for additional 4 h. The precipitate was collected and
washed with diluted Na,COj; aqueous solution and ethyl ether.
The solid was dried under vacuum over phosphorus pentoxide
to give MAP as a white solid (22.3 g, 87%).

MAP (*H-NMR, CDClI;, 400 MHz, Fig. S1): § 3.23-3.24 (d,
2H), 3.66-3.67 (d, 2H), 3.74 (s, 3H), 3.77 (d, 2H), 3.87-3.90 (d,
2H), 4.50 (t, 1H), 4.58 (t, 1H), 5.34 (s, 1H), 6.89-6.91 (d, 2H),
7.31-7.33 (d, 2H). (*C-NMR, CDCl;, 400 MHz, Fig. S2): &
39.46 (C-CH,), 55.53, 60.09 and 61.57 (CH,0), 69.54
(CH,OH), 101.1 (O-CH,-0O), 113.72, 127.92 and 131.73
(CH=CH-CH=CH), 159.83 (O—CH=CH). IR (neat, KBr, cm™,
Fig. S3): v(O-H) 3250, (C-0) 1110, (C—H in benzene ring) 800,
660. Mp: 164-166 °C. Anal. Calcd for C3H50s5: C, 61.42; H,
7.09. Found: C, 61.38; H, 7.13.

Synthesis of PEU-MAP

The PEU copolymers were prepared according to a minorly
modified procedure.*® Briefly, a series of random PEU
copolymers were synthesized by a one-pot polyaddition of
PEG, MAP, and HDI. The polyaddition was conducted at
specified molar ratios (as shown in Table 1). The specific

This journal is © The Royal Society of Chemistry 2012
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reaction procedure is as follows: a solution of specified
amounts of PEG and MAP in mixed solution with 1,2-
dichloroethane and THF (v/v=1:1) was prepared. Then, a
solution of a specified amount of HDI in 1, 2-dichloroethane
was prepared with a catalytic amount of dibutyltin dilaurate
(0.5 wt%, with respect to the reactant), and added dropwise to
the (PEG+MAP) solution such that the molar ratio of HDI to
(PEG+MAP) was 1:1. Finally, the reaction mixture was stirred
at 80 °C under a dry nitrogen atmosphere for 24 h. After the
procedure, an excess of methanol was added, and the mixture
was reacted for an additional hour to eliminate any remaining
dibutyltin dilaurate or oligomer residue. The resulting products
were collected by precipitation in diethyl ether, and then
collected through filtration, and followed by drying under
vacuum until a constant weight was reached, affording a yield
of over 90%.

Synthesis of PEU-Methacrylate (PEU-MA)

The hydrolysis of the acetal portions in PEU-MAP was
followed by the next procedure. Briefly, the obtained PEU-
MAP copolymers (4.0 g) were dissolved in H,O/THF mixed
solutions (200 mL, v/v = 1:1), and then concentrated
hydrochloric acid was added under stirring at pH 3.0 for 12 h.
After hydrolysis, the solution was neutralized by NaOH to pH
7.0. And then the unnecessary THF, anisaldehyde and NaCl
were removed by a dialysis membrane (MWCO, 3.5 kDa) in
deionized water. The hydrolysed PEU was obtained by freeze-
drying, affording a yield of over 72%.

The olefination of hydrolysed PEU was followed by the next
procedure. Briefly, the hydrolysed PEU (2.0 g) was dissolved in
dry CH,CI, (100 mL) with TEA as an acid-binding agent. The
specified amount of MAC was dissolved in dry CH,Cl,. And
then the MAC solution was added dropwise to the PEU solution
at 0 °C under a dry nitrogen atmosphere for 12 h. After
olefination, the reaction system was washed by saturated
Na,CO3/NaCl aqueous solution. The resulting products were
collected by precipitation in diethyl ether, and then collected
through filtration, and followed by drying under vacuum at
room temperature until a constant weight was reached,
affording a yield of over 85%.

Preparation of Photocured PEU-MA and PEU-MA-PEGDA
Hydrogels and Gel Membranes

PEU-MA or PEU-MA-PEGDA hydrogels were formed by
mixing a specified amount of PEU-MA or PEU-MA with
PEGDA in deionized water, respectively, with 0.1 wt% 12959
as a photoinitiator. The molar rate of PEGDA to MA in PEU
was 1:2. The cross-linking reaction was initiated by exposure to
UV light (ca. 5 mW-cm™, model 100AP, Blak-Ray) for 2 min.
The hydrogels obtained by UV solidification were dried under
vacuum at 50 °C until a constant weight was reached. The
hydrogels were then used to form membranes for the swelling
ratio tests, in vitro and in vivo degradation, and the tensile tests.

Rheology Test

This journal is © The Royal Society of Chemistry 2012
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The rheology properties of the hydrogels were tested by an
AR2000ex rheometer (TA Instruments). Temperature-
dependent changes in the elastic modulus (G') and the viscous
modulus (G") were recorded by an aluminium parallel plate
with a diameter of 40 mm. The sample gap was set to 1.0 mm.
The temperature was controlled by a Peltier system with the
bottom plate connected to a water bath. The rheology tests
consisted of two samples. Sample 1 was prepared by mixing
PEU2000-MA (0.5 g) in the PBS buffer solution (2.5 mL, pH
7.4). The frequency was 1 rad-s™, with a target strain value of
10%. The temperature was increased from 15 to 40 °C at a
warming rate of 2 °C-min™t. And then, the temperature was
decrease from 40 to 15 °C at a cooling rate of -2 °C-min™. After
testing, Sample 1 was removed. Sample 2 was added on the
plate, which was prepared by mixing PEU2000-MA (0.5 g) and
PEGDA (0.1 g) as the cross-linking agent in the PBS buffer
solution (2.5 mL, pH 7.4), with AIBA (0.1 wt%) acting as a
thermal initiator. The plate was heated from 15 to 70 °C at a
heating rate of 1 °C-min™ and cooled from 70 to 15 °C at a
cooling rate of -1 °C-min’. In addition, Sample 2 was used to
determine the kinetics of the chemical cross-linking at 35, 50
and 60 °C.

