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a b s t r a c t

Hydrogels prepared from poly(ethylene glycol) (PEG) are widely applied in tissue engineering, especially
those derived from a combination of functional multi-arm star PEG and linear crosslinker, with an
expectation to form a structurally ideal network. However, the poor mechanical strength still renders
their further applications. Here we examined the relationship between the dynamics of the pre-gel
solution and the mechanical property of the resultant hydrogel in a system consisting of 4-arm star
PEG functionalized with vinyl sulfone and short dithiol crosslinker. A method to prepare mechanically
strong hydrogel for cartilage tissue engineering is proposed. It is found that when gelation takes place at
the overlap concentration, at which a slow relaxation mode just appears in dynamic light scattering
(DLS), the resultant hydrogel has a local maximum compressive strength ~20 MPa, while still keeps
ultralow mass concentration and Young's modulus. Chondrocyte-laden hydrogel constructed under this
condition was transplanted into the subcutaneous pocket and an osteochondral defect model in SCID
mice. The in vivo results show that chondrocytes can proliferate and maintain their phenotypes in the
hydrogel, with the production of abundant extracellular matrix (ECM) components, formation of typical
chondrocyte lacunae structure and increase in Young's modulus over 12 weeks, as indicated by histo-
logical, immunohistochemistry, gene expression analyses and mechanical test. Moreover, newly formed
hyaline cartilage was observed to be integrated with the host articular cartilage tissue in the defects
injected with chondrocytes/hydrogel constructs. The results suggest that this hydrogel is a promising
candidate scaffold for cartilage tissue engineering.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Articular cartilage has very limited self-repair ability due to the
absence of innervation and vascularization, as well as the intense
extracellular matrix (ECM) which impedes cell migration [1,2].
Trauma caused articular cartilage defect is one of the major difficult
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clinical situations in sports medicine. Incomplete repair of the
defect is associatedwith formation of fibrocartilage and subsequent
degeneration of the adjacent hyaline cartilage. It is important to
repair cartilage defect in its initial stage before it further progresses,
which would lead to osteoarthritis. Current therapies for articular
cartilage repair include micro-fracture of subchondral bone [3],
autologous chondrocyte transplantation [4], osteoarticular transfer
system [5] and local delivery of hyaluronic acid or glucocorticoid
[6]. However, the clinical efficacy of the above therapies remains
unsatisfied. Tissue engineering approach emerges as a promising
therapy for functional cartilage repair or regeneration [7]. Particu-
larly, the matrix-assisted autologous chondrocyte transplantation
(MACT) has achieved great development during the last decade
[8,9]. This technique involves the encapsulation of autologous
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chondrocytes into a carefully designed scaffold, in which chon-
drocytes can proliferate and secret ECM. The whole cell/scaffold
construct is then transplanted into the cartilage focal lesion.
Various types of materials, both derived from modified natural
products and synthetic materials have been examined as the po-
tential scaffold matrix [10e12].

Among the numerous materials, synthetic hydrogel has been
one of the most promising candidates due to its high water content,
good mass transportation property, soft tissue like elasticity and
biocompatibility [13]. It can bewell tuned via various chemistries to
satisfy the clinical needs. For instance, by using bio-orthogonal
chemistry, the injectable hydrogel allows the minimally invasive
surgery possible [14e16]. To synchronize the degradation rate of
the scaffold with the matrix deposition rate by the encapsulated
cells, matrix metalloproteinase (MMP) peptides have been adopted
as the crosslinker [2,17e19]. Among the synthetic materials,
poly(ethylene glycol) (PEG) has been themost widely used building
block for hydrogel. Basically two gelation mechanisms have been
employed. The first one involves the chain polymerization of PEG
dimethylacrylate [20e23]. Due to the fast kinetics and random
crosslinking process, the resulting hydrogel has an irregular
structure and a weak mechanical strength. The alternative method
uses the step growth polymerization, where functional multiple-
arm star PEG reacts with crosslinkers bearing at least two reac-
tive sites, typically using functional 4-arm star PEG and difunctional
linear crosslinkers, i.e., 4þ 2 system [17e19,24e30]. This method is
expected to result in a much more ideal hydrogel structure
comparing to the chain polymerization counterpart [31]. Moreover,
it allows the modularization design of functional hydrogel. The
incorporation of important biological signals or cues [31,32] and
introduction of controlled degradation profile [2,33,34] have been
realized by simply varying the functionality of the linear
crosslinkers.

