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Abstract
Articular cartilage defects, when repaired ineffectively, often lead to further deterioration of the tissue, secondary osteoarthritis and, ultimately, joint replacement. Unfortunately, current surgical procedures are unable to restore normal cartilage function. Tissue engineering of cartilage provides promising strategies for the regeneration of damaged articular
cartilage. As yet, there are still significant challenges that need to be overcome to match the long-term mechanical stability
and durability of native cartilage. Using electrospinning of different blends of biodegradable poly(3-hydroxybutyrate)/poly(3hydroxyoctanoate), we produced polymer scaffolds and optimised their structure, stiffness, degradation rates and biocompatibility. Scaffolds with a poly(3-hydroxybutyrate)/poly(3-hydroxyoctanoate) ratio of 1:0.25 exhibit randomly oriented
fibres that closely mimic the collagen fibrillar meshwork of native cartilage and match the stiffness of native articular
cartilage. Degradation of the scaffolds into products that could be easily removed from the body was indicated by changes
in fibre structure, loss of molecular weight and a decrease in scaffold stiffness after one and four months. Histological and
immunohistochemical analysis after three weeks of culture with human articular chondrocytes revealed a hyaline-like
cartilage matrix. The ability to fine tune the ultrastructure and mechanical properties using different blends of poly(3hydroxybutyrate)/poly(3-hydroxyoctanoate) allows to produce a cartilage repair kit for clinical use to reduce the risk of
developing secondary osteoarthritis. We further suggest the development of a toolbox with tailor-made scaffolds for the
repair of other tissues that require a ‘guiding’ structure to support the body’s self-healing process.
Keywords
Articular cartilage, tissue engineering, polyhydroxyalkanoates, electrospinning, atomic force microscopy, mechanical
testing, osteoarthritis, biodegradable scaffolds
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Introduction
Articular cartilage (AC) is a load-bearing tissue that
acts as a shock absorber to protect the ends of the
long bones in synovial joints and provides an almost
frictionless gliding of the opposing bone surfaces, often
over a lifetime. During the course of daily activities
such as walking, stair climbing or squatting, the AC
in the knee and hip joints is regularly loaded up to
several times the body weight, which makes it susceptible to injuries by impact or torsional loadings. Due to
the limited ability of AC to self-repair, AC is known as
a tissue that ‘once destroyed, is not repaired’.1 Hence,
eﬀective treatments are needed to prevent further
degeneration of the lesion into secondary osteoarthritis.
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Some ﬁrst-line clinical treatments are based on marrow
stimulation techniques, such as Pridie drilling, abrasion
and microfracture.2–4 Unfortunately, marrow stimulation techniques produce predominantly ﬁbrocartilage
that largely consists of disorganised type I collagen
ﬁbrils, which are mechanically inferior and non-durable.3,5,6 Another widely used technique, the autologous chondrocyte transplantation (ACT), often leads
to functionally weak ﬁbrocartilage.7–10
Hydrogels such as collagen,11,12 hyaluronan,13 chitosan14 and poly(ethylene glycol) (PEG)6,15 have been
tested in clinical studies. A few products have obtained
regulatory status.11,13–15 In addition, the liquid precursors of chitosan14 and PEG6,15 were combined with the
microfracture technique to provide a three-dimensional
(3D) environment for the diﬀerentiation of bone
marrow stem cells into chondrocytes. However, hydrogels cannot withstand the joint loading forces and
deteriorate easily. The mismatch of mechanical properties between the hydrogel and the surrounding host
tissue induces shear stresses on the interfaces, which
prevents the ingrowth of new cartilage. When increasing the polymer concentration to match the stiﬀness of
native cartilage, the result is a reduction of cell viability.16 This unsatisfactory behaviour of hydrogels for
cartilage repair may be explained by comparing hydrogels with cartilage. AC exhibits two principle matrix
components, the proteoglycans and the collagen ﬁbril
meshwork, which are acting in concert and are
responsible for the tissue’s functional properties,
whereas a hydrogel is only a structural simple amorphous material that cannot mimic the tissue complexity.
When cells anchor to the surrounding matrix, the
diﬀerences in cell–matrix interactions and the altered
stimuli of the cell surface receptors lead to changes in
the cell signalling pathways, protein synthesis and
altered tissue formation. The lack of integration of
the engineered cartilage, as well as the diﬀerences
in the structural and mechanical properties between
scaﬀolds and the surrounding native cartilage may
be the main reasons for the development of ﬁbrous
cartilage.
Another popular class of structural supports is
poly(a-hydroxy acids) polymers such as poly(glycolic
acid) and poly(lactic acid).17–19 Their copolymers,
poly(lactic-co-glycolic acid) (PLGA), are Food and
Drug Administration approved biomaterials that have
been employed as resorbable suture materials for several decades. More recently, PLGA has also been
employed for repairing chondral and osteochondral
defects.20,21 To mimic the collagen ﬁbril meshwork of
AC, the polymers have been fabricated into meshworks
of electrospun ﬁbres.19,22 It was reported that the rapid
degradation of these co-polymers increased the acidity
in the microenvironment, which reduced cell viability
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Figure 1. General structure of PHAs; R indicating the alkyl side
group.

