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a  b  s  t  r  a  c  t

Chitosan-polycaprolactone  (CH-PCL)  copolymers  with  various  PCL percentages  less  than  45  wt%  were
synthesized.  Different  CH-PCLs  were  respectively  blended  with  Type-II  collagen  at  prescribed  ratios
to  fabricate  a type  of  layered  porous  scaffolds  with  some  biomimetic  features  while  using sodium
tripolyphosphate  as  a crosslinker.  The  compositions  of  different  layers  inside  scaffolds  were  designed  in  a
way so  that  from  the  top layer  to the  bottom  layer  collagen  content  changed  in  a degressive  trend  contrary
to  that  of chitosan.  A combinatorial  processing  technique  involving  adjustable  temperature  gradients,
collimated  photothermal  heating  and  freeze-drying  was used  to construct  desired  microstructures  of
scaffolds.  The  resultant  scaffolds  had highly  interconnected  porous  layers  with  a layer  thickness  of  around
1  mm  and porous  interface  zones  without  visual  clefts.  Results  obtained  from  SEM  observations  and  mea-
surements  of  pore  parameters  and  swelling  properties  as  well  as  mechanical  examinations  confirmed
ombinatorial processing technique
rticular cartilage matrix

that  graded  average  pore-size  and porosity,  gradient  swelling  index  and  oriented  compressive  modu-
lus for  certain  scaffolds  were  synchronously  achieved.  In addition,  certain  evaluations  of  cell-scaffold
constructs  indicated  that  the achieved  scaffolds  were  able  to well  support  the  growth  of  seeded  chon-
drocytes.  The  optimized  collagen/CH-PCL  scaffolds  are  partially  similar  to  articular  cartilage  extracellular
matrix  in  composition,  porous  microarchitecture,  water  content  and  compressive  mechanical  properties,
suggesting  that  they  have  promising  potential  for applications  in articular  cartilage  repair.
. Introduction

Articular cartilage is a type of avascular tissues and its main com-
onents include chondrocytes, Type-II collagen and proteoglycans.

t is known that articular cartilage has a very limited capacity to
elf-repair or regenerate after degeneration or injury on account
f its avascular features [1]. Current clinical therapies for articu-
ar cartilage repair usually involve micro fracturing, mosaicplasty
nd endoprosthetic joint replacement. However, the outcome of
hese clinical treatments remains unpredictable, and in particular,
umerous surgical cases have not proven to be successful from a

ong-term point of view [2].
In search of alternative therapies, much attention for the repair

f articular cartilage defects has been paid on tissue-engineering
echnologies [3]. To date, most approaches related to tissue engi-

eering involve delivery of cells via porous polymer scaffolds for
egeneration of tissues, and thus, the architecture of scaffolds has

 decisive effect on the development of tissues in addition to
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chemistry of scaffolds [4]. In the case of articular cartilage tissue
engineering, manufacture of scaffolds with satisfactory structures
and properties has encountered specific difficulties because artic-
ular cartilage has stratiform structures and its composition and
property appear to vary in an apparently anisotropic manner.

Histological examinations point out that articular cartilage has
four diacritical layers, generally being named as superficial layer,
intermediate layer, deep layer and calcified layer [5]. From super-
ficial zone to calcified region, water content and Type-II collagen
progressively decrease whereas proteoglycans show an inverse
trend, and meanwhile, collagen fibers and chondrocytes are orga-
nized in a certain oriented manner in different layers. In addition,
the diameter of Type-II collagen and compressive modulus of extra-
cellular matrix (ECM) also change significantly from the superficial
layer to the calcified layer. To date, different efforts have been made
to fabricate scaffolds with certain biomimetic structures or prop-
erties approximately similar to the natural articular cartilage ECM
in order to achieve improved results for articular cartilage repair.

However, up to now, most studies on biomimetic scaffolds have
been addressed to imitating gradient or stratified porous struc-
tures of articular cartilage ECM, and thus, they usually have limited
abilities to modulate the behavior of seeded cells due to simple

dx.doi.org/10.1016/j.colsurfb.2013.09.028
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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CM imitation [6–9]. In recent years, increasing interesting has
een directed toward fabrication of more accurately biomimetic
caffolds that have preferable structures and properties more sim-
lar to that of native articular cartilage ECM [10–12]. Nevertheless,
t is still far from achieving highly biomimetic scaffolds for artic-
lar cartilage repair, and engineering articular cartilage having
ppropriately satisfied ECM composition and properties practically
imilar to native articular cartilage tissue has long been a persistent
hallenge [6,13].