However, one major problem has rarely been clarified despite
the wide usage of this step growth strategy, i.e., how to achieve the
ideal network structure? The hydrogel with ideal network struc-
ture is expected to have a high mechanical strength due to the
elimination of the structural defects, which would overcome the
longstandingmajor drawback of hydrogel, viz., the poormechanical
properties [7,35]. Hydrogel with high strength is more suitable for
earlier implantation after the cell/hydrogel hybrid construction,
which will help shorten the in vitro culture period, and provides
sufficient load-bearing capacity for mechanical loading in vivo
before the secretion of ECM [36]. It will survive from the harsh
environment in the diarthrodial joints and be a promising candi-
date for the MACT. Moreover, the optimization of the hydrogel
formulationwould also decrease the material dosage andminimize
the introduction of exogenous materials.

For the current 4 þ 2 system, it is necessary to prepare the
hydrogel at a suitable concentration. When the concentration of
star polymer is too low, the difunctional crosslinker cannot link
them efficiently; when the concentration is too high, there will be
penetration and entanglement between the arm chains. The most
suitable concentration should be around overlap concentration
(C*), where polymer chains start to touch each other [37]. In this
study, we started from an investigation on the dynamics of star PEG
in phosphate-buffered saline (PBS) solution at different concen-
trations with dynamic light scattering (DLS) to find the optimal
concentration, given that there would be dynamics change around
C*. After that, we prepared a mechanically strong hydrogel for the
cartilage tissue engineering using the 4 þ 2 system based on the
DLS result. Murine chondrocytes were encapsulated in the hydrogel
prepared at this concentration and the resultant chondrocyte/
hydrogel constructs were transplanted into severe combined im-
munodeficiency (SCID) mice up to 12 weeks to allow the
engineered cartilage tissue to develop. The cell morphology, ECM
synthesis, expression of chondrogenic marker proteins and me-
chanical properties of the newly formed cartilage tissue derived
from the chondrocytes/hydrogel constructs were examined. At last,
an osteochondral defect model in SCIDmicewas performed and the
capacity of cartilage defect repair was tested.

2. Materials and methods

2.1. Materials

Ethylene oxide was purchased from Hong Kong Specialty Gases,
HK. Potassium, naphthalene, diphenyl methane, pentaerythritol,
anhydrous DMSO, divinyl sulfone, sodium hydride, acetic acid and
2, 2’-(ethylenedioxy) diethanethiol were purchased from Sigma-
Aldrich, US. 4-arm star PEG (Mn ¼ 1.6 � 104 g/mol, PDI ¼ 1.03)
was synthesized according to Wang et al. by high vacuum living
anionic polymerization of ethylene oxide in a home-designed
glassware using pentaerythritol as the initiator and diphenyl
methyl potassium as the deprotonating agent [38].

2.2. Synthesis of star PEG vinyl sulfone (sPEG-VS)

sPEG-VS was synthesized by coupling sPEG-OH with an excess
of divinyl sulfone following the procedure by Lutolf et al. [39]. sPEG-
OH was dried by azeotropic distillation in toluene using a Dean
Stark trap before starting the reaction. To the sPEG-OH dissolved in
anhydrous dichloromethane, NaH was added under nitrogen at 5-
fold molar excess over OH group. After hydrogen evolution, the
suspensionwas added dropwisely to a solution of divinyl sulfone in
anhydrous dichloromethane via syringe. The reaction was carried
out at room temperature for 3 days in dark under nitrogen atmo-
sphere. After the reaction solution being neutralized with acetic
acid, filtered through celite and concentrated, the product was
recovered by repeated precipitation in cold diethyl ether and dried
in vacuum. The degree of end modification was checked by 1HNMR
and found to be quantitative. 1HNMR (CDCl3): d ¼ 3.2e3.3
(eOeCH2eCH2eSO2e), d ¼ 3.41 (eCeCH2Oe), d ¼ 3.6e3.7
(eOeCH2eCH2eO), d ¼ 3.8e3.9 (eOeCH2eCH2eSO2e),
d ¼ 6.07e6.10 (CH2]CHe), d ¼ 6.37e6.41 (CH2]CHe),
d ¼ 6.79e6.85 (CH2]CHe).

