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Abstract
Prolonged osteochondral tissue damage can result in osteoarthritis and decreased quality of life. Multiphasic scaffolds,
where different layers model different microenvironments, are a promising treatment approach, yet stable joining be-
tween layers during fabrication remains challenging. Here, a bilayer scaffold for osteochondral tissue regeneration was
fabricated using thermally-induced phase separation (TIPS). Two distinct polymer solutions were layered before TIPS,
and the resulting porous, bilayer scaffold was characterized by seamless interfacial integration and a mechanical stiffness
gradient reflecting the native osteochondral microenvironment. Chitosan is a critical component of both scaffold layers
to facilitate cell attachment and the formation of polyelectrolyte complexes with other biologically relevant natural
polymers. The articular cartilage region was optimized for hyaluronic acid content and stiffness, while the subchondral
bone region was defined by higher stiffness and osteoconductive hydroxyapatite content. Following co-culture with
chondrocyte-like (SW-1353 or mesenchymal stem cells) and osteoblast-like cells (MG63), cell proliferation and migra-
tion to the interface along with increased gene expression associated with relevant markers of osteogenesis and chon-
drogenesis indicates the potential of this bilayer scaffold for osteochondral tissue regeneration.
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1 Introduction

Osteochondral tissue is composed of an articular cartilage re-
gion and a subchondral bone region with a calcified cartilage
interface linking the two distinct microenvironments.
Osteochondral defects arise when damage or disease affect
both regions (Hunziker 2002) and surgical treatment options
vary from bone marrow stimulation to chondrocyte and/or
graft transplantation (Bekkers et al. 2012; Cole et al. 2009).
However, these treatments are associated with inherent com-
plications (Bexkens et al. 2017; Hunziker 2002; Lopez-Ruiz
et al. 2016; Smith et al. 2005). For example, therapies only
targeting the cartilage zone without consideration of the

interface or subchondral bone result in increased defect size,
a weak tissue interface, and structural degradation of the un-
derlying bone (Madry et al. 2010; Schinhan et al. 2012).
Regeneration of osteochondral defects is nontrivial and re-
quires synchronized vascularization and calcification in the
bone region concurrently with avascular collagen deposition
in the cartilage region (Hunziker 2002).

Tissue engineering (TE) scaffolds provide a three-
dimensional (3D), biodegradable template for cell attachment/
differentiation. TE scaffolds can be utilized for treatment of
osteochondral defects by providing synchronized, yet segregat-
ed support of two or more distinct cell populations with differ-
ing biochemical and biomechanical requirements. In
monophasic scaffolds, extent of osteochondral tissue regenera-
tion is low relative to multiphasic scaffolds indicating that
monophasic materials may be inadequate mimics of the native
microenvironment and therefore unable to simultaneously sup-
port chondrogenesis and osteogenesis (Seo et al. 2014; Singh
et al. 2018). Thus, various bilayer and multilayer (3+ layers)
3D, porous scaffolds have been fabricated to address the unique
characteristics of the osteochondral microenvironment. Porous
scaffolds that mimic osteochondral extracellular matrix (ECM)
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are fabricated with a wide range of physical properties includ-
ing tailored pore size (Di Luca et al. 2016; Nie et al. 2016; Oh
et al. 2007), pore shape, (Aydin 2011) mineral content (Kon
et al. 2010; Yusong et al. 2013), or biochemical gradients
(Levingstone et al. 2014; Oh et al. 2011). These studies dem-
onstrate the efficacy of multilayer or multiphasic scaffolds
in vitro (Galperin et al. 2013; Levingstone et al. 2014) and
in vivo (He et al. 2017; Levingstone et al. 2016). Although
promising, limitations of multiphasic scaffolds include time-
consuming, iterative fabrication or joining procedures, as well
as inadequate or unstable interfacial regions between layers
(Hunziker and Driesang 2003; Levingstone et al. 2014).
These significant limitations indicate a need for further innova-
tion in the design and optimization of such scaffolds for
osteochondral tissue engineering.

Synthetic polymers are often utilized in bone tissue engineer-
ing due to their superior mechanical integrity relative to natural
polymers. However, synthetic polymers have slow degradation
rates, harmful degradation products, and lack cell attachment and
differentiation cues (Schaefer et al. 2002). Natural polymers are
more biocompatible, but their mechanical properties are subop-
timal for many tissue engineering applications. Polyelectrolyte
complexes (PECs), such as chitosan-alginate (Florczyk et al.
2011; Li and Zhang 2005) and chitosan-hyaluronic acid,
(Florczyk et al. 2013), formed via ionic interactions between
natural cationic and anionic polymers, possess enhanced integrity
and stiffness. Further, the integration of bioactive cues such as
hyaluronic acid (HA), a glycosaminoglycan (GAG) found in
articular cartilage, improves chondrocyte attachment and
chondrogenic differentiation (Galperin et al. 2013; Kim et al.
2003; Yoo et al. 2005). Bone scaffolds frequently contain
osteoconductive materials, such as tricalcium phosphate or hy-
droxyapatite (HAp), to stimulate osteoblastic activity, increase
scaffold stiffness, and induce influence phenotypic expression
in osteoblast-like cells (Galperin et al. 2013). The incorporation
of bioactive cues specific to the distinct microenvironments pres-
ent in native osteochondral tissue can promote tissue regeneration
(Galperin et al. 2013; Kim et al. 2003; Shu et al. 2003; Yoo et al.
2005).

In this study, we present a bilayer scaffold with a stable,
calcified transition zone fabricated via a thermally-induced
phase separation (TIPS) fabrication process. The scaffold has
two regions. The first region, a chitosan-hyaluronic acid carti-
lage layer, is defined by relatively lower stiffness and the pres-
ence of hyaluronic acid (HA). The second region, a chitosan-
alginate bone layer, was optimized for higher stiffness and
osteoconductive hydroxyapatite nanorod (6% CA+HAp) con-
tent. Chitosan was selected as a major component of the bilayer
scaffold as it supports attachment and proliferation of both oste-
oblasts (Levengood and Zhang 2014; Li et al. 2005) and
chondrocytes (Li and Zhang 2005). This report describes how
each layer of the scaffold, or each base scaffold, was optimized
to reflect structural, physical, and biological properties unique to

the osteochondral microenvironment. The scaffold design pro-
cess required a multi-step optimization involving material char-
acterization and in vitro cell-based evaluation. By combining
two distinct scaffolds optimized for cartilage and bone, respec-
tively, using TIPS fabrication processes, a region between the
two layers was established, resulting in a gradient transition zone
with increasing stiffness and calcium content resembling that of
native osteochondral tissue. The biological performance of the
optimized scaffold was characterized to investigate scaffold po-
tential for osteochondral tissue engineering applications.