Based on compositions of articular cartilage, naturally occur-
ing polymers such as collagen and polysaccharides have been used
s preferable materials for building biomimetic scaffolds. Up to
ow, Type-II collagen has been widely investigated for articular
artilage repair [14]. Despite of applicability, collagen alone seems
ot to be competent for repairing articular cartilage lesions due
o its high swelling, fast degradation and poor wet-state mechan-
cal properties even if several types of doable crosslinkers have
een utilized [15]. As one of natural polysaccharides, chitosan has
lso been extensively studied for applications in articular cartilage
epair owing to its many advantages as well as chemical similar-
ty to glycosaminoglycans that widely exist in articular cartilage
CM [16,17]. In spite of versatile characteristics, unmodified chi-
osan also shows poor wet-state mechanical properties [18] and
ast degradation [19].

Chitosan-polycaprolactone (CH-PCL) is a type of grafting copoly-
ers and has tailorable mechanical and degradation properties

19]. Polycaprolactone can be selectively grafted on the C-6 site
f chitosan backbone with regulable length of side chains, which
ill endue the resulting CH-PCLs with a brush-like structure and

nable them to be possibly soluble in aqueous medium when the
CL percentage in CH-PCLs is controlled within a proper range [20].
n view of compositions of articular cartilage ECM and merits of
ollagen and CH-PCLs, in the present study, an attempt was  made
o build a type of layered scaffolds with biomimetic microarchi-
ecture using type-II collagen and CH-PCL as main components
nd sodium tripolyphosphate as a crosslinker. To endue layered
caffolds with well-controlled structures and properties, a com-
inatorial processing technique involving adjustable temperature
radients, photothermal heating and freeze-drying was  developed.
he resultant scaffolds had collagen content inversely related to
hitosan content in different layers, and meanwhile, average pore-
ize, porosity, swelling index and compressive modulus of scaffolds
ltered from one layer to another in a gradient manner. These
eatures can be synchronously achieved and they are needed for

imicking several characteristics of articular cartilage ECM.
Despite the rapidly growing variety of scaffolds, to date, clin-

cally applicable scaffolds for articular cartilage repair are still
ery few [1–3,5,21]. In particular, although a variety of scaffolds
nd relevant techniques have become the subject of extensive
nquiry, highly biomimetic scaffolds with required performance for
rticular cartilage repair remain poorly investigated. Therefore, rel-
vant results for fabrications of newly devised biomimetic scaffolds
ogether with their characterization were reported.

. Experimental

.1. Materials

Chitosan powder (degree of deacetylation: 90.3(±2.1)%;
iscosity-average molecular weight: 3.7(±0.23) × 105, measured
ollowing reported methods [22]) was supplied by Aladdin Inc.

ype-II collagen, caprolactone, sodium tripolyphosphate (TPP)
nd hydrazine monohydrate were purchased from Sigma–Aldrich.
ctane, acetic acid, Na2HPO4, phthalic anhydride and dime-

hylformamide were of analytical grade and purchased from
ointerfaces 113 (2014) 352– 360 353

SinoChem Ltd., China. CH-PCL copolymers were synthesized fol-
lowing reported methods [19,20,23].

2.2. Preparation of biomimetic collagen/CH-PCL scaffolds

A cooling circulator (CC-520w, Huber) filled with octane was
used as a cooling bath. A stainless steel cylinder (150 mm in length
and 50 mm in diameter) having one opened end and another end
connected with a stainless steel disk (namely, sample holder) was
upright set in the cooling bath in a way  so that the cylinder was able
to vertically move in a motor-controlled manner. In this system, the
distance between the sample holder and the surface of octane was
able to easily change from 5 to 100 mm and the temperature of
sample holder could be effectively altered.

A circular polytetrafluoroethylene (PTFE) mold with a movable
bottom was used to build scaffolds, and scaffolds were fabricated
in a layer-by-layer manner. Different CH-PCLs were respectively
dissolved in a 1% acetic acid solution to produce 1 wt% CH-PCL
solutions. A 1.0 wt% collagen solution in 2% acetic acid was  also
prepared. In a typical procedure, a collagen/CH-PCL blend solution
was concentrated at 50 ◦C and the resulting glutinous mixture was
cooled down to 20 ◦C and added with a given amount of TPP solu-
tion. The mixture was further cooled down to 5 ◦C and spread onto a
PTFE mold as a thin layer (around 1 mm in thickness). The mold was
then moved onto the sample holder that was pre-cooled at −40 ◦C
and was  around 100 mm above the surface of octane. After the layer
was solidified, surface of the layer was  slightly melted using a colli-
mated light beam generated by a parabolic reflector. The layer was
then moved down (around 1 mm)  together with the movable bot-
tom of PTFE mold, and a new layer composed of collagen/CH-PCL
blend gel with a prescribed weight ratio and containing the same
amount of TPP was spread onto the top of the layer while moving
the sample holder down 20 mm.  After the new layer was nearly
solidified, laminated assembly was  repeated via additional layer-
supraposition until required scaffold was attained. After being
lyophilized at −75 ◦C, the resultant scaffolds were immersed first in
75% and then in 50% ethanol, and neutralized in 0.1 M Na2HPO4 for
30 min. After washing repeatedly with deionized water, scaffolds
were freeze-dried again.

