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A B S T R A C T

Osteoarthritis is the predominant form of arthritis and is a leading cause of disability. Tissue engineered scaffolds
are showing great promise for the treatment of cartilage defects. The cartilage consists of a complex architecture,
which is greatly responsible for its properties and functions. In this study, highly porous multizone scaffolds were
fabricated using both cryo-printing and electrospinning. The developed multizone scaffolds successfully mimic
the complex structure of the collagen fibre orientation in the native cartilage. MSC were seeded onto the mul-
tizone scaffolds. Cell viability, DNA quantification and fluorescence staining demonstrated that these scaffolds
allow MSC attachment and viability after 4 weeks of in vitro culture. Moreover, a key chondrogenesis factor,
glycosaminoglycan, was maintained over 4 weeks of culture. Compressive properties of the multizone scaffolds
were significantly lower in comparison to the phase separated control, making it mechanically suitable for the
cartilage. Overall, this study produced multizone scaffolds which express a complex structure similar to that of the
native cartilage and the results demonstrate the ability of the multizone scaffolds to act as platforms for MSC
attachment and survival, highlighting the potential within cartilage tissue engineering.
1. Introduction

Osteoarthritis is the most common articular disease and is a leading
cause of disability [1]. Current non-surgical and surgical therapies have
failed to halt the progression of osteoarthritis and it’s prevalence is on the
rise. Surgical treatments including abrasion, arthromplasty, osteochon-
dral grafting and total knee arthroplasty are employed but success is
hindered with high failure rates. Autologous chondrocyte implantation
(ACI) has been increasingly used over the last 20 years but its use is
associated with high costs, weeks of cell culture, and two operations
[2–6]. Microfracture is a highly regarded technique and is considered the
‘gold standard’ for treatment of cartilage defects. It is a low cost and
minimally invasive procedure, however, this technique results in the
formation of fibrocartilage due to the lack of guidance for cellular
migration and structural support [7–10]. In order to overcome these
hurdles, tissue engineered scaffolds have gained widespread attention for
their potential to aid in cartilage repair with many achieving preliminary
success [6,11–13]. Various cells and scaffold fabrication techniques have
been used for engineering cartilage tissue [14–21].

The use of mesenchymal stem cells (MSC) to repair cartilage defects is
a promising avenue as MSC possess the ability to undergo differentiation
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into chondrocytes under the influence of appropriate biological cues in
vitro [22–24]. Previously, MSC cultured in cell pellets exhibited chon-
drogenic properties [25,26], however, the inadequate mechanical
properties limit the use as systems for cartilage repair [27]. On the other
hand, biomaterial scaffolds have shown the potential to provide required
mechanical properties and relevant platforms for MSC differentiation
[23,28].

The physical architecture of scaffolds is a key parameter which reg-
ulates cell activity [28]. Native cartilage is characterised with collagen
fibres in various orientations and this complex structure has a vital role in
physiological and mechanical functions of the cartilage [3,29]. The
unique composition and three layered structure of the cartilage has been
the focus of a limited number of previous studies. Multi-layered con-
structs that mimic various characteristics of the native cartilage have
been previously developed [3,11,12,29–31]. One approach is to incor-
porate biological components of the native cartilage into layered scaf-
folds. An example is 3D bioprinted multi-layered osteochondral
constructs consisting of various ECM materials which allowed the pro-
duction of neo cartilage [30]. In regards to mimicking cartilage archi-
tecture, bi- or multi-layered scaffolds have been constructed using either
one or two scaffold fabrication techniques. These scaffolds presented
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region specific variations in mechanical properties, chondrocyte number
and cartilage ECM production [11,12,31]. Similarly, scaffolds with bio-
mimetic pore architecture have been developed, using directional
freezing, and these scaffolds demonstrated pore dependant mechanical
anisotropy [29].

