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Complexation-Induced Biomimetic Long Range Fibrous 
Orientation in a Rigid-Flexible Block Copolymer Thermogel
 The orientation of the organofi brous structure plays an important role not 
only in the biomineralization process but also in the extracellular matrix 
(ECM) of articular cartilage by providing cells with biomechanical cues. Here, 
it is reported that a long range nanofi brous orientation can be realized by a 
self-assembling ionic complex between ( + )-charged amphiphilic peptide block 
copolymers with a rigid-fl exible block structure (polyalanine-PLX-polyalanine; 
PA-PLX-PA) and (-)-charged hyaluronic acid (HA). A biomimetic 3D culture 
system encapsulating chondrocytes is formed by a temperature-sensitive 
sol-to-gel transition of the PA-PLX-PA/HA complex aqueous solution, which 
provides a compatible microenvironment for the cells. The cell proliferation 
and biomarker expression for articular cartilage are signifi cantly improved in 
the PA-PLX-PA/HA complex system relative to the PA-PLX-PA or the com-
mercially available Matrigel systems. In particular, noticeable cell clustering 
is observed in the PA-PLX-PA/HA complex system with the long range 
nanofi brous structure. This research suggests a new method for developing 
a nanofi brous structure using an amphiphilic peptide block copolymer and 
demonstrates its potential uses as a unique biomimetic cell-culture matrix. 
  1. Introduction 

 Self-assembly of polymers to a specifi c nanostructure has been 
intensively investigated as a bottom-up design principle of bio-
logical or biomedical materials. [  1–3  ]  In this regard, biomimetic 
approach provides an elegant platform for materials scientists. [  4  ]  
In particular, thermogels that undergo a solution (sol)-to-gel 
transition have been suggested to be a very promising due to 
their advantages such as simple sterilization, no surgical pro-
cedure being required for implantation, and irregular shaped 
defects being easily fi lled using the material. [  5–8  ]  

 The extracellular matrix (ECM) is a 3D matrix of collagen 
fi bres and proteoglycans, where the collagen fi bres exist as 
nanofi brous bundles and proteoglycans are connected to 
hyaluronic acid (HA) through a link protein domain with 100 
amino acids. [  9  ]  In articular cartilage, collagens and proteogly-
cans are oriented horizontally in the superfi cial zone, whereas 
they are oriented vertically in the deep zone. The orientation 
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of the fi brous structure provides a surface 
with minimal friction in the superfi cial 
zone and stress-bearing capacity in the 
deep zone connected to bones. [  10  ]  

 In this study, we developed a ther-
mogelling complex system consisting of 
amphiphilic block copolymers with a rigid-
fl exible block structure and HA to mimic 
the biological structure of the HA-protein 
macroaggregates, where a long range 
nanofi brous orientation is expected to be 
produced by ionic interactions between 
the cationic ammonium end groups of 
 β -sheeted peptide block polymers and 
anionic carboxylate groups along the HA 
( Figure    1  ). The hydrophobic blocks of the 
copolymer, polyalanine, not only supports 
the structural rigidity but also provides 
tight ionic interaction domains through 
its low dielectric constant (  ε  ) by the Cou-
lomb’s law,  F   =   Q  1  Q  2 /(4 π   ε r  2 ), where  Q  1  
and  Q  2  are the charges of the ions and  F  is 
the electrostatic force between the ions at 
a distance of  r .   ε   of water is 78 and decreases in a hydrophobic 
domain. [  11  ]   

