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Cell  therapy  has  attracted  wide  attention  among  researchers  in biomaterial  and medical  areas.  As a  car-
rier, hydrogels  that  could  keep high  viability  of  the  embedded  cells  have been  developed.  However,  few
researches  were  conducted  on 3D  cell proliferation,  a key  factor  for cell  therapy,  especially  after  injec-
tion.  In  this  study,  we  demonstrated  for the  first time  the proliferation  regulation  of  the 3D-embedded
L929  cells  in  a  modulus-tunable  and  injectable  self-healing  hydrogel  before  and  after  injection  with-
out  adding  specific  growth  factor.  The  cells  showed  a stiffness-dependent  proliferation  to  grow faster
D cell culture
roliferation
ydrogel
echanical-strength

njection

in  higher  stiffness  hydrogels.  The  proliferating  rates  of the  encapsulated  cells  before  and  after  injection
were  quantified,  and  the shearing  force  as  a possible  negative  influence  factor  was  discussed,  suggesting
the  both  internal  property  of  the  hydrogel  and  injection  process  are  critical  for further  practical  applica-
tions.  Due  to  the  high  operability  and good  biocompatibility,  this  injectable  self-healing  hydrogel  can  be
a  promising  carrier  for cell  therapy.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cell therapy has been considered as the most direct approach to
chieve the therapeutic purpose by replacing/restoring the physi-
logical functions of damaged tissue or organs [1], and thus drawn
reat focus among researchers from both biological and clinical
edical areas. Despite of the inevitable immune reactions and

xtremely low targeting compatibility, the direct infusion of func-
ional cells, the first generation cell therapy method, has been
mployed in the clinic trial for decades to achieve many remarkable
uccesses [2,3], indicating the huge potential of cell therapy.

To protect the transplanted cells from the attack of the immune
ystem and improve the utilization efficiency, encapsulating cells in
-dimensional (3D) carriers has been developed as the second gen-
ration cell therapy method [4–6]. Among various 3D cell carriers
ncluding polymer microcapsules, micro-gels, and bio-cements etc.,
njectable hydrogels demonstrate intrinsic superiority to facilely

eliver and concentrate abundant cells to the desired positions
hile avoiding implanting surgery and potential re-surgery risk

7–10]. So far, different injectable hydrogels have been explored as

∗ Corresponding authors.
E-mail addresses: shi@mail.buct.edu.cn (F. Shi), leitao@mail.tsinghua.edu.cn

L. Tao), wangxing@mail.buct.edu.cn (X. Wang).
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927-7765/© 2016 Elsevier B.V. All rights reserved.
the carriers for cell therapy [11,12], and the loadings as well as the
viability of incubated cells before/after injection have been inves-
tigated [13–15]. However, there is still a big gap from bench to
bedside for the application of those injectable hydrogels in clinical
cell-therapy, the main limitations are: 1) Many injectable hydro-
gels are prepared depending on the change of physical conditions
(physical hydrogels), such as some thermos-sensitive hydrogels.
After injection, the gelation processes of those physical hydrogels
are difficult to control [16,17]. Meanwhile, the drastic change of
physical conditions (temperature, pH, etc.) might also affect the
cell viability. 2) Some hydrogels are generated via covalent bonds
through chemical reactions (chemical hydrogels). The complex-
ity of the chemical reactions and the potential toxicity of those
reagents/catalysts greatly restrict the further in vivo applications
of those hydrogels [18–20]. 3) In most artificial polymer hydro-
gels, growth factors such as EGF or FGF have to be added to prompt
the proliferation of the encapsulated cells, which might introduce
some potential risks to the surrounding tissues [21,22]. Therefore,
developing a gelation-controllable, biocompatible and biodegrad-
able hydrogel in which the encapsulated cells can not only keep
high viability but also proliferation without adding specific growth

factor even after injection to realize their functions is of great
importance for future cell-therapy (Scheme 1).