Swelling Ratio Test

The swelling ratio measurement was conducted by soaking the
dried samples in a temperature-controlled bath of deionized
water. The temperature of the water bath was adjusted
individually to 20, 25, 30, 33, 35, 37, 40, 45, and 50 °C. After
12 h of soaking, the samples were taken out from the water bath
and gently blotted with filter paper to remove surface water,
followed by immediate weighing. The swelling ratio (SR) was
calculated according to the following equation:

SR = (W - W,) / W,

, where Wy and W denote the weights of the dried and swollen
samples, respectively.

In Vitro Degradation

Degradation rates were measured by incubating dried PEU-MA
or PEU-MA-PEGDA hydrogels in 20 mL of 10 mM PBS buffer
solution at pH levels of 7.4, 9.0, and 4.0 under continuous
shaking (60 strokes-min™) at 37°C. The same tests were
performed with a 0.1 M ascorbic acid/sodium ascorbate
(AH,/AH") buffer solution at pH 4.0 and a pH 7.4 PBS buffer
solution with lipase. The specific processes of this two tests
were that 2000 units of lipase per day (100 units-mL™) were
added to the pH 7.4 PBS buffer solution, and 0.2 mL of 3 wt%
H,O, per day (reactive oxygen species (ROS)) were added to
the AH,/AH" buffer solution in the first 5 days. After testing,
the samples were the removed, washed in deionized water,
dried under vacuum at 50 °C for 4 days, and weighed again to
determine the mass loss.

In Vivo Mass Decrease of Gel Membranes

J. Name., 2012, 00, 1-3 | 3
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All animal experiments were conducted in accordance with the
Management Ordinance of Experimental Animal of China
([2001] No. 545) and were approved by the Tianjin City
according to the experimental animals management rules
([2004] No. 30). For measurements of in vivo gel membranes
mass decrease,® the male Sprague-Dawley (SD) rats (n = 3)
were used as model animals. Several uniform fragments of
dried PEU-MA gel membranes mentioned above were weighed,
immersed in PBS (pH 7.4) to swelling equilibrium, and then
implanted in the SD rats’ subcutaneous tissues after autoclaving.
After each time interval, the residual gel membranes were
separated from skin, dried under vacuum at 50 °C until a
constant weight was reached, and then weighed for
determination of time-dependent gel membranes mass decrease.

Pull direction
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Scheme 1. Schematic illustration of lap shear testing using porcine small
intestine, artificial duramater and PBT after pre-activating the PEU-MA and PEU-
MA-PEGDA (A), glass slide and gelatin coating slide (B).

Adhesive Strength Test

The measurement of adhesive strength of the PEU-MA and
PEU-MA-PEGDA gels were performed by lap shear testing.®*
The Compant® Medical Adhesive (made by cyanoacrylate (CA),
Aoke Health Medical Equipment Ltd.), PEU-MA and PEU-
MA-PEGDA solutions were coated to the transparent glass
slide (or gelatin coating slide, width of 1.5 cm); another glass
slide was placed on the top of the original slide; and then the
two slides were exposure to UV light to activate the PEU-MA
and PEU-MA-PEGDA for 2 min. The adhered slides were used
to measure the adhesive strength (as shown in Scheme 1B). In
order to measure the adhesive strength of the PEU-MA and
PEU-MA-PEGDA on the tissue, the gelatin coating slide,
porcine small intestine and artificial duramater (made by
porcine pericardium, Grandhope Biotech Ltd.) were used as the
samples. The porcine small intestine or artificial duramater was
glued onto two flat aluminous substrates (width of 1 cm); and
the patches coated with the PEU-MA or PEU-MA-PEGDA
solution were exposure to UV light directly to pre-activate the
PEU-MA gels for 1 min at 37 °C as the UV light is difficult to

4| J. Name., 2012, 00, 1-3

penetrate through the aluminous substrate. And then the two
tissue-attached aluminous fixtures were adhered together when
the UV light irradiating from the side for 1 min and then from
the other side for another 1 min (As shown in Scheme 1A).
The polybutylene terephthalate (PBT) was also used as the
sample to measure the adhesive strength under the conditions
mentioned above (Scheme 1A). Several patches of artificial
duramater adhered with PEU2000-100MA were immersed in
PBS at pH 7.4, 37 °C, and the adhesive strengths were
measured at the time points of 7, 14 and 28 days. The strain rate
was 200 mm-min at 25 °C.

In Vitro Drug Release

Ibuprofen was selected as a model drug for the drug release of
PEU hydrogels. Ibuprofen was first dissolved in a PBS solution
with a concentration of 50 g-L™. Second, 50 mg PEU-MA or 50
mg PEU-MA with 10 mg PEGDA were added into 0.50 mL of
prepared ibuprofen solution, respectively. As a result, drug
containing PEU solutions with concentrations of 10% were
prepared. Third, 12959 (0.1 wt%) was added into this two PEU
solutions, and then they were exposure to UV light (ca. 5
mW-cm™) for 2 min at 37 °C until the cross-linking reaction
was completed to obtain drug-loaded hydrogels.