 Thermogelling polymer systems including poly(lactic acid-
 co -glycolic acid)/poly(ethylene glycol) (PEG), olio(PEG fuma-
rate), chitosan/glycerol phosphate, poly( N -isopropylacrylamide) 
derivatives, poly[ N -(2-hydroxypropyl) methacrylamide lactate], 
etc. have been investigated for 3D culture of chondrocytes. [  12–14  ]  
In all types of the 3D culture systems, chondrocytes preserved 
their spherical phenotypes and increased the expression of type 
II collagen relative to type I collagen. The biomarker expres-
sion increased by incorporating ascorbate, dexamethasone, 
and TGF- β 3. [  15  ]  In particular, oligo(PEG fumarate) and PEG 
diacrylate were crosslinked in the presence of transforming 
growth factor (TGF)- β 1 microspheres and chondrocytes. [  16  ]  4–5 
times increases in cell number and the production of the gly-
cosaminoglycan were observed in the system over 28 days. A 
temperature-sensitive physical gelation, followed by additional 
chemical crosslinking of the methacrylate groups by photo-
polymerization, provided bioprintable mechanical properties to 
the gel, which allowed chondrocytes to be printed in the 3D gel 
matrix. [  17  ]  In polypeptide thermogels with different secondary 
structures, chondrocytes showed increased biomarker expres-
sion in a specifi c polypeptide gel, indicating that control of 
microenvironments is an important factor in the 3D culture of 
the chondrocytes. [  18  ]  

 Our current system is unique in that biomimetic nanofi -
brous structures were introduced by ionic interactions between 
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     Figure  1 .     a) Chemical structure of PA-PLX-PA and HA. b) Complexation 
between the ammonium groups of PA-PLX-PA and carboxylate groups of 
HA. Thin blue lines, thick red lines, and thick green lines indicate the PLX, 
the PA, and the HA, respectively.  
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     Figure  2 .     a) Modulus of the PA-PLX-PA aqueous polymer solutions 
(8.0 wt%) at 4  ° C (blue) and their thermogels at 37  ° C (red) as a func-
tion of HA content. PHA x - y  in the legend indicates that  x  wt% of HA is 
incorporated in the PA-PLX-PA aqueous solution and the modulus of the 
polymer aqueous solution is measured at  y   ° C. Matrigel (M) was com-
pared as a control. The modulus increases more than 100 times by the sol 
(4  ° C)-to-gel (37  ° C) transition. b) The photographs of sol (4  ° C) and gel 
(37  ° C) prepared from the PA-PLX-PA/HA aqueous solutions.  
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cationic rigid-fl exible block polypeptides and anionic HA. 
Matrigel obtained by decellularization of rat tumor tissues is a 
commercially available thermogelling system, and was used as 
a control.   

 2. Results and Discussion 

 The amphiphilic block copolymer was synthesized by ring-
opening polymerization [  18  ,  19  ]  of N-carboxy anhydrides of 
 L -alanine and  N -carboxy anhydrides of  DL -alanine on  α , ω -
diamino end capped poly(ethylene glycol) (PLX) with a struc-
ture of (propylene glycol) 1.8 -(ethylene glycol) 9 -(propylene 
glycol) 1.8 . The polymer was purifi ed by fractional precipitation 
to eliminate side products including homopolypeptides and 
unreacted PEG. First, the reaction products were dissolved in a 
good solvent ( N , N -dimethyl formamide/chloroform cosolvent) 
and the undissolved fraction was fi ltered out, then the polymer 
was fractionally precipitated from the soluble fraction by slowly 
adding diethyl ether. Finally, the polymer was dialyzed using 
membrane (cut-off molecular weight 1000 Daltons) and freeze 
dried. Assuming the same reactivity of  L  and  DL  isomers during 
polymerization, the  L / DL  ratio of the alanine in the polymer was 
60/40 (mole ratio). The unimodal molecular weight distribution 
of the polymer in the gel permeation chromatogram indicated 
that a well-defi ned polyalanine-PLX-polyalanine (PA-PLX-PA) 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 5118–5125
was synthesized, and the  1 H-NMR spectra analyzed by the 
ratio of the area under the peaks at 1.2-1.8 ppm (CH 3  of PLX 
and Ala) and 3.6-4.1 ppm (CH 2  and CH of PLX) confi rmed the 
composition and structure of the polymer to be (alanine) 8 -PLX- 
(alanine) 8  (Figure S1, Supporting Information). 

