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a  b  s  t  r  a  c  t

We  developed  a copolymeric  bioadhesive  system  with  the  potential  to be  used  as  a tissue  adhesive
based  on  biopolymer  dextran.  Copolymeric  hydrogels  comprising  a  urethane  dextran  (Dex-U)  and  2-
hydroxyethyl  methacrylate  (HEMA)  were  prepared  and  crosslinked  under  the  ultraviolet  (UV)  irradiation.
In this  study,  the  photopolymerization  process  was  monitored  by  real  time  infrared  spectroscopy  (RTIR).
The adhesion  strength  was  evaluated  by lap-shear-test.  The  surface  tension,  viscosity  of  the  solutions  and
eywords:
extran
EMA
opolymerization
issue adhesive
hotocrosslinking

the cytotoxicity  assays  were  investigated.  Compared  to Dex-U  system,  the  addition  of HEMA  remarkably
improved  the  properties  of  Dex-H  system  especially  the adhesion  strength  and  the  nontoxicity.  And
materials  variation  could  be  tailored  to  match  the  need  of  tissues.  The  copolymeric  tissue  adhesives
demonstrated  promising  adhesion  strength  and  nontoxicity.  The  maximum  adhesion  strength  reached  to
4.33  ± 0.47  Mpa  which  was  86 times  higher  than  that  of  Tisseel.  The  obtained  products  have the  potential
to  serve  as tissue  adhesive  in  the future.
. Introduction

Tissue adhesives were rapidly expanding its application in the
eld of medical areas. Tissue adhesives could often help tissue
epair, reduce operative risk, promote would healing between
isjoined tissues and introduce rapid hemostasis. Commercial
iomedical adhesives could be classified into artificially synthetic
nd biological adhesives, such as the cyanoacrylate and fibrin.
yanoacrylate adhesive was a compound synthesized by conden-
ation of a cyanaocetate (Thumwanit & Kedjarune, 1999) with
ormaldehyde in the presence of a catalyst. It allowed rapid scar
ormation and would healing. Tremendous bonding strength and
he ability to adhere to wet surfaces have expanded the use in

edical area. But when polymerized in direct contact with the cell
ulture, cyanoacrylate caused excessive inflammation and tissue
ecrosis (Kim et al., 1995). Fibrin glue (Alston, Solen, Broderick,
ukavaneshvar, & Mohammad, 2007), associated with fibronectin,
as been shown to improve the percentage of skin graft take,
specially when associated with difficult grafting sites or sites asso-
iated with unavoidable movement. However, its bonding strength
as relatively weak and its degradation was fast. So, it had predom-

nantly been used to stop bleeding from parenchymatous organs

uch as the spleen or the liver. Problems with other tissue glues
ostly arise from inadequate bonding strength in a watery milieu,
hich were the two most important issues when designing bone
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and tissue adhesives for use in the human body. Tradeoffs between
various extremes of adhesion strength and biocompatibility were
a major challenge.

Adhesives based on natural products like gelatin,
collage, polysaccharide and biomimetic monomer l-3,4-
dihydroxylphenylalanine (Lim, Kim, & Park, 2012) (DOPA) and its
derivatives have been developed to overcome these disadvantages
in commercial tissue adhesives.

Messersmith’ groups (Brubaker, Kissler, Wang, Kaufman, &
Messersmith, 2010; Brubaker & Messersmith, 2011; Fullenkamp
et al., 2012; Lee et al., 2008; Lee, Messersmith, Israelachvili, &
Waite, 2011) developed a series of mussel-inspired adhesives
which obtained from branched water-soluble polyethylene glycol
(PEG) polymers contained reactive catechol moieties to make use
of the ability of the mussel to adhere to almost substrates in an
aqueous environment. And with careful design of polymer com-
position and architecture, the adhesive ability could be improved.
Polysaccharides, because of their inherently biomimetic physico-
chemical properties that allow for more interactions with proteins
and cells, were attractive for applications of tissue adhesive. As
reported (Bernkop-Schnürch, Kast, & Richter, 2001; Serrero et al.,
2011; Serrero et al., 2010), after chemically modification, alginate,
chitosan and starch could be used as adhesives in medical area.