Recently, we developed a cryo-printer which is a modified 3D printer
that prints directly onto a -40 �C surface. This technique allows the
printed solution to undergo phase separation and directional freezing
resulting in columnar pores, similar to the parallel structure of the deep
zone layer of the native cartilage [32]. To recreate the complex multi-
zonal architecture of the native cartilage, cyro-printing can be used in
combination with other scaffold fabrication techniques. For instance,
biodegradable polymeric electrospun nanofibers have previously been
shown to be morphologically similar to natural extracellular matrix, thus,
it has been widely used in tissue engineering. They exhibit porosity
(>90%) and successfully promotes cell attachment and growth [12,14].
However, electrospun nanofibers usually exhibit poor mechanical prop-
erties, limiting their use in load-bearing tissue engineering applications,
such as cartilage [33,34].

The present study combined the use of cryo-printing and electro-
spinning to develop multizone scaffolds that recreate the complex ar-
chitecture of the native cartilage. The scaffold contains three distinct
zones, each of which mimics the zonal architecture of the native carti-
lage. Multizone scaffolds were directly compared to phase separated (P/
S) and electrospun (ESP) controls.

2. Materials and methods

2.1. Materials

All materials were purchased from Sigma Aldrich unless stated
otherwise.

2.2. Multizone scaffold fabrication

The bottom zone of the multizone scaffold was fabricated using cryo-
printing, which involves printing of an 8% w/v Polycaprolactone (PCL)/
1, 4-Dioxane solution directly onto a cold plate set at -40�C, as described
in previous literature [32]. This layer was printed in a helix shape. Print
head temperature, speed, and solution flow rate were set to 45�C,
0.5 mm/s and 1.25ml/h, respectively. Printed scaffolds were further
frozen at -80�C overnight and then freeze dried overnight (FreeZone 4.5
freeze-drier, Labconco). The middle and top layers were composed of
random and aligned electrospun fibres, respectively. Both layers were
created using 8% w/v PCL in HFIP at 13 kV with a flow rate of 2ml/h,
needle bore of 0.8 mm and with a needle to mandrel distance of 11 cm.
The mandrel rotation speed was 200RPM for randomly orientated fibres
and 2400RPM for aligned fibres. As controls to the multizone scaffolds,
P/S and ESP scaffolds were used. The P/S scaffold were made from
PCL/1, 4-Dioxane solution which was put into pre cooled moulds on the
cold plate set at -40�C. The ESP controls consisted of both randomly
orientated and aligned fibres and were made using the electrospinning
parameters described above.

2.3. Plasma coating

Scaffolds were cut into 10mm discs, soaked in 70% ethanol for
30mins, rinsed thrice in PBS for 15mins each and then freeze dried
overnight in a FreeZone 4.5 freeze-drier (Labconco). Scaffolds were then
plasma coated (Harrick Plasma) at 26.6W, 500mTorr for 3mins. Imme-
diately after coating, scaffolds were immersed into 1% v/v antibiotic/
antimycotic solution overnight.

2.4. Scaffold morphology characterisation

Scanning electron microscope (SEM), Hitachi S4700, was used to
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characterise scaffoldmorphology. Prior to imaging, scaffolds were coated
with gold and palladium alloy (Polaron Sputtercoater). Using SEM im-
ages and image J (NIH) strand diameter, pore size and fibre diameter
were analysed.

2.5. Isolation and culture of primary rat MSC

Primary MSC were isolated from a 4 week old female Sprague Dawley
rat. Briefly, the femur was extracted and excess tissue was removed. The
femur was then soaked in 70% ethanol for 5mins and then PBS for 2mins.
Both ends of the femur were cut and the bone marrow was flushed out
with media using a needle and syringe. Isolated cells were cultured
(37�C, 5% CO2) in T75 flasks in α-mem supplemented with 10% v/v FBS
and 1% v/v antibiotic/antimycotic until confluent.

2.6. Scaffold seeding

Prior to seeding, scaffolds were soaked in chondrogenic media; high
glucose DMEM supplemented with 50 μg/ml ascorbic acid, 50 μg/ml L-
Proline, 0.1 mM sodium pyruvate, 10 ng/ml TGF-β3 (Biolegend), 1% ITS
premix and 1% antibiotic/antimycotic. MSC were seeded onto all scaf-
folds (260,000 cells in 20 μl of media) and were allowed to adhere for
3 h at 37�C, 5% CO2. After cell adhesion, 1.5ml of chondrogenic media
was added into each well and scaffolds were cultured for 24hr, 2 and
4weeks at 37�C and 5% CO2 with weekly media changes.