 Both PA-PLX-PA and PA-PLX-PA/HA complex aqueous 
solutions underwent a sol-to-gel transition as the temperature 
increased. The moduli ( G  ′ ) of the aqueous solutions (8.0 wt%) 
were less than 1.0 Pascal (Pa) in the sol state at 4  ° C, whereas  G  ′  
of the thermogels at 37  ° C prepared from the polymer aqueous 
solutions (8.0 wt%) varied over 1000–1600 Pa, 440–750 Pa, 
270–400 Pa at HA contents of 0.0 wt%, 0.5 wt%, and 1.0 wt%, 
respectively ( Figure    2  a). The photographs of the sol (4  ° C) and 
gel (37  ° C) states of the PA-PLX-PA/HA complexes are shown 
in Figure  2 b. The modulus of Matrigel in an aqueous solution 
was less than 0.1 Pa at 4  ° C, and increased to 70–80 Pa in the 
gel phase at 37  ° C. The low gel modulus of the Matrigel limits 
its application in 3D cell/stem cell cultures where a high level 
of rigidity is required. [  18  ,  20  ]   

 The cryo-transmission electron microscopy (cryo-TEM) image 
of the PA-PLX-PA gel at 37  ° C in the absence of HA shows ran-
domly oriented nanofi brous networks of the polymers (PHA0.0 
in  Figure    3  a), whereas bundles of the nanofi brous structures with 
5119wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     a) Cryo-TEM images and b) SEM images of PA-PLX-PA gels at 37  ° C prepared from polymer aqueous solutions (8.0 wt%) as a function of HA 
content. PHAx indicates that  x  wt% of HA is incorporated in the PA-PLX-PA aqueous solution. c) Zeta-potential of PA-PLX-PA/HA aqueous solutions 
(1.0 wt%) as a function of HA content measured at pH  =  7.4. d)  1 H-NMR spectra (D 2 O) of PHA0.0, PHA0.5, PHA1.0, and HA at 37  ° C. e) 2D-NMR 
(D 2 O) spectra of PHA1.0 at 37  ° C. f) FTIR (D 2 O) spectra of PHA0.0, PHA0.5, PHA1.0, and HA at 37  ° C. In the FTIR spectra of HA, the HA 1.0 wt% 
was used for comparison.  
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a specifi c orientation were observed in the gels containing 0.5 
and 1.0 wt% HA (PHA0.5 and PHA1.0 in Figure  3 a). The col-
lagen nanofi bers in the biological ECM showed a range of diam-
eters from tens to hundreds of nanometers, and extend several 
micrometers in length. [  21  ]  Tendons consisting of collagen I are 
formed by thick fi ber bundles, whereas the cartilage consisting 
of dominantly collagen II shows a loose and thin fi brils. [  22  ]  The 
alignment of the nanofi bers also plays an important role in 
mechanical properties of the matrix against the stress direction, 
cell signalling, and proliferation of the cells. For example, when 
fi broblasts were cultured on the aligned nanofi bers, the cells not 
only oriented in the fi ber direction but also secreted more col-
lagen, compared with the cells cultured on randomly aligned 
nanofi bers. [  23  ]  Contact guidance theory suggests that cells tend to 
migrate in directions that are associated with structural proper-
ties of the substratum. [  24  ]  The effi ciency of stress-bearing capacity 
(  η  ) can be defi ned as   η    =   Σ  a  n  cos 4   φ  , where  a  n  is the proportion of 
fi bers lying along any given direction, and   φ   is the angle they form 
with the fi ber axis. [  25  ]  When the fi ber orientation and the stress 
direction are at a right angle,   η   would drop to its minimum.  