2.3. Experimental determination of overlap concentration

Dynamics of the 4-arm star PEG in PBS solution was studied by
DLS on a commercial LLS spectrometer (ALV/DLS/SLS-5022F)
equipped with a multi-t digital time correlator (ALV5000) and a
vertically polarized 22 mWHeeNe cylindrical laser (l0 ¼ 632.8 nm,
Uniphase). The details on the light scattering instrumentation,
theory and data treatment can be found elsewhere [40e44]. The
star PEG PBS solutions were pre-treated by repeated filtration
through a 0.45 mm hydrophilic PTFE filter to remove the nano-
bubbles stabilized by the PEG chains, which would result in an
apparent slow mode in the dilute solution regime [45e47]. The
corresponding correlation function was resolved by CONTIN pro-
gram provided by ALV. The diffusion coefficient (D) of the star PEG
in PBS solution at every concentration was determined from
G ¼ Dq2, where G is the line-width obtained from the CONTIN
analysis and q is the scattering vector.

2.4. Isolation and culture of murine chondrocytes

Murine chondrocytes isolation and culture were performed
following established method [48,49]. Briefly, primary chon-
drocytes were isolated from the ribs of C57BL/6 new-born mice
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euthanized by cervical dislocation. The ribs were digested by
collagenase I and collagenase D (Worthington, Worthington
Biochemical Co.) and chondrocytes were plated onto a 100 mm
Petri dish with DMEM (Gibco, Invitrogen) supplemented with 1%
penicillin/streptomycin sulfate (P/S) (Gibco, Invitrogen), 1% L-
glutamine (Gibco, Invitrogen) and 10% fetal bovine serum (FBS)
(Gibco, Invitrogen) at 37 �C in a 5% CO2 humidified incubator. On
the second day, non-adherent cells were sucked out and the cul-
tures were gently rinsed with PBS twice and cultured in fresh
normal culture medium (DMEM containing 10% FBS, 1% P/S and 1%
L-glutamine). The adherent cells were cultured and the medium
was changed every 2 days until the cells became confluent. The
second passage cells were used for the chondrocytes/hydrogel
construction.

2.5. Hydrogel formulation and cell encapsulation

sPEG-VS and 2,2’-(ethylenedioxy) diethanethiol were dissolved
in PBS separately with the same molar concentration of vinyl sul-
fone group and thiol group. Equal volume of the above two solu-
tions were mixed to fabricate the hydrogel at different
concentrations in a 1 mL syringe mold with cut head.

For the acellular experiment, the crosslinking reaction was
allowed to proceed overnight at 37 �C before the mechanical
property measurement on the newly generated hydrogel scaffold.
For the cell encapsulation experiment, all the solutions were ster-
ilized via filtration through sterilized disposable 0.22 mm syringe
filter (Millipore, US) in the biosafety cabinet. The chondrocytes
were suspended at a density of 4 � 107 cells/mL and the resulting
chondrocytes/pre-hydrogel suspensions were injected into steril-
ized disposable 1mL syringemolds and incubated at 37 �C for 1 h in
a 5% CO2 humidified incubator for gelation. The result chon-
drocytes/hydrogel constructs (~20 mL) were then transferred to 12-
well culture plates and incubated in the normal culture medium
overnight for further gelation before subcutaneous transplantation
into the SCID mice.

2.6. Mechanical property measurement of hydrogel

The compression test of the hydrogel without cell was carried
out on a mechanical testing apparatus (MTS QT/1L, MTS Systems
Corporation, US.) at a velocity of 1 mm/min. For the cell-laden
hydrogel, the compressive Young's modulus was measured on a
Mach-1 mechanical testing system (Biomomentum Inc. Canada) at
a velocity of 20% height/min until a strain of 30%. The corre-
sponding compressive modulus was estimated from the slop of
the linear region of the stress-strain curve following previous
protocol [2].