Dextran was available and possessed a long history of both
commercial and clinical use as plasma volume expanders (Dargan,

1962; Kolmonen et al., 2011), drug delivery carriers (Peng, Tomatsu,
Korobko, & Kros, 2010), and wound cleansing and healing agents.
Dextran (Nowakowska, Zapotoczny, Sterzel, & Kot, 2004) was
a polymer of glucose in which the glucosidic linkages were

dx.doi.org/10.1016/j.carbpol.2012.09.057
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:yangdz@mail.buct.edu.cn
dx.doi.org/10.1016/j.carbpol.2012.09.057
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based contact angle measuring device (Data-physics, Germany).
Scheme 1. Synthesis of Dex-U and gel networks formed by of Dex-H.

redominantly of the �-(1–6) type and its physical structure and
roperties have been well characterized (Ioan, Aberle, & Burchard,
000a, 2000b, 2001). Structurally, there are abundant pendant
ydroxyl groups in its anhydroglucose unit; dextran could be
hemically modified to form hydrogels via cross-linking. There-
ore, dextran effectively combined the advantages of synthetic
nd natural polymers as tissue adhesive and tissue engineering
Liu & Chan-Park, 2009; Liu & Chan-Park, 2010). Edelman (Artzi,
hazly, Baker, Bon, & Edelman, 2009; Artzi, Shazly, Crespo, et al.,
009; Artzi et al., 2011; Shazly, Artzi, Boehning, & Edelman, 2008;
hazly et al., 2010) created a family of copolymeric hydrogels
eaturing aminated star PEG and aldehyde dextran to meet the
arying bioadhesive demands in the wide range of tissue com-
osition and medical loading conditions. Sun (Sun & Chu, 2009;
un et al., 2011) synthesized a series of functional dextran, includ-
ng allyl isocyanate (Dex-AI), ethylamine (Dex-AE), chloroacetic
cid (Dex-AC), or maleic-anhydride (Dex-AM). They integrated
unctional dextran and polyethylene glycol diacrylate (PEGDA) to
et hybrid hydrogels for biomedical use. For several years, dex-
ran hydrogels have been used in the field of tissue engineering
Lévesque & Shoichet, 2006; Yu & Shoichet, 2005) because of
he non-cell-adhesive nature of dextran. Although dextran held
ood biocompatibility and biodegradability, inadequate mechan-
cal properties and the long gelation time still are the issue for use
f bioadhesive cannot be ignored.

In order to overcome the problem of a longer gel time, pho-
ocuring method was introduced. Recently photocuring process has
een gained great attention in medical fields because the process of
hotoinitiating crosslinking is relatively simple, fast and mild. For

n situ curing bioadhesives, these characteristics were the remark-
bly advantages. Since the adhesive gels could be prepared from
iquids, they could be formed in situ following injection or similar
n vitro invasive delivery. Furthermore, the gels could be controlled
oth temporally and spatially by altering monomer concentration,
hotoinitiator concentration, light intensity and exposure time to

ight source. For tissue adhesive, the non-cell-adhesive nature of
extran (Lévesque & Shoichet, 2006; Massia, Stark, & Letbetter,
000) and delay of tissue healing were the problem that needs to
e overcome.

2-Hydroxyethyl methacrylate (HEMA) was less harmful to the
uman body than any other reagents commonly used in pho-
opolymerization biomaterials. Incorporating HEMA into polymer
hains has garnered much attention, especially in the biomedi-
al field. In the previous report, we have demonstrated a series of
rethane methacrylated dextran derivatives used as bioadhesive
hich could completed crosslinking within 5 min  and demon-

trated good adhesion strength (Li, Niu, Yang, Nie, & Yang, 2011;
ang, Nie, & Yang, 2012). In this study, we aimed at designing a

eries of urethane methacrylated dextran based copolymeric bioad-
esive by introducing HEMA (Scheme 1). We  hoped that HEMA

ould not only increase the adhesion strength but also improve
he cell adhesion. The properties of the adhesive system (called
ex-H) such as surface tension, adhesion strength, swelling ratio
ers 92 (2013) 1423– 1431

and photocrosslinking kinetics were measured. Cell adhesion and
proliferation on hydrogels were also observed.