By changing composition ratio of collagen to CH-PCL in each
layer and changing the processing conditions, two types of layered
scaffolds with different pore parameters were built by mainly con-
trolling the concentration of collagen/CH-PCL blend gels. One of
them had similar porosity and average pore-size in each layer, and
another type of scaffolds had graded pore structures changing from
the top layer to the bottom layer.

2.3. Characterization

The weight percent of PCL in CH-PCL was measured using an
elemental analyzer (Vario EL). Stratified scaffolds were cut into
almost isopachous sheets (thickness: ca.1 mm)  with the help of
PTFE mold mentioned earlier. Scanning electron microscopy (SEM,
XL-30 Philips) was  used to view the microstructures of vertical and
cross-sections of scaffolds after gold-spraying. 100 pores at 100 lat-
tices in a SEM image for each specimen were analyzed using image
analysis software and average pore-sizes were calculated by aver-
aging these pores. Porosity of each sheet was determined using a
mercury intrusion porosimeter (AutoPore IV) [19]. Swelling index
(SI) of each sheet was measured via a gravimetric method. Briefly,
collected sheets were immersed in PBS for 4 h, and they were then
transferred into glass tubes with sintered glass filter bottom for

removal of excess water via centrifugation at 2000 rpm for 2 min.
SI was calculated using following equation:

SI = Ws − Wd

Wd
× 100% (1)
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here Ws and Wd are the weight of swollen sample and dry sample,
espectively.

Dry scaffolds were punched into cylinders (5 mm in diameter
nd 4.4 mm in average thickness) with a biopsy punch. Compres-
ive parameters were measured using a universal testing machine
Instron 5960). Load and deformation were monitored using a sim-
lar auxiliary testing unit [24], and measurements were conducted

ith accuracy for load down to one gram and for deformation less
han 0.05 mm.

To determine mechanical parameters for different layers,
ylindrical dry scaffolds (5 mm in diameter) were also cut into
pproximately isopachous sheets (thickness: ca.1 mm)  and each
heet was measured using the same testing machine.

In the case of dry samples, they were directly compressed at
 constant deformation rate of 1 mm/min. For testing hydrated
amples, dry samples were immersed in PBS solution for 2 h,
nd absorbed water inside samples was removed using the same
ethod described in SI measurements. Stress–strain curves of

ydrated samples were measured under the same conditions
pplied to dry samples. Compressive modulus (E) was determined
sing the slope of initial linear elastic region of stress–strain curves,
nd the stress at 10% strain (�10) was recorded for estimating com-
ressive strength.

.4. Chondrocyte culture

Chondrocytes were isolated from articular cartilage of rabbit
nee joints (New Zealand white rabbits, 2-week-old). The obtained
rticular cartilage was cut into small pieces and the resulting sam-
le was incubated in DMEM containing 0.2% collagenase at 37 ◦C for

 h or longer. The isolated cells were seeded onto cell culture flasks
t a density of 105 cells/cm2 in a humidified atmosphere of 5% CO2
t 37 ◦C, supplementing with 10% fetal bovine serum, 50 �g/ml l-
scorbic acid, 100 U/ml penicillin and 100 �g/ml streptomycin, and
eplacing medium every 2 days. After around 85% confluent cells
ere formed, cells were detached and re-suspended in DMEM for

urther experiments.
Cylindrical dry scaffolds with a dimension of 5 mm in diameter

nd 4.4 mm in average thickness were sterilized using epoxyethane
nd conditioned in 75% ethanol over night. After being well prewet-
ed in PBS, scaffolds were placed in the center of each well of
4-well culture plates for subsequent cell seeding. Chondrocytes
ere seeded onto scaffolds at a density of 8 × 106 cells/scaffold.
fter attachment for 2 h, cell-scaffold constructs were added with
omplete medium and cultured in a humidified incubator at 37 ◦C
ith 5% CO2. Culture medium was changed every 2 days until har-

est.
At the end of predetermined culture intervals, three cell-scaffold

onstructs per group were withdrawn, and each construct was hor-
zontally sliced into four approximately isopachous sheets (around

 mm in thickness) that corresponded to matched layer using a
TFE mold mentioned in mechanical measurements. Cell prolifer-
tion in each layer of cell-scaffold constructs was evaluated using

 MTT  (3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bro-
ide) essay following manufacturer’s instructions. Briefly, 200 �l

f serum-free medium and 20 �l of MTT  solution were added to
ach sample, followed by incubation at 37 ◦C for 4 h. After vacating
he supernatant, 200 �l of 10% sodium dodecyl sulfate (SDS) was
dded and further incubated for 8 h. Supernatant was transferred
o 96-well plates and quantified for optical density at 570 nm with

 microtiter plate reader against a blank SDS solution. Non-seeded
heets were used as negative control. Cell numbers were calculated

sing the standard curve obtained at the same time.