 In the current system, nanofi bers with a thickness of 4–6 nm 
extend about one micrometer in a parallel way in the presence 
of HA, which is in contrast with the random orientation of the 
nanofi bers in the absence of HA, indicating that the fi ber ori-
entation is induced by interactions between polyanionic HA 
and cationic rigid rod-fl exible tail structured polypeptide block 
copolymers. The maximal linear dimension of a polypeptide 
with  y  residues is 0.363 y  nm, [  26  ]  that is 2.76 nm, therefore, the 
width of the fi ber is about twice the linear dimension of PA. 
This calculation suggests that the PA of the PA-PLX-PA was 
not interdigitated and two PA blocks form the fi ber in a parallel 
fashion, as presented in the Figure  1 b. 

 The SEM images of the PA-PLX-PA/HA complex thermogels 
at 37  ° C were obtained by quenching the thin fi lms of the gels 
on the silicone wafer into liquid nitrogen (–190  ° C), followed 
by freeze-drying the gels. SEM images of the gels show highly 
porous structures of both PA-PLX-PA and PA-PLX-PA/HA com-
plex hydrogels (Figure  3 b). The pores are occupied by water mol-
ecules in a hydrated gel state. The incorporation of hydrophilic 
HA into the PA-PLX-PA increases the swelling degree of the gel 
and, therefore, can induce more porous structure in a gel, which 
might decrease the gel modulus, as discussed previously. 

 To identify the nature of the interactions between PA-PLX-
PA and HA,  ζ -potential, NMR, and FTIR spectra of the complex 
were investigated. In the absence of HA,  ζ -potential of PA-PLX-PA 
(PHA0.0) as an aqueous solution (1.0 wt%) was  + 11 mV, which in 
turn decreased to  + 3.4 mV (PHA0.5) and to –6.2 mV (PHA1.0) as 
the HA content increased (Figure  3 c). The data support the ionic 
complex formation between the ammonium group of terminal 
alanine of PA-PLX-PA and the carboxylate (COO  −  ) groups of HA. 
 1 H-NMR spectra of the thermogels were investigated as a function 
of HA content at 37 ° C (Figure  3 d). By adding HA to PA-PLX-PA, the 
methyl group of the terminal alanine of PA-PLX-PA, indicated by 
the arrows in Figure  3 d, shifted from 1.33 ppm to 1.43 ppm, a new 
broad peak at 3.89 ppm appeared, and the HA peak at 1.97 ppm 
became broader and shifted to 2.00 ppm. To assign the spectral 
information and interpret the interactions between PA-PLX-PA 
and HA, homonuclear 2D-NMR spectra of PHA1.0 at 37  ° C were 
acquired (Figure  3 e). [  27  ,  28  ]  The C-1 and C-2 came from the methyl/
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 5118–5125
methine (-CH 3 /-CH-) coupling and methyl/methylene (-CH 3 /-
CH 2 -) coupling of the propylene glycol of PLX, respectively. C-3 was 
due to the methyl/methine (-CH 3 /-CH-) coupling of the internal 
alanine of PA-PLX-PA. C-4 resulted from the methyl/methine 
(-CH 3 /-CH-) coupling of the terminal alanine of PA-PLX-PA con-
jugated to solvent (OD  −  ) as shown by the peak at 4.47 ppm in the 
1D  1 H-NMR spectra of PHA0.0 as well as PHA0.5, and PHA1.0. 
The new peak at 3.89 ppm (arrow in 1D  1 H-NMR) and the methyl 
group of the terminal alanine of PA-PLX-PA at 1.43 ppm (arrow 
in 1D  1 H-NMR) correlated to the C-5 in the 2D-NMR. Therefore, 
C-5 was assigned to the methyl/methine (-CH 3 /-CH-) coupling 
resulting from the complex formation between the ammonium 
group of terminal alanine of PA-PLX-PA and the carboxylate 
(COO  −  ) groups of HA. Therefore, the new peak at 3.89 ppm in the 
1D  1 H-NMR spectra was assigned to the methine (-CH-) group of 
the terminal alanine of PA-PLX-PA that interacted with the carboxy-
late group of HA. The following conclusions can be made based on 
these results: the change in chemical shift (1.33 to 1.43 ppm) and 
appearance of a new peak at 3.89 ppm in the  1 H-NMR spectra, and 
the C-5 with strong coupling in the 2D-NMR indicate that that the 
ammonium group on the terminal alanine of the PA-PLX-PA inter-
acted with carboxylate of HA. 