2. Experimental methods

2.1. Materials

Dextran (Mw  20 kDa) was  purchased from Sinopharm Chem-
ical Reagent Co. Ltd. (Shanghai, China) and 2-isocyanatoethyl
methacrylate (IEMA) was purchased from Ginray Chemical Reagent
Co. Ltd. (Shanghai, China), respectively. 2-Hydroxyethyl methacry-
late (HEMA) and dibutyltion dilaurate (DBTL) as catalyst was
purchased from Aladdin Reagent Co. (Shanghai, China). Pho-
toinitiator 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-
propanone (Darocur 2959) was  supplied from Ciba-Geigy Chemical
Co. (Tom River, NJ, USA). Dimethyl sulfoxide (extra dry DMSO, water
<50 ppm) and other reagents were all obtained from Beijing Chem-
ical Agent Co. (Beijing, China).

2.2. Preparation of urethane dextran derivatives (Dex-U)

The synthesis and characterization of the urethane methacry-
lated dextran (Dex-U) was  published in our previously paper
(Wang et al., 2012). Briefly, dextran reacted with 2-isocyanatoethyl
methacrylate (IEMA) in the presence of DBTDL catalyst first. Eight
grams of dextran, 0.05 g of DBTL were dissolved in 250 mL  of DMSO
after adding into a three-necked flack less than 40 ◦C and under
nitrogen gas. Then, 7.5 g of IEMA dissolved in 80 mL  DMSO was
added dropwise within 3 h. Then the solution was  poured into
800 mL  of saturated sodium chloride solution with vigorous stir-
ring. The white precipitate was filtrated and washed with distilled
water for three times to remove DMSO and catalyst DBTL. Then the
urethane methacrylated dextran was obtained after lyophilization.
The different degrees of substitution (DS) of Dex-U could be got
by adjusting molar ratio of IEMA to the hydroxyl groups of dex-
tran. To improve the rate of gelation, the higher DS was  desired,
but when the DS > 0.5, the Dex-U could not dissolve in water. In
order to obtain hydrogel system, we  took the urethane dextran of
DS 0.5. The determination of the structure of Dex-U was detected
by FTIR and 1H NMR  (Li et al., 2011).

2.3. Preparation of dextran/HEMA (Dex-H) photocrosslinkable
gels

Hydrogels were fabricated by photocrosslinking of precursor
blend solutions (Dex-U and HEMA) which was  called Dex-H. The
50 wt% precursor solutions were prepared with a range of solu-
tion with different weight ratio of Dex-U to HEMA as shown in
Table 1. And the 1 wt% the photoinitiator Irgacure 2959 (D-2959)
which had been proved to be the least cytotoxic to various cells was
added above solution (Gao et al., 2010). The solution was injected
into the cylindrical rubber mold after homogenizing. The system
was irradiated under UV light source (320–480 nm, EXFOlite, EFOS
Corporation, Mississauga, Canada) at the light intensity of UV light
source was adjusted to 5, 10, 15, 30 and 50 mW/cm2 to yield the
photopolymerized hydrogels. The total solid content of the solu-
tions about 40 and 60% was also discussed.

2.4. Surface tension and viscosity of different composition of
Dex-H solutions

Surface tension of solutions was determined by an OCA20 video-
Viscosity measurements were made with an NDJ-1 rotation-
viscometer. Viscosities of solutions with different weight ratio of
Dex-U to HEMA at 50 wt% were detected.
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Table  1
The compositions of photopolymerization Dex-H/HEMA hydrogel.

Dex-H-1 Dex-H-2 Dex-H-3 Dex-H-4 Dex-H-5 Dex-H-6 Dex-H-7

Feed ratioa 10/0 8/2 6/4 5/5 4/6 2/8 0/10
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a Feed ratio means the ratio of Dex-U to HEMA.

.5. Measurement of photopolymerization kinetics of Dex-H

The double bond conversion of the gels was monitored by real-
ime near FTIR with the resolution of 4 cm−1 (Nicolet 5700, Thermo
lectron, USA, equipped with an extended range KBr beam-splitter
nd an MCT/A detector). A horizontal transmission accessory (HTA)
as designed to enable mounting of samples in a horizontal orien-

ation for FTIR measurements. The change of C–H absorbance peak
rea (C–H, belong double bond) from 6110 to 6210 cm−1 in the
ear-IR range was correlated to the double bond conversion. For
ach sample, the series FTIR runs were repeated three times, and
n most case, the error of double bond conversion was less than 2%
Zhou et al., 2008).