The obtained ibuprofen-loaded hydrogels (0.10 g) were sealed
in dialysis membrane tubes (MWCO, 3.5 kDa) and immersed in
20 mL of PBS buffer at pH 7.4. The mixtures were shaken at 37
°C. At predetermined intervals, 3 mL of release medium was
collected for testing and replaced by an equal volume of fresh
buffer. The concentration of released ibuprofen from hydrogels
was quantified by an UV spectrophotometer (Shimadzu Co.
Japan) at 263 nm. The cumulative ibuprofen release was
calculated as:

n-1
Cumulative release (%) = (Vez C+VoC,) / Mryg x 100
1

, Where V, is the amount of release media took out every time,
Vy is the amount of release medium, C; is the concentration of
ibuprofen released from hydrogel at displacement time of i,
Marug 1S the mass of drug used for release, and n is the
displacement time. Three replicates were measured for each
sample, and the results presented are the average data.>?>*

Cell Culture Studies

The cytotoxicity of PEU-MA and PEU-MA-PEGDA gels was
evaluated with NCTC clone 929 (L-929) cells. L929 cells were
cultured in Dulbecco Modified Eagle Medium (DMEM) with 1%
penicillin-streptomycin and 10% FBS in cell flasks. The L-929
cells were incubated at 37 °C under a humidified atmosphere
with 5% CO, for 3 days. The PEU-MA or PEU-MA-PEGDA
solutions were added into a 96-well tissue culture plate and
exposure to UV light (ca. 5 mW-cm™) for 10 min at 37 °C to
solidify and sterilize the gels in the clean bench. The L-929
cells grown in cell flasks were then detached on confluency by

This journal is © The Royal Society of Chemistry 2012
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adding 1 mL 0.25% trypsin with 0.1% EDTA. The cells were

seeded on the top of the gels at a density of 1x10° cells per well,

and incubated to support cell growth.

After incubated at 37 °C under 5% CO, for 12, 24 and 48 h,
AO/EB was added into the 96-well culture plate to stain the L-
929 cells. The cells were then incubated for 1 h, and observed
by an inverted microscope.

MTT assay was also used to investigate the biocompatibility
of PEU-MA and PEU-MA-PEGDA gels. After time points of
24 and 48h, 100 uL of MTT solution (5 mg-mL™) was added
into the well plate and incubated for a further 4 h. The solution
of MTT was removed and 150 pL DMSO were added to each
well to dissolve the formazan crystals of the MTT. The

o | o am
ol —= o3~ X
4 o =]
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absorbance of each well was measured by a microplate reader
(Labsystem, Multiskan, Ascent, Model 354 Finland) at 490 nm.
The relative cell viability was defined by comparing them with
the absorbance of the control wells, which only contained cell
culture medium at 490 nm. The cell viability was calculated
according to the following equation:

Cell viability (%) = (As / A.) x 100%

, Where A is the sample absorbance at 490 nm, and A. is the
absorbance at 490 nm of the positive control. Cells incubated in
the absence of the gels in the DMEM complete medium were
used as this positive control.

i
i - ] o n
"""\-{ovﬂd’: "u?q‘ﬂ‘r funwl e ﬁ\.{o._rh&-: h“?‘qn‘]' A:w‘
2.0 o . L g i
d"‘\
Temperature- ,
sensitive Photocuring =
ﬁ
Sol
Reversible Cross-linked
Gnl Geal

Scheme 2. Synthetic routes of MAP, random PEU-MAP copolymers and PEU-MA hydrogels. Reagents and conditions: (i) pentaerythritol, concentrated HCl, rt; (ii) PEG,
HDI, 1,2-dichloroethane, dibutyltindindilaruat, N, atmosphere, 80 °C, 24h; (iii) THF, water, concentrated HCI, rt; (iv) CH,Cl,, MAC, 0 °C; (v) No cross-linking agents or

PEGDA; 12959, hv. R: PEU-MA or PEGDA-MA-PEU.

Table 1. Summary of the synthetic random PEU copolymers

Solubility in H,O at

Polymer Mw/Da (PEG) PEG:MAP (n/n) Mn/Da Mw/Da Dispersity 250C
PEU1000-MAP 1000 1:1.5 24413 60544 248 Sol.
PEU1000-MA 1000 1:1.5 20543 39443 1.92 Sol.
PEU1500-MAP 1500 1:3 23617 51013 2.16 Sol.
PEU1500-MA 1500 1:3 18643 32066 1.72 Sol.
PEU2000-MAP 2000 1:4 26518 63908 241 Sol.
PEU2000-MA 2000 1:4 22487 46548 2.07 Sol.

Results and Discussion

The purpose of this work is to develop a temperature-sensitive
PEU hydrogel capable of chemically cross-linking. Such a

This journal is © The Royal Society of Chemistry 2012

hydrogel would be a promising candidate for tissue adhesive
and drug-loading hydrogel, which may be applied in the field of
tissue engineering.

The design of the hydrogel was based on the guidelines
below: firstly, MAP was synthesised by the condensation

J. Name., 2012, 00, 1-3 | 5



Polymer Chemistry

reaction with pentaerythritol and p-anisaldehyde. Secondly,
equal amounts of HDI and diols of MAP and PEG were used to
prepare random PEU copolymers via a one-pot additional
polymerization. Finally, the acetal moieties in the PEU were
hydrolysed and the MA was grafted to the PEU main chain.
The MA and HDI moieties of the copolymers comprise the
hydrophobic parts of the solution. The olefin groups of the MA
serve as the points of chemical cross-linking in the copolymers.
The PEG moieties serve as the hydrophilic segments. The
solution of PEU copolymers in PBS at pH 7.4 undergoes a
reversible and rapid sol-gel transition with increasing
temperature. After the gelation of the PEU-MA solution at the
specified temperature range, the physical hydrogel can be
further self-cross-linked or cross-linked with PEGDA by UV
curing or thermal initiation. The cured PEU-MA hydrogels can
maintain the gel state and shape across a wide temperature
range including when the temperature is reverted to the original
solution temperature range. The further cross-linking time of
the PEU-MA is around 2 minutes for UV curing and not more
than 30 minutes for thermally initiating.