and cell migration into the scaﬀolds.23 The release of
acidic by-products leads to inﬂammations in the host
body, particularly in orthopaedic applications where
larger-sized implants are often required.24–26
A major hurdle in the engineering of cartilage is the
de-diﬀerentiation of chondrocytes when exposed to a
synthetic microenvironment,27 which often results in
the development of calciﬁed or ﬁbrous cartilage. The
dependence of cell fate on the microenvironment is
well-known in stem cell research. Stem cells diﬀerentiate into the speciﬁc mature tissue cells when being
exposed to the microenvironment of their extracellular
matrix.28 The dominating role of the microenvironment
in directing tissue development has been most impressively demonstrated in cancer research, where in a series
of experiments normal cells were turned into cancer
cells, and reversed back into normal cells by changing
the (micro-) environment.29–31 Inspired by those ﬁndings, we aim to develop a cartilage-speciﬁc extracellular
matrix to provide a microenvironment that mimics
native cartilage and that favours neo-cartilage growth.
Once new functional cartilage grows into the defect site,
the polymer ﬁbrils degrade into biocompatible smallsized molecules and are transported as waste material
out of the body. To achieve these key requirements,
biodegradable polyhydroxyalkanoates (PHAs), which
exhibit a wide range of structural, physicochemical
and thermal properties, are employed in this research.
PHAs are a family of biopolyesters synthesised by a
wide variety of bacteria under the conditions of limiting
nutrients but excess carbon source. Figure 1 shows the
general structure of PHAs. Depending on the length of
the alkyl side group, R, poly(3-hydroxybutyrate) is a
short-chain-length PHA with R represented by a
methyl group (CH3), while P(3HO) is a mediumchain-length PHA with R represented by a pentyl
group (C5H11). By blending PHAs of diﬀerent
chain lengths, their properties can be optimised for biomedical application and in particular for cartilage
repair, where mechanical and biodegradation properties are important. P(3HB) has been investigated for
tissue engineering applications that require longer
retention times or high mechanical stability within the
surrounding environment32 and can be modiﬁed with
human procollagen to improve cell adhesion and
proliferation.33
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We produced ﬁbrous poly(3-hydroxybutyrate)/
poly(3-hydroxyoctanoate) P(3HB)/P(3HO) scaﬀolds
that: (i) exhibit an ultrastructure similar to the collagen
ﬁbrillar meshwork in native cartilage, (ii) provide a
temporary mechanical support for the chondrocytes
with a similar microenvironment compared to the collagen meshwork in native AC until functional neo-cartilage is formed and (iii) are biodegradable and
resorbable to avoid the accumulation of foreign material in the body. It is important that the ultrastructure
and the mechanical properties are the keys for a microenvironment that favours neo-cartilage growth and
without any one of these features, a scaﬀold will not
support cartilage repair. In addition, we demonstrated
that varying the composition of the P(3HB)/P(3HO)
blends allows to optimise the degradation rates. This
is important as the optimum scaﬀold degradation kinetics are obtained when the scaﬀold continues to
degrade and lose its mechanical integrity, while the
newly formed neo-cartilage becomes the predominant
mechanical supporting structure to enable successful
tissue regeneration.34,35

Materials and methods
Fabrication of P(3HB)/P(3HO) scaffolds
P(3HB) was isolated from the Gram-positive bacterium
Bacillus cereus SPV and P(3HO) from the Gram-negative bacterium Pseudomonas mendocina as previously
described by Rai and co-workers.36,37 The molecular
weight, Mw, of P(3HB) was 181,343 g/mol with a polydispersity index of 3.57, whereas the Mw of P(3HO) was
222,270 g/mol with a polydispersity index of 3.73. Solid
P(3HB) and P(3HO) in P(3HB)/P(3HO) ratios of 1:0.25,
1:0.43, 1:0.67, 1:1 were dissolved in chloroform (288306;
Sigma-Aldrich, Gillingham, UK) separately at 30 wt.%.
The dissolved P(3HB)/P(3HO) in chloroform were then
mixed together for electrospinning. Electrospinning was
employed using a solution ﬂow rate of 5 ml/min, a high
voltage supply of 12 kV and a distance between the
spinneret and collector of 20 cm.