Our group developed an injectable, self-healing chitosan-based
dynamic hydrogel (CP hydrogel) using the biocompatible glycol-

dx.doi.org/10.1016/j.colsurfb.2016.10.021
http://www.sciencedirect.com/science/journal/09277765
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Scheme 1. Graphical representation of the injection procedure for mimicking the
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ell therapy process, and the proliferation of the survived cells evaluated within the
ost-culture experiment.

hitosan (GCS) and dibenzaldehyde-terminated poly(ethylene-
lycol) (DF-PEG) as the gelators [23,24]. By simply mixing the two
olutions of GCS and DF-PEG, the CP hydrogel could be prepared
ithin 1 min. The CP hydrogel is constructed by dynamic Schiff-

ase that keeps breaking and regenerating in the hydrogel network
25–28], thus leading to the injectable and self-healing properties
29–31]. Different from other injectable hydrogels using liquid pre-
ursors prior to the injection, this interesting hydrogel could be
rushed and pushed through a needle as solid hydrogel pieces, then
ecovered as a whole under physiological condition without exter-
al stimuli, avoiding the uncontrollable gelation process and the
rastic change of physical conditions. As a result, cells can survive
ery well in that CP hydrogel even after injection. In our previous
esearch, after extra-adding growth factors, that CP hydrogel could
e used as a carrier for cell therapy to repair the damaged central
ervous system in zebra fish [32].

Recently, Anseth et al. reported stem cells possess memory on
ast stiffness-different hydrogels’ surfaces [33], inspiring us to use
his 2D character into 3D application to develop a hydrogel carrier
or cell therapy only by modulating mechanical factor. Encouraged
y our previous research, we hope to upgrade the injectable CP
ydrogel as a controllable culture environment for cell prolifera-
ion. Only by simply tuning the modulus through varying the ratio
f the two gelators, an injectable hydrogel for cells direct or post
ulture and proliferation can be achieved. So far as we know, it is
he first report about proliferation of the injected 3D-embedded
ells in a self-healing hydrogel without extra added growth factor,
uggesting the self-healing hydrogel a promising soft matter as the
ell-therapy carrier.

. Experiments

.1. Materials

DF-PEG (Mn  ∼ 4000) was synthesized as our previous papers
23]. Glycol chitosan (Wako Pure Chemical Industries, 90% degree
f deacetylation), RPMI-1640 culture medium, fetal bovine serum
FBS), penicillin-streptomycin solution (GE Healthcare), fluorescein
iacetate and propidium iodide (FDA/PI, Invitrogen), were used as
eceived.

.2. Preparation of the hydrogels

A series of hydrogels were prepared followed the method below.
ypically, glycol-chitosan (0.03 g) was firstly dissolved in deionized
ater (0.97 g), then, mixed with the same volume of solutions with

 wt%, 4 wt% and 8 wt% DF-PEG solutions respectively, to form 3
ifferent hydrogels with different moduli. As the control, a hydrogel

ith the same concentration of glycol-chitosan, 2 wt%  DF-PEG and

 wt% PEG (without aldehyde endings) was prepared by the same
rocess.
interfaces 149 (2017) 168–173 169

2.3. Rheology analyses

2.3.1. Original hydrogels
The rheology analyses of the hydrogel were carried out to evalu-

ate the moduli of the series of hydrogels. Typically, glycol chitosan
solution (0.2 g, 3 wt%) was spread on a parallel plate. Then, DF-PEG
aqueous solution (0.2 g, 2 wt%) was  evenly added dropwise onto
the chitosan solution surface and mixed with pipette quickly. The
storage modulus (G’) values versus frequency analyses were car-
ried out using a steel plate (diameter: 20 mm)  and performed at 1%
strain and 6.3 rad s−1

2.3.2. Self-healed hydrogels
A 400 �L of hydrogel was firstly prepared on the parallel plate.

After complete gelation of the hydrogel, a time versus moduli fig-
ure was  recorded as a reference. Then the test was paused and the
hydrogel was cut into 25 pieces to mimic  the damage of the hydro-
gel after injection while maintaining the contacting area between
the hydrogel and the upper steel plate. Analysis was resumed to
monitor the self-healing process of the damaged hydrogels. Subse-
quently, a frequency-dependent rheological test was also carried
out to evaluate the modulus of the self-healed hydrogels.

2.4. Normal 3D cell encapsulation and proliferation

2.4.1. Cell culture
L929 cells were cultured in RPMI-1640 supplemented with 10%

FBS, 5% penicillin-streptomycin and incubated at 37 ◦C, 5% CO2. The
medium was changed every day. The cells were harvested with PBS
containing 0.025 (w/v) % trypsin and 0.01% EDTA, centrifuged and
re-suspended in the RPMI-1640 medium.