.6. Measurement of adhesion strength

Spread uniformly on the surface, 30 wt% gelatin solutions was
sed to mimic  the living tissue. The dimension of one piece of glass
as 5 mm  × 20 mm × 50 mm.  After drying for 20 min  at 70 ◦C, there
as a homogenous sheet of gelatin on the surface of glass. Then,

he pieces of glass were overlapped in 10 mm in which the Dex-H
olution was spread and the area of bonding was 20 mm × 10 mm.
hey were irradiated by UV light under light intensity 30 mW/cm2

or 5 min. The Dex-H was crosslinked between the gelatin sheets.
he glass samples after UV curing were tested by using a univer-
al testing machine (Model 1185, Instron, USA) with a crosshead
peed of 5 mm/min  at room temperature. For each experiment,
ve samples were measured and recorded the average of these
alues.

.7. Measurement of swelling kinetics

The sol-removed dry gels (weight W0) were immersed in PBS at
7 ◦C with constant shake. The swollen hydrogel disks were with-
rawn on a filter paper after certain time intervals. After removal
f the excess superficial water, the weight of the samples in the
wollen state (Ws) was measured until swelling equilibrium was
eached. Swelling ratio of hydrogel was calculated by the following
quation (Kim, Won, & Chu, 1999):

welling ratio (%) = Ws − W0

W0
× 100 (1)

.8. X-ray diffraction (XRD) study of gels

X-ray diffraction (XRD) patterns of the Dex-H gels were recorded
n an X-ray diffractometer (D/Max 2500VB2+/Pc, Rigaku, Japan)
ith CuK characteristic radiation (wavelength 0.154 nm)  at a volt-

ge of 40 kV and a current of 50 mA.  The scanning rate was 10◦/min
nd the scanning scope was at 5–90◦ at room temperature.

.9. Scanning electron microscopy (SEM)

The surface and internal morphology of cross-linked Dex-H

els were examined by SEM. Lyophilized gels were fractured after
ooling in liquid nitrogen to expose the structure inside the gels.
amples were mounted and sputter coated with gold/palladium
y scanning electron microscopy (SEM; Hitachi, S-4700, Japan). In
order to investigate the extent of self-polymerization of the HEMA,
the surface and internal morphology of Dex-H gels which had been
immersed in ethanol solvent for 24 h were also observed.

2.10. Cytotoxicity assays

The cytotoxicity of the gel samples was evaluated based on a
procedure adapted from the ISO10993-5 standard test method.
Mouse fibroblasts (L929) were cultured in DMEM medium sup-
plemented with 10% fetal bovine serum, together with 1.0%
penicillin–streptomycin, and 1.2% glutamine. Culture was main-
tained at 37 ◦C in a wet atmosphere containing 5% CO2. When
the cells reached 80% confluence, they were trypsinized with
0.25% trypsin containing 1 × 103 M ethylene diaminetetraacetic
acid (EDTA).For viability testing, MTT  (3-[4,-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide; Thiazolyl blue) assay were
carried out. For the MTT  assay, the samples with ∼0.2 mm thickness
were placed in wells of 24-well culture plate after being sterilized
with highly compressed steam for 15 min. The samples were then
incubated in 1 mL  DMEM medium at 37 ◦C for 24 h and the extrac-
tion ratio is 100 mg/mL. In the end, the samples were removed,
and it could obtain the so-called extracts. L929 cells were seeded
in wells of 96-well plate at a density of 103 cells per well. When
incubated for 24 h, the culture medium was  removed and replaced
with the as-prepared extraction medium and incubated for another
24 h, and then 100 �L MTT  solution was added to each well. After
4 h incubation at 37 ◦C, 200 �L of DMSO was added to dissolve
the formazan crystals. The dissolved solution was  swirled homo-
geneously about 10 min  by the shaker. The optical density (OD) of
the formazan solution was measured by an ELISA reader (Multiscan
MK3, Labsystem Co., Finland) at 570 nm.  The relative cell viability
was calculated by the following equation:

relative cell viability (%) = ODtreated

ODcontrol
× 100 (2)

where ODcontrol was obtained in the absence of samples, and
ODtreated was  obtained in the presence of samples.