2 Experimental

2.1 Materials

Unless otherwise stated, all chemicals were purchased from
Sigma Aldrich and used as received. Scaffolds were synthesized
using chitosan (from shrimp shells, practical grade, MW=190–
375 kDa, > 75%deacetylated), hyaluronic acid sodium salt (from
Streptococcus equi, MW= 1.5–1.8 × 106 Da) and alginic acid
sodium salt (from brown algae, medium viscosity). All tissue
culture reagents (antibiotic-antimycotic (AA), Dulbecco’s phos-
phate buffered saline (D-PBS), Dulbecco’s modified Eagle me-
dium (DMEM), TripLE, trypsin, and fetal bovine serum (FBS))
were purchased from Life Technologies. Human chondrocyte-
like (SW-1353) and human osteoblast-like (MG63) cells were
used as received (American Type Culture Collection,
Manassas, VA). Rat bonemarrow derived mesenchymal stem
cells (MSC) were isolated from Sprague-Dawley rat bone
marrow aspirate as previously described (Florczyk et al.
2012) and cultured in fully supplemented DMEM. Cells
were maintained according to manufacturer’s instructions
in fully supplemented DMEM with 10% FBS and 1% AA
at 37 °C and 5% CO2 in a fully humidified incubator.

2.2 Scaffold fabrication

2.2.1 Base scaffold

Six different scaffolds (Table 1) were fabricated for optimiza-
tion of the base scaffolds for the cartilage or bone regions.
Pure chitosan (C) (Jana et al. 2012), chitosan-alginate (CA)
(Florczyk et al. 2016; Kievit et al. 2010), and chitosan-
hyaluronic acid (CHA) (Florczyk et al. 2013; Wang et al.
2016) were prepared as previously reported. During scaffold
fabrication, all homogenization steps were performed three
times at 2000 RPM for 3 min using a Thinky mixer (ARM-
300, Thinky USA, Laguna Hills, CA).

4 wt% pure chitosan scaffolds (4% C) were fabricated by
first adding 4 g of chitosan to a 1 wt% acetic acid solution. For
6 wt% pure chitosan scaffolds (6% C), 6 g of chitosan were
added to a 2 wt% acetic acid solution. The higher acetic acid
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concentration was used to ensure dissolution of chitosan at the
higher polymer concentration. Both solutions were homoge-
nized, aged overnight at room temperature to ensure complete
dissolution, and cast into a 24-well plate at 3 mL per well.

To fabricate 4 wt% chitosan-alginate scaffolds (4% CA), 4 g
of alginate were dissolved in 199 mL of DI water and stirred
using a Thinky mixer. Upon alginate dissolution, chitosan (4 g)
and acetic acid (1 g) were added and the solution was homog-
enized until dissolved. For 6% CA scaffolds, 6 g of alginate was
dissolved in 198mL of DI water followed by the addition of 6 g
of chitosan and 2 g of acetic acid. Upon chitosan dissolution, the
polymer solutions weremixed in a blender for 5min, cooled in a
cold-water bath to prevent polymer solution overheating, and
mixed in a blender again for 5 min. The scaffold solution was
cast into a 24 well-plate at 3 mL per well.

4 wt% chitosan – hyaluronic acid (4% CHA) scaffolds
were fabricated by first preparing the chitosan and HA poly-
mer solutions separately. Chitosan (4 wt%) and HA (1 wt%)
were separately dissolved in 1 wt% acetic acid. For 6% CHA
scaffolds, chitosan (6 wt%) was dissolved in 2 wt% acetic
acid, to ensure dissolution of chitosan at the higher polymer
concentration. The HA solution was created by dissolving
1 wt% HA in a 1 wt% acetic acid solution. Chitosan and
HA polymer solutions were individually homogenized and
aged overnight at room temperature. After dissolution, chito-
san and HA polymer solutions were combined, homogenized,
and mixed in a blender for one min. The resultant polymer
solution was cast into a 24-well plate at 3 mL per well.

All 24-well plates containing the polymer solutions were
centrifuged for 1–5 min at 2000 RPM to remove air bubbles,
refrigerated for >12 h, frozen at −20 °C for >24 h, and lyoph-
ilized using a Labconco Freezone 6 freeze dryer.

Table 1 summarizes the scaffold naming conventions.
Naming conventions are based on a ratio of polymer mass to
total solution volume. Specifically, for pure chitosan (C) scaf-
folds, the total polymer content (wt%) was equivalent to the
amount of solubilized chitosan. A 6% pure chitosan scaffold
contains 6 wt% chitosan. For CA scaffolds, the total polymer
content was equivalent to the amount of solubilized chitosan

plus the amount of solubilized alginate. A 6% CA scaffold
contained 3 wt% chitosan and 3 wt% alginate for a 6 wt%
total polymer content.

HA has poor solubility and high viscosity at moderate con-
centrations. Therefore, 1 wt% HAwas the highest concentra-
tion used. The association between the naming convention of
CHA scaffolds and the total polymer content is different from
the C and CA scaffolds. Importantly, the naming convention,
which is based on the chitosan concentration prior to blending,
remains consistent with scaffolds presented in literature
(Florczyk et al. 2013). A 6% CHA scaffold contains a
6 wt% chitosan solution blended with a 1 wt% HA solution
for a total of 3.5 wt% polymer.