Preparation of human AC
Human AC was obtained from the femoral head of
patients undergone total hip replacement surgery at
the Southampton General Hospital, with the approval
of the Southampton General Hospital and South West
Hants Local research Ethnics Committee (LREC 194/
99/1 and 210/01). Cartilage samples were taken from
areas with no apparent signs of damage or disease and
stored in minimum essential medium alpha medium
(MEM a, 11900; Life Technologies, Paisley, UK) on
ice or at 4 C until use.

Scanning electron microscopy
Scanning electron microscopy (SEM) was employed
following enzymatic digestion of proteoglycans and
cells of AC samples in phosphate-buﬀered solutions
(PBS, H15–002; PAA Laboratories, Pasching,
Austria) containing 1 mg/ml bovine hyaluronidase
(type I, H3506; Sigma-Aldrich) and 1 mg/ml trypsin
(Trypsin-EDTA, T4174; Sigma-Aldrich) at 37 C for
three days.38 Specimens were then Exed with 4% paraformaldehyde
(P/0840/53;
Fisher
Scientiﬁc,
Loughborough, UK) in PBS for 4 h at room temperature, rinsed with water and dehydrated in graded ethanol series. Prior to SEM imaging, all samples were gold
coated with a Hummer 6.2 Sputter System (Anatech,
Union City, CA). SEM (JSM-6500 F; JEOL, Tokyo,
Japan) imaging at an accelerating voltage of 10 kV
revealed the meshwork structure and the ﬁbril width
to a depth of 0.25.

Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) was
employed to identify the presence of chemical functional groups in polymers. A FTIR spectrometer
(Thermo Nicolet 380; Thermo Electron Scientiﬁc
Instrument, Madison, WI) equipped with a Smart
Orbit detector and the OMNIC 32 software was
employed to record FTIR spectra in the range of
4000–400 cm1 at a resolution of 8 cm1. A total of
32 scans were used for signal averaging. The analysis
was repeated three times for each sample.

Indentation-type atomic force microscopy
Stiﬀness was measured by indentation-type atomic
force microscopy (IT-AFM; MFP-3D; Asylum
Research, Santa Barbara, CA) in PBS solution following protocols developed by our group.38–40 Spherical
probes were prepared by gluing hard borosilicate
glass spheres (radius, r ¼ 5 mm, 02715-AB; SPI
Supplies, West Chester, PA) onto tipless rectangular
cantilever (spring constant, kc 6 N/m, type All In
One-TL; BudgetSensors, Soﬁa, Bulgaria). A maximum
deﬂection of 100 nm was employed, corresponding to a
load of 600 nN. Cyclic load–displacement curves were
recorded at 0.5 Hz. Each individual data set consisted
of 1024 load–displacement curves in a 32  32 curve
grid, covering a sample area of 30  30 mm, at three
diﬀerent locations. The indentation depths were less
than 10% of the overall sample thickness.41 The stiﬀness of sample, E, was calculated from equation (1).42
E¼
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where  is the Poisson’s ratio of the sample, S is the
contact stiﬀness with the dimension of force per unit
depth, A is the projected contact area.

Degradation of scaffolds
The degradation of unseeded scaﬀolds was tested in
MEM a medium at 37 C. The medium was changed
every two days. After one and four months, the
degraded scaﬀolds were examined by SEM and
IT-AFM. In addition, the molecular weight of the scaffolds was analysed by gel permeation chromatography
(1090 HPLC; Hewlett-Packard, Burlington, MA)
equipped with UV-Visible and diﬀerential refractive
index detectors. Dried samples were dissolved in
chloroform at a concentration of 0.10 mg/ml and
eluted through PLgel 5 mm Mixed C column (Polymer
Laboratories, Church Stretton, UK) at a ﬂow rate of
1 ml/min. A polystyrene standard was used to calibrate
the instrument prior to measurements. The Cirrus GPC
software was employed for analysing data.

In vitro biocompatibility of scaffolds
The focus of this work was to investigate if we can
produce P(3HB)/P(3HO) scaﬀolds with stiﬀness comparable to those of native cartilage to support chondrogenesis. Human articular chondrocytes (HACs) were
isolated from the cartilage specimens following digestion in 1 trypsin-EDTA for 30 min, 1 mg/ml hyaluronidase for 15 min and 10 mg/ml collagenase B
(11088831001; Roche Diagnostics, West Sussex, UK)
for 15 h.43 The isolated HACs were then expanded in
MEM a supplemented with 10% foetal bovine serum
(FBS, 10270-106; Life Technologies), 100 unit/ml penicillin, 100 mg/ml streptomycin (Penicillin-Streptomycin,
P4333; Sigma-Aldrich) and 100 M L-ascorbic acid
2-phosphate sequimagnesium salt hydrate (A8960;
Sigma-Aldrich). The HACs were harvested at conﬂuence by trypsinization (1 trypsin-EDTA) after one
passage. Scaﬀolds were sterilised with absolute ethanol,
rinsed with PBS, and seeded with HACs at a density of
7  105 cells/cm2. The HACs-seeded scaﬀolds were
cultured in chondrogenic induction medium made up
of MEM a supplemented with 10 ng/ml recombinant
human transforming growth factor-b3 (TGF-b3, 10036 E; Peprotech, London, UK), 100 M L-ascorbic
acid 2-phosphate sequimagnesium salt hydrate, 10 nM
dexamethasone (D4902; Sigma-Aldrich), and 1
Insulin-Transferrin-Selenium-G (ITS-G, 41400; Life
Technologies).44 All tissue cultures were incubated
at 37 C in humidiﬁed atmosphere with 5% CO2.
Media were exchanged every two days. The constructs
were harvested for live/dead cell staining, histological
and immunohistochemical analysis, and stiﬀness