2.4.2. Cell encapsulation
L929 cells were harvested and re-suspended in RP1640 media

and diluted to reach 2.5 × 106 cells mL−1. The diluted cell suspen-
sion was  mixed with same volume of GCS culture media solution
followed by triturating 15–20 times. The cell-chitosan suspension
was pipetted to the central part of a petri-dish, and mixed with
DF-PEG4000 culture media solution with different concentration
to form a series of hydrogels. All encapsulation studies were per-
formed with 1.5 × 106 cells mL−1in the series of gels. An addition
amount of culture media was  added on the top of the hydrogels
after complete gelation to avoid the evaporation, provide nutrition
and metabolite exchange of the embedded cells.

2.4.3. Cell proliferation
The cell-laden hydrogels were incubated at 37 ◦C, 5% CO2, and

imaged after encapsulating 3 days, 5 days and 7 days. The hydrogels
were stained with FDA/PI and visualized by confocal microscopy to
evaluate the cell viability and proliferation. Constructs were excited
at 488 nm and 543 nm wavelengths to visualize live and dead cells,
respectively, and z-stacks were taken through the depth of the gels
to validate an even distribution of cells throughout.

2.4.4. Cell counting
After confocal imaging, the hydrogel was degraded with 1 mL

of 3.0 wt%  acetic acid solution. Subsequently, the acid containing
cell suspension was centrifuged and the cells were re-suspended
in 2 mL culture media. Then, the cell counting of each hydrogel was
carried out 3 times, using a blood counting chamber as a routine.

2.5. Injection and proliferation
The cell-laden hydrogels were prepared with above-mentioned
method (2.4.). The hydrogel was then loaded in a 48-gauge-needle
syringe and injected to the petri-dish. After the denoted periods,
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he confocal microscopy and cell counting analyses were carried
ut with the same way.

. Results and discussion

.1. Rheology analyses

.1.1. Original hydrogels
A series of hydrogels with different moduli were prepared using

he same wt% of GCS (1.5%) and different wt% of DF-PEG4000 (1%,
%, 4%). Rheology test was employed to evaluate the hydrogels
Fig. 1). The storage moduli (G’) of those hydrogels were found
pproximately 0.9 kPa (1%, soft), 2.1 kPa (2%, medium) and 4.7 kPa
4%, stiff), respectively (Fig. 1A), which is contributed to the higher
ross-linking density by adding more cross-linker in the hydrogel
etwork, resulting in higher storage modulus (greater stiffness)
34–36]. Interestingly, we find the modulus of the stiff hydrogel
ear that of the subcutaneous tissue [37] (5.6 kPa, in vivo environ-
ent of L929 cells). So the stiff hydrogel might mimic  the ECM best

nd providing highest cell proliferation rate.
It is well known that PEG could affect the cell condition and

ehaviours, the mass of the cross-linker DF-PEG might also be
 factor to influence the cell proliferation. Therefore, a control
xperiment was designed to test this hypothesis. By using 2% DF-
EG (cross-linker) and 2% PEG (without active terminal), a control
ydrogel was prepared. Although this hydrogel has PEG mass as
qual as the hard hydrogel (4%), the storage modulus is similar to
he medium hydrogel (∼ 2.1 kPa Fig. 1A, gray).

.1.2. Self-healed hydrogels
The CP hydrogel could self-heal after injection. To monitor the

elf-healing process, a rheology test was carried out to record the
hange of modulus according to increase time, and the results were
hown in Fig. 1B. The storage modulus G’ dropped sharply after
amage, then increased with time (Fig. 1B) until reached similar

evel as the pristine hydrogel, illustrating the self-healing process.
he soft hydrogel healed to its original modulus G’ after 40 min,
hile the stiff one spent longer time (84 min) to heal itself. The
iddle and control groups displayed almost the same healing time

around 52 ∼ 56 min), suggesting that adding PEG mass did not
nfluence the modulus of this CP hydrogel. Finally, all the test hydro-
els recovered from damaging to the storage modulus G’ as same
s the original ones (Fig. 1C).