2.7. In vivo subcutaneous transplantation of chondrocytes/hydrogel
constructs

In vivo experimental procedure was carried out according to
protocols approved by Animal Experimentation Ethics Committee,
The Chinese University of Hong Kong and Animal (Control of Ex-
periments) Ordinance from Department of Health, Hong Kong SAR.
For subcutaneous transplantation, 4-week oldmale SCIDmicewere
anesthetized using Xylazine (Sigma-Aldrich, 5 mg/kg) and Keta-
mine (Alfasan, Holland, 40 mg/kg) cocktail under sterile conditions.
The chondrocytes/hydrogel constructs were transplanted into
subcutaneous pockets created by blunt dissection following a 5mm
long skin incision on the back of the SCID mice. The skin wounds
were carefully closed with standard surgical procedure. The mice
were sacrificed by cervical dislocation and the samples were
collected after the time of interest.
2.8. Articular cartilage repair in mouse osteochondral defect model

The mouse osteochondral defect model was adapted from
established protocol [50]. Briefly, 8-week old SCID mice (20e25 g)
were anesthetized using Xylazine (5 mg/kg) and Ketamine (40 mg/
kg) cocktail. Under sterile conditions, the inter-condyle notch of the
left distal femur was exposed and an osteochondral defect with
1 mm in diameter and 1 mm in depth was created with a fine
surgical drill. The defects were injected with 1 mL chondrocytes/
pre-hydrogel suspension (cell number ~ 1 � 105), with non-
treatment as control. Five mice were used in each group. Gelation
occurred within 5e10 min. The wounds were then carefully sewed
up with standard surgical procedure. After surgery, the animals
were administered with analgesics (Buprenorphine HCl, 0.02 mg/
kg/day) once per day for three days. The animals were monitored
every day post-surgery in the first week. At 6 and 12 weeks post-
surgery, the animals were sacrificed by cervical dislocation. The
cartilage samples of the distal femur were harvested, fixed with 4%
paraformaldehyde (PFA) solution, decalcified with 10% EDTA solu-
tion for 2 weeks at 4 �C and further processed for Safranin O
staining.

2.9. Histological and immunohistochemistry analysis

The harvested samples were fixed with 4% PFA solution for
12 h at 4 �C, filtrated with O.C.T. Compound (Sakura Finetek, US)
and cryo-sectioned on a cryotome (Thermo Scientific, US) as
previously described [51]. Sections with a thickness of 10 mm
were collected on SuperFrost® Plus Gold slides (Fisher Scientific,
US), dried in air and stained with Alcian blue, Safranin O, Sirius
red and Masson's trichrome to visualize and evaluate the ECM
production.

Dako EnVision™ visualization kit (Agilent Technologies, US) was
used for immunohistochemistry analysis following manufacturer's
instruction. Sections were blocked with dual endogenous enzyme
block for 15 min, and further incubated with antibodies against
collagen type II (Col II) (Abcam, 1:100) or Sox 9 (Abcam, 1:100).
Sections incubated with 1% non-immune IgG solution were served
as negative controls. All samples were processed at the same time
to minimize sample-to-sample variation. All the images were
analyzed and quantified by ImageJ software.

2.10. Quantitative real-time PCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen).
First strand cDNA was synthesized from 0.5 mg total RNA in the
presence of oligo-dT12-18 primer (Invitrogen) and 200 units of
MMLV reverse transcriptase according to manufacturer's protocol
(Promega). Quantitative real-time PCR was performed using the
SYBR Premix Ex Taq (Takara) in ABI Fast Real-time PCR 7900HT
System (Applied Biosystems). Each reaction was performed in
triplicates under the following parameters: 95 �C for 30s and 40
cycles of 95 �C for 10s. Target mRNA levels were normalized to b-
actin expression.

3. Results and discussion

For the above 4 þ 2 system, a majority of the previous work on
the design of the hydrogel scaffold for tissue engineering has been
focused on the functionalization of the scaffold, such as the cross-
linking chemistry, the degradation profile, the incorporation of
bioactive factors and stimuli-responsibility. Optimization on the
network structure of the hydrogel has frequently been overlooked,
especially the effect of the mass concentration of the hydrogelator.
The mass concentration used in the hydrogel formulation is
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frequently determined through trials and errors. No extract
guidelines have ever been proposed on this issue.