A
3330
1723
B
1217 c
3328
1718
f T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber i em

Figure 1. FT-IR spectra of photocured PEU2000-MA gels (A), HDI (B) and
PEU2000-MA (C).

The synthetic route of PEU-MA hydrogel formation is
illustrated in Scheme 1. The first step was to synthesis the MAP,
and the product was characterized by 'H-NMR, *C-NMR and
FTIR (Fig. S1, S2 and S3). The second step was the synthesis
of the PEU copolymer with MAP, HDI and PEG. The third step
was the hydrolysis of the PEU acetal portions and the
olefination of the hydrolysed PEU to obtain PEU-MA. Finally,
the cross-linked PEU-MA or PEU-MA-PEGDA hydrogels were
prepared by UV-curing after the physical PEU hydrogel
network had formed. The intermediate products of PEU-MAP
and hydrolysed PEU were characterized by H-NMR and FTIR
(Fig. S4-6). Figure 1 shows the FTIR spectra of the photocured
PEU2000-MA gels (A), HDI (B), and PEU2000-MA
copolymers (C). The FTIR spectra of the PEU2000-MA
copolymers and the PEU2000-MA gels share common
absorption peaks near 1715 and 3330 cm™ that are assigned to

6 | J. Name., 2012, 00, 1-3

the C=0O and N-H stretching of the urethane groups,
respectively. The disappearance of the absorption peak of the
isocyanate group near 2272 cm™ (Fig. 1B) in the FTIR spectra
of the PEU2000-MA copolymers and the PEU2000-MA gels
(Fig. 1A and C) indicates that no unreacted isocyanate groups
remain in the resulting copolymer and gel. The H-NMR
spectrum of PEU2000-MA is shown in Fig. 2, which indicates
the coexistence of MA, PEG, hexamethylenediamine (HDA)
and remaining MAP in the copolymer. SEC measurements
were performed to determine the molecular weights and
polydispersity indices of the synthesized copolymers (Fig. S7).
The SEC characterization results for all of the synthesized
multiblock PEU copolymers (PEU1000, PEU1500, PEU2000
and their MA) are summarized in Table 1. The molar ratios of
PEG to MAP in, PEU1000 and PEU1500 are maintained due to
their solubility in water and the approximately constant molar
ratio between the hydrophilic portions (structural units of
CH,CH,0 in PEG) and the hydrophobic portions in PEU2000
(HDA and MAP parts), which is caused by the temperature-
sensitive hydrogels formed by PEU2000-MA.
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Figure 2. 'H-NMR spectrum of PEU2000-MA in DMSO-d6.

Hydrolysis of Acetal Portions in PEU. The Kkinetics of
acetal hydrolyses was measured as follow. The acetal portions
in PEU were hydrolysed at different pH and detected by UV/vis
spectroscopy by measuring the absorbance at 279 nm.%® The
PEU-MAP (0.2 g) was dissolved in phosphate buffer solution
(PBS, 100 mL, pH 7.4) and PBS/THF mixed solution (50 mL
of PBS and 50 mL of THF, pH 7.4), respectively. The prepared
PEU aqueous solution and PEU solution of PBS/THF were
divided into four aliquots and adjusted to pH 3.0, 4.0, 5.0, and
7.4, respectively, by addition of 50 pL of 4.0 M pH 3.0, 4.0,
and 5.0 acetate buffers or pH 7.4 phosphate buffer, while
keeping the same of the salt concentration. All of the samples
were shaken at 37 °C. At the expected time points, 50 uL
aliquots were removed and diluted with 2.95 mL phosphate
buffer (0.1 M, pH 7.4) and the absorbance at 279 nm was
measured. Finally, all the samples were completely hydrolysed

This journal is © The Royal Society of Chemistry 2012
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by addition of 1.0 mL concentrated HCI for excess 1 h and
were measured again to determine the absorbance at 100%
hydrolysis, which was used to calculate extent of acetal
hydrolysis. The degree of complete hydrolysis (DH) of the
PEU-MAP which was finally hydrolysed by concentrated HCI
was determined by *H NMR (Fig. S5).%¢
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Figure 3. Kinetics of hydrolysis of the PEU acetal portions in Water (A) and in
THF/Water mixed solvent (B) and the degree of complete hydrolysis (DH) (C).

The kinetics of acetal hydrolysis and DH were shown in Fig.
3. As shown in Fig. 3A or 3B, the hydrolysis rate was relative
to the pH value of the solution. The low pH value could
accelerate the hydrolysis of the acetal. The results showed that
the hydrolysis rate of the acetals in PBS/THF mixed solutions
were faster than in PBS (Fig. 3A and 3B).

While negligible hydrolysis was observed after 24 h at pH
7.4 both in the PBS/THF mixed solutions and PBS, rapid
hydrolysis took place at pH 3.0 and 4.0, with half-lives of 2 and
7 h in mixed solutions, and half-lives of 7 and 9 h in PBS,
respectively. The hydrolysis degree at 24 h was 42.1% in PBS
and 77% in mixed solutions at pH 5.0. The rates of hydrolysis
in PBS were similar to those reported by Zhong et al. for PEG-
Polycarbonate copolymers with p-methoxybenzylidene acetals
attached at the side.®® And the DHs of PEU2000-MAP were
64.5% in PBS and 72.8% in mixed solutions (Fig. 3C). The

This journal is © The Royal Society of Chemistry 2012
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reason of these phenomena is that the acetal (MAP) and HDA
portions in PEU are reunited to form the hydrophobic cores in
PBS. The acetals wrapped in the hydrophobic cores are difficult
to contact with H,O and the hydrogen ion. Nevertheless, THF is
a good solvent for MAP and HDA. The addition of THF in
solvent can help the stretch of the segments in the hydrophobic
cores, which induce more H,O and the hydrogen ion could be
diffused into the core and accelerate the hydrolysis. Moreover,
the grafting ratios of MA are relative to the degree of complete
hydrolysis, which are also determined by *H NMR (Fig. 2).%¢ In
this study, the mentioned “PEU2000-56MA” means that the
grafting ratio of MA in PEU2000 is 56%.