.2. Injection and proliferation

In cell therapy, implanting cells with injectable hydrogel has
ncomparable advantage over intravenous infusion to greatly
nhance the delivery efficiency and viability of the implanted cells.
o evaluate this injectable hydrogel as a carrier for cell therapy, an
njection mimicking and following post-culturing experiment was
arried out (Fig. 2). L929 cell, a typical fibroblast cell line, was used
s a model cell to be embedded in above-mentioned hydrogels.
ypically, glycol chitosan (GCS) was firstly dissolved in RPMI-1640
ulture media, and mixed with L929 cell suspension to get cell con-
aining GCS solution. The cell containing GCS solution was then

ixed with DF-PEG solution to form cell-laden CP hydrogel.
As shown in Fig. 2A, the cell embedded hydrogel (solid) was

oaded in a syringe and then squeezed out through a 48-guage nee-
le into a Petri dish followed by a 7-day post-culturing process.
he squished CP hydrogel pieces (Fig. 2A1) self-healed to reform
n integrated hydrogel (Fig. 2A2) after injection, which is crucial

or cell therapy.

To confirm the proliferation in situ after injection, the fissional
rocess of cells in the CP hydrogel was checked and exhib-

ted through both optical microscopy (Fig. 2B) and fluorescent
interfaces 149 (2017) 168–173

microscopy (Fig. 2C, staining with FDA/PI reagents [38]) methods.
Compared with the image taken just after encapsulation (Fig. 2B,
2C), the cell density increased dramatically within 7 days (Fig. 2B1,
2C1). In the enlarged vision, more detailed cell-fissional process
could also be observed. Some cells are found to divide from one
to two  (pointed with red arrows), directly confirming the 3D cell
proliferation in the CP hydrogel.

3.3. Proliferation before injection: influence of stiffness

Firstly, the influence of hydrogel stiffness (without injection)
on the cell proliferation was  studied. The L929 cell-contained GCS
solution was mixed with different concentrated DF-PEG solutions
to form cell-laden CP hydrogels with the same cell amount (1.5
million cells mL−1) but different stiffness. The cell viability and
the proliferating status in the 3D-hydrogels were recorded by the
fluorescent confocal images (Fig. 3). It can be easily observed that
cells in all of the hydrogels showed extremely high viability (>99%)
throughout the culture process, confirming the excellent biocom-
patibility of the CP hydrogels. Meanwhile, the cell proliferation
showed obvious stiffness-dependence. The cells have been encap-
sulated in each hydrogel with similar initial density, so the change
of cell density during the observing process would reflect the prolif-
eration rate. As shown in Fig. 3A, the cell density in the soft hydrogel
showed unremarkable increase. On the contrary, the cell number
obviously increased within the medium hydrogels (Fig. 3B), and
arrived the maximum in the stiff hydrogel (Fig. 3C), preliminary
suggesting the increased storage modulus prompted the L929 cells
proliferation, even under growth factor free condition.

The proliferation of L929 cells in the control hydrogel (Fig. 3D)
displayed similar cell density with the medium group (Fig. 3B),
demonstrating the storage modulus rather than the PEG mass in
hydrogel is the direct reason for cell proliferation. And these reg-
ulations were confirmed and would be discussed by the following
statistical analyses.

3.4. Proliferation after injection: influence of shearing force

After injection, the shearing force really caused some cells’
death, as visible red signal (PI staining) could be found in the images
(Fig. 3A’–D’). But the remained living cells also showed stiffness-
dependence proliferation. The cell density increased faster in the
stiff hydrogel than in the medium and soft hydrogels, similar with
the phenomena in the original hydrogel before injection. However,
beside the dead cells, there should be another influence relating
to the shearing process, because the cell proliferation seems to be
weakened during the cultural days. After injection, though prolifer-
ation could be observed, the cell density on the 7th day did not show
much distinct increasing compared with the original hydrogels
without injection, implying that the shearing stress might more
or less weaken cell vitality.

3.5. Cell counting and analysis

Fig. 4 shows the quantitatively statistics analysis for above-
mentioned proliferation. After 7 days’ culture in the soft, medium
and stiff hydrogels prior to injection (Fig. 4A), the cell number
increased 78%, 106% and 145%, respectively. After injection (Fig. 4B),
the cell number increased 70%, 88% and 110%, respectively. These
values showed clear decrease compared with that of the original
groups, where the cells did not suffer the shearing process. Any-
way, a positive correlation between the cell proliferation rate and