2.7. Scaffold seeding efficiency

Scaffold seeding efficiency was determined using Quant-iT™ Pico-
Green™ dsDNA Assay Kit (ThermoFisher Scientific) and CellTiter-Blue
cell viability assay (Promega). Scaffolds and tissue culture wells,
seeded with 260,000 cells, were cultured for 24 h before performing
these assays. For DNA quantification, 260,000 cells were immediately
frozen and not seeded to use as controls.

2.8. Cell viability

Cell viability was assessed using CellTiter-Blue cell viability assay
(Promega). Scaffolds were moved to new wells and were incubated with
CellTiter-Blue working solution (5:1 media to assay) for 4 h at 37�C, 5%
CO2. Fluorescence measurements were analysed using a Modulus™ II
microplate multimode reader at Ex 525 nm and Em 580–640 nm, n¼ 4.

2.9. DNA analysis

Scaffolds were freeze dried and digested in papain digest solution
(2.5U/ml papain, 5 mM cysteine-HCl and 5mM ethylenediaminetetra-
aceticacid in PBS) overnight at 65�C. Total DNA content of samples was
analysed using Quant-iT™ PicoGreen™ dsDNA Assay Kit (ThermoFisher
Scientific), according to the manufactures protocol. Fluorescence was
read at Ex 480 nm and Em 510–570 nm using a microplate reader.

2.10. Glycosaminoglycan quantification

Glycosaminoglycan (GAG) content was assessed using the sulphated
GAG assay kit (Blyscan, Biocolor Ltd), using the manufacturer’s in-
structions. Samples were digested in papain (2.5U/ml papain, 5 mM
cysteine-HCl and 5mM ethylenediaminetetraaceticacid in PBS). The
digested sample was mixed with Blyscan dye reagent composed of 1, 9-
dimethyl- methylene blue for 30mins, and the unbound dye solution
was removed by centrifugation. Bound dye was released from the
insoluble GAG complex using the Blyscan dissociation reagent. Absor-
bance of samples was read at an excitation wavelength of 656 nm using a
ModulusTM II microplate multimode reader. A standard curve was used
to quantify total amount of GAG.



Fig. 1. Scaffold design and architecture. (A) Cryo-
printed helix, bottom layer of multizone scaffold. (B)
Multizone scaffold: Cryo-printed helix with electro-
spun middle and top layer. (C) SEM image of multi-
zone scaffolds showing the bottom helix zone and
middle randomly orientated fibres layer underneath it.
(D) Top layer of multizone scaffold, aligned electro-
spun fibres. (E) Middle layer of multizone scaffold,
randomly orientated fibres. (F) Helix bottom layer of
multizone scaffold, porous surface. (G) Diagram illus-
trating the various layers of the multizone scaffold.(A).
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2.11. Mechanical testing

Compression testing was performed using an Instron Model 3367
testing machine. Scaffolds were immersed in PBS prior to testing and
were compressed to 30% strain at a crosshead speed of 0.5% strain/min.
Young’s modulus was calculated from the linear region of the stress-
strain curve and incremental Young’s modulus was analysed between
0 and 5, 5–10, 10–15 and 15–20% strains.

2.12. Scaffold staining

Fluorescent imaging was carried out at each time point to visualise cell
attachment. Scaffolds were rinsed thrice in PBS and fixed in 4% v/v
formalin in PBS overnight. Scaffolds were rinsed in PBS prior to per-
meabilisation in 0.2% Triton X-100 for 30mins. Scaffolds were then
washed three times in PBS for 10mins each. Cells were stainedwith 1000X
Phalloidin-iFluorTM514 conjugate (AAT Bioquest, Stratech) in PBS with
1% bovine serum albumin (1:1000) for 1hr. Scaffold washing was
repeated three times in PBS for 10mins each. Cells were then stained with
300 nM 40, 6-diamidino-2- phenylindole (DAPI) (Sigma-Aldrich, UK) in
PBS for 10mins and scaffolds were rinsed in PBS for three 10mins washes.
Stained scaffolds were then mounted on glass coverslips for imaging.