Rheology Properties. The transition behaviour from the sol
to the gel state occurred abruptly, and could happen within 10 s.
The purpose of the testing of rheological properties is to
observe the capability of rapidly gelating and keeping gel state.
Variations of G' and G" of the PEU2000-100MA solutions (Fig.
4) were detected as a function of temperature with dynamic
rheological analysis. As shown in Fig. 4A and 4B, the
PEU2000-100MA solution has a Lower Critical Solution
Temperature (LCST) from sol state to gel state. In the warming
process, the LCST of this solution is 34 °C, and in the cooling
process, the gel could convert to sol state also at 34 °C,
reversibly. Oddly, if the temperature was increased higher than
60 °C, this originally reversible hydrogel is difficult to convert
to sol state when the temperature was decreased to 15 °C
without any excess initiator (Fig. S8). This phenomenon might
be caused by the radical polymerization of the MA, which is
initiated by the trace amounts of reactive oxygen species (ROS)
in water.>® Figure 4C showed a warming and cooling
procedure with the sample of PEG2000-100MA, PEGDA as a
cross-linking agent and AIBA as an initiator. Once the cross-
linking reaction has happened, the gel formed by the
temperature-sensitive is not reversible. The PEU2000-100MA-
PEGDA hydrogel could well keep the gel state even when the
temperature was decreased to 15 °C. Interestingly, other PEU-
MA copolymers (such as PEU1000-MA and PEU1500-MA,
even PEU2000-56MA and PEU2000-21MA) cannot form the
reversible and temperature-sensitive hydrogels below 40 °C
except PEU2000-100MA (Fig. S9 and S10).The reversible
hydrogel of PEU2000-100MA might be formed by the enough
strong of hydrophobic interaction and hydrogen-bonding
interaction. The kinetics of the PEU2000-100MA-PEGDA
chemical cross-linking at 35, 50, and 60 °C (at which
temperatures the PEU2000-100MA solution was in the gel state)
was also determined by dynamic rheological analysis. As
shown in Fig. 4D, the PEU2000-100MA solutions gelated
within 10 s at each test temperature, and the values of the G'
and G" of PEU-MA at 35 °C were nearly constant because the
initiator (AIBA) only decomposes with difficulty at this
temperature. As the decomposition rate of the initiator increases
with temperature, the cross-linking rate of the PEU-MA with
PEGDA at 60 °C was the fastest of the three test temperatures.
The rate of chemical cross-linking was closely related to the
decomposition rate of the initiator.
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Figure 4. Rheology tests of PEU2000-100MA aqueous solution: (A) 20 wt% PEU2000-100MA solutions at warming process from 15 to 40 °C; (B) 20 wt% PEU-100MA
solutions at cooling process from 40 to 15 °C; (C) 20 wt% PEU2000-100MA and 5 wt% PEGDA solutions with 0.1% AIBA as initiator at warming (from 15 to 70 °C) and
then cooling (from 70 to 15 °C) processes; and (D) kinetics of chemical cross-linking of PEU2000-100MA-PEGDA solutions with 0.1% AIBA as initiator at 35, 50, 60 °C.

Swelling Test. The favourable property of hydrogels is their

T ability to swell but not dissolve in a solvent due to their

e chemically or physically cross-linked network. An appropriate

swelling value is one of the basic requirements for hydrogels

used in biomedical and tissue engineering. The swelling value

is correlated with the gel cross-linking density, which is

influenced by the content of MA in the copolymer. The

equilibrium swelling value will usually increase with

decreasing cross-linking density. Therefore, the swelling value

is always used to qualitatively characterize the cross-linking
density of the hydrogels.?% 60-62

The effects of PEG segment length in PEU, the content of

3 MA and temperature-to-swelling ratio of the photocured PEU-

3 —F— a3 MA and PEG2000-MA-PEGDA hydrogels were studied. The

20 = 24 = A - om grafting ratio of MA moieties in the PEUs can be obtained by

Temperature~C calculating the peak area ratio via the H-NMR spectrum of

PEU-MA (Fig. 2). As shown in Fig. 5, the low grafting ratio of

Figure 5. Swelling ratios of photocured PEU2000-56MA-PEGDA (a), PEU2000-  NA in the PEU2000-MA gels results in high swelling ratios,

100MA-PEGDA (b), PEUZOOO-.SSMA (c), .PEU2000—100MA (d), PEU1500-100MA (e) because the gel network formations are tight when the grafting

and PEU1000-100MA (f) gels in PBS at different temperatures.
ratio of MA is high. The swelling ratios of the PEU-100MA
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gels are nearly temperature independent, and the swelling ratio
increases from PEU1000-100MA to PEU2000-100MA.
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Figure 6. In vitro degradation of photocured PEU2000-100MA gels (A) and
PEU2000-MA or PEU2000-MA-PEGDA gels degraded by ROS (B).

These phenomena are related to the hydrophilicity and
uniformity of the cross-linking point in the PEUs. The short
PEG segments in the PEUs decrease the hydrophilicity of the
PEU-100MA hydrogels, but increase the uniformity of the
cross-linking points in the PEUs. This is due to the lack of
cross-linking groups contained in the PEG segment, and leads
to a tighter gel cross-linked network. As the grafting ratio of
MA moieties in the PEU2000-100MA gel decreases, the
influence of temperature on the swelling ratio becomes
apparent, as a result of the dehydration of the PEG segment that
occurs at high temperatures. However, when the grafting ratio
of MA moieties in the gels is increased, the segmental motion
of the PEU2000 is blocked by the rigid cross-linked network,
which leads to a weakening the influence of temperature on the
swelling ratio of PEU2000-100MA.