2.2.2 Composite chitosan-alginate + hydroxyapatite scaffolds

Hydroxyapatite nanorods (HAp) were synthesized based on a
previously reported procedure (Jin et al. 2015) with slight mod-
ifications to obtain processing conditions encompassing ambient
pressure and body temperature. Briefly, 0.75 M sodium citrate
was added dropwise to 0.1M calcium nitrate. Sodium hydroxide
was used to adjust pH to 9 and the solution was aged for 30 min
at room temperature. A 0.06 M sodium phosphate monobasic
solution was prepared, adjusted to pH 9, and then aged for
30 min. Under constant stirring, the solutions were mixed to
achieve a precipitate with a Ca/P ratio of 1.67. The mixture
was heated to 37 °C under constant stirring for 2 days while
maintaining a pH of 9. The nanorod precipitate (HAp) was fil-
tered, washed with DI water, and dried at 70 °C overnight. The
length of the nanorods was 80.0 ± 25.4 nm and width was 6.7 ±
4.0 nm (n = 20 nanorods). Nanorod morphology was observed
with transmission electron microscopy (TEM). HAp was added
to a 6%CApolymer solution (synthesis outlined above) to obtain
concentrations of 0.1 wt%, 0.25 wt%, 0.5 wt%, 1 wt%, 2 wt%,
and 3 wt% HAp. The composite polymer solution was blended,
homogenized, and cast in a 24-well plate at 3 mL per well. The
plate was centrifuged at 1000 RPM for 5 min, refrigerated for
>12 h, placed in a − 20 °C freezer for >24 h, and lyophilized
using a Labconco freeze dryer.

Table 1 Scaffold naming
nomenclature and composition Scaffold Type Solution Fabrication (wt%) Total Polymer (wt%)

Step 1 Step 2

4% C 4% C in 1% AA – 4% C

6% C 6% C in 2% AA – 6% C

4% CA 2% A in DI water 2% C in 0.5% AA 2% A+ 2% C= 4% CA

6% CA 3% A in DI water 3% C in 1% AA 3% A+ 3% C= 6% CA

4% CHA 4% C in 1% AA 1% HA in 1% AA 2% C + 0.5% HA= 2.5% CHA

6% CHA 6% C in 2% AA 1% HA in 1% AA 3% C + 0.5% HA= 3.5% CHA

C, chitosan; A, alginate; HA, hyaluronic acid; AA, acetic acid; CA, chitosan+alginate; CHA, chitosan+hyaluronic
acid
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2.2.3 Bilayer scaffolds

The complete bilayer scaffold fabrication process is summa-
rized in Fig. 1a. During scaffold fabrication, all homogeniza-
tion steps were conducted using a Thinky mixer three times at
2000 RPM for 3 min. Solutions for each layer of the bilayer

scaffold were prepared separately. For the cartilage layer, a 4%
CHA solution was produced by dissolving chitosan (4 wt%)
and HA (1 wt%) separately in 1 wt% acetic acid. Chitosan and
HA solutions were individually homogenized and aged over-
night at room temperature. The polymer solutions were then
homogenized and mixed in a blender for 1 min. Wells of a 24-

Fig. 1 Bilayer scaffold synthesis and co-culture cell seeding. a The three-
step fabrication process includes: (1) synthesis of HAp nanorods using a
chemical precipitation method, (2) individual preparation of the 4%CHA
and 6% CA+HAp solutions, and (3) layering the two polymer solutions,
centrifuging, freezing, and lyophilizing to achieve a gradient scaffold with

an integrated interface region. b Co-culture seeding scheme in the bilayer
scaffold where SW-1353 or MSC cells are first seeded in the cartilage
layer (4% CHA), the scaffold is then flipped, and MG63 cells are seeded
in the bone layer (6% CA+HAp)
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well plate were filled with 1.5 mL of the 4% CHA polymer
solution per well. The plate was then centrifuged and refrig-
erated for 1 h to yield a firmer and more viscous solution. For
the bone layer, a 6% CA + 0.5% HAp material solution was
prepared by dissolving 6 g of alginate in 198 mL of DI water
and homogenizing. Upon dissolution, chitosan (6 g) and
acetic acid (2 g) were added and the solution was homoge-
nized, mixed in a blender for 5 min, and cooled in a cold-water
bath. Hydroxyapatite nanorods (0.5 wt%) were then dispersed
in the CA polymer solution. The 6% CA+HAp polymer so-
lution was blended for 5 min and then mixed at 2000 RPM for
3 min with a Thinky mixer to eliminate bubbles. 1.5 mL of the
CA polymer solution was gently cast in eachwell on top of the
refrigerated 4% CHA solution in a 24-well plate. The
layered polymer solutions were then centrifuged at 2000
RPM for 5 min. This centrifugation step eliminated air
bubbles at the interface thereby integrating the two layers
and preventing delamination. The scaffolds were then re-
frigerated for >12 h, frozen at −20 °C for >24 h and
lyophilized using a Labconco freeze dryer.

2.2.4 Scaffold neutralization and sterilization

All base and HAp-integrated single-phase scaffolds had a di-
ameter of ~15 mm and a thickness of 10 mm and were cut into
3 mm-thick disks, and neutralized and/or crosslinked as sum-
marized in Table S1. The cylindrical bilayer scaffolds were
6 mm tall with an approximate diameter of 15 mm. Scaffolds
were cut into four quarters, and simultaneously neutralized
and crosslinked. Neutralization, crosslinking, and sterilization
steps were conducted under vacuum. All crosslinked/
neutralized scaffolds were rinsed 3 times with DI water, and
soaked in D-PBS or DI water on a shaker at 60 RPM over-
night. After ethanol sterilization, all scaffolds were rinsed
three times and soaked overnight in sterile D-PBS to remove
residual ethanol. Before cell seeding, the scaffolds were trans-
ferred to fully supplemented cell culture media for at least 2 h.

2.3 Microscopy

Scaffold pore morphology was visualized with a scanning
elec t ron microscope (SEM, JEOL JSM-7000F) .
Specifically, dry scaffolds were mounted on stubs using
carbon tape and coated with Au/Pd for 60 s before imag-
ing. HAp nanorod samples were prepared using a copper
grid and imaged with a Transmission Electron Microscope
(TEM, Philips EM430 TEM).