Some full cell-scaffold constructs cultured for a given period of
ime were fixed in 2.5% glutaraldehyde solution in PBS for 1 h at
◦C. They were then vertically sectioned into thick slices, washed
ointerfaces 113 (2014) 352– 360

with PBS, stained with the nuclear stain DAPI (4,6-diamidino-2-
phenylindole) and imaged via fluorescence microscopy to see the
cell distribution inside the scaffolds.

Data are presented as mean ± standard deviation. Analysis of
variance was  performed using statistical software (SPSS 15.0 for
Windows). The differences were considered to be significant at a
level of p < 0.05.

3. Results and discussion

3.1. Fabrication of multi-layer scaffolds

In view of structure of articular cartilage ECM, we intend
to fabricate multi-layer collagen/CH-PCL scaffolds having vari-
able compositions in different layers while manipulating porous
structures for each layer using adjustable temperature gradient
technique. Despite certain advantages such as slow degradation
and mechanical strong characteristic, PCL has several shortcomings
including high hydrophobicity, lack of functional groups, neutral
charge distribution and acidic degradation products [20]. There-
fore, PCL content in CH-PCLs should be optimized because resultant
CH-PCLs would have certain features more similar to pure PCL if
weight ratio of PCL in CH-PCLs is too high. To take full advantage of
both chitosan and PCL components and to consider required solu-
bility of resultant CH-PCLs in aqueous media, four types of CH-PCLs
containing PCL component at various weight percentages of 14.3,
23.2, 35.4 and 44.1 wt%  and having soluble properties in aqueous
media [20,23] were selected for the fabrication of collagen/CH-PCL
scaffolds.

Based on many trials, a type of four-layer collagen/CH-PCL
scaffolds was built and corresponding composition for each layer
is shown in Fig. 1(B). Freeze-drying technique has been attract-
ing much attention in fabrication of porous scaffolds due to its
biofriendly nature and the ease of processing [12]. In the process of
freeze-drying manufacture of scaffolds, pores inside scaffolds are
usually generated by cryogenically removing ice crystallite formed
at a fixed freezing temperature, and pore-size and porosity of scaf-
folds are mainly modulated by freezing temperature, freezing rate
and concentration of polymer solutions. In our cases, conventional
stacked freeze-processing method was found not to be as effec-
tive as expected for fabricating multi-layer scaffolds. In fact, it has
been reported that in the cases of stratified scaffold construction,
nonporous or oligoporous interface between two  adjacent layers
frequently occurs, or otherwise, two coterminous layers are often
separated by crannies with diverse shapes when employing a con-
ventional stacked freeze-processing technique, and as a result, the
resultant scaffolds are usually lack of necessitated structures and
properties [5,11,25].

To achieve layered collagen/CH-PCL scaffolds with designed
gradient pore structures while avoiding possibly nonporous or
oligoporous interface or crannies, a combinatorial processing
technique involving adjustable temperature gradients, collimated
photothermal heating and freeze-drying was  developed because
the conventional freeze-processing method was  found to be
unequal to this task. As described in Section 2, a PTFE mold was
employed to fabricate stratified scaffolds, and it actually performs
several functions: modeling the shape and size of scaffolds (see
Fig. 1(A)), helping assembly of layers in a layer-supraposition man-
ner and controlling thickness of layers. Fig. 1(B) shows a schematic
representation for a four-layer scaffold in which each layer has a
thickness of around 1 mm.  In fact, layers inside scaffolds can be

controlled more precisely so that their thickness becomes less than
1 mm because the bottom of PTFE mold can be continuously moved
up or down. Noticing that the scaffold had a multifaceted struc-
ture, and collagen content decreased from 80 wt% in L1 to 20 wt%
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Fig. 1. Photos of a cylindrical collagen/CH-PCL scaffold (A, dotted lines denote diam-
eter), and schematic representation of a four-layer scaffold and its composition (B,
dotted lines indicate potential interface zones of layers; an equal feed ratio of TPP
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o  matrix at 25 wt%  was applied to each layer; PCL content in CH-PCL(i, i = 4,3,2,1) is
4.3(±0.98), 23.2(±1.17), 35.4(±1.26) and 44.1(±1.31) wt%, respectively; pre-cooled
emperature: −40 ◦C, stepping descension of sample holder: 20 mm).

n L4 whereas chitosan content increased from less than 11 wt% in
1 to around 68 wt% in L4, indicating that the scaffold composition
ttains partial similarity when compared to articular cartilage ECM.

Besides multi-level compositions of collagen and proteoglycans,
rticular cartilage ECM also has an assemblage of multi-level porous
tructures for establishment of multiple functions. To construct
radient porous layers for layered scaffolds, regulable temper-
ture gradients were applied to the manufacture of scaffolds,
hich was realized using a cooling bath together with a mov-

ble sample holder. By changing pre-cooled temperature of cooling
ath or moving the sample holder, vertical temperature gradi-
nts from the bottom layer to the top layer inside scaffolds were
chievable, which will potentially create multi-scale freezing com-
artments in different layers. Together with variable compositions
nd changeable concentrations of collagen/CH-PCL glutinous mix-
ures, microstructures of each layer could be effectively defined
nd controlled. With respect to photothermal heating using col-
imated light beam, heating was able to slightly melt the surface
f each layer, which would promote formation of porous interface
etween two adjacent layers, and meanwhile, avoid development
f crannies. In addition, heating also helped to loose the interface
etween the edge of each layer and the wall of PTFE mold for easy
ovement of layers.
In general, biodegradable scaffolds used for implantation have
o endure degradation for at least several weeks with required
trength. Despite presence of a certain amount of mechanically
trong PCL component in each layer, scaffolds still need crosslink-
ng to some extent considering that collagen content was  high
ointerfaces 113 (2014) 352– 360 355

in L1, L2, and L3, and collagen has fast in vivo degradation rate.
Up to now, certain types of covalent crosslinkers such as diiso-
cyanate, epoxy compound and glutaraldehyde are frequently used
to crosslink chitosan [26,27]. In the present study, TPP, a polyanion
crosslinker with quick gelling capability and non-toxic property,
was selected for crosslinking scaffolds because the residue of men-
tioned covalent crosslinkers can impair biocompatibility of the
resultant scaffolds [27,28].

In principle, PCL can be grafted onto C-2, C-3 or C-6 sites of
chitosan backbone. In the present instance, PCL was grafted onto
the C-6 site of chitosan units by protecting amino groups at the
C-2 site of chitosan backbone using phthalic anhydride as a pro-
tection reagent [19,20,23]. By doing so, amino groups at the C-2
site of chitosan units can be crosslinked by TPP. In addition, TPP
can also crosslink some exposed amino groups on collagen chains
via ionic interactions. In considering processing feasibility together
with required properties for resultant scaffolds, the feed ratio of TPP
to the collagen/CH-PCL blend gel was optimized as 25 wt%, and an
equal feed ratio was  applied to each layer, as illustrated in Fig. 1.

Based on photos presented in Fig. 1, it can be seen that the
scaffold formed into regular cylinder with smooth surface, and
the side-view in Fig. 1(A) and (B) verifies that there were no pro-
nouncedly visual flaws that may  occur during layer-supraposition
assembly of scaffolds, preliminarily demonstrating that presently
developed technique is practicable for fabricating multi-layer scaf-
folds.

3.2. Layered scaffolds with similar pore parameters

To see effect of composition and microstructures on interfaces
of scaffold, an effort was made to construct a type of four-layer
collagen/CH-PCL scaffolds (named as Type-I thereafter) in which
each layer had various compositions as shown in Fig. 1(B) but was
endued with similar porosity and average pore-size. By mainly con-
trolling the concentration of collagen/CH-PCL glutinous mixtures
while optimizing a few key processing parameters such as pro-
cooled temperatures of cooling bath, distance between the sample
holder and the surface of octane, and solidified time, scaffolds with
desired structures were successfully built. Several representative
SEM images for different interfaces in a layered scaffold are rep-
resented in Fig. 2, and dotted white lines in these images indicate
interface zones.

Although there is lack of consensus regarding the optimal pore-
size inside a porous polymer scaffold for cell growth and mass
transport, in general, in the case of chondrocyte culture, scaffolds
should have highly interconnected pores with a porosity higher
than 70% while having proper pore-sizes preferentially located in a
range between around 100 and 300 �m in order to facilitate cell
ingrowth [29]. It can be observed from Fig. 2 that many pores
with diverse shapes and various sizes were highly interconnected
throughout each layer of the scaffold, and meanwhile, these pores
had a relatively wider size-distribution and their size changed from
several tens of microns to hundreds of microns.

Besides highly porous layers, Fig. 2 also exhibits that interface
zones between adjacent layers were porous and approvingly inter-
connected, and there were no any typical clefts observed in the
interface zones. In the present instance, porous interface zones
between adjacent layers can be attributed to utilization of photo-
thermal heating technique developed in the present study, which
is proved to be successful to promote establishment of porous link-
ages between adjacent layers, and on the other hand, to avoid
formation of cracks or clefts in the interface zones.
A set of layered scaffolds having various compositions in each
layer (see Fig. 1) was assembled under the same processing condi-
tions, and relevant parameters for their porosity, average pore-size
and swelling index are plotted in Fig. 3. Data in Fig. 3 indicate that
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ig. 2. Representative SEM images for interfaces inside a porous four-layer
ollagen/CH-PCL scaffold (Type-I).

imilar average pore-size and porosity for different layers can be
chieved, and compositions of layers have insignificant impacts
p > 0.05) on the pore parameters, meaning that in the present cases,
he microarchitecture of scaffolds would be predominately regu-
ated by processing conditions.

Fig. 3 also exhibits that there exist significant differences in
welling index for different layers (p < 0.01). It is known that both
ollagen and chitosan are hydrophilic polymers because of their
olar groups, and thus, the scaffolds will swell to some extent even
hough a certain mount of TPP was used. Despite of nonswelling

eatures of PCL component, the effect of PCL content on swelling
ndex of layers would be insignificant because of low PCL content
n each layer, and significant differences in swelling index should
e ascribed to various degrees of crosslinking in different layers. In
Fig. 3. Average pore-size, porosity and swelling index of some collagen/CH-PCL
scaffolds (Type-I; standard deviation (n = 4): ±11.5 ( ), ±3.4 ( ) and ±4.4 ( )).

principle, chitosan or collagen can be crosslinked by TPP via ionic
interactions between protonized –NH3

+ in chitosan or collagen
and negatively charged phosphate anions in TPP when an aqueous
acetic acid solution is used as solvent [30]. However, the number
of exposed amino groups coming from collagen chains is gener-
ally small, and the reaction rate between TPP and these exposed
amino groups is low due to virgulate triple-helical structures of
collagen molecules [31]. On the other hand, chitosan content was
set to increase from L1 to L4. In view of these factors, cross-linking
density would increase from L1 to L4, and thus, the correspond-
ing swelling index would concomitantly decrease from L1 to L4,
as shown in Fig. 3. It worth mentioning that the greater swelling
index should mean higher water content for the matching layer,
an thus, it can be drawn that the variation of water content in dif-
ferent layers in presently designed scaffolds would decrease from
the top layer (matching with superficial layer) to the bottom layer
(corresponding to calcified layer), which is similar to the variation
tendency of water content in articular cartilage ECM [5].

3.3. Layered scaffolds with graded pore structures

It is known that besides variations of compositions in articu-
lar cartilage ECM, the porosity and pore-size also gradually change
from the superficial layer to the calcified layer [5]. In our cases, it
was found that three variables, i.e., concentration of collagen/CH-
PCL glutinous mixtures, distance between the sample holder and
the surface of octane, and solidified time of glutinous layers
imposed crucial impacts on the shape of pores, average pore-size
and porosity in each layer. To mimic  porous microarchitecture
inside articular cartilage ECM, orthogonal experimental design was
applied to optimization of pore parameters for different layers
inside another type of layered scaffolds (referred to as Type-II after-
ward) that have graded pore structures while having the same
composition as elucidated in Fig. 1.

Several representative SEM images for four layers inside a Type-
II scaffold are represented in Fig. 4. These images show that pores
in each layer of the scaffold appear to be highly interconnected,
shapes of pores randomly vary from L1 to L4, and greater pores
formed more in L3 and L4 compared to L1 and L2. A series of Type-
II scaffolds was  measured for their average pore-size, porosity and
swelling index, and collected data are presented in Fig. 5. Gradi-
ent average pore-sizes changing from around 150 to 250 �m were
achieved from L1 to L4, and concomitantly, porosity increased from

about 70% to 90%, revealing that presently developed processing
technique is an effective one for building scaffolds with biomimetic
compositions and gradient porous microarchitecture.
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ig. 4. Representative SEM images for four layers inside another type of porous four
2,  L3 and L4, as indicated in Fig. 1(B)).

It is worth noticing that swelling index for L3 and L4 in Type-II
caffolds was  measurably larger when respectively comparing to
he corresponding layer in Type-I scaffolds shown in Fig. 3. Larger
welling index for layers in Type-II scaffolds may  be ascribed to
heir higher porosity and greater average pore-size, which gives rise
o more easy penetration of water into scaffolds, resulting in larger
welling index. Nevertheless, swelling index for different layers in
ype-II scaffolds still followed a degressive trend from L1 to L4,
hich indicates gradient water content in Type-II scaffolds and is in

ood agreement with the variation of water content inside articular
artilage ECM [5].

.4. Compressive properties of scaffolds with graded pore

tructures

Compressive property of scaffolds are of particular importance
n the cases of articular cartilage repair because scaffolds are
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ig. 5. Average pore-size, porosity and swelling index of collagen/CH-PCL scaffolds
Type-II; standard deviation (n = 4): ±10.8 ( ), ±2.9 ( ), ±4.1 ( )).
 collagen/CH-PCL scaffolds (Type-II) (A, B, C and D respectively corresponded to L1,

frequently applied to different cartilage defects located in load-
bearing zones in hip, knee and ankle, and thus, they must be able
to withstand a certain pressure during implantation to help the
seeded cells grow. It has been reported that compressive property
of scaffolds are not only linked to shape-persistency and durabil-
ity of scaffolds in practical operations but also closely correlated
to modulation of cell behavior [32–34]. In the light of fact that
axial compressive modulus of articular cartilage ECM increases
from the superficial layer to the calcified layer, biomimetic scaffolds
should also have similar mechanical characteristic. In consideration
of the necessity for gradient porous microstructures, only Type-
II scaffolds were selected for compressive measurements unless
otherwise stated.

Fig. 6 shows several compressive stress–strain curves for dry
and hydrated scaffold. To calculate average E and �10, a number
of scaffolds were measured and relevant data are summarized in
Table 1. In general, the compressive stress–strain curves for porous
foams composed of non-brittle polymers exhibit a few character-
istics [35,36]: linear elastic deformation at small strain, flexure

deformation for the elastic materials or yielding deformation for
the elasticplastic materials at relatively large strain, followed by a
plateau region at apparently large strain and a solidifying region in

Table 1
Compressive mechanical parameters of dry and hydrated collagen/CH-PCL scaffolds
(Type-II).a

Sample Dry scaffolds Hydrated scaffolds

E (MPa) �10 (MPa) E (MPa) �10 (MPa)

L1 6.5 ± 0.49 0.59 ± 0.035 0.39 ± 0.031 0.054 ± 0.004
L2  6.9 ± 0.51 0.61 ± 0.031 0.52 ± 0.041 0.067 ± 0.005
L3  7.1 ± 0.47 0.68 ± 0.039 0.65 ± 0.033 0.097 ± 0.006
L4  7.4 ± 0.43 0.69 ± 0.044 0.74 ± 0.037 0.114 ± 0.005
Full scaffold 6.8 ± 0.49 0.63 ± 0.036 0.62 ± 0.035 0.089 ± 0.006

a Date in the table are presented as mean ± standard deviation (n = 4).
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proliferated cells among layers of scaffolds. Considering the initial
caffolds (Type-II, dotted curves match with dry samples and solid curves corre-
pond to hydrated samples).

hich the stress sharply increases at very large strain. All curves for
ry layers and the scaffold in Fig. 6 display these four characteris-
ics and have not shown any yielding deformation, indicating that
hese layers as well as the scaffold have well-defined compressive

echanical properties. In the case of dry layers, Fig. 6 shows that
s layers change from L1 to L4 the plateaus zone in the matching
urve gradually becomes shorter but the corresponding compres-
ive stress does not significantly alter, suggesting that graded
ompositions and pore parameters have impacts on the toughness
ather than the strength of layers. In general, mechanical property
f porous polymer scaffolds can be correlated to various parame-
ers of scaffolds [37,38], and in our cases, the key parameters were
ound to mainly include average pore-size, porosity, composition
nd degrees of crosslinking. As mentioned earlier, Type-II scaffolds
ad graded compositions and gradient pore parameters changing

rom L1 to L4, and meanwhile, the crosslinking of scaffolds was
lso heterogeneous since TPP has a limited ability to crosslink col-
agen molecules [30,31,39]. Although it will be extremely difficult
o search out details of how these factors to regulate compres-
ive property of layers individually, results in Fig. 6 suggested that
he synergetic effect of these factors resulted in insignificant vari-
tions of E and �10 for different layers in dry scaffolds (p > 0.05), as
ndicated in Table 1.

In comparison to dry layers and the scaffold presented in Fig. 6,
reat decreases in stress and significantly extended plateaus zones
n stress–strain curves are registered for hydrated samples. These
urves also indicate that as the layer changed from L1 to L4,
tress of layers increased, and at the same time, the matched
lateaus zone in stress–strain curves became shorter. The results
or hydrated samples may  be related to the ionic crosslinking
haracteristics of TPP. In principle, TPP is able to crosslink amino
roups to some extent via ionic interactions. However, ionic link-
ges built by TPP molecules would become quite loose and scaffolds
an notably swell when scaffolds are exposed to aqueous media
ecause chitosan and collagen components are quite hydrophilic.
onsequently, the swollen layers or scaffolds, as indicated by the
welling index in Fig. 5, would have reduced compressive strength
hile gaining an increased ability responded to compressive defor-
ation, leading to great differences in stress–strain curves when

ompared to dry scaffolds.