Previous simulation results revealed that the arm chains in a
star polymer adopt more elongated conformation than the random
coil in good solvent in the low molecular weight limit, which en-
dows the 4-arm star polymer a tetrahedron like structure [52,53].
Moreover, star polymer exhibits osmotic repulsion due to its
inhomogeneous monomer density distribution, leading to ordering
phenomena in the vicinity of C* [54,55], where polymer chains start
to touch each other. It is natural to expect that if 4-arm star polymer
chains are interconnected at C* with a short linear crosslinker, the
resultant hydrogel network structure would be an analogue to the
crystal structure of diamond, as illustrated in Scheme 1. The lateral
is known for its hardness.
3.1. Overlap concentration of star PEG in aqueous solution

Principally, C* can be determined as 3Mw/(4pNARg
3) or Mw/(23/

2pNARg
3) or [h]�1, where Mw, Rg, NA, [h] are the molar mass, the

radius of gyration, the Avogadro's constant and the intrinsic vis-
cosity, respectively [56e58]. Note that these definitions are not
identical and the difference of C* calculated from them could be as
large as five times [59]. On the other hand, the dynamics is ex-
pected to behave differently when the concentration exceeds C*
due to the chain overlapping and entanglement. Chu et al. ever
pointed out that bimodal relaxation behavior could be observed in
DLS in the crossover regime from the dilute to the semidilute
polymer solution [60,61]. Furthermore, Huber et al. observed a
bimodal relaxation behavior in the semidilute regime of 12-arm
star polystyrene toluene solution and suggested to use the onset
concentration of the bimodal relaxation behavior as C* [62].
Recently, our group also observed the appearance of the slowmode
in the vicinity of C* in 4-arm star polystyrene cyclohexane solution
[63]. Based on the previous experimental results, it is reasonable to
view the appearance of the slow mode as the arrival of C* in the
polymer solution. Thus, we decided to determine the C* experi-
mentally by investigating the dynamics of star PEG in PBS solution
at different concentrations via DLS, from dilute to semidilute
regime. It is found that there is only one relaxation mode when
C < 40 mg/mL, which is originated from the translational diffusion
Scheme 1. Fabrication of hydrogel
of individual star PEG chains. A second, namely slow relaxation
mode, which is 2e3 orders slower than the translational diffusion
appears when C ¼ 40 mg/mL. The crossover of the relaxation
behavior in DLS is shown in Fig. 1A, indicated by both the
normalized intensity-intensity correlation function and the corre-
sponding decay time distribution. Moreover, the concentration at
which the slowmode just appears is coupledwith the turning point
in the diffusion coefficient of the fast mode vs. concentration plot
(D ~ C plot, Fig. 1B). After the concentration reaching 40 mg/mL, the
concentration dependence of the diffusion coefficient of the fast
mode starts to deviate from that in the range of 20e35 mg/mL,
which is indicated and extrapolated by the dash line. This turning
point in the D ~ C plot is caused by the switch of the scattering
objects. Before the turning point, the diffusion coefficient is a
measurement of the translational diffusion of the whole individual
star PEG chain as mentioned above. After that, it is a reflection of
the cooperative diffusion of partial short chain segments (“blobs”),
whose sizes decrease with increasing concentration as demon-
strated by the scaling theory proposed by de Gennes et al. [37,64].
The two DLS results indicate that at C ¼ 40 mg/mL, the star PEG
chains began to touch each other, i.e., the solution just entered the
semidilute regime. This concentration was determined as C* in this
study.
3.2. Mechanical properties of hydrogel

Model hydrogel was fabricated via theMichael addition reaction
between the vinyl sulfone and thiol group for its high efficiency and
mild reaction condition, as shown in Scheme 1. The reaction can
proceed in physiological condition and does not require any
external stimulation, which makes the current system biocom-
patible and injectable. sPEG-VSwas successfully synthesized via the
well-established method with quantitative conversion. A
commercially available small molecule, 2, 2’-(ethylenedioxy)
diethanethiol, was adopted as the model short linear crosslinker.
Here, the use of small molecule crosslinker could facilitate the
mixing process with functionalized star PEG and avoid possible
chain entanglement with the star polymer. Gelation took place in
PBS solution within minutes at 37 �C with a stoichiometric balance
between the vinyl sulfone group and thiol group. The network
with ideal network structure.
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ideality was examined by evaluating the compressive mechanical
strength of the resulting hydrogel. The breaking stress of the
hydrogel shows a concentration dependence and reaches a local
maximum at the previously determined overlap concentration, as
shown in Fig. 2A, which supports our speculation. Similar phe-
nomenon where local maximum compressive strength appears
around C* (determined by the viscosity measurement) has also
been observed by Sakai et al. [53] in a 4 þ 4 system, where 4-arm
star PEG functionalized with activated acid and 4-arm star PEG of
equal molar mass functionalized with amine group reacted with
each other to form the hydrogel.