the hydrogel stiffness could be regulated. In addition, the statistical
analysis in Fig. 4B revealed there is no significant difference (t-test:
P > 0.05) between the medium group and the control group. This
was well agreed with afore mentioned pretesting in Fig. 4A. But, the
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Fig. 1. Storage moduli (G’) of the series of hydrogels with different wt%  DF-PEG (orange: 1%; blue: 2%; green: 4%; gray: 2% DF-PEG and 2% PEG). (A) Before injection. (B) The
self-healing process after injection. (C) Self-healed hydrogels after injection.(For interpretation of the references to colour in this figure legend, the reader is referred to the
web  version of this article.)
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ig. 2. (A) Injection and self-healing of the cell-embedded CP hydrogel: (A1) Squish
nd  (C) Fluorescent images of the embedded cells: (B, C) on the 1st day; and (B1, C1

ignificant differences (t-test: P < 0.05) for the cell numbers among
he three experimental groups were only observed on and after the
th day (Fig. 4B). We  noticed that cell numbers in the hydrogels
id not show statistical difference on the 3rd day after injection.

t might be contributed to two reasons. Firstly, the injection might
ut down different numbers of cells, leading to the delay of the sta-
istical difference among different groups. Secondly, cells in stiff
ydrogel would suffer higher shearing stress during the injecting

rocess, which might affect the cell vitality.

To demonstrate this hypothesis, all the cell numbers of the
ncapsulated cells before and after injection were recorded fol-
owing appointed periods (Fig. 5). It is a critical perspective of cell
 hydrogel pieces; and (A2) self-healed integrated hydrogel. (B) Optical microscopy
he 7th day.

conditions [39]. It can be easily noticed that the proliferation in
the soft hydrogel did not change a lot after injection (rectangle
in Fig. 5A). However, the proliferation declined more obviously in
stiff hydrogel (rectangle in Fig. 5C). It confirmed that higher mod-
ulus could cause higher shearing stress during injection and thus
leading to higher cell death or lower cell activity.

To quantitatively evaluate the influence of injection, we  com-
pared the slope of the cell proliferation before and after injection,

corresponding to K0 and K1, respectively. On  the 7th day, the cells
that did not suffer injection were estimated to touching the plateau
because of the capacity limitation; and for the 1st day of the injected
cells, they were also estimated to undergo the complicacy caused
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Fig. 3. 3D confocal images of L929 cells embedded in a series of hydrogels with different moduli at denoted cultural times, before (A, B, C, D) and after (A’, B’, C’, D’) injection.

Fig. 4. Cell counting of L929 cells embedded in a series of hydrogels with different mod
(n  = 3, *: p < 0.05).

Table 1
The slopesa of the embedded cells’ proliferation.

Samples K0 K1 (K0-K1)/K0

1% 24.0 21.5 10.4%
2%  34.4 25.5 25.9%
4%  47.4 30.1 36.5%

b
n
i
o
h
d
a
n
i
d
i

2%  + 2% 30.2 24.5 18.9%

a K0: without receiving injection; K1: after injection.

y the injection procedure. Therefore, both of them were elimi-
ated from the slope calculation. Through using three points fitting

n Fig. 5, slopes were obtained to compare the potential influence
f the injecting operation. Table 1 reveals that the hydrogels with
igher modulus would affect the proliferation rate more, where
ecreasing amplitudes from 10.4% to 25.9% and further to 36.5%
re displayed according to the sequence of the increased stiff-

ess of those hydrogels. It should be emphasized that this slope

s related to cell vitality rather than numbers of dead cells. As a
ata reference, this is a helpful insight for evaluating the squeez-

ng influence between gel strength and cell proliferation for this
ulus at denoted time before (A) and after (B) injection. Data represent mean ± SD

injectable hydrogel. Moreover, this data analysis has a potential to
act as a guideline for practical cell therapy.

4. Conclusions

A series of chitosan-based hydrogels with different storage mod-
uli were prepared by verifying the amount of the cross-linker
(DF-PEG). A significant positive correlation between the prolifer-
ation rate of the embedded cells and the modulus of the hydrogels
was discovered in the experimental test range, indicating a facile
way to control cell proliferation in the hydrogel without extra-
added growth factor. It is noted that after injection, the cells have
very high viability and keep high proliferation rate in CP hydro-
gel, suggesting this injectable self-healing hydrogel could not only
deliver the implanted cells to the desired spot, but also acceler-
ate the curing by allowing the encapsulated cells to proliferate in

situ. Therefore, the CP hydrogel is an ideal candidate to incubate
functional cells or stem cells for cell therapy although the balance
between positive factor of stiffness and negative factor of shearing
force should be considered. In addition, we  hope that CP hydrogel
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