 A strong band at 1626 cm  − 1  in the FTIR spectra [  29  ]  of the PA-
PLX-PA/HA aqueous system indicated that the polypeptide (PA) 
predominantly forms  β -sheet secondary structures in the com-
plex thermogel (Figure  3 f). The band intensity (absorbance) of 
the PA-PLX-PA/HA at 1626 cm  − 1  was substantially higher than 
that of PA-PLX-PA in the absence of HA, indicating that the 
 β -sheet content of PA-PLX-PA increased by the complexation 
between HA and PA-PLX-PA. 

 To conclude, the PA-PLX-PA/HA ionic complex forma-
tion can be supported by the cryo-TEM images, zeta potential, 
NMR spectra, and FTIR spectra, as presented in the scheme 
(Figure  1 b). Due to the rigid hydrophobic nature of PA and fl ex-
ible hydrophilic nature of PLX, the PA-PLX-PAs form a core/
shell structure. The ionic interactions between the ammonium 
(-NH 3   +  ) end groups of PA-PLX-PA and carboxylate (-COO  −  ) of 
HA lead to the formation of long fi bers that tended to arrange 
in a parallel direction. Therefore, well-defi ned nanofi brous 
structures with a specifi c orientation are produced in the PA-
PLX-PA/HA complex system. 

 As the temperature increased, the PA-PLX-PA aqueous solu-
tion turned into a gel. As reported previously,  13 C-NMR spectra 
(in D 2 O) of the polymer showed collapsing and broadening of 
the PEG peak, and characteristic  β -sheet band of the polymer at 
218 nm in the circular dichroism spectra signifi cantly strength-
ened as the temperature increased, suggesting that the sol-to-
gel transition mechanism of the PA-PLX-PA aqueous solution 
is the dehydration of PEG and increases in  β -sheet content of 
PA. [  30  ]  In PA-PLX-PA/HA complex system, the similar transi-
tion mechanism can be assumed except that the HA complexes 
with PA-PLX-PA. 

 The characteristics of chondrocytes cultured at 37  ° C in the 
PA-PLX-PA/HA complex thermogels was investigated as a func-
tion of HA content. The cells suspended in the polymer aqueous 
solution were encapsulated in the gel by the temperature-sensi-
tive sol-to-gel transition of the PA-PLX-PA/HA system. Matrigel 
(M in  Figure    4  ) was also used as a reference scaffold. Prolif-
eration of the chondrocytes signifi cantly ( p   <  0.01) improved in 
5121wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     Effect of the HA content on the proliferation and biomarker expression of chondrocytes incubated for 14 days in hydrogels. 
Matrigel (M) is used for comparison. Asterisk ( ∗ ) indicates  p   <  0.01 by the Student t-test. a) Proliferation of chondrocytes was analyzed 
by the CCK-8 method. 100% indicates the value at the day the 3D culture was started. b) Effect of the HA content on the amount of sGAG 
per well measured using the DMB assay. c) Effect of the HA content on the relative mRNA expression of type I and type II collagens. 
GAPDH was used as an internal control. d) Immunohistochemistry analysis of type II collagen (yellowish brown) produced by the chondro-
cytes encapsulated in the hydrogel. Dark brown spots are the nucleus of the cells. e) Fluorescence microscopy images of hydrogel encap-
sulating chondrocytes. The cytosols of cells (right) are stained using a Live (green)/Dead (red) kit, and the nuclei (blue) of cells (middle) 
are stained by Hoechst 33342. Overlapped images are shown in the right. Enlarged overlapped images are also inserted. The scale bar is 
100  μ m.  
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the presence of HA (PHA0.5 and PHA1.0) than in the absence 
of HA (PHA0.0) (Figure  4 a). To investigate the differences in 
biomarker production in the PA-PLX-PA/HA thermogel as a 
function of HA content, sulfated glycosaminoglycan (sGAG) 
and mRNA expression of type I collagen and type II collagen 
were assayed. sGAG and type II collagen are typical biomarkers 
for articular cartilage formation. [  31  ,  32  ]  Compared with chondro-
cytes cultured in PA-PLX-PA thermogels without HA (PHA0.0), 
the amount of sGAG was signifi cantly ( p   <  0.01) increased in 
the presence of HA 1.0 wt% (PHA1.0) (Figure  4 b). The mRNA 
expression of type II collagen was also signifi cantly ( p   <  0.01) 
higher in the presence of 0.5 and 1.0 wt% HA than in the 
absence of HA (Figure  4 c). In the immunostaining assay, the 
type II collagen (brown color) was prominent in the presence 
of HA, where the nuclei of the cells were also observed as dark 
brown spots (Figure  4 d).  