After 48 h of culturing of the prepared circular samples, cellular
constructs were harvested, rinsed with PBS to remove non-
adherent cells. Subsequently, fixed them with 3.0% glutaraldehyde
at 4 ◦C for 4 h. After that the samples were dehydrated through a
series of graded ethanol solutions and air-dried overnight. Dry sam-
ples were sputtered with gold for observation of cell morphology
on the surface of the scaffolds by scanning electron microscope
(Hitachi, S-4700, Japan).

3. Results and discussion

3.1. Surface tension analysis

For adhesives, one of the most important parameters was sur-
face tension of adhesive. The dispersion of adherend and steady
performance after crosslinking were all affected by the surface

tension. The surface tension of adhesive solution must be equal
to or less than the one of adherend. The surface energy of
skin varied from 38 to 56 mN/m under different relative humid-
ity and temperature.(Venkatraman & Gale, 1998). The surface
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Fig. 1. Surface tension (a) and viscosity (

ension of blood was 47.5 mN/m by the sessile drop method at 37 ◦C
Agathopoulos & Nikolopoulos, 1995).

Surface tension of different composition of Dex-H solution
s shown in Fig. 1(a). It firstly decreased and then increased

ith increase of HEMA, and Dex-H-3 reached the minimum
2.5 ± 0.15 mN/m.  Mother nature drove all system to a minimum
nergy state, so in order to minimize surface energy, polar groups
rient away from the surface in air or toward the more polar phase
t aqueous interfaces. After the addition of hydrophilic HEMA,
on-polar groups ( CmH2m+1) were exposed to the air to min-

mize surface energy while polar groups ( OH) were exposed
n the water to minimize the interfacial energy of the Dex-H
olutions. When the addition of HEMA reached to a thresh-
ld, the molecular composition of surface showed no further
hange so as to obtain the minimal surface tension for Dex-H-3 at
2.5 ± 0.15 mN/m.  The surface tension of the solution was less than
r close to the scope of the surface tension of human skin that
ould help the solutions to spread easily on the skin to confirm the

dhesiveness.
As shown in Fig. 1(b), the value of viscosity of different compo-

ition of Dex-H solutions decreased to 0.006 Pa s with the decrease
f the content of Dex-U. And when the weight ratio of Dex-U to
EMA decreased to 2/8, the actual viscosity of solutions was too

ow to be measured.
Dex-U was a kind of polyfunctional macromolecules which

ehaved as entangled random coil chain in aqueous solution. The
ore macromolecules, the more serious it entangled that lead-

ng to the increase of the viscosity. On one side, the addition of
he low viscosity HEMA replaced the entangled Dex-U to decrease
he viscosity of the system. On the other side, the OH groups in
EMA can form hydrogen bond with OH groups of Dex-U in water.
oated with a layer of small molecule, the entanglement would
e broken. So the addition of HEMA decreased the viscosity of the
olutions.

.2. Photocrosslinking kinetics of Dex-H

When the Dex-H solution was crosslinked by UV irradiation, the
nsaturated C C double bonds of Dex-U started polymerize and the
rea of absorption peak attributed to C C double bond of methacry-
ate at 6120–6210 cm−1 decreased accordingly. The influence of the

eight ratio of Dex-U to HEMA on photocrosslinking process is
hown in Fig. 2(a), and it could be observed that the conversion

ate and the eventual conversion of the gels contained Dex-U were
bviously greater than neat HEMA gels. If there was Dex-U, the
ventual conversion could reach to 100%. But the conversion rate
ecreased with the increase of the content of HEMA. The eventual
ifferent composition of Dex-H solution.

conversion of double bonds of HEMA solution could only reached
20% which could not form stable solid gel after exposing to UV
light for 5 min. The increase of the content of polyfunctional Dex-U
increased the viscosity of solution which could hinder the termi-
nation of free radical and easily produce an auto-acceleration. The
more of Dex-U led to the faster the conversion rate and the higher
the eventual conversion. The effect of the total solid content was
also demonstrated in Fig. 2(b). The higher total solid content cor-
respond to the higher viscosity and therefore led to the higher the
conversion rate and the eventual conversion.

The influence of initiator D-2959 was performed in Fig. 2(c).
When increasing the content of D-2959 from 0.1% to 3%, both the
max conversion rate and the eventual conversion of methacrylate
double bonds were improved, which resulted from the more free
radicals released by D-2959. But when further increasing the con-
tent of the photoinitiator, the max  conversion rate and eventual
conversion tended to be constant. This might be the result of light
shielding effect, which was  induced by combination termination
of excessive free radicals produced by D-2959. Fig. 2(d) shows the
influence of UV light intensity from 10 mW/cm2 to 50 mW/cm2.
The higher the UV light intensity, the more free radicals produced
by photoinitiator D-2959 which resulted to increase of the max
conversion rate and eventual conversion of methacrylate double
bonds. Considered the balance of low cell injury and high polymer-
ization rate by high light intensity, light intensity of 30 mW/cm2

was selected.

3.3. Evaluation of adhesion strength

Lap shear tests are commonly found in the literature to assess
adhesive strength for bonding biological tissue (Burke, Ritter-Jones,
Lee, & Messersmith, 2007). We  used lap shear test to evaluate the
adhesive performance of Dex-H gels. The samples for lap shear test
were prepared by placing Dex-H gels between gelatin sheets to
simulate the living tissues. The methods were adapted from ASTM
F2255-03 “Standard Test Method for Strength Properties of Tissue
Adhesive in Lap-Shear by Tension Loading”.

Adhesion strength of different composition of Dex-H solution
is shown in Fig. 3(b). The adhesion strength was improved from
1.69 ± 0.14 Mpa  to 4.33 ± 0.47 Mpa  with the weight ratio of Dex-
U to HEMA decreased from 10/0 to 6/4. Polyfunctional Dex-U that
was considered as crosslinker provided sufficient cohesion. Com-
pared with Dex-U, before polymerization, monofunctional small

molecular HEMA was easy to penetrate into the surface groove of
gelatin to form mechanical interlocking. But when the weight ratio
of Dex-H to HEMA decreased to 0/10, excessive HEMA decreased
the crosslinking density so that the adhesion strength plummeted
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o 1.36 ± 0.29 Mpa. Insufficient cohesion caused the decrease of
dhesion. In Fig. 3(c), the increase of the total solid content reduced
he adhesion strength slightly. Too much cohesion brought down
he interfacial adhesion.

The adhesive properties of the Dex-H gels were compared to

ommercial available bioadhesives Tisseel (a fibrin adhesive). The
ex-H-3 gel exhibited the highest adhesion strength. For example,
ex-H-3 gel (4.33 ± 0.47 Mpa) which were 86 times higher than

hat of Tisseel (0.05 MPa) (Alston et al., 2007).

Fig. 3. (a) The schematic of preparation of lap-shear sample; adhesion strength of D
l solid content (b), different content of initiator (c) and different light intensity (d).

3.4. Measurement of swelling kinetics

When polymer was  used in the field of biomaterials, swelling
ratio was one of the important indicators to evaluate the adhesive
performance. High swelling ratio formed compression in the ves-

sel tissue of implantation even in hard tissue. This phenomenon
hindered the recovery process and caused infections.

Fig. 4 shows the swelling kinetics of Dex-H gels, when incu-
bated in PBS at pH 7.4. The swelling ratio increased with the

ex-H solution of different composition (b) and different total solid content (c).
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Fig. 4. Swelling kinetics of hydrogels of Dex-H of different composition (a), different
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otal  solid content of Dex-H-3 gels (b) and the before and after swelling photo of
ex-H gels (c).

romotion of the content of HEMA. The addition of HEMA
ecreased the crosslinking density so that led to the increase of
welling ratio as presented in Fig. 4(a). The swelling ratio 72%
f Dex-H-2 increased to 167% of Dex-H-5. While in Fig. 4(b),
he higher total solid content of gels possessed higher crosslink-
ng density which could control the swelling ratio. Therefore,

e must strike a balance between the total solid content
nd the proportion of HEMA in order to get optimal swelling
atio.

.5. X-ray diffraction (XRD) study of gels

Fig. 5 presents the XRD patterns of Dex-H-1, Dex-H-4 and
ex-H-7 gels after natural drying. It could be seen that Dex-H-

 gels exhibited three typical peaks at 2� = 18.84◦, 30.84◦ and
1.12◦, agreed to Jie Song’s observation that p(HEMA) possessed

hree typical peaks (Song, Saiz, & Bertozzi, 2003). The XRD pat-
erns of Dex-H gels changed with the variation of the weight
ation of Dex-U to HEMA. Amorphous Dex-U hindered the forma-
ion of inter- and intra-molecular hydrogen bonds thus forming a
Fig. 5. XRD patterns of Dex-H gels of different composition.

small fraction of crystalline phase and a larger fraction of amor-
phous phase. Dex-H-4 had one peak at around 2� = 18.84◦ and
it also presented weak crystallinity. XRD patterns also indicated
that Dex-U and HEMA formed good interpenetrating copolymeric
networks.

3.6. Scanning electron microscopy (SEM)

The surface and interior morphology of Dex-H gels after
lyophilization were demonstrated in Fig. 6(a)–(d). Compared to
Dex-H-1, the surface of Dex-H-3 was smooth and uniform and there
were light areas in the fracture surface. Under the high magni-
fication in Fig. 6(d), the difference between light and dark might
be caused by contrast. The copolymeric chain segment possessed
different electron intensity in comparison to the general chain seg-
ment so as to cause the contrast.

Fig. 6(e)–(j) demonstrats the surface and internal morphol-
ogy of the ethanol solvent treated Dex-H gels for that p(HEMA)
could be dissolved in ethanol. With the increase of the content of
HEMA from the Dex-H-3 gels to the Dex-H-5 gels, the marks that
p(HEMA) had been wash away became more and more obviously.
While in the facture surfaces in Fig. 6(f), (h), and (j), it could
be found that there were no obvious marks as in the surfaces.
This could indirect prove that the addition of monofunctional
small molecular HEMA inclined to spread to the surface of the
solutions.

3.7. Cytotoxicity assays

Fig. 7(a) shows the selected SEM images of mouse fibro-blast
L929 cell seeded on the surface of the Dex-H-1 and Dex-H-3 hydro-
gels after 48 h culture. The L929 cells spread quite well on the
surface of all hydrogels indicating good cell-surface interaction and
good cell viability on the Dex-H-3 gels surface as shown in Fig. 7(a2)
and (a3). While in Fig. 7(a1), cells could not spread well on the sur-
face of Dex-H-1. The addition of HEMA helped improve the cell
attachment on the surface of the Dex-H hydrogels.

An ideal bioadhesive should not release toxic products or pro-
duce adverse reactions that can be evaluated through in vitro
cytotoxic tests. It is a basic property for a biomaterial. Fig. 7b
demonstrates the absorbance obtained from a MTT  assay of L929

cells which were cultured with the extraction media from various
types of specimens. It could be seen from Fig. 7c, the average viabil-
ity of the cell still reached above 90% of that of the negative control
at 72 h and no statistically significant differences (p > 0.05) were
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Fig. 6. SEM images of Dex-H hydrogels with different composition after lyophilization: surface (a) and fracture surface (b) of Dex-H-1; surface (c) and fracture surface (d) of
Dex-H-3; solvent treated surface (e), (g), and (i) and fracture surface (f), (h), and (j) of Dex-H-3, Dex-H-4 and Dex-H-5, respectively.
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. Conclusion

In this study, we prepared a photocrosslinkable copolymeric
ioadhesive system (Dex-H system) by consisting of dextran
erivatives (Dex-U) and HEMA. The incorporation of HEMA signif-

cantly promoted the properties of Dex-H adhesives that superior
o Dex-U adhesives. The results of lap shear tests showed that the
opolymerization of HEMA and Dex-U especially when the weight
atio of Dex-U to HEMA at 6/4 dramatically increased the adhesion

trength to 4.33 ± 0.47 Mpa. It was about 86 times that of Tisseel.

But we still need to explore the approach to solve the problem
f the excessive swelling ratio which might hinder the recovery
rocess and caused infections.
 the surface of the Dex-H-1 (a1) and Dex-H-3 (a2 and a3); (b) MTT  test of Dex-H
ant differences when compared to the negative control of indirect cytotoxicity. The

ion.
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