The breaking stress of the hydrogel prepared at the overlap
concentration reaches ~20 MPa, much larger than the traditional
hydrogel formed by physical crosslinking (e.g. agarose hydrogel,
~0.1 MPa) or randomly chemical crosslinking (e.g. polyacrylamide
hydrogel, ~1 MPa) with the same mass concentration, as shown in
Fig. 2B. The breaking stress of the current hydrogel also exceeds the
stress that natural cartilage would experience in human body,
ranging from 5 to 10 MPa [65,66]. It should be noted that this high
mechanical strength was achieved at a mass concentration ~4%,
much lower than the frequently used polymer mass concentration
range (10e40%) [17,24,28].
Fig. 1. (A) Concentration dependence of the normalized intensity-intensity correlation
function of 4-arm star PEG in PBS solution in the transition zone. The inset shows the
corresponding decay time distribution. (B) Concentration dependence of the diffusion
coefficient of the fast mode of 4-arm star PEG in PBS solution. The diffusion coefficients
in dilute solution regime were connected and extrapolated by a dash line for guidance.
T ¼ 25 �C.
Despite the high mechanical strength, the current hydrogel has
a very low Young's modulus (~6 kPa) at low strain. Previous work
demonstrated that a low modulus can help to maintain the
phenotype of the chondrocytes and facilitate the synthesis of ECM
[19,67]. Cartilage is a mechanically complex and heterogeneous
tissue [68]. The local stiffness of the pericellular matrix (PCM), i.e.,
the ECM closest to chondrocytes, is significantly lower than the
bulk cartilage in adult tissue [67,69e72]. Thus, it is essential for the
hydrogel scaffold used for the MACT to be soft enough. Moreover,
the softness of the hydrogel allows more space for the proliferation
of the chondrocytes during the in vivo incubation. The high me-
chanical strength and the ultralow Young's modulus make the
current hydrogel an ideal candidate for the MACT or cartilage tissue
engineering.
3.3. Chondrocyte viability and proliferation in subcutaneous
transplantation model

The chondrocyte cell density in the hydrogel was determined by
quantitative analysis based on the anti-Sox9 immunohistochem-
istry staining on the frozen sections of the chondrocytes/hydrogel
constructs following subcutaneous transplantation in the SCID
mice. Sox9 is identified as the key transcription factor controlling
Fig. 2. (A) Concentration dependence of the breaking compressive stress of the star
PEG hydrogel (measured in triplicates), where C* ¼ 40 mg/mL. (B) Typical strain-stress
curves of three types of hydrogel at the same mass concentration (4%), including the
current (black), agarose (red) and polyacrylamide (green) hydrogel. The inset shows
the low strain stage to better illustrate the mechanical properties of agarose hydrogel.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 3. The relative cell density in the chondrocytes/hydrogel constructs at indicated time points over 12 weeks. (A) Representative images of immunostaining against Sox9 in frozen
sections of chondrocytes/hydrogel constructs at 3, 6 and 12 weeks post-surgery. Scale bar: 100 mm. (B) Quantitation of relative chondrocyte cell density from samples harvested at
indicated time points.
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chondrocyte differentiation [73], which selectively marks the
nuclei of the chondrocytes in the newly formed engineered carti-
lage tissue. A constant increase in the cell density was observed
during the 12 weeks in vivo subcutaneous incubation as shown in
Fig. 3, indicating the excellent cell compatibility, proliferation
capability and chondrogenic differentiation potential within the
hydrogel.
3.4. Chondrogenic marker genes expression in subcutaneous
transplantation model

To examine the phenotype of chondrogensis in the chon-
drocytes/hydrogel constructs in vivo, total RNA was extracted and
subjected to quantitative real-time PCR to detect the mRNA
expression of chondrogenic markers. As indicated in Fig. 4, a
Fig. 4. The mRNA expression of chondrogenic markers (Sox9, Col2a1, Aggrecan) detected by
to the b-actin levels. Data shown are Means ± SD from three independent experiments. *,
remarkable upregulation of Sox9, Col2a1 and Aggrecan mRNA was
observed at 6 weeks post-subcutaneous transplantation. The re-
sults suggest that transplanted cells were efficiently differentiated
into active chondrocytes within the hydrogel matrix. However, the
above marker gene expression was downregulated following
further incubation up to 12 weeks in vivo. The results indicate that
the chondrogenic differentiation in the hydrogel matrix is a dy-
namic process that coordinates chondrocyte proliferation and
maturation.
3.5. ECM production by chondrocytes in subcutaneous
transplantation model