Moreover, the swelling ratios of PEU2000-MA-PEGDA gels
are higher than the PEU2000-MA gels at the same grafting ratio
of MA moieties. These phenomena might indicate that the gel
network formations of the PEU2000-MA are tighter than the

This journal is © The Royal Society of Chemistry 2012
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PEU2000-MA-PEGDA, because the polymethacrylate (PMA)
chain might appear in the PEU2000-MA gels.
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Figure 7. In vivo mass decreases of photocured PEU2000-100MA and PEU2000-
100MA-PEGDA gel membranes.

In Vitro Degradation. As shown in Table 1, all of the
molecular weights and dispersities of PEU-MA are lower than
the PEU-MAP. This phenomenon might indicate that the PEU
copolymers could be hydrolysed under the acid condition when
the acetal hydrolysis was happened. In order to verify this
inference and study the biodegradability of each PEU-MA
hydrogels, the degradation tests of PEU hydrogels were
conducted under various environments at 37 °C including:
physiologically neutral (pH 7.4), weakly acidic (pH 4.0),
weakly alkaline (pH 9.0), reactive oxygen species (ROS), and
lipase (pH 7.4). ROS represents a class of significant oxygen
radicals, including O,», H,0,, and *OH.>"®° The species in this
class with the highest activity is the hydroxyl radical (+«OH).%®
The ROS could be released by adherent macrophages and
foreign body giant cells (FBGCs) in vivo.5® The release rate
of the ROS is 0.55-0.65 nmol-min™ per 1x10” cells from
leukocytes under inflammation.®” It has been demonstrated that
the PEU could be degraded by ROS.% In this study, the
improved Fenton reagents composed of ascorbic acid and H,0,
were used to simulate the ROS environment in vitro.®*7® The
*OH produced by the improved Fenton reagents were used to
degrade the PEU-MA hydrogel.™

As shown in Fig. 6A, although the PEU1000-100MA (Fig.
S11) and PEU2000-100MA hydrogels experienced little
degradation after 30 days of exposure at pH 7.4, the
degradations of PEU1000-100MA (95.5% of remaining mass)
and PEU2000-100MA (91.5% of remaining mass) were
relatively obvious under the same conditions for 80 days (Fig.
S12). The remaining mass of PEU1000-100MA after 30 days at
pH 4.0 and 9.0 was 92% and 68%, respectively. Similarly, the
remaining mass of PEU2000-100MA after 30 days at pH 4.0
and 9.0 was 84% and 53%, respectively. The H,0, and lipase
were continuously added to the degradation system over the
first 5 days, and as a result the degradation rate over the first 5
days was faster than over the last 25 days. When the lipase
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addition ceased, the PEU-MA hydrogels were difficult to
degrade. This is because the lipase, which initially could
decompose the ester bond portion of urethane and the MA ester
which is the cross-linking sites in the hydrogel, became
deactivated over time. Similarly, even though the PEU-MA
hydrogels can be degraded at pH 4.0, the addition of H,0O,
accelerated the degradation of the PEU-MA hydrogels over the
first 5 days. The urethane, PEG and MA ester portions could be

decomposed by the hydroxyl radicals (*OH). The degradation
rate of the PEU2000-100MA gel was relatively faster than that
of the PEU1000-100MA gel. This phenomenon can be
explained by the different hydrophilicities and gel networks of
the PEU1000-100MA and PEU2000-100MA gels. The strong
hydrophobicity and high cross-linking density of the PEU1000-
100MA gels result in a slow degradation.
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Figure 8. Tests of the adhesive strength of PEU-MA or PEU-MA-PEGDA gels. (A) Adhesions on the glass slide with different PEU hydrogels and medical-grade
cyanoacrylate (CA); (B) Adhesions on different materials with PEU2000-100MA hydrogels; (C) Adhesions on different materials with PEU2000-100MA-PEGDA
hydrogels; (D) Adhesions on artificial duramater with PEU2000-MA immersed in PBS of pH 7.4 at the time points of 0, 7, 14 and 28 days, 37 °C.

Moreover, the PEU-MA and PEU-MA-PEGDA gels with
different grafting ratios of MA were degraded by ROS in the
first 5 days. As shown in Fig. 6B, the degradation rate of
PEU2000-56MA gels were faster than PEU2000-100MA gels,
which could be explained by the lower cross-linking density of
PEU2000-56MA gels than PEU2000-100MA gels. The lower
of the grafting ratios of MA in PEU gels, the faster the
degradation rates of the PEU gels were. However, the
PEU2000-MA-PEGDA gels were degraded faster than
PEU2000-MA gels at the same grafting ratios of MA. These
phenomena were compared with the result of swelling test.
Also, the cross-linking agent of PEGDA would be attacked by
the hydroxyl radical.

In Vivo Mass Decrease of Gel Membranes. It has been
demonstrated that the PEU-MA gel membranes could be
degraded in vitro by lipase and ROS which were contained in
the body. However, the concentrations of the lipase and ROS in
the in vitro degradation experiments were much higher than
which were contained in vivo. In order to study the in vivo
degradability of photocured PEU-MA gels, the PEU2000-
100MA and PEU2000-100MA-PEGDA gel membranes were
selected as the samples to implant in the SD rats’ subcutaneous

10 | J. Name., 2012, 00, 1-3

tissues. The mass decreases were detected at the time interval
of 2, 4, 6 and 8 weeks after implantation. As shown Fig. 7, the
remaining mass of PEU2000-100MA gel membrane was 74%
for 8 weeks of implantation, and only 43% of PEU2000-
100MA-PEGDA at the same time. It is predictable that these
gel membranes could be completely degraded in vivo finally.
The degradation rate of PEU2000-100MA was faster than
PEU2000-100MA-PEGDA, which was similar to the
phenomenon of in vitro degradation.