measurement after three weeks. At least three samples
were tested in each experiment.
Live/dead cell staining. Metabolically active cells were
labelled with 10 mg/ml Cell Tracker Green CMFDA
(5-chloromethylﬂuorescein diacetate, C7025; Life
Technologies), while necrotic cells were labelled with
5 mg/ml Ethidium Homodimer-1 (E1169; Life
Technologies) for an hour. After incubation in tissue
culture medium for 45 min, the constructs were ﬁxed
with 4% paraformaldehyde in PBS. The specimens
were embedded in paraﬃn wax and sequential sections were cut in sections of 7 mm. After de-waxing
with Histoclear (HS200; National Diagnostics,
Leicestershire, UK) and re-hydration through graded
ethanol, cell nuclei were stained with DAPI (40 ,6diamidino-2-phenylindole, dilactate, D3571; Life
Technologies). Fluorescent images were acquired with
Axiovert 200 microscope (Carl Zeiss Microscopy, Jena,
Germany) equipped with Zeiss AxioCam HR colour
camera, AxioCam MR3 monochrome camera and the
Zeiss AxioVision 4.6 software.
Histology and immunohistochemistry. After de-waxing with
Histoclear and re-hydrating through graded ethanol,
cell nuclei were counter-stained with haematoxylin
(H/0010/46; Fisher Scientiﬁc). The proteoglycan content was stained with 5 mg/ml Alcian blue 8GX
(40046-0100; Acros Organics, Geel, Belgium), while
total collagen content was stained with 10 mg/ml
Direct Red 80 (365548; Sigma-Aldrich).
The expression of SOX-9, aggrecan, collagen I, II
and X in the neo-cartilage was detected by immunohistochemistry. For anti-SOX-9 and anti-aggrecan antibodies, sections were treated with heat-induced antigen
retrieval in 0.01 M citrate buﬀer at 60 C for 25 min,
followed by quenching endogeneous peroxidase with
3% hydrogen peroxide (H2O2) and blocking with 1%
bovine serum albumin (A3294, Sigma-Aldrich) in PBS.
For anti-collagen I, II and X antibodies, sections were
quenched with 3% H2O2, incubated with 520 mg/ml
bovine hyaluronidase at 37 C for 20 min and then
blocked with 1% bovine serum albumin. Next, sections
were incubated with the relevant primary antibody at
4 C for 18 h. The anti-SOX-9 (AB5535; Millipore,
Billerica, MA) and anti-aggrecan (ab36861; Abcam,
Cambridge, UK) antibodies were used at dilution of
1:150, anti-collagen I antibody (gift from Larry W.
Fisher, National Institutes of Health, Maryland) at
1:1000, anti-collagen II (ab34712; Abcam) and anti-collagen X (234196; Millipore) antibodies at 1:100. This
was followed by incubation with biotinylated secondary antibody (B7389; Sigma Aldrich) at a dilution of
1:100 for an hour. Visualisation of the immune complex
involved the avidin-biotin method linked to peroxidase
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Increasing amount of P(3HO) increases fibre
thickness
Diameter of fibres
(nm)

Panel

Polymer

A

Articular cartilage

54 ± 7

B

P(3HB)/P(3HO) =
1:0.25

336 ± 98

C
D
E

P(3HB)/P(3HO) =
1:0.43
P(3HB)/P(3HO) =
1:0.67
P(3HB)/P(3HO) =
1:1

409 ± 130
583 ± 191
744 ± 462

Figure 2. Comparison of SEM micrographs of the AC collagen meshwork with electrospun P(3HB)/P(3HO) fibres. (a) The collagen
fibril meshwork of human AC after proteoglycan extraction exhibits a pseudo-random meshwork of smooth collagen fibrils with
diameters of 54  7 nm. (b-e) Electrospun fibres with different diameters were fabricated from different ratios of P(3HB)/P(3HO). All
P(3HB)/P(3HO) fibres exhibit smooth surfaces, random orientations of fibres and increasing diameters with an increasing amount of
P(3HO) as shown in the Table. Crosslinkages between some fibres can be observed as indicