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Cell encapsulation in three-dimensional (3D) hydrogels can mimic native cell microenvironment and
plays a major role in cell-based transplantation therapies. In this contribution, a novel in situ-forming
hydrogel, Dex-1-DTT hydrogel (“I” means “linked-by”), by cross-linking glycidyl methacrylate derivatized
dextran (Dex-GMA) and dithiothreitol (DTT) under physiological conditions, has been developed using
thiol-Michael addition reaction. The mechanical properties, gelation process and degree of swelling of the
hydrogel can be easily adjusted by changing the pH of phosphate buffer saline. The 3D cell encapsulation

geﬁv:g;g: ability is demonstrated by encapsulating rat bone marrow mesenchymal stem cells (BMSCs) and NIH/3T3
Tl¥iol-Michael addition fibroblasts into the in situ-forming hydrogel with maintained high viability. The BMSCs also maintain
Dextran their differentiation potential after encapsulation. These results demonstrate that the Dex-1-DTT hydrogel

3D cell encapsulation
Bone marrow mesenchymal stem cells

holds great potential for biomedical field.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Three-dimensional (3D) cell culture systems find widespread
applications in biomedical field, due to their capability of mim-
icking the native microenvironment necessary for cell-cell and
cell-matrix interactions [1,2]. Various 3D culture systems have
been developed, such as cell spheroids for studying tumor behav-
iors [3,4], microcarrier culture for proliferating stem cell [5-7],
tissue-engineered scaffolds for modeling bone marrow niches
[8] and cell encapsulation for cell-based transplantation thera-
pies [9-11]. Among these 3D systems, encapsulating cells into
suitable scaffolds has attracted increasing attention due to some
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advantages, including ease of handling, highly hydrated tissue-like
microenvironment and uniform cell distribution [12-14].
Hydrogel, a representative soft and wet biomaterial with tun-
able properties mimicing native extracellular matrix (ECM), such as
high water content, excellent mass transportation and tissue-like
elasticity [15,16], is one of the most promising soft biomaterials
for 3D cell encapsulation [12,17,18]. Various hydrogels have been
used for 3D cell encapsulation, including natural-derived hydro-
gels (e.g., Matrigel™ [19], collagen [20,21], and fibrin [22]), as
well as synthetic hydrogels (e.g., polyethylene glycol (PEG) [23-27],
polyvinyl alcohol (PVA) [28], and polyhydroxyethyl methacrylate
(PHEMA) [29]). Although natural-derived hydrogels have excellent
biocompatibility, the disadvantages of high batch-to-batch varia-
tions, undefined matrix compositions and restricted modification
possibilities [1,30] significantly limit their applications. By contrast,
synthetic hydrogels have defined chemical structures and stable
physicochemical properties [31-33]. Unfortunately, they involve
the biocompatibility issue since they lack the biologically relevant
chemistries [30], and are considered as foreign object for cells.
Therefore, there is still an unmet need of hydrogels with good
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biocompatibility and easy modification for designing diverse 3D
cell encapsulation systems.

To address above challenge, semi-synthetic hydrogels combin-
ing both the advantages of natural-derived and synthetic hydrogels
have been proposed. As popular biomaterials, hyaluronic acid and
alginate have been abundantly reported to prepare semi-synthetic
hydrogels for 3D cell encapsulation in the past decades [34-36].
Exploring novel hydrogel system for 3D cell encapsulation will
arouse a general readership among the scientists in the fields of
biomaterial, in particular researchers working on 3D cell encapsu-
lation. As a natural-derived polysaccharide constituted by glucose,
dextran has attracted wide attention as excellent biomacro-
molecule for preparing semi-synthetic hydrogels, owing to the
properties of biocompatibility, nontoxicity and easy chemical mod-
ification [37-39]. Although several dextran-based semi-synthetic
hydrogels have been investigated for drug delivery, protein release
and biosensor [40-42], there are few reports on 3D cell encapsula-
tion system due to the lack of appropriate gelation approach.

Among various hydrogels prepared by different procedures, in
situ-forming hydrogels, which can directly encapsulate cells in the
process of gelation, have been extensively explored as scaffolds
for 3D cell encapsulation, due to many favorable characteristics,
including homogenous encapsulation of cells and moldability of
complex shapes [43,44]. However, the existing in situ gelation
approaches involve cell toxicity derived from some chemicals (e.g.,
monomer, initiator) or gelation procedures (e.g., UV light, heating)
[30,45]. Thiol-Michael addition reaction, a highly regioselective and
efficient click chemistry reaction, holds great potential to address
these challenges [46]. Additionally, the reaction can be carried out
under physiological conditions, making them compelling reactions
within the bioengineering toolkit for fabricating 3D hydrogel scaf-
folds [37,38,47].

In this contribution, we designed an in situ-forming dextran-
based hydrogel for 3D cell encapsulation via nontoxic gelation
procedure under physiological conditions. The glycidyl methacry-
late derivatized dextran (Dex-GMA)-based hydrogel cross-linked
by dithiothreitol (DTT) can be facilely prepared by mixing Dex-
GMA and DTT dissolved in phosphate buffer saline (PBS). Two kinds
of cells, rat bone marrow mesenchymal stem cells (BMSCs) and
NIH/3T3 fibroblasts have been successfully encapsulated into the
semi-synthetic hydrogel. More than 90% cells encapsulated in the
system survived, and the BMSCs maintained their differentiation
potential.

2. Materials and methods
2.1. Synthesis and characterization of Dex-GMA

Synthesis of GMA-modified dextran derivatives (Dex-GMA) was
conducted as previously described [48]. In a typical reaction,
Dextran (My =40,000) (10g, 62 mmol glucopyranosyl ring) was
dissolved in 40 mL of DMSO and the solution was stirred for 1h
under nitrogen. After the dextran was completely dissolved and
the solution became transparent, 1.9 g 4-dimethylaminopyridine
(DMAP) (15.5mmol) and 4.4g glycidyl methacrylate (GMA,
31 mmol) were added to the solution. Then the solution was stirred
at 50°C for another 12 h and after that, an equimolar amount of HCI
was added to the mixture to neutralize the DMAP. When the reac-
tion finished, the mixture was transferred into dialysis bag (Mw
cutoff 8 kDa) to dialyze against distilled water for one week. At last,
water was removed by lyophilization to obtain Dex-GMA deriva-
tives as a white fluffy product. The degree of substitution (DS) was
determined from 'H NMR spectra by comparing the ratio of the
areas under the proton peaks at 6.18 ppm to the peak at 4.94 ppm
(Fig. S1). "TH NMR spectra were recorded in D, 0 on a 400 MHz NMR
spectrometer (Bruker, Switzerland).

2.2. Rheological characterization

The kinetics of gel formation was evaluated using the rheome-
ter equipped with a 50mm, 1° cone (MCR302, Anton Paar,
Austria). Briefly, 10 wt% Dex-GMA and stoichiometric equivalent
DTT (1.36 wt%) in phosphate buffer saline (PBS) were put into the
gap between lower plate and cone, and the temperature was kept
at 37°C. During the hydrogel formation process, the storage mod-
ulus (G’) and loss modulus (G”) were monitored for 60 min under a
condition of 10rad/s shear rate and 10% strain.

2.3. Young’s modulus evaluation

The Young's modulus of the hydrogel was evaluated by com-
pressive stress—strain measurements using a tensile-compressive
tester (CMT6503, MTS, USA). The hydrogels equilibrated in PBS
with different pH were punched into disk-shaped samples (15 mm
diameter, 2-3 mm thickness) by a hole punch. Then the samples
were compressed at a strain rate of 10% min~! at room tempera-
ture. The Young’s modulus was determined by the average slope of
stress—strain curve in the strain range of 0.05-0.1, and each value
was averaged over four parallel measurements.

2.4. Degree of swelling and swelling volume ratio

The degree of swelling of the hydrogels was obtained by soak-
ing the hydrogels in PBS with different pH until they reached the
equilibrium state. The degree of swelling of hydrogel was quan-
tified as the weight ratio of the swollen state (W) of hydrogel to
that in the dry state (Wy), that is, degree of swelling = Ws/Wy. The
swelling volume ratio of hydrogel was quantified as volume ratio
of the swollen state (V) of hydrogel to that in the initial state (Vp),
that is, swelling volume ratio = V/Vj.

2.5. Cytotoxicity

MTT assay was conducted to evaluate the cytotoxicity of Dex-
GMA and DTT. Briefly, 200 L NIH/3T3 fibroblasts (ATCC, Manassas,
USA) or BMSCs suspension with a density of 5 x 104 cell/mL was
seeded to 96-well tissue culture polystyrene (TCPS) and then were
cultured for 24 h. The culture medium was discarded after 24 h
and the medium containing Dex-GMA or DTT was added into the
TCPS. The concentration of Dex-GMA or DTT was 0, 0.5, 1, 1.5, and
2.0 mg/mL. After treatment by Dex-GMA or DTT for interesting time
(24, 48 h), the medium was discarded and fresh culture medium
containing 0.5 mg/mL MTT was added to each well. The plate was
then incubated for 4 h. After incubation, the medium containing
MTT was discarded and dimethyl sulfoxide (DMSO) was added.
Then the plate containing samples was measured in a microplate
reader at 490 nm (Thermo Scientific Multiskan GO, USA). Every
experiment was repeated for three times.

2.6. 3D cell encapsulation

The 3D cell encapsulation using in situ-forming Dex-1-DTT
hydrogel was conducted according to the following procedures.
DMEM/HIGHGLUCOSE (Thermo Fisher Scientific, USA) contain-
ing 10% (v/v) fetal bovine serum (Invitrogen, Carlsbad, CA, USA),
100U/mL penicillin, 100U/mL streptomycin (Invitrogen, Carls-
bad, CA, USA) and a-MEM (Sigma-Aldrich, China) containing 10%
(v/v) fetal bovine serum (Invitrogen, Carlsbad, CA, USA), 100 U/mL
penicillin, 100 U/mL streptomycin (Invitrogen, Carlsbad, CA, USA)
was used for NIH/3T3 fibroblasts and BMSCs culture, respectively.
BMSCs used here was prepared following the previous literature
[49]. The cells (NIH/3T3 fibroblasts or BMSCs) with a density of
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Fig. 1. Overview of Dex-1-DTT hydrogel formation by thiol-Michael addition click reaction. (A) Schematic representation of the formation of the hydrogels and digital photos
of the gelation process. (B) The reaction mechanism and reaction rate equation of the thiol-Michael addition reaction used in the hydrogel formation.

3 x 10 cell/mL were mixed with culture medium containing stoi-
chiometric equivalent Dex-GMA (10 wt%) and DTT (1.36 wt%). Then,
the cell suspension was transferred to 24-well TCPS and allowed to
complete gelation process within 5 min. After the cell-encapsulated
hydrogel formed, they were transferred to 6-well TCPS for cultiva-
tion at 37 °C with 5% CO,. At the initial 24 h, medium was changed
every 6 h, and after that the medium was changed every 24 h.

2.7. Cell viability

Cell viability was assessed with LIVE/DEAD Viability/
Cytotoxicity Kit containing Calcein acetoxymethyl ester (Cal-
cein AM) and Ethidium Homodimer 1 (EthD-1) (Molecular Probes,
USA) and MTT assay. At the time point of interest, a portion of cell-
encapsulated hydrogel was incubated in 200 p.L working solution
containing 2 wM Calcein AM and 4 wM EthD-1 for 25 min, and then
the hydrogel was rinsed with PBS. The images of the cells were
visualized with fluorescence microscopy (OLYMPUS, Tokyo, Japan),
and the numbers of live and dead cells were quantified using Image
Pro Plus 6.0. When MTT assay was used to detect cell viability, the
procedure was performed as follows. Cell-encapsulated hydrogel
was punched into disk-shaped samples (with diameter of 4 mm
and thickness of 2 mm) and these samples were transferred into
96-well TCPS. At the initial 24 h, culture medium was changed
every 6h, and after that the culture medium was changed every
24 h. At the time point of interest, the medium was discarded and
fresh culture medium containing 0.5 mg/mL MTT was added to
each well. The plate was then incubated for 4 h. After incubation,
the medium containing MTT was discarded and DMSO was added.

Then the plate containing samples was measured in a microplate
reader at 490 nm (Thermo Scientific Multiskan GO, USA). Every
experiment was repeated for three times.

2.8. ALP activity assay

ALP activity was measured using the ALP kit (Nanjing Jian Cheng
Bioengineering Institute, China) according to the manufacturer’s
instruction [50]. Briefly, the BMSCs-encapsulated hydrogels were
first cultured in «-MEM medium containing 10% FBS for 24 h and
then the medium were changed to osteogenic induction medium
(a-MEM was supplemented with 10% FBS, 10mM [3-glycerol
phosphate (Sigma), 50 Lg/mL ascorbate-2-phosphate (Sigma) and
10-7M dexamethasone (Sigma)). BMSCs-encapsulated hydrogel
cultured in «-MEM medium containing 10% FBS (without 3-
glycerol phosphate, ascorbate-2-phosphate and dexamethasone)
was used as control group. Onday 1, 3,5, 7,9, and 14 of cultivation,
a portion of hydrogel with the same volume were punched from
the samples and rinsed by PBS for three times. Then, the hydro-
gel was immersed into 250 L RIPA Lysis Buffer overnight at 4°C
to collect the supernatant liquid to test the ALP activity during the
osteogenesis process.

3. Results and discussion
3.1. Hydrogel synthesis

Dextran modified by glycidyl methacrylate (Dex-GMA) was syn-
thesized by the coupling reaction of dextran (M, =40,000) and



Z.Q. Liu et al. / Colloids and Surfaces B: Biointerfaces 128 (2015) 140-148

A 10'd  seeessesssssssssses
10°
_ 107
< 1
& ]
B 10 ® storage modulus, G'
- 3 O loss modulus, G"
& 10" pH=7.0
E —— pH=74
1o ] —— pH=78
107 4
T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
C Time (s)
35
304
254
<
=)
@ 20
=
8
g 154
w
o)
=
é 10
5
04

E

100 pm

Y

B

Gel point (s)

Degree of swelling

143

600

500

400-

300-

200-

100-

0.
7.0 72 74 7.6 7.8

pH
25
[ Degree of Swelling
Il Swelling Volume Ratio
) -2.0
30
' g
254 L5 &
. =
5]
204 5_
| 102
15 1 §
=2

7.6

7.8

Fig. 2. The effect of pH on the gelation process and properties of Dex-1-DTT hydrogel. (A) Rheology analysis of the gelation process. The storage modulus G’ (solid) and loss
modulus G” (hollow) of the system during the gelation process under pH="7.0 (black), pH=7.4 (orange) and pH="7.8 (blue). The arrow indicated the crossover point of G'
and G”. (B) Gel point obtained from the rheology analysis. (C) The Young’s modulus of hydrogels formed with different pH PBS. (D) Degree of swelling and swelling volume
ratio of hydrogels formed with different pH PBS. SEM image of the surface texture of hydrogels prepared in PBS under (E) pH="7.0, scale bar: 100 wm, (F) pH=7.4, scale bar:
10 wm, (G) pH=7.8, scale bar: 1 wm. Error ranges are standard deviations over n=4 samples. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)

glycidyl methacrylate (GMA) in dimethyl sulfoxide (DMSO) fol-
lowing the literature procedures [48]. The degree of substitution
(DS) of dextran was calculated by comparing the integral of sig-
nals at §=6.18 (Hb) and 4.94 (Ha) according to NMR spectra
(Figs. 1A and S1). Herein, the DS of dextran was 37%, and Dex-
GMA concentration was set at 10 wt%. When the concentration of
Dex-GMA is lower than 10 wt¥%, the gelation process is very slow or
cannot occur, while the Dex-GMA cannot be completely dissolved
in PBS when Dex-GMA concentration is higher than 10 wt%.

The in situ-forming Dex-1-DTT (“1” means “linked-by”) hydro-
gel can be easily prepared by simply mixing Dex-GMA and DTT
in PBS, via thiol-Michael reaction between methyl acrylate (from
Dex-GMA) and thiol (from DTT) groups under physiological tem-
perature (37 °C). The gelation process of Dex-1-DTT hydrogel can be

confirmed through vial tilting method. Once homogeneously mix-
ing DTT solution with Dex-GMA solution (brownish yellow color
originated from carbonyl group contained in ester bond) at the
same molar ratio of the functional groups (R=Mpya:Mpjol, R=1)
under physiological conditions, the fluidity of the reaction mixture
gradually decreased, and the Dex-1-DTT hydrogel could be obtained
within a few minutes (Fig. 1A).

3.2. Effect of pH on hydrogel properties

According to the reaction mechanism, thiols can be easily depro-
tonated in an alkaline pH and become Michael acceptors, thiol
anion (S™), which readily reacts with certain electron-deficient
double bonds (Fig. 1B). Thus, the Dex-1-DTT hydrogel formation can



144 Z.Q. Liu et al. / Colloids and Surfaces B: Biointerfaces 128 (2015) 140-148

>
250

Cell viability (%)

0 0.5 1.0 1.5 2.0
Concentration of Dex-GMA (mg/ml)

150

ot
o] [ 5

Cell viability (%)

0 0.5 1.0 1.5 2.0
Concentration of Dex-GMA (mg/ml)

B 8
Q
[_]24n
[ 481
%_
g
2z
= o4
Z S
B
= i
Q
o 4
v
0 0.5 1.0 1.5 2.0
Concentration of DTT (mg/ml)
D g
[_]24n
81 B s
—~ 24
x =2
z
B
s
W |
a
0 0.5 1.0 1.5 2.0

Concentration of DTT (mg/ml)

Fig. 3. The cytotoxicity of Dex-GMA and DTT tested by MTT assay over 24 h and 48 h. Viability of NIH/3T3 fibroblasts cultured in medium containing Dex-GMA (A) and
DTT (B) with different concentrations. Viability of BMSCs cultured in medium containing Dex-GMA (C) and DTT (D) with different concentrations. Error ranges are standard

deviations over n=4 samples.

be controlled by two parameters: pH, which determines the con-
centration of thiol anion (S™), and the molar ratio of methyl acrylate
to thiol (R). When R was set as a constant (R=1), pH would be the
key parameter to control the in situ gelation process. Therefore,
we designed a series of experiments to study the effect of pH on
the hydrogel properties. All the following experiments were tested
while keeping R=1.

To assess the mechanical properties in the process of the in situ
gelation of Dex-1-DTT hydrogel, we performed rheology test (Fig. 2A
and B). The crossover point of storage modulus (G’) and loss modu-
lus (G”) marks the transition from liquid-like to solid-like behavior,
which is often used as an estimation of gel point (Fig. 2A) [51]. As
the pH was increased from 7.0 to 7.8, the gelation rate increased
as demonstrated by earlier gel point (short gelling time, Fig. 2B).
For example, the hydrogel reached the gel point within 88 £5s in
pH=7.8 PBS which was approximately 6-fold faster than that in
pH=7.0PBS(gel point512 + 6 s). The results indicate that the in situ
gelation process can be accelerated by increasing pH, which is coin-
cident with the proposed reaction scheme (Fig. 1B). On the other
hand, these results also demonstrate that the Dex-1-DTT hydrogel is
stable with pH ranging from 7.0 to 7.8, which is the range applicable
for biomedical applications [23].

Besides gel point, the hydrogel properties including Young’s
modulus, degree of swelling, swelling volume ratio and mor-
phology of surface texture, were also affected by pH. The
Young’s modulus of the hydrogel prepared under pH=7.8 was
29.6 +3.7 kPa, which is higher than that prepared under pH=7.0

(10.9 £ 1.8 kPa) (Fig. 2C). As demonstrated by reaction mechanism,
high pH enhances reaction rate between methyl acrylate and thiol
groups, therefore, nearly all the function groups can be activated at
the same time and participate in the thiol-Michael addition reac-
tion, resulting in densely cross-linked hydrogel with high Young’s
modulus. However, when the pH is decreased, only part of the
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different concentrations for 5min, 10 min, and 15 min. Error ranges are standard
deviations over n=4 samples.



Z.Q. Liu et al. / Colloids and Surfaces B: Biointerfaces 128 (2015) 140-148 145

Cell viability (%)

80
1

60
1

Cell viability (%)

40

0d 1d 3d 7d 14d
Culture time

1d 3d 7d 144
Culture time
E
250
[ os
I Control
200+
S
2
2
Z
g
[=%
—
. <

1d 3d 5d 7d 9d 14d
Culture time

Fig.5. Viability and differentiation potential of BMSCs encapsulated in Dex-1-DTT hydrogel. (A) Schematic representation of cell encapsulation processes. (B) Live/dead images
of BMSCs encapsulated in the hydrogel for 1 d, 3 d, 7 d, and 14 d. Green fluorescence designates live cells, whereas red fluorescence indicates dead cells. (C) Cell viability
obtained from the fluorescent images. (D) Cell viability of encapsulated BMSCs detected by MTT assay. (E) The ALP activity of encapsulated BMSCs cultured in osteogenic
induction medium (OS) and normal medium (Control) for 1 day to 14 days. Error ranges are standard deviations over n=4 samples. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)

function groups can react with each other and form defective poly-
mer networks, resulting in loosely cross-linked hydrogel and thus
low Young’s modulus. For cell encapsulation applications, signif-
icant volume change of hydrogel under cell culture environment
should be avoided. Therefore, the swelling behavior of hydrogel
prepared under different pH was tested. The degree of swelling of
the hydrogel prepared under pH = 7.8 was slightly lower (26.9 +1.1)
compared with the hydrogels prepared under pH=7.0 (36.8 +0.9)
(Fig. 2D). The result was in agreement with the changing trends
of Young’s modulus, due to the high cross-linking density under

pH=7.8. We further tested the swelling volume ratio of hydrogel
prepared under different pH (Fig. 2D), which decreased gradually
with increasing pH. The swelling volume ratio of hydrogel was
1.714+0.06 under pH=7.4, indicating that the volume change of
the hydrogel prepared under physiological pH is not obvious. These
results demonstrate that the hydrogel is suitable for 3D cell encap-
sulation.

The effect of pH on surface texture of freeze-dried Dex-l-
DTT hydrogels was characterized by using scanning electron
microscopy (SEM) (Fig. 2E-G). For all the hydrogels prepared under
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different pH, their pores appeared to be interconnected, which
could facilitate diffusion of molecules and oxygen, providing proper
conditions for cell encapsulation. We observed that the pore size
increased from 0.44 +0.03 pmto 14.2 + 1.9 wmand 62.2 + 14.9 pum
when the pH decreased from 7.8 to 7.4 and 7.0. Besides, high pH
condition gave more homogeneous pore size. These phenomena
can be explained as that more activated function groups (methyl
acrylate and thiol groups) participate in gelation process under
high pH, contributing to the high cross-linking density, and thus
smaller pores, and vice versa. These results demonstrate that the
pore size can be tuned by changing pH condition for forming hydro-
gels, which may provide suitable in situ forming hydrogel system
for different soft scaffold applications [52].

3.3. Cytotoxicity and 3D cell encapsulation

Cytocompatibility is critical for biomaterials used for 3D
cell encapsulation [53]. To evaluate the cytotoxicity of the
Dex-GMA polymer and DTT cross-linker, we performed 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT)
assay by directly adding Dex-GMA or DTT into cell culture
medium. Cell viability of NIH/3T3 fibroblasts and BMSCs under
the action of Dex-GMA was independent on concentration and
treatment time. The cell viability of both kinds of cells was as
high as ~95% even under high concentration (2.0 mg/mL) and long
treatment time (24 h) (Fig. 3A and C). When the treatment time
was extended to 48 h, MTT value of NIH/3T3 fibroblasts under
the action of Dex-GMA with different concentration increased
to ~150%, which was similar to that without Dex-GMA, indi-
cating that NIH/3T3 fibroblasts proliferated normally under the
action of Dex-GMA (Fig. 3A). All these data indicate the excellent
cytocompatibility of Dex-GMA polymer.

However, cell viability of NIH/3T3 fibroblasts and BMSCs under
the action of DTT was as low as ~55% and ~50%, respectively,

when the DTT concentration was in a range of 0.5-2.0 mg/mL
under 24h treatment time (Fig. 3B and D). When the treat-
ment time was extended to 48h, cell viability of both kinds
of cells decreased gradually with the increase of DTT concen-
tration. It indicates that cytotoxicity of DTT is notable under
long treatment time. Similar results have also been reported in
literature [12].

In fact, the in situ-forming Dex-1-DTT hydrogel (R=1, pH=7.4)
with encapsulated cells could be formed within 5min, which is
a little longer than the gelation process without cells. Taking into
account the fast gelation process and high reaction efficiency, there
is not a large amount of DTT existing for such long treatment time
in cell culture medium. Therefore, it is reasonable to detect the
cytotoxicity of DTT in a short treatment time. When treatment time
was 5 min, cell viability was as high as ~91% even under high DTT
concentration (2.0 mg/mL). Moreover, the cell viability was high
than 80% when treatment time was 10 and 15 min (Fig. 4). The
results indicate that most of the cells could survive during the short
in situ gelation process.

Cell encapsulation was performed to investigate the poten-
tial to use the Dex-1-DTT hydrogel as encapsulation matrices. The
NIH/3T3 fibroblasts or BMSCs laden hydrogels were prepared by
mixing cell suspension (3 x 10° cell/mL) with cell culture medium
containing the Dex-GMA polymer and DTT cross-linker under phys-
iological conditions (Fig. 5A). Following hydrogel formation, the
cell-laden hydrogels were cultured under standard conditions, and
cell viability was assessed using live/dead staining and MTT assay,
separately. At the initial time of cultivation (0~24h), the culture
medium was changed every 6h to remove the small amount of
unreacted chemicals. After 24 h, the culture medium was refreshed
every day to support cell growth. The live/dead staining was con-
ducted at the time point of interest (1, 3, 7, and 14 d) and the
images of fluorescence microscopy demonstrate that most of the
cells encapsulated in the hydrogel matrix remain alive after 14 d
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cultivation (Figs. 5B and 6A). Green fluorescence designates live
cells, whereas red fluorescence indicates dead cells. Quantitative
analysis of the images showed that there was a high viability of
encapsulated BMSCs (81 4 2%) and NIH/3T3 fibroblasts (91 4 2%) at
3 d post-encapsulation. When the culture time was extended to
14 d, cell viability of encapsulated BMSCs (72 +1%) and NIH/3T3
fibroblasts (82 + 2%) was still high (Figs. 5C and 6B). The MTT data
indicated that although cell viability slightly decreased with the
increase of culture time, there was a high viability of encapsulated
BMSCs (72 +£6%) and NIH/3T3 fibroblasts (83 +2%) at 14 d post-
encapsulation (Figs. 5D and 6C), which was consistent with the
results obtained by live/dead staining. These results clearly demon-
strate the good cytocompatibility of the in situ-forming Dex-1-DTT
hydrogel.

As one kind of adult stem cells, BMSCs can differentiate
into osteoblasts under different conditions [54]. When cultured
in osteogenic induction medium, BMSCs can differentiate into
osteoblasts, and alkaline phosphatase (ALP) plays an important role
during the calcified tissue formation process. As described in pre-
viously reported literatures, ALP expression of BMSC cultured in
osteogenic induction medium increased at the initial culture time
and then started to decrease after culturing for about 10-14 days
[55,56]. To quantify the differentiation ability of BMSCs encapsu-
lated in the Dex-I-DTT hydrogel, ALP activity was detected at day
1,3,5,7,9, and 14. ALP activity was very low at the initial culture
time point (day 1) and significant increase was detected from day 3,
reaching a peak atday 9, and then, the ALP activity decreased gradu-
ally (Fig. 5E), which was consistent with the previous report [55,56],
demonstrating the osteogenesis process. As a contrast, the increase
of ALP expression of BMSC cultured in normal medium (control
group) is not significant. The results indicate that the BMSCs encap-
sulated in the Dex-1-DTT hydrogels could not only survive, but also
maintain their differentiation ability.

4. Conclusions

In summary, this work presents the thiol-Michael click reaction
to synthesize in situ-forming dextran-based Dex-I-DTT hydro-
gels for 3D cell encapsulation. The gelation process, mechanical
properties, degree of swelling, swelling volume ratio and mor-
phology of surface texture of the hydrogel can be easily tuned by
adjusting the pH of the system ranging from 7.0 to 7.8. BMSCs
and NIH/3T3 fibroblasts were successfully encapsulated into the
hydrogel with maintained high viability, demonstrating the good
cytocompatibility of the hydrogel. ALP activity assay suggested
that encapsulated BMSCs can not only remain viability but also
maintain differentiation potential. The combination of tunable
properties and good cytocompatibility demonstrates the poten-
tial of the Dex-1-DTT hydrogels to be used as 3D scaffold for cell
encapsulation.
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