2.13. Multiphoton microscopy

A custom-built multi-photon microscope was used to acquire
coherent anti-stokes Raman scattering (CARS) and two photon excitation
fluorescence (TPEF) images. Seeded scaffolds stained with phalloidin and
DAPI were imaged using CARS microscopy to detect the PCL fibres
(2911 cm-1) and at the same time exciting TPEF from the stained cells.
Emission signals were separated to allow CARS and phalliodin signals to
be acquired simultaneously. In specific, signals were separated using a
3

dichroic filter cube consisting of a 649 nm dichroic, with 660/13 nm and
542/50 nm bandpass filters respectively. Using a second filter cube
consisting of a 570 nm dichroic with a 454/50 nm bandpass filter, DAPI
images were acquired consecutively. For image acquisition, a 25x/
1.05 N A water immersion objective lens (XLPlan N, Olympus) with
75mW and 115 mWat the sample for the 1064 nm and 812.6 nm beams
was used, respectively.

In order to analyse cell growth in the void of the multizone scaffold, Z-
stacks were taken at 2 μm intervals up to 450 μm into the sample.
Maximum intensity projection images were then generated using icy and
all slices were stacked in a single 2D image which allowed for visual-
isation of the boundary and growth of MSC on the inner cell layer.

2.14. Widefield epi-fluorescence microscopy

Acquisition of epi-fluorescence images, to evaluate attachment of
phalloidin labelled cells on the multizone scaffold, was carried out using
an inverted microscope (DMIRB, Leica) with a 5x/0.12 N A objective lens
(N Plan, Leica). A metal halide lamp (LumenPro 200) with a 485/20 nm
excitation band pass filter was used to illuminate the samples. In order to
separate the fluorescence emission from the excitation source, a multi-
band filter was set up (69300, Chroma). An Andor Zyla sCMOS camera
was used to acquire the images, with an exposure time of 60ms. A grid of
images were obtained across the sample with a 20% overlap. Then the
grid collection stitching plug-in (Fiji) was used to stitch individual images
together to generate an image of the full scaffold. The camera, lamp and
motorised sample stage (Prior) were all controlled using a micromanager
v2.0.

2.15. Gene expression analysis

After 24hrs, 2 and 4 weeks, total RNA was extracted from scaffolds



Fig. 2. Scaffold morphology characterisation. (A) Printed helix, bottom layer of multizone scaffold, strand diameter analysis. (B) Printed helix, bottom layer of
multizone scaffold, pore size analysis. (C) Randomly orientated fibres, middle layer of multizone scaffold, fibre diameter analysis. (D) Aligned fibres, top layer of
multizone scaffold, fibre diameter analysis. (E) Table presenting mean fibre and pore sizes.
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using Tri-reagent (ThermoFisher Scientific), chloroform and ethanol.
RNA was purified using Qiagen’s RNeasy spin column system, as previ-
ously described. RNA concentration was determined using absorbance at
260mn. cDNA was obtained from reverse transcription using the Prom-
ega’s ImProm-II Reverse Transcription System. Quantitative real-time
polymerase chain reaction (qPCR) was carried out on a LightCycler®

480 Instrument II (Roche Life Science). qPCR was performed using pre-
viously published primer sequences; Collagen I (COL1A1: forward:
GGACACAGAGGTTTCAGTGGT, Reverse: GCACCATCATTTCCACGAGC),
Aggrecan (ACAN: forward: GCTACCCTGACCCTTCATC, Reverse:
AAGCTTTCTGGGATGTCCAC), and Glyceralde-hyde-3-phosphate dehy-
drogenase (GAPDH: forward: GTCTCCTCTGACTTCAACAG, Reverse:
GTTGTCATACCAGGAAATGAG). Gene expression values were normal-
ised to GAPDH housekeeping gene and are presented as relative
expression to 24hr time point scaffolds for each group. The 2-ΔΔCt method
was used to calculate relative mRNA levels.

2.16. Statistical analysis

Results have been presented as mean� standard error of mean, unless
stated otherwise. Statistical analysis was performed using one-way
4

ANOVA with Tukey’s post hoc test. Statistical significance are marked
as * p < 0.05, **P < 0.01 and ***p < 0.001.

3. Results

3.1. Multizone scaffold morphology characterisation

A helix shape was printed using the cryo-printer and fibres were
electrospun directly onto the surface of the helix. Combining cryo-
printing and electrospinning allowed the production of scaffolds with
varying zonal architecture. As confirmed by the SEM images in Fig. 1, the
top zone clearly presented aligned fibres whilst the middle zone
possessed randomly orientated fibres. The bottom helix zone displayed a
highly porous architecture. Strand diameter variation of the printed helix
was also calculated and 77% of the measurements of stand diameter
ranged between 0.8 and 1.2 cm (Fig. 2A). Interestingly, the printed helix
expressed 52% pores smaller than 3 μm and 47% pores ranging between
3 and 5.5 μm (Fig. 2B). Moreover, 95% of randomly orientated fibres in
the middle zone were above 1.4 μm, whereas, only 61% of aligned fibres
in the top zone were larger than 1.4 μm (Fig. 2C and D). The aligned
fibres diameters was 1.57� 0.50 and the randomly orientated fibres



Fig. 4. Scaffolds incremental compressive Young’s modulus ranging between
0 and 5, 5–10, 10–15 and 15–20% strain. Error bars ¼ Standard error mean, n¼
>4. Statistical significance denoted by *p < 0.05, **p < 0.01 and ***p < 0.001;
one-way ANOVA with Tukey post hoc test.

Fig. 3. Scaffold biochemical evaluation. (A) Cell viability, the fluorescence is normalised to the P/S control scaffolds at 24 h. (B) DNA quantification. (C) Sulphated
GAG content. (D) GAG/DNA ratio. Error bars ¼ Standard error mean, n ¼ 4. Statistical significance denoted by *p < 0.05, **p < 0.01; one-way ANOVA with Tukey
post hoc test.
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displayed fibre diameters of 2.34� 0.74. The pore size of the helix bot-
tom zone is 3.62� 0.32 (Fig. 2E).

3.2. Biochemical quantification

DNA quantification revealed seeding efficiencies of 64, 62 and 48% in
the helix, phase separated and electrospun scaffolds, respectively, when
compared to cells cultured in tissue culture plastic (Supplementary
Fig. 1A). Moreover, all scaffolds demonstrated to have similar cell
viability compared to cells cultured in tissue culture plastic (Supple-
mentary Fig. 1B). The adhesion and viability of MSC on multizone scaf-
folds was evaluated for 24hr, 2 and 4 weeks using the CellTiter-Blue
assay. The results reveal the ability of multizone scaffold to allow initial
cell attachment as shown in the 24hr time point and cell viability after 2
and 4 weeks of culture (Fig. 3A). To further investigate cell adhesion,
PicoGreen assay was carried out for DNA quantification (Fig. 3B). All
scaffold groups demonstrated to have sustained levels of DNA after 4
weeks of culture. Both the multizone and P/S control scaffolds presented
slightly higher DNA levels in comparison to the ESP control. Interest-
ingly, GAG content and GAG/DNA ratio analysis revealed sustained
levels of GAG after 4 weeks of culture in all groups (Fig. 3C and D).

3.3. Mechanical properties

Compressive properties of scaffolds are displayed in Fig. 4. P/S con-
trol scaffolds presented to have increased compressive Young’s modulus
in comparison to the multizone and ESP scaffolds at all increments.
Interestingly, the multizone scaffold displays a non-significant increase in
Young’s modulus when compared to the ESP control.

3.4. MSC staining on scaffolds

DAPI and phalloidin fluorescence staining revealed attachment of
MSC on all scaffolds at 24hrs and after 4 weeks of in vitro culture (Fig. 5).
To further investigate MSC localisation and attachment on multizone
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scaffolds, Z-stack projections and epi-fluorescence images were analysed.
The epi-fluorescence images showed that MSC are localised within the
void of the helix scaffold and directly on the surface of the middle
randomly orientated electrospun layer at 24hrs (Fig. 6B). The Z-stack
projections further confirmed the attachment of the MSC onto the middle
randomly orientated electrospun layer after both 24hrs and 4wks of
culture (Fig. 6C and D).
3.5. Gene expression

In order to investigate MSC phenotype, initial gene expression was
analysed. The multizone scaffold expressed both aggrecan and Collagen I
genes after 4 weeks of culture (Fig. 6E).



Fig. 6. Multizone scaffold characterisation.
(A) SEM image of multizone scaffold. (B)
Epifluorescence image of multizone scaffold
showing MSC localisation within the void of
helix on top of the electrospun fibres. (C) Z
stack of MSC attached to multizone scaffold
at 24hrs. (D) Z stack of MSC attached to
multizone scaffold at 4wks. (E) Gene expres-
sion of multizone scaffolds. Values normal-
ised to GAPDH housekeeping gene and are
relative to 24hr time point gene expression.
Relative expression is calculate using the 2-
ΔΔCt method. Error bars¼ Standard error
mean, n¼ >3.

Fig. 5. MSC attachment on scaffolds shown by Two-photon excitation fluorescence (TPEF) and coherent anti-stokes Raman scattering (CARS) images after 24hrs and
4wks on multizone, phase separated (P/S) and electrospun (ESP) scaffolds.
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4. Discussion

Multizone scaffolds were fabricated with three zones, each which
represents the zones of the native cartilage. MSC successfully attached to
multizone scaffolds and presented viability after 4 weeks of in vitro cul-
ture and displayed relevant mechanical properties. PCL was used to
fabricate scaffolds as it is FDA approved for use in medical devices and is
well known for its biocompatible and biodegradable properties, non-
toxic degradation by products and low immunogenicity [35,36].
Although PCL possesses hydrophobic nature, plasma coating can be used
to overcome this. Plasma coating PCL scaffolds has been widely used to
improve cell attachment [37].

ACI using in vitro expanded chondrocytes was the first cell based
approach used for clinical osteochondral repair [2]. Research then
moved on to the use of matrix assisted chondrocyte implantation [2,38].
Both techniques involve in vitro chondrocyte expansion and chondrocytes
are known to express a low proliferation capacity. Moreover,
6

chondrocytes lose their phenotype and dedifferentiate during monolayer
expansion [39,40]. MSC are a promising alternative cell source for
treating cartilage defects, as they possess high proliferation potential and
multipotent properties [5,19,22]. A plethora of evidence suggests that
MSC can successfully be differentiated into chondrocytes in vitro and the
MSC differentiated chondrocytes are compatible in tissue engineering
applications [22,23,41]. The present study assessed the performance of
the multizone scaffolds when seeded with MSC over 4 weeks in vitro
culture. The results of the present study clearly demonstrate the ability of
multizone scaffolds to successfully allow MSC attachment, as shown by
cell staining, and support cell viability over the 4 week culture period.
Moreover, GAG expression was maintained over 4 weeks of culture
which is key as it is the second major component of the native cartilage.

The native cartilage expresses a complex zonal architecture that is
known to be responsible for various key functions of the cartilage. In the
native cartilage, horizontally aligned collagen fibres in the superficial
zone seamlessly transitions into randomly orientated fibres in the middle
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zone, which then further transitions into vertically aligned collagen fi-
bres in the deep zone [3,29]. This multifaceted architecture, along with
unique ECM composition, allows the cartilage to present exceptional
mechanical properties and provide cellular guidance by stimulating
cellular function and morphology [29,42]. The important role of carti-
lage architecture in its functions emphasises the need to take this in to
account when designing scaffolds for cartilage engineering applications.
The multizone scaffold developed in this present study mimics the zonal
architecture of the native cartilage. The top and middle layers of the
multizone scaffold are comprised of aligned and randomly orientated
electrospun fibres respectively, while the bottom zone is composed of
columnar pores acquired through directional freezing. Directional
freezing has been used previously to obtain structures which mimic the
deep zone of the native cartilage [29,43]. Moreover, the bottom helix
zone was fabricated using cryo-printing which has been previously
shown to be a reproducible technique for the production of scaffolds with
controlled architecture and mechanical properties [32]. In the present
study, it was demonstrated that the bottom helix layer can be reproduced
with low variability in the strand diameter. The void in the printed helix
allows ample surface area for MSC seeding and attachment, while both
electrospun fibres mimic the structural organisation of the zones in the
cartilage.

Factors including interconnectivity and pore size are imperative to
mediate chondrogenic differentiation, cell growth and tissue deposition.
Articular cartilage is nourished via the articular fluid. Cyclic loading
stimulates the movement of articular fluid through the cartilage, sup-
plying nutrients to all zones [42,44]. The high interconnectivity and
porous nature of the native cartilage allows this phenomenon to occur
relatively effortlessly. Thus, when considering the structure of tissue
engineered scaffolds, these factors are vital to consider. The multizone
scaffolds fabricated in this study express a highly interconnected and
porous structure indicating the potential for nutrients from the media to
reach cells infiltrated within the scaffolds.

The native cartilage is subjected to high mechanical pressures, thus,
developed scaffolds must possess the structural stability to withstand
mechanical stress incurred during implantation in vivo. Moreover, failure
of the implanted scaffold to maintain shape and structural integrity may
lead to the deformation of newly formed tissue [45,46]. Likewise, high
mechanical properties of scaffolds can lead to damage of the surrounding
tissue, highlighting the importance of relevant mechanical properties in
scaffolds [47]. The P/S control displayed relatively high compressive
properties in comparison to the multizone scaffolds. This could be due to
the high number of vertically aligned pores present in the scaffold.
Pervious literature has suggested pore orientation is correlated with
mechanical properties, in specific, vertical pores present higher
compressive properties compared to horizontally aligned pores [21,29,
48]. For instance, due to the helix shape, adopted for the bottom zone,
the multizone scaffold has lower capacity for the production of aligned
pores during the directional freezing process, thus presenting lower
compressive properties than the P/S control.

Initial gene expression analysis of the multizone scaffold revealed
collagen I and aggrecan expression. Low levels of collagen I is found in
the native cartilage and increases during the pathogenesis of osteoar-
thritis [49]. However, immature cartilage during chondrocyte differen-
tiation in vivo expresses high levels of collagen I and decreases as the
cartilage matures [50]. On the other hand, aggrecan is a major compo-
nent of the native cartilage and its expression is vital for cartilage func-
tion [42,51]. Although non-significant, a decreasing trend in collagen I
expression and an increasing trend in aggrecan expression was noted
during 4 weeks of in vitro culture. In order to investigate the full potential
of these multizone scaffolds, a cell differentiation study should be carried
out and detailed analysis of key differentiation gene expression should be
investigated. For example the expression of collagen II, which is also a
major component of the cartilage ECM, and SOX9, a key transcription
factor which has a major role in several stages of chondrogenic differ-
entiation [41]. Nonetheless, the initial gene expression shows
7

encouraging results suggesting the potential of multizone scaffolds.
Multizone scaffolds showed cellular support when seeded with MSC.

The MSC used in this present study were isolated from rat femur and a
non-heterogeneous population was seeded onto the scaffolds. Donor-to-
donor variability and ages of donor are two factors that which may
have an influence on proliferation capacity, differentiation potential,
metabolic demands and biosynthetic activity [52,53]. Future work con-
sists on seeding these multizone scaffolds with a heterogeneous popu-
lation of MSC from a more clinically relevant source, such as human
derived MSC. The P/S helix in the multizone scaffold is responsible for
the compressive properties of the overall scaffold. It would be interesting
to further investigate the possibility of altering the helix strand thickness
to control the compressive properties of the multizone scaffold. None-
theless, the multizone scaffolds allow successful cell attachment and
survival of MSC over 4 weeks of in vitro culture, demonstrating the po-
tential as platforms for MSC induced cartilage ECM production.

Multizone scaffolds successfully capture the zonal architecture of the
native cartilage through the use of both cryo-printing and electro-
spinning. The integration of techniques allowed the production of macro,
micro and nano sized pores. Moreover, the mechanical properties of the
multizone scaffolds were more suited for cartilage tissue applications
compared to the P/S control. Multizone scaffolds supported long-term
MSC attachment with the production of the essential chondrogenic
biomolecule, GAG, highlighting their efficacy for MSC induced cartilage
tissue engineering.
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