It is the ECM components produced by the chondrocytes,
mainly glycosaminoglycan and Col II, that endow the cartilage
quantitative real-time PCR at indicated time points. The mRNA levels were normalized
P < 0.05; **, P < 0.01.



Fig. 5. ECM components production at different time points in the chondrocytes/hydrogel constructs over 12 weeks. Shown are representative images of Alcian blue staining (A);
Safranin O staining (B); Mason's trichrome staining (C); Sirius red staining (D); Anti-Col II immunohistochemistry staining (E) on frozen sections of chondrocytes/hydrogel con-
structs at indicated time points; (F) ECM components production in the chondrocytes/hydrogel constructs over 12 weeks determined by different staining methods indexed by
percentage of ECM positive area. Scale bar: 100 mm.
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with unique mechanical properties. The phenotypic maintenance
of chondrocytes and expression of cellular functions in chon-
drocytes/hydrogel matrix are key issues for the cartilage engi-
neering and regeneration of neocartilage [74]. Various ECM
components were analyzed by the histochemistry staining
methods including Alcian blue staining to indicate the glycos-
aminoglycan, Safranin O staining to index proteoglycan, Sirius red
and Masson's trichrome staining to characterize total collagen,
and immunohistochemistry staining for Col II specifically to
define the cartilage phenotype, as shown in Fig. 5AeE. The posi-
tive staining area in each method was determined by the image
analysis and summarized in Fig. 5F.

It is clearly shown in the staining result that the chondrocytes
Fig. 6. The size of chondrocyte colony structures formed in the chondrocytes/hydrogel const
red (B) and anti-Col II immunohistochemistry staining (C) and its analytical result calculated
by the Log-Normal distribution. Scale bar: 50 mm.
keep a spherical morphology, instead of the commonly spindle-like
morphology in the 2D cell culture [11]. The spherical morphology
with lacuna structure is a typical feature of the chondrocyte
phenotype in mature cartilage. The maintenance of the chon-
drocyte phenotypes allows the production of ECM for the formation
of neocartilage. A constant increase in the production of ECM from
3 weeks to 12 weeks was observed by the histochemistry and
immunohistochemistry analysis on the sections of newly formed
engineered cartilage tissue. Moreover, the texture of stained area
evolved from discrete island-like to an interconnected network-
like. The evolution indicates that the ECM produced by the chon-
drocytes diffused from the pericellular space to more global area to
form an integrated cartilage tissue.
ructs at different time points over 12 weeks visualized by Masson's trichrome (A), Sirius
with ImageJ based on the anti-Col II staining result (D). The solid lines are fitting curves



Fig. 7. The compressive Young's modulus of the chondrocytes/hydrogel constructs
determined from the strain-stress curves at indicated time points over 12 weeks.

J. Wang et al. / Biomaterials 120 (2017) 11e21 19
3.6. Evolution of the size of chondrocyte colony and the formation
of lacuna structures in subcutaneous transplantation model

As a result of the proliferation of chondrocytes and the secretion
of ECM, abundant cell colonies, where several chondrocytes closely
aggregate and are surrounded by rich ECM components, were
formed in the chondrocytes/hydrogel constructs during the 12
weeks subcutaneous incubation as indicated by the staining result
in Fig. 6AeC. The area of the chondrocyte colony was calculated and
fitted with a Log-Normal distribution based on the anti-Col II im-
munostaining result as shown in Fig. 6D. A significant increase in
the size of the colony structure was observed over 12 weeks, as
indicated by the peak shift towards the larger area in Fig. 6D. This
closely packed chondrocyte structure has positive influence on the
secretion of ECM. Chondrocytes in the natural cartilage live in
hypoxic environment and the formation of such colony structure
will limit the exposure of individual cells to the environmental
oxygen, thereby enhancing the chondrogenic capacity of chon-
drocytes and inhibiting dedifferentiation in the hydrogel matrix
Fig. 8. Articular cartilage repair enhanced by chondrocytes/hydrogel constructs in mouse ost
staining on frozen sections in the osteochondral defect model at 6 weeks (A, B) and 12 week
formed tissue in the osteochondral defect region. BM, bone marrow; FT, fibrous tissue; GP,
[75e77]. Moreover, pockets of space around the cells were
observed, with a similar morphology to the lacunae typically
observed in the cartilage tissue. Its appearance is indicative of neo-
cartilage formation.
3.7. Evolution of Young's modulus of chondrocytes/hydrogel
constructs in subcutaneous transplantation model