 In 2D culture, mRNA expression of type I collagen was dom-
inant relative to type II collagen. [  18  ,  33  ]  In our 3D culture, mRNA 
expression of type II collagen was dominant over type I col-
lagen, which again emphasizes the importance of 3D culture. 
The amount of sGAG and mRNA expression of type II collagen 
were signifi cantly higher in the thermogelling PA-PLX-PA/HA 
complex system (PHA0.5 and PHA1.0) than the Matrigel TM  
system or the PA-PLX-PA system (PHA0.0). In the biological 
ECM, collagen nanofi bers are dispersed in a proteoglycan-HA 
swollen hydrogel. HA is a major component of ECM in bio-
logical tissues including cartilage. HA is known to be involved 
in biological processes such as cell proliferation, wound repair, 
matrix organization, and morphogenesis. [  34  ]  Proliferation and 
spreading of the fi broblasts signifi cantly increased in a 3D cul-
ture system of PEG diacrylate/HA interpenetrating network 
even in a low level (0.1–0.2%) of HA. [  35  ]  The cell-mediated 
enzymatic degradation of HA was claimed as the mechanism 
of the increased fi broblast activity. In addition, HA binds to 
receptors in cell membranes including CD44 and RHAMM, 
which activates intracellular signalling pathway to control the 
cell function. [  36  ]  In our current system, the addition of HA not 
only induced an orientation of the nanofi bers through the ionic 
interactions with thermogelling polymers but also decreased 
the gel modulus due to the hydrophilic nature of HA. The mod-
ulus of the gel can affect the 3D culture of chondrocytes. [  37  ,  38  ]  
In the photo-crosslinked PEG dimethacrylate hydrogel, the pro-
duction of GAG was most pronounced in the soft gel, whereas 
the expression of collagen type II and MMP were the highest in 
the hard gel. [  38  ]  

 The improvement in cell proliferation and biomarker expres-
sion in the current PA-PLX-PA/HA matrix might come from a 
combination of the contributions through the above discussed 
biological functions, unique nanostructures, and modulus 
effects. 

 Live/Dead assay using fl uorescence microscopy shows that 
the cells were healthy in the PHA0.0, PHA0.5, and PHA1.0 
systems, where the live and dead cells appeared as green 
and red colors, respectively (Figure  4 e). Live cells are distin-
guished by the presence of ubiquitous intracellular esterase 
activity, determined by the enzymatic conversion of the virtu-
ally nonfl uorescent cell-permeant calcein AM to the intensely 
fl uorescent calcein. [  39  ,  40  ]  The polyanionic dye (calcein) is well 
retained within live cells, producing an intense uniform green 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 5118–5125
fl uorescence in live cells. Hoechst 33342 binds to the minor 
groove of double-stranded DNA of nucleus of the cell with a 
preference for sequences rich in adenine (A) and thymine (T), 
to give the image of the nucleus of the cell. [  41  ]  Although the 
dyes can bind to all nucleic acids, AT-rich DNA strands notice-
ably enhance fl uorescence intensity. The overlapped images of 
the cytosol and nucleus supported that the fl uorescence images 
came from the live cells (Figure  4 e). 