2.4 Pore size measurement

Individual pore areas were measured from SEM micro-
graphs using ImageJ software. At least 14 pores were
measured per base scaffold condition to determine mean

pore area. For the bilayer scaffold, > 35 pores were mea-
sured in each layer. Pores were outlined using the free-
hand selection function in ImageJ and the area measured.
Pore diameter was estimated using the mean pore area and
assuming pores were a perfect circle.

2.5 Mechanical testing

Compression testing was conducted with a Shimadzu
Universal tester (AGS-X) using a 100 N load cell at a strain
rate of 0.4 mm/min. Scaffolds were cut into 2-mm thick disks
and tested in dry and hydrated states. Hydrated samples were
crosslinked and/or neutralized and soaked in D-PBS for >1 h
prior to testing. Testing of bilayer scaffolds was conducted
using full thickness (6-mm height) hydrated scaffolds. At least
four samples were tested per condition.

2.6 Porosity and density measurements

Bulk density of each scaffold was determined by measur-
ing the scaffold mass to the ten-thousandth of a gram and
the scaffold diameter using micrometers (n = 12). Porosity
of bilayer scaffolds was measured using a modified liquid
displacement method.(Hsu et al. 1997; Zhang and Ma
1999) Specifically, the weight (Wi) and volume (Vi) of a
dry scaffold was recorded. The scaffold was fully sub-
merged in isopropanol for 20 min under vacuum. The
isopropanol-impregnated scaffold was weighed (Wf).
Scaffold porosity (n = 5) was calculated as a ratio of the
volume of the solvent in the scaffold pores to the volume
of the dry scaffold as shown in Eq. 1, where ρ is the
density of isopropanol. Weight was measured in mg, and
volume was measured in mm3.

Porosity ¼ Wf−Wið Þ=ρ
Vi

� 100 ð1Þ

2.7 Cell seeding and cell proliferation in base scaffolds

Base scaffolds were seeded with 20,000 SW-1353, MSC, or
MG63 cells suspended in 50 μL of fully supplemented
DMEM. Scaffolds were incubated for 2 h to allow for cell
infiltration and attachment before adding fully supplemented
media. Media were changed every 2–3 days for the 14-day
culture period. Cell proliferation was evaluated at 2, 7, and
10 days using 10% alamarBlue® reagent in fully supplement-
ed media (n = 4 per condition). Scaffolds were incubated for
4 h in the alamarBlue® solution before an aliquot of the solu-
tion was transferred to an opaque black 96-well plate.
Fluorescence intensity was measured using a SpectraMax
M5 microplate reader (Molecular Devices, Union City, CA)
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at an excitation wavelength of 560 nm and emission wave-
length of 590 nm. Fluorescence intensity was converted to cell
number based on standard curves created for each scaffold
type/cell line. Excess alamarBlue® was aspirated and scaf-
folds were washed with D-PBS before fresh media was added
after each timepoint.

2.8 Cell seeding, cell proliferation, and live cell
imaging in bilayer scaffolds

One cell type was seeded into each layer of the bilayer scaf-
folds to evaluate metabolic activity of co-cultures (SW-
1353 +MG63 or MSC +MG63) (Fig. 1b). This culture con-
dition is referenced throughout the text as a Bco-culture.^ In
the cartilage region, 200,000 cells (SW-1353 or MSC)
suspended in 100 μL of fully supplemented DMEM were
seeded into the 4% CHA layer and incubated for 2 h to allow
cell infiltration and attachment. Scaffolds were then flipped
and 200,000 MG63 cells in 100 μL of fully supplemented
DMEMwere seeded in the 6% CA+HAp layer. The scaffold
was again incubated for 2 h before the addition of fully sup-
plemented media. Media were changed every 2–3 days over
the 14-day culture period.

Proliferative capacity (n = 4)was determined at 2, 4, 7, 10,
and14daysusingthealamarBlue®assay.Scaffoldscontaining
cellsandblankscaffoldswereincubatedfor4hinalamarBlue®
solution. Then an aliquot of the solutionwas transferred to an
opaque black 96-well plate. Fluorescence intensitywasmea-
sured using a SpectraMaxM5 microplate reader (Molecular
Devices, Union City, CA) at an excitation wavelength of
560 nm and emission wavelength of 590 nm. The measured
fluorescence intensity from scaffolds culturedwith cells was
normalized to themeasured fluorescence intensityassociated
with blank scaffolds. The fluorescence intensity correlates
with the metabolic activity of each culture condition. Excess
alamarBlue®wasaspiratedandscaffoldswerewashedwithD-
PBSbefore freshmediawasaddedaftereach timepoint.

To view cell distribution and infiltration into the bilayer
scaffold, live cell images were acquired using a Nikon
inverted fluorescent microscope with appropriate filters on a
Nikon Ri1 Color Cooled Camera system (Nikon instruments,
Melville, NY). To differentiate cells seeded in each layer of
the bilayer scaffolds, the SW-1353 or MSC cells were stained
with red Vybrant® DiI cell-labeling (Molecular Probes,
Thermo Fisher) rendering the cells red-orange when excited
at 549 nm (565 nm emission). Cells (SW-1353 or MSC) were
incubated for 30 min in red Vybrant® DiI at 1 μg/mL in D-
PBS prior to seeding in the cartilage layer. MG63 cells were
seeded in the bone layer with no prior staining. Before imag-
ing after 1 and 14 days of culture, the entire bilayer scaffold
was incubated for 30 min in 5 μM calcein AM (Thermo
Fisher) in D-PBS. Calcein AM is a cell-permeant dye that is
converted from colorless to a green-fluorescent calcein after

hydrolysis when excited at 495 nm (emission 515 nm), and
therefore can be used for determination of live cells. Cells in
the cartilage layer, SW-1353 orMSC, were double stained and
emitted both red and green fluorescence, depending on the
excitation wavelength, and in the bone layer, MG63 were
identified as green with no red signal. After merging images
using ImageJ and Adobe Photoshop, differences in excitation
wavelength between DiI (red) and calcein AM (green) stained
cells allowed cells in the cartilage layer (SW-1353 or MSC) to
be visualized as red-orange and bone layer cells (MG63) to be
visualized as green.

2.9 PCR

After two weeks of culture, cells were detached from the bi-
layer scaffolds using TripLE Express and ribonucleic acid
(RNA) was extracted following the manufacturer’s protocol
using the Qiagen RNeasy kit (Qiagen, Valencia, CA).
Following the manufacturer’s instructions, iScript cDNA syn-
thesis kit (Bio-Rad, Hercules, CA) was used for reverse tran-
scription (RT) to prepare cDNA.DNA transcripts were probed
using SoAdvanced Universal SYBR Green Supermix (Bio-
Rad) with the primers listed in Table S2. Thermocycling was
performed on 10 μL of solution containing 5 μL SYBR
Supermix, 300 nM primers (Integrated DNA Technologies,
Coralville, IA), and cDNA concentrated at 4 ng/μL. The
thermocycling was performed using the BioRad CFX96
System at 95 °C for 3 min, 40 cycles at 95 °C for 15 s,
and 60 °C for 1 min. All qRT-PCR data was analyzed
with the CFX Manager software (Bio-Rad) where expres-
sion levels were normalized to a reference gene, GAPDH.
Gene expression between conditions was normalized to
MG63 expression on 2D tissue culture polystyrene
(TCPS) (set to 1-fold) for comparison.

2.10 Statistical analysis

All data was analyzed to express mean ± standard deviation
unless stated otherwise. The data were analyzed using one-
sided or two-sided analysis of variance (ANOVA) with post-
hoc Tukey multiple comparisons testing for statistical signif-
icance (p ≤ 0.05) in GraphPad Prism 7 (Prism version 7.04,
Graph Pad Software, San Diego, CA).

3 Results and discussion

3.1 Base scaffold microstructure and other material
properties

Repair of osteochondral defects requires simultaneous support
of two cell populations, chondrogenic and osteogenic cells,
that reside within distinct microenvironments – articular
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cartilage and subchondral bone. Differing biochemical and
biomechanical cues in each region makes scaffold design
challenging, necessitating a multiphasic scaffold approach.
To accurately mimic the layered osteochondral ECM, bio-
chemical and biomechanical optimization of the cartilage
and bone regions of a bilayer scaffold was necessary. Pure
chitosan (C), chitosan-alginate (CA), and chitosan- hyaluronic
acid (CHA) base scaffolds were each fabricated with two
polymer concentrations (4 wt% and 6 wt%) per scaffold com-
position and screened as candidate scaffolds for the cartilage
or bone layers of the target osteochondral bilayer scaffold. The
polymer concentrations were selected based on previous stud-
ies showing 4 wt% CA scaffolds support osteogenic and
chondrogenic cell culture (Li et al. 2005; Li and Zhang
2005). Scaffold pore structure and morphology, observed with
SEM (Fig. 2a), displayed a defined, yet interconnected, open
pore network for all scaffolds. Despite a similar overall

polymer content, the 6% CA scaffolds had a significantly
smaller mean pore cross-sectional area (1.10 ± 0.64 ×
104 μm2) than the 6% C scaffolds (2.93 ± 1.63 × 104 μm2)
likely due to the increased viscosity of the CA PEC (p ≤
0.05) (Fig. S1a). Scaffold density (Fig. 2b), which increased
with polymer content, was different among all scaffold com-
positions, ranging from 0.04 g/cm3 to 0.08 g/cm3, and similar
to values cited for other highly porous polymeric foams
(Dorati et al. 2014).

Polymer content and density correlated with the compres-
sive modulus or stiffness of the bulk, porous scaffold. The
compressive modulus of dry and hydrated scaffolds increased
as scaffold density increased (Fig. 2c, d). Overall, the CA
scaffolds were the stiffest followed by the C scaffolds, and
CHA scaffolds. The low compressive modulus of both dry
and hydrated CHA scaffolds was due to low total polymer
content relative to the other scaffold types.

Fig. 2 Base scaffold microstructure and physical property
characterization. a SEM images showing pore morphology. Scale bar is
200 μm. b Dry bulk density of all scaffolds significantly different (p ≤
0.05, n = 12). Compressive modulus of (c) dry scaffolds in MPa (n = 4)

and (d) hydrated scaffolds in kPa (n = 4). *Statistically significant from
all or specified conditions (p ≤ 0.05). **Statistically significant from all
conditions, except 6% CHA. (p ≤ 0.05)
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3.2 Cell attachment and proliferation on base
scaffolds

In addition to characterizing and optimizing the physical
properties of the scaffold to reflect the in vivo microenvi-
ronment, the response of relevant cells to the scaffold in
terms of attachment and proliferation is also critical.
Growth profiles for chondrocyte-like cells (SW-1353),
rat bone marrow mesenchymal stem cells (MSC), and
osteoblast-like cells (MG63) were established for each
base scaffold by using the metabolic assay alamarBlue®
(Fig. 3). The 4% CHA and 6% CHA scaffolds were seed-
ed with chondrocyte-like SW-1353 or MSCs to evaluate
their support of chondrogenic cells. Human SW-1353
cells have been utilized previously to evaluate cartilage
regeneration (Cecen et al. 2016; Chien et al. 2012; Lu
et al. 2015) and MSCs possess chondrogenic potential.
The 4% and 6% C and CA scaffolds were seeded with
osteoblast-like MG63, a cell line frequently used to eval-
uate osteogenic cell behavior on scaffolds (Gupta et al.
2016; Trombetta et al. 2017).

3.2.1 Cartilage layer scaffold

CHA scaffolds were evaluated as a potential chondral
layer with the goal of mimicking native cartilage ECM
compromised heavily of Glycosaminoglycans (GAGs).
The structure of chitosan is similar to GAGs (Kim
et al. 2008) and HA, a component of native articular
cartilage, is important in tissue homeostasis and chondro-
genesis (Kim et al. 2003; Knudson and Knudson 2004;
Yoo et al. 2005). Combining chitosan and HA results in
a stable PEC, blending the beneficial properties of both
natural polymers. Lower polymer concentration scaffolds
relative to bone layer scaffolds, as summarized in

Table 1, were investigated for the cartilage layer because
chondrocytes prefer lower stiffness substrates relative to
osteogenic cells. Additionally, lower stiffness substrates
may influence mesenchymal stem cell fate toward a
chondrogenic phenotype (Olivares-Navarrete et al. 2017).