Adhesive Strength. The adhesive strength of PEU-MA and
PEU-MA-PEGDA gels on different materials were summarized
and shown in Fig. 8. As shown in Fig. 8A, the adhesions were
decreased from PEU1000-100MA to PEU2000-100MA-
PEGDA. The adhesion of PEU1000-100MA, PEU1500-
100MA and PEU2000-100MA were 13.24, 11.26 and 9.68
N-cm, respectively. These phenomena were related to the
uniformity of the cross-linking point in the PEUs, which was
compared with the results of swelling test. The adhesion of
PEU2000-100MA was stronger than PEU2000-56MA owing to
the lower cross-linking density of PEU2000-56MA gels than
PEU2000-100MA gels, and the same to the PEU2000-100MA-
PEGDA and PEU2000-56MA-PEGDA gels. However, the

This journal is © The Royal Society of Chemistry 2012
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adhesive strengths of PEU2000-MA-PEGDA were lower than
the PEU2000-MA at the same grafting ratios of MA. These
phenomena might indicate that the gel network formations of
the PEU2000-MA are tighter the PEU2000-MA-PEGDA.

Streass/MPa

Sitrain (%}
Figure 9. Stress-strain curves of the gel membranes of PEU1000-100MA (a),

PEU1500-100MA (b), PEU2000-100MA (c), PEU2000-100MA-PEGDA
PEU2000-56MA (e) and PEU2000-56MA-PEGDA (f) at 25 °C, 200 mm min™.

(d),

Table 2. Tensile properties of PEU-MA and PEU-MA-PEGDA gel
membranes

Young’s Ultimate .
Gel Membranes Modulus Strength Stram(;t)Break
(MPa) (MPa) 0
PEU1000-100MA 70.12 £ 9.10 13.26 + 3.18 57.9+35
PEU1500-100MA  40.71 +5.26 10.99 + 1.58 714+6.3
PEU2000-100MA 25.46 + 3.74 9.54 +2.10 84.9+6.1
PEU2000-
100MA-PEGDA 11.31+1.32 6.61+1.12 80.9+5.4
PEU2000-56MA 15.18 +1.35 757+1.12 1169+ 4.9
PEU2000-56MA- 7561071 523+094 1079469

PEGDA
All of the adhesions of the PEU gels are lower than CA, but
the adhesions of dried PEU gels are stronger than CA (Fig. S13)
except PEU2000-MA-PEGDA gels. As shown in Fig. 8B and
8C, the adhesions of PEU2000-100MA and PEU2000-100MA-
PEGDA gels on the tissues (gelatin coating slide, porcine small
intestine and artificial duramater) were stronger than on glass
slide and PBT. The adhesion of PEU2000-100MA gels on
artificial duramater was the strongest, which was as high as
20.35 N-cm™, and the PEU2000-100MA-PEGDA was 11.22
N.cm™. The adhesion of PEU gels on the tissues might be
mainly caused by the hydrogen bond. As shown in Fig. 8D, the
adhesions on the artificial duramater with PEU2000-100MA
were not obviously decreased, which were immersed in PBS for
28 days. It was indicated that the PEU2000-100MA could well
keep the adhesion on the tissues even when it was immersed in
the water.

This journal is © The Royal Society of Chemistry 2012
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Figure 10. Ibuprofen release from photocured and ibuprofen-loaded PEU2000-
100MA-PEGDA (a) and PEU2000-100MA (b) hydrogels at pH 7.4.

Tensile Properties. The tensile properties of the photocured
PEU-MA and PEU-MA-PEGDA gel membranes which were
dried under vacuum at 50 °C were studied with the tensile
analysis at a strain rate of 200 mm-min™ at 25 °C. The stress-
strain curves recorded by the tensile analyses are shown in Fig.
9, and the mechanical parameters are listed in Table 2. The
stress-strain curves indicate that the PEG molecular weight has
a significant influence on the mechanical properties of the
materials. Lower PEG molecular weights lead to higher
observed tensile strengths in the PEU-MA gel membranes. The
Young’s moduli of the PEU1000-100MA, PEU1500-100MA,
and PEU2000-100MA gel membranes at the same grafting
ratios of MA were found to be 70.12, 40.71 and 25.46 MPa,
respectively. The strains at break of the PEU1000-100MA,
PEU1500-100MA, and PEU2000-100MA gel membranes were
57.9%, 71.4%, and 84.9%, respectively. The results were
compared with the swelling tests, which together showed that
the cross-linking density of the PEU-MA gel membranes with
short PEG molecular weights were tight at the same grafting
ratios of MA. Moreover, the tensile strength was affected by the
grafting ratios of MA of the gel membranes for the same PEU
copolymer. The Young’s moduli of the PEU2000-MA gel
membranes at grafting ratios of MA of 100%, 56%, and 21%
were found to be 25.46, 15.18 and 6.05 MPa, respectively, with
strains at break of 84.9%, 116.9%, and 121.4%, respectively
(Fig.S14).

Interestingly, the Young’s moduli and strains at break of
PEU2000-MA were both higher than the PEU2000-MA-
PEGDA at the same grafting ratios of MA. And all the PEU-
MA gel membranes (except PEU2000-21MA) were undergone
a strain softening and then strain hardening procedure (Fig.8, a,
b, ¢ and e) during the tensile processes, which are different
from the typical elastomers such as PEU2000-MA-PEGDA and
PEU2000-21MA (Fig.8, d and f, and Fig S14). The strain
softening of the PEU2000-MA might be caused by the dynamic
recrystallization of the liner polymer chain in the gel
membranes. And the strain hardening of the PEU2000-MA
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might be caused by the formations of the cross-linking network.
These results pointed toward that the PMA chains were formed
when the MA moieties in PEU were reunited in the PEU2000-
MA gels via the hydrophobic interactions. This leads to that the
gel networks of PEU-MA are different from the typical cross-
linking networks and are more like interpenetrating networks
which contains the two networks of PEU and PMA (as shown
in Fig. S15)."" " This analogously interpenetrating network
leads to the high mechanical properties, strong adhesive
strength, low swelling ratios and degradation rates of the PEU-
MA gels. However, the grafting ratios of MA in PEU2000-
21MA were so low that it was only formed the typical cross-
linking networks (Fig. S14).