 In addition, intercellular contacts and cell-clustering were 
also observed in the HA containing polypeptide thermogel. The 
preferential clustering in the PHA1.0 thermogel was notice-
able. The organized matrix with a specifi c direction is known 
to provide biochemical cues for cell communication and signal-
ling, [  42  ,  43  ]  and consequently affect cellular processes. [  44  ,  45  ]  In the 
Matrigel, chondrocytes lost their original spherical phenotype 
and adopted a fi brous morphology.   

 3. Conclusions 

 As a biocompatible and biodegradable polymer, HA has 
been investigated in drug delivery and tissue engineering 
applications. [  46  ,  47  ]  To exploit HA as a biomimetic nanostruc-
ture-directing moiety, here we found that HA orientated a well-
defi ned fi brous structure of amphiphilic block copolymers with 
a specifi c direction through the ionic interactions between the 
ammonium end group (-NH 3   +  ) of PA-PLX-PA and carboxylate 
groups (-COO  −  ) of HA. The in-situ formed biomimetic 3D cul-
ture system provided a compatible microenvironment for the 
encapsulated chondrocytes, where the cell clustering as well as 
improved cell proliferation and biomarker expression for artic-
ular cartilage were observed in the presence of HA relative to 
the absence of HA or in the Matrigel system. 

 This research emphasizes the importance of nanobiotech-
nology by providing a new method to develop a directional 
nanostructure through ionic interactions and proving its poten-
tial biomedical application.   

 4. Experimental Section 
  Dynamic Mechanical Analysis : The storage modulus of the polymer 

aqueous solutions (8.0 wt.) containing HA (0.0, 0.5, and 1.0 wt%) were 
investigated by dynamic rheometry (Rheometer RS 1; Thermo Haake) at 
4  ° C and 37  ° C. The aqueous polymer solution was placed between parallel 
plates with 25 mm in diameter and a gap of 0.5 mm. During the dynamic 
mechanical analysis, the samples were placed inside a chamber with water-
soaked cotton to minimize water evaporation. The data were collected 
under controlled stress (4.0 dyn/cm 2 ) and frequency of 1.0 rad/s.  

 Cryo-Transmission Electron Microscopy (Cryo-TEM) : The cryo-TEM 
images of PA-PLX-PA aqueous solutions (8.0 wt%) containing 0.0, 0.5, 
and 1.0 wt% HA at 37  ° C were obtained after equilibrating the solutions 
for 20 min at 37  ° C. Vitrifi ed specimens of polymer aqueous solutions 
were prepared on 200 mesh copper grids coated with a perforated 
form fi lm (Ted Pella). A small drop (10  μ L) was applied to the grid and 
blotted with fi lter paper to form a thin liquid fi lm of solution, which was 
immediately plunged into liquid ethane at –170  ° C. The procedure was 
performed automatically in the Vitrobot. The vitrifi ed specimens were 
imaged on a FEI Tecnai G2 TEM, at 200 kV with a Gatan cryoholder 
maintained below −170  ° C. Images were recorded on an Ultrascan 2K 
 ×  2K charge coupled device (CCD) camera. In the microscopes, images 
were recorded using the Digital Micrograph software package under low-
dose conditions to minimize damage by the electron beam radiation. 
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  Scanning Electron Microscopy (SEM) : The SEM images of PA-PLX-PA 
aqueous solutions (8.0 wt%) containing 0.0, 0.5, and 1.0 wt% HA were 
obtained after the polymer solutions were dropped on the silicon wafer 
and kept at 37  ° C in the oven for 20 min. Then, they were quenched 
into liquid nitrogen at –190  ° C, and then freeze-dried. Scanning electron 
microscopy images were obtained by the fi eld emission scanning electron 
microscopy (FE-SEM) instrument (JSM-6700F, JEOL Ltd., Japan). 

  3D Cell Culture : Chondrocytes were isolated from the knee articular 
cartilage of 4-week-old New Zealand white rabbits by collagenase 
digestion. Isolated chondrocytes were monolayer cultured in high glucose 
Dulbecco’s modifi ed eagle medium (DMEM) (Thermo Scientifi c, USA) 
containing 10% fetal bovine serum and 1% penicillin/streptomycin 
under a 5% CO 2  atmosphere at 37  ° C and were subcultured in passage 
2. Harvested cells (passage 3, 1.0  ×  10 6  cells) mixed with PA-PLX-PA 
aqueous solutions (8.0 wt%; 0.25 mL) containing HA (0.0, 0.5, and 
1.0 wt%), and Matrigel (as received) were incubated in 24-well culture 
plates at 37  ° C for 30 min, during which chondrocytes were encapsulated 
by the sol-to-gel transition. DMEM (0.5 mL) containing 10% fetal bovine 
serum and 1% penicillin/streptomycin was added to the cell-encapsulated 
hydrogel under a 5% CO 2  atmosphere at 37  ° C and the medium was 
replaced every three days. The proliferation of chondrocytes in hydrogels 
was assessed using the cell counting kit (CCK)-8 method. Each sample 
was analyzed in triplicate. The CCK-8 solution (0.8 mL; 10% v/v in 
medium, Dojindo, Japan) was added to each well. After 2 h of incubation, 
the absorbance value at 450 nm was measured using an ELISA reader 
(Model 550; Bio-Rad, Hercules, CA, USA), where absorbance at 655 nm 
was used for baseline correction. Hoechst 33342 (NucBlue Live Cell Stain: 
invitrogen, USA) was used to stain nucleus of the cell. 

 To determine the sGAG content in chondrocytes-encapsulated 
hydrogels, each sample was digested in papain solution. Then sGAG 
content was then measured using a 1,9-dimethyl-methylene blue (DMB) 
(Sigma-Aldrich, USA) assay in 96 well plates. Chondroitin sulfate C was 
used as a standard. 

 For immunohistochemistry of type II collagen, the cryo-sections 
were incubated with monoclonal antirabbit type II collagen antibody. 
Subsequently, antibody staining was detected using the Histostain-Plus 
kit (Invitrogen, USA) according to the manufacturer’s protocol. 

 After 14 days of cell-culture, the total RNA content was extracted from 
the cell-encapsulated hydrogels using the TRI ZOL  reagent (Invitrogen, 
USA), according to the manufacturer’s protocol. The extracted RNA 
pellet was dissolved in nuclease-free water, and the RNA quality and 
concentration were determined using the Experion system (Bio-Rad, 
CA, USA). After synthesizing the cDNA from the isolated RNA, real 
time polymerase chain reactions (PCR) were performed with the CFX96 
system using the IQ SYBR Green Supermix. All samples were normalized 
based on the GAPDH level. 

 Viability of chondrocytes in hydrogels was determined using the Live/
Dead kit. Chondrocytes encapsulating hydrogels were incubated at room 
temperature for 30 min in a solution of 4 mM ethidium homodimer-1 
(EthD-1) and 2 mM calcein AM in phosphate buffered saline. Labelled cells 
were then viewed under a Nikon Eclipse E600 fl uorescence microscope 
and images were captured using Lucia software. Viable cells were stained 
with calcein AM (green), while dead cells were stained with EthD-1 (red).   
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