In native articular cartilage, chondrocytes populate and
deposit ECM to maintain healthy tissue. Cartilage layer
bioactivity was evaluated using chondrocyte-like SW-
1353 and MSCs with chondrogenic potential. An increase
in metabolic activity from day 2 to day 10 was observed
for SW-1353 and MSC cells in both 4% and 6% CHA
scaffolds (Fig. 3a, b). The number of MSC cells on 4%
CHA scaffolds was significantly higher than the number
of MSCs on 6% CHA scaffolds at day 10. Based on pro-
liferation and metabolic activity of the SW-1353 and MSC
cells, 4% CHA scaffolds were selected for the cartilage
layer of the osteochondral scaffold.

3.2.2 Bone layer scaffold

Subchondral bone, composed of type I collagen and cal-
cium phosphate, is a stiffer tissue than cartilage.
Presentation of appropriate stiffness cues is crucial to re-
generation of healthy tissue because mechanosensing by
stem cells is a key factor in lineage mediation.
Determining the optimal bone layer base scaffold required
a two-phase evaluation: (1) characterization of cell prolif-
eration on higher stiffness scaffolds to identify the base
scaffold material, and (2) addition of hydroxyapatite
nanorods (HAp) and optimization of HAp content in the
base scaffold to enhance scaffold osteoconductivity.
Osteoblast-like MG63 cells were cultured on the four
stiffest scaffolds (4% C, 6% C, 4% CA, and 6% CA sum-
marized in Table 1) (Fig. 2c, d) resulting in increased
metabolic activity for all scaffolds over the 10-day culture

Fig. 3 Cell proliferation on base scaffolds. a SW-1353 and (b) MSC cultured on 4% and 6%CHA, and (c) MG63 cultured on 4%C, 6%C, 4%CA, and
6% CA for 10 days (n = 4). *Statistical significance within specified time point. (p ≤ 0.05)
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period (Fig. 3c). At day 10, the number of MG63 cells on
6% CA scaffolds was significantly higher than on the C
scaffolds or 4% CA scaffolds. The 6% CA scaffold was
selected as the base material for the bone layer because of
increased scaffold stiffness and superior support of osteo-
genic cell proliferation.

The addition of HAp, similar in composition to the
inorganic component of bone (Batchelar et al. 2006;
Malmberg and Nygren 2008), promotes osteogenesis
when integrated into chitosan scaffolds (Chesnutt et al.
2009), and has shown promising results in bone TE
in vitro and in vivo. Additionally, the scaffold with em-
bedded nanorods mimics the native composite bone struc-
ture where mineralized calcium phosphate platelets and
rods are embedded in a collagen matrix (Weiner and
Wagner 1998). Therefore, to further enhance the bioactiv-
ity of the bone layer, hydroxyapatite nanorods were added
to the 6% CA base scaffold (Fig. 4a, b). HAp nanorods
were added in concentrations ranging from 0.1 wt% to
3 wt%. Pore morphologies in the HAp-integrated scaf-
folds was visualized with SEM (Fig. 4c). All HAp-
incorporated scaffolds possessed an open, porous struc-
ture indicating that HAp addition does not hinder pore
formation during TIPS. As the HAp concentration within
the CA scaffold increased up to 3%, the dry bulk density
of the scaffolds also increased (Fig. 4d). Homogeneous
HAp dispersal throughout the CA matrix was observed
for all conditions, despite dispersal challenges cited in
previous works (Venkatesan and Kim 2010). In the CA
scaffold, the strong ionic interaction between alginate and
Ca+2 in HAp acted as a dispersant (Kim et al. 2015).

The proliferative capacity of MG63 cells in HAp-
integrated scaffolds was determined by evaluating metabolic
activity (Fig. 4e). At day 7, no significant difference in meta-
bolic activity was observed for cells cultured on CA scaffolds
with or without HAp. By day 14, scaffolds with ≥1 wt% HAp
began to disintegrate and release cells into suspension,
resulting in decreased cell number. After two-weeks of cul-
ture, the 6% CA + 0.5%HAp scaffolds demonstrated aqueous
stability while supporting proliferation of osteogenic cells.
Therefore, this scaffold was selected for the osteochondral
scaffold bone layer.

3.3 Bilayer scaffold architecture and mechanical
properties

TE scaffolds must be biochemically suited for attachment
and proliferation of the desired cell type. Nevertheless,
appropriate scaffold structural cues are also essential to
the generation of functional tissue. After evaluating six
different scaffolds for supporting attachment and prolifer-
ation of the appropriate cell type, we found that SW-1353
and MSC cells prefer a higher HA content scaffold with

lower elastic modulus. The MG63 cells favor scaffolds
with a higher elastic modulus and the highest HAp con-
tent while maintaining scaffold aqueous stability. By
layering two polymer solutions with differing composi-
tions and polymer contents (4% CHA and 6% CA +
0.5% HAp) before a single TIPS-lyophilization process,
a gradient interface was achieved.

The resultant bilayer scaffold pore structure, including the
interface region, was visualized via SEM (Fig. 5a–d). The
interface between the two distinct layers of the scaffold was
amalgamated and seamless (Fig. 5c) and the cartilage region
(4% CHA) was less dense than the bone region (6% CA +
HAp) (Fig. 5e). Scaffold porosity followed a similar trend,
where the 4% CHA layer porosity was higher than the 6%
CA + HAp layer porosity. Importantly, both regions were
highly porous with >87% porosity. High porosity encourages
recruitment and infiltration of native cells where the bioactive
cues in each scaffold layer (i.e., HA and HAp) can help direct
layer-specific ECM and tissue development. Pore size is a
critical factor in cell attachment and infiltration, and can play
a deterministic role in cell behavior (Di Luca et al. 2016). Due
to the higher polymer content of the bone layer, 6% CA +
HAp scaffold, the mean pore area was significantly smaller
(1.16 ± 0.87 × 104 μm2) than the cartilage layer 4% CHA
scaffold (2.36 ± 1.99 × 104 μm2) (Fig. S1b). Based on mean
pore area and the assumption of circular pores to estimate
mean pore diameter, the pore diameters would be approxi-
mately 145 μm (cartilage) and 110 μm (bone), respectively.
These diameters fall in the range of relevant pore sizes for cell
growth and tissue regeneration (Yang et al. 2001).

Pore size, shape, and interconnectivity in TIPS-
fabricated scaffolds is dependent on the solution proper-
ties and processing temperatures. Development of a ho-
mogenous, isotropic pore structure requires uniform ther-
mal energy transfer during freezing and lyophilizing.
Layering different polymer solutions can result in non-
uniform pore structures as the overlying solution has no
direct contact with the freezing surface. Uniform conduc-
tion between the two polymer solutions is particularly
important to ensure a consistent and integrated interface
to mimic the calcified cartilage region, which should help
prevent bone ingrowth in the cartilage region (Hunziker
and Driesang 2003). Despite differing polymer solution
densities and compositions, the freezing procedure report-
ed here enabled ice crystal formation throughout the scaf-
fold, as demonstrated by the consistent pore formation
throughout the entirety of the bilayer scaffold. Further,
pores bridge both scaffold layers, thereby creating a stable
interface. A stable and interconnected interface is critical
to prevent delamination, anchor the cartilage to the bone,
and prevent zonal segregation from inhibiting integrated
regeneration at the calcified cartilage interface (Kreklau
et al. 1999; Niederauer et al. 2000).
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The stiffness gradient between the cartilage and bone
layers of a multiphasic, osteochondral TE scaffold is hy-
pothesized to help mediate lineage in undifferentiated
cells (Discher et al. 2005; Engler et al. 2006). This bilayer
scaffold displayed stress-strain behavior typical for porous
polymers (Frydrych et al. 2011) (Fig. 5g). Two distinct
linear-elastic regions corresponding to each scaffold layer
(Fig. 5h) suggest compression of the low stiffness region

(4% CHA) prior to the stiffer region (6% CA + HAp).
Modulus 1 is defined by a compressive modulus of 6.90
± 1.29 kPa, whereby Modulus 2 represents a stiffer region
with a compressive modulus of 55.84 ± 16.0 kPa (Fig.
5h). Modulus 1 correlates with the modulus of a
standalone 4% CHA scaffold (6.81 ± 0.70 kPa). The com-
pressive modulus of a 6% CA + HAp scaffold was 139.0
± 10.4 kPa, which is a 150% greater than Modulus 2,

Fig. 4 Effect of HAp concentration on 6% CA scaffold properties. a, b
Visualization of HAp nanorods with TEM. Scale bars represent 200 nm,
and 100 nm, respectively, in (a) and (b). c SEM images of scaffold pore
morphology with varying HAp (HAp concentration increases from left to
right). Scale bar represents 200 μm. d Density of CA+HAp composite

scaffolds (n = 8) (p≤ 0.05). (e) MG63 proliferation on CA + HAp
composite scaffolds over a 2-week culture period (n = 4). *Statistically
significant from all or specified conditions (p ≤ 0.05). **Statistically sig-
nificant from all conditions except 0.1% HAp (p ≤ 0.05)
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suggesting that modulus 2 in the bilayer scaffold had
some contribution from both the cartilage (4% CHA)
and bone (6% CA + HAp) layers indicating a stiffness
gradient. In the native osteochondral microenvironment,
the mechanical properties of the osteochondral region
vary with patient age, activity, and location in the body,
yet the compressive modulus has been cited at 98–
270 MPa for subchondral bone (Schlichting et al. 2008)
and 2–20 MPa for cartilage (Shepherd and Seedhom
1999). Despite advancements in materials and synthesis

techniques, native osteochondral tissue has not been fully
recapitulated using porous scaffolds. Polymeric scaffold
stiffness is significantly less than native bone tissue, yet
for non-load bearing bone or unique gradient microenvi-
ronments like the osteochondral tissue, a polymeric scaf-
fold may be advantageous to promote healing at the in-
terface. The stiffness of this bilayer scaffold is comparable
to other natural polymer-based multiphasic scaffolds that
have shown promise in vivo (Levingstone et al. 2014;
Levingstone et al. 2016).

Fig. 5 Bilayer scaffold characterization. a SEM of bilayer scaffold with
increased magnification of the (b) 4% CHA, (c) interface, and (d) 6%
CA+ 0.5% HAp layers. Scale bar represents 1 mm in (a) and 500 μm in
(b-d). e Scaffold dry bulk density (n = 4). f Scaffold porosity (n = 4). g
Representative compressive stress-strain curve for hydrated bilayer

scaffold with modulus 1 corresponding to CHA region and modulus 2
corresponding to the CA+HAp region. h Compressive modulus of hy-
drated bilayer scaffold compared to pure components (n = 4).
*Statistically significant from all or specified conditions (p ≤ 0.05)
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3.4 In vitro assessment of bilayer scaffold

Cell attachment, proliferation, and invasion in the bilayer
scaffold was determined using two growth factor-free co-
culture conditions over a two-week culture period.
Scaffold co-cultures included: (1) SW-1353 +MG63 and
(2) MSC +MG63. SW-1353 or MSC cells were seeded in
the cartilage layer (4% CHA) and MG63 was seeded in
the bone layer (6% CA + 0.5% HAp) to mimic native
tissue (seeding illustrated in Fig. 1b). A significant in-
crease in metabolic activity over a two-week culture peri-
od indicated the bilayer scaffold was amenable to simul-
taneous proliferation of these two co-cultures conditions
(Fig. 6). Direct quantification of the specific contributions
of each cell type to the increased metabolic activity or
specific cell numbers associated with each cell line could
not be determined using this assay model.

Cell migration and proliferation in each scaffold layer
was visualized using fluorescence microscopy (Fig. 7). In
the SW-1353 +MG63 co-culture condition (Fig. 7a, b),
an increase in the number of SW-1353 (top, red) and
MG63 (bottom, green) cells was observed near the
seeding surfaces of the scaffold relative to the scaffold
interior at day 1. By day 14, cell density increased in all
scaffold layers, and cells appeared to invade the scaffold
interior relative to day 1. SW-1353 cells were mostly
present as single cells and small cell clusters whereas
the MG63 cells formed larger cell clusters. Although
sparse, both green and red cells were observed at the
interface at day 1. By day 14, the interface displayed a
higher density of both cell types, suggesting that both
cell types penetrated the scaffold to the interface. At
the interface, small cell clusters of SW-1353 and larger
cell clusters of MG63 were observed.