Study of Ibuprofen Release. If the PEU gels are used to the
adhesive of subcutaneous tissue or visceral organ, the
functional drugs could be loaded in the PEU-MA gels to
achieve the outcome of anti-inflammatory and analgesia. In this
study, ibuprofen was selected as a model drug for the drug
release of PEU hydrogels owing to the UV-stability of
ibuprofen. To evaluate the ability of the PEU hydrogels to
effectively deliver ibuprofen, in vitro ibuprofen release from
PEU2000-100MA and PEU2000-100MA-PEGDA gels (pH 7.4)
at 37 °C was studied. Figure 10 shows the release profiles of
ibuprofen from the PEU hydrogels. As shown in Fig. 10, about
51.3% of the ibuprofen was released from the ibuprofen-loaded
PEU2000-100MA-PEGDA hydrogel, while about 43.3% of the
ibuprofen was released from the PEU2000-100MA hydrogel
over the tested 15 d period. These results indicate that the
release of ibuprofen from ibuprofen-loaded PEU hydrogels is
dependent on the network formations of PEU-MA and PEU-
MA-PEGDA gels. The network formations of PEU2000-
100MA are tighter than the cross-linking network formations
PEU2000-100MA-PEGDA.

The release mechanism of ibuprofen from the degradable
matrix is influenced both by diffusion of the drug and the
degradation of the matrix, * although the PEU gels are
degraded very slowly in PBS at pH 7.4. The Ritger-Peppas
equation was used to study the mechanism of ibuprofen release
from PEU2000-100MA and PEU2000-100MA-PEGDA
hydrogels.”® According to the Ritger-Peppas equation:

Mt/Mw:ktn

where t refers to the drug release time, M; / M., is the drug
fraction released at time t, and k and n are the constant and
kinetic exponent of drug release, respectively. The n value
calculated according to the equation for the initial several hours
of PEU2000-100MA-PEGDA hydrogel was 0.412, indicating
that the kinetics of ibuprofen release corresponds to that of
typical Fickian diffusion, the same to the PEU2000-100MA
gels of which the n value was 0.384. This phenomenon
indicated that the PEU gels were difficult to degrade in the PBS
at pH 7.4.

Cytotoxicity Evaluation. The cytotoxicity evaluation of the
L-929 cells on the PEU-MA and PEU-MA-PEGDA gels were
studied by examining the cell viability for 24 and 48 h with
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MTT colorimetric assay. The positive control for this procedure
was cells incubated in the complete medium but without the
presence of the PEU-MA and PEU-MA-PEGDA gels. The
relative cell viability on each PEU-MA or PEU-MA-PEGDA
gel was examined in Fig. 11A. As shown in Fig. 11A, none of
the gel groups showed cytotoxicity toward L-929 cells, and the
cell viability of each gel was clearly increased from 24 to 48 h.
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Figure 11. In vitro cytotoxicity of PEU-MA gels to NCTC clone 929 (L-929) cells
following 24 and 48 h incubation (A) and Fluorescence images of L-929 cells
cultured on the surface of photocured PEU2000-MA gels for 12, 24 and 48 hours.
The cells were double stained with AO/EB. Scale bars = 100 um (B).

In addition, after incubated with PEU2000-100MA-PEGDA
and PEU2000-100MA gels for 12, 24 and 48 h, the L-929 cells
were stained with acridine orange/ethidium bromide (AO/EB).
The fluorescence micrographs were obtained with an inverted
microscope to distinguish the living cells (green fluorescence)
from the dead (red fluorescence). As can be observed in Fig.
11B, after a prolonged incubation time of 48 h, the cells treated
with AO/EB staining present green fluorescence. Scarcely any
red fluorescence could be seen in the micrographs on the
surface of the PEU2000-MA and PEU2000-MA-PEGDA gels.
This result indicates that the PEU2000-MA and PEU2000-MA-
PEGDA hydrogel is conducive to cell growth and proliferation.

Conclusions

This journal is © The Royal Society of Chemistry 2012
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The temperature-sensitive PEU-MA copolymer hydrogels
capable of chemically cross-linking were successfully
synthesized based on PEU-MA copolymers. The PEU-MAs can
be further cross-linked by photocuring after gelating at a
specific temperature range. There are various advantages to
these materials, including: (i) a rapid sol-gel phase transition
via temperature response; (ii) the physical hydrogel can be
further cross-linked by UV curing after temperature-sensitive
gelating, and can keep its gel state and shape in a wide
temperature range; (iii) the PEU-MA gels have high and
persistent adhesive strength on the tissues especially on the
artificial duramater and can load functional drugs; and (iv) the
obtained gels have good mechanical property, biodegradability
and biocompatibility. These materials show promise as
biomaterials for tissue adhesive, especially for fixing and
sealing the artificial duramater patches to prevent the leakage of
cerebrospinal fluid. Thereinto, the PEU2000-100MA and
PEU2000-100MA-PEGDA gels are most potentially applied to
the tissue adhesive in clinical application due to their limited
swelling ratios, excellent adhesive strength, and rapid gelation
at the physiological temperature. These rapidly responsive and
chemically crosslinkingable hydrogels would be a promising
candidate for rapid prototyping, and for filling or starting
scaffolds that could be used for the loading drugs or growth
factors to promote the repair and regeneration of soft tissues.
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