To confirm the chondrocytes encapsulated in the current
hydrogel produced functional, cartilage-specific matrix molecules
and they resulted in a structure with increased mechanical prop-
erties over time, we assessed the bulk compressive modulus of the
cell-laden constructs at different time intervals and the results are
summarized in Fig. 7. The bulk Young's modulus increased from the
initial ~1 kPae~30 kPa over 12 weeks. The constant increase in the
Young's modulus indicates that the produced ECM has been
assembled in an appropriate fashion to stiffen the strength of the
scaffold [2], subsequently facilitated the generation of functional
cartilage tissue with mechanical durability.
3.8. Articular cartilage repair in the osteochondral defect model

After confirming the chondrocytes/hydrogel constructs can
develop into cartilagenous tissue in the subcutaneous pocket, its
capacity on articular cartilage repair was further examined.
Chondrocytes/pre-hydrogel suspensions were injected into osteo-
chondral defects in mice with non-treatment as control. At 6 weeks
post-surgery, the osteochondral defects were partially filled with
Safranin O positive stained cartilagenous tissue in the chondrocytes/
hydrogel constructs transplanted group (Fig. 8B), while only amor-
phous mesenchymal tissue and newly formed subchondral bone
were observed in the defect region of the control group (Fig. 8A). At
12 weeks post-surgery, high amount of hyaline cartilage was
observed to be integrated with the host articular cartilage tissue
(Fig. 8D). However, only thin layer of less mature cartilaginous tissue
and subchondral bone were observed in the control group (Fig. 8C).
eochondral defect model over 12 weeks. Shown are representative images of Safranin O
s (C, D) post-surgery, with non-treatment as control. The dash lines indicate the newly
growth plate; Tr.b, trabecular bone. Scale bar: 100 mm.
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The data provide proof of principle that the resultant hydrogel
possesses excellent capacity for articular cartilage repair using tissue
engineering approach. However, we could not rule out the integra-
tion between the newly formed articular cartilage and subchondral
bone, which deserves further investigation.

4. Conclusion

In the present study, a guideline for preparing hydrogel with
ideal network structure based on the 4 þ 2 systemwas established
by a combination of dynamics and mechanical property study. The
key issue is to conduct gelation at the overlap concentration of the
4-arm star polymer, at which a slow mode just appears in DLS
spectrum, with a short dithiol crosslinker. An injectable mechani-
cally strong hydrogel with a strength (~20 MPa) comparable to that
of natural cartilage while still keeping a very low Young's modulus
(~6 kPa) was fabricated at an ultralow mass concentration (4%)
following this guideline. Chondrocytes were encapsulated in the
hydrogel and in vivo subcutaneous culture up to 12 weeks in SCID
mice was performed first. It is found that the chondrocytes
encapsulated could proliferate and preserve their phenotypes,
leading to the production of abundant ECM within the hydrogel
during the experimental time window. ECM components including
proteoglycan and Col II were identified to be comparable to those in
the native cartilage tissue. Moreover, ECM were found to be widely
distributed in a network-like structure therein after 12 weeks. The
chondrocytes/hydrogel constructs have been developed into a
structure with improved mechanical properties and typical carti-
lage morphology. In the osteochondral defect model, newly formed
hyaline cartilage was observed to be integrated with the host
articular cartilage tissue in the defect region implanted with
chondrocytes/hydrogel constructs at 12 weeks post-surgery. The
current experimental result could be further applied to the 4 þ 2
system where a mechanically strong hydrogel is needed using
various crosslinking chemistry, including changing the end func-
tionality of the star PEG, incorporation of stimuli-responsibility and
bioactive factors to the linear linkers.
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