In the case of hydrated samples, Table 1 reveals that E and �10

ary from L1 to L4 in a significant uptrend (p < 0.01). Considering
hat under physiological conditions the implanted scaffolds will
Fig. 7. Cell proliferation in collagen/CH-PCL scaffolds as measured by the MTT  assay
(Type-II, standard deviation (n = 4): ±0.09 ( ), ±0.09 ( ), ±0.08 ( ), ±0.08 ( )).

be in wet  state, E and �10 for hydrated samples are more signifi-
cance as compared to that of dry samples. Progressively increasing
trends of E and �10 from L1 to L4 for hydrated layers should be
attributed to the modulation of TPP. TPP is capable of crosslinking
amino groups originated from chitosan more effectively than those
stemmed from collagen [30,31,39], and on the other hand, chitosan
content was set in an incremental manner from L1 to L4, and as a
result, increasing E and �10 from L1 to L4 for hydrated scaffolds
were established due to differences in the degree of crosslinking
for different layers. The increasing trend of E for Type-II scaffolds is
a desirable property because compressive modulus of articular car-
tilage ECM also changes from the superficial layer to the calcified
layer in a gradually increasing manner [5,6,10].

Despite relatively low compressive modulus and compressive
strength of hydrated scaffolds, Table 1 shows that compressive
modulus for different layers in hydrated Type-II scaffolds changed
from around 0.39 and 0.74 MPa  whereas full hydrated scaffolds had
compressive modulus of about 0.6 MPa, and on the other hand, the
lowest compressive strength of a layer in hydrated scaffolds was
about 0.05 MPa. These results suggest that compressive mechani-
cal properties of hydrated Type-II scaffolds are similar to normal
human articular cartilage in knee [40,41] and also similar to many
reported materials used for articular cartilage repair [42].

3.5. Proliferation and distribution of chondrocytes inside scaffolds

Type-II scaffolds were used to culture chondrocytes in vitro
to assess whether the presently developed scaffolds support the
growth of chondrocytes, and relevant results are presented in Fig. 7.
The bar-graphs explicate that in each layer of scaffolds, the growth
of chondrocytes roughly experienced three phases: fewer cells
grown from day 1 to day 3; cell number notably increased from days
3 to 14; and after that, cell number slightly changed. In addition, it
can also be observed that there were not significant differences in
the number of proliferated cells among layers of scaffolds (p > 0.05).
As indicated in Fig. 1(B), collagen content changed in a degressive
trend contrary to that of chitosan from the top layer to the bottom
layer of the scaffolds, and on the other hand, scaffolds had gra-
dient pore structures, data shown in Fig. 7 reveal that synergetic
effects arisen from composition, structure and certain properties
of scaffolds result in insignificant differences in the number of
number of seeded cells and the number of proliferated cells after
culture, results in Fig. 7 confirm that these scaffolds are able to well
support the growth of chondrocytes.
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ig. 8. Chondrocyte distribution inside collagen/CH-PCL scaffolds with fluorescence
API nuclei staining after culture for 2 weeks (I) and 3 weeks (II) (Type-II, scale bar:
00 �m).

To see cell distribution inside scaffolds, chondrocytes cultured
n type-II scaffolds were stained with DAPI that is usually employed
or staining the nucleus of fixed cells [43], and representative
mages taken from vertical sections in full thickness of scaffolds
re shown in Fig. 8. Cells cultured for 2 weeks were randomly dis-
ributed throughout the scaffold structure without distinct blank
reas or typically discontinuous zone, demonstrating that (1) scaf-
olds support the chondrocyte ingrowth; (2) pore-size and porosity
n each layer of scaffolds are suited for the migration of chon-
rocytes; and (3) the interfaces between different layers inside
caffolds should be highly porous and interconnected. In addition, it
an also be seen that density of cells was measurably increased after
xtended culture up to 3 weeks. These results suggest that presently
eveloped processing technique enables the fabrication of scaf-
olds with highly interconnected porous microstructures, designed
iomimetic characteristics and approving support of chondrocyte

ngrowth.

. Conclusions

The presently developed combinatorial processing technique
as demonstrated to be quite practical and effective for fabrica-

ion of stratified collagen/CH-PCL scaffolds. By regulating weight
atio of collagen to chitosan for different layers in a mutually
pposite manner, biomimetic compositions partially similar to
rticular cartilage matrix could be attained. Graded microarchitec-
ure with highly interconnected porous layers inside scaffolds could

e regulated mainly by temperature gradients and concentrations
f collagen/CH-PCL glutinous mixtures. Collimated photothermal
eating together with the designed mold was confirmed to be
dvantageous for establishment of porous interface zones without

[

ointerfaces 113 (2014) 352– 360 359

visual cracks or clefts. It was  found that biomimetic compositions,
graded average pore-size and porosity, gradient swelling index and
oriented compressive modulus, which are just needed for mim-
icking certain structures and properties of articular cartilage ECM,
could be synchronously achieved by using presented materials and
techniques. The achieved scaffolds were able to well support the
growth of chondrocytes.
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