An increase in cell number in both cartilage and bone
regions was observed at day 14 in the bilayer scaffold co-

cultured with MSC +MG63 (Fig. 7c, d) as compared to
the condition in the bilayer scaffold cocultured with SW-
1353 +MG63, although the cell morphologies were simi-
lar under both conditions. MG63 cells in the bone layer
(bottom, green) formed larger cell clusters than MSCs in
the cartilage layer (top, red). Both cell types were present
at the interface of the bilayer scaffold. SEM was used to
examine cell morphology (Fig. 8). In the cartilage layer
(CHA) (Fig. 8a, c), both SW-1353 and MSC cells in two
different bilayer scaffolds assumed a rounded or spherical
morphology. SW-1353 cells formed cell clusters, whereas
MSC cells are present both in single cell state and in
clusters. In the bone layer (CA + HAp) (Fig. 8b, d),
MG63 cells showed their characteristic, spindle-like or
elongated morphology, and spread along the pore walls.
The MG63 cells formed large cell clusters as shown in the
fluorescence images. In addition, it appears that a layer of
extracellular fibrous matrix material was deposited on the
highly populated cell areas of the scaffold making it dif-
ficult to identify the cell morphology.

To try to correlate increased proliferation with in-
creased functionality, early chondrogenic (collagen type
II) and osteogenic (osteocalcin) markers were evaluated
using qRT-PCR. Type II collagen plays a critical role in
stem cell and chondrocyte maturation and is vital to the
development and formation of the GAG-rich articular car-
tilage (Bobick et al. 2009). For bone remodeling,
osteocalcin is a known osteogenic marker (Marom et al.
2005) where increased expression signifies osteoblast
maturation (Fig. 9). Each cell type was cultured separately
on TCPS for comparison of gene expression in co-
cultures on the bilayer scaffold relative to 2D TCPS.
Gene expression for each condition was normalized to
expression of the reference gene GAPDH. For comparison
among 2D and co-culture conditions, gene expression was
normalized to the 2D TCPS culture of MG63 (set to 1-

Fig. 6 Proliferation of
chondrogenic and osteogenic
cells in bilayer scaffold evaluated
by measuring metabolic activity.
Evaluation of (a) SW-1353 +
MG63 and (b) MSC +MG63
metabolic activity measured with
alamarBlue® (n = 4) *Statistical
significance relative to all other
time points. (p ≤ 0.05)
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fold) because both co-cultures contained MG63 cells.
Increased expression of chondrogenic and osteogenic
markers was observed for both co-cultures on the bilayer
scaffolds relative to all 2D cultures indicating that at early
timepoints, chitosan-based bilayer scaffolds effectively
support relevant cells.

Multiphasic scaffolds have shown promise in regener-
ation of layered tissues, yet current multiphasic scaffold
design is hindered by time-consuming, iterative fabrica-
tion techniques and insufficient amalgamation between
layers. Here, we designed a biomimetic, bilayer scaffold
using a straightforward, fast, and pH-neutral, single-stage

fabrication approach. Our layered TIPS approach over-
comes the onerous, iterative fabrication requirements of
previous technologies while maintaining tunability of
each layer. Tailoring bioactive factors and mechanical gra-
dients in multiphasic scaffold layers is vital to support
synchronized regeneration. In osteochondral TE, special-
ized integration and segregation of bioactive factors spe-
cific to the bone region or the cartilage region is crucial to
enhance zonal organiza t ion of the regenera ted
osteochondral tissue. By exploiting TIPS and the en-
hanced aqueous stability of PECs, a highly porous, bilay-
er scaffold was fabricated entirely using natural polymers.

Fig. 7 Proliferation and
migration of chondrogenic and
osteogenic cells in bilayer
scaffold cross-sections.
Evaluation of SW-1353 +MG63
with (a) illustration of seeding
condition and (b) fluorescence
imaging of SW-1353 (red) and
MG63 (green) in cartilage layer
(top), interface (middle, marked
by white triangles), and bone
layer (bottom) of bilayer scaffold
(blue auto fluorescence).
Evaluation of MSC +MG63 with
(c) illustration of seeding
condition and (d) fluorescence
imaging of MSC (red) and MG63
(green) in cartilage layer (top),
interface (middle, marked by
white triangles), and bone layer
(bottom) of bilayer scaffold (blue
auto fluorescence). Scale bar is
500 μm in (b) and (d)
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Natural polymers are advantageous over synthetic poly-
mers because of their biocompatibility and biodegradabil-
ity and chitosan, a major component of the bilayer scaf-
fold, has previously been shown to support attachment
and proliferation of both osteoblasts (Levengood and
Zhang 2014; Li et al. 2005) and chondrocytes (Li and
Zhang 2005). Importantly, the TIPS approach to layered
scaffold fabrication has potential in osteochondral TE as
well as for other complex layered tissues. By using a non-
toxic, pH-neutral synthesis, future studies involving tai-
lored growth factors integration could allow for sustained
delivery and potential chemotactic recruitment of native
cells directly to the defect site.

4 Conclusion

We developed a bilayer, polysaccharide and GAG-based scaf-
fold for osteochondral tissue regeneration using a simple, fast,
and pH-neutral synthesis process. Each region of the bilayer
scaffold was optimized with biomechanical and bioactive cues
to enhance the proliferation of intended cell types
(chondrogenic or osteogenic cells). Fabrication of this layered
scaffold is advantageous over previously reported techniques
due to the tunability of the elastic moduli of each layer as well
as the integration of bioactive factors segregated to each spe-
cific region (HA in the cartilage region and HAp in the bone
region). Additionally, the seamless gradient zone at the inter-
face ensures stability by inhibiting delamination. The potential
of this bilayer scaffold for osteochondral tissue engineering
applications was characterized during a two-week co-culture
where cell proliferation and infiltration to the scaffold inter-
face was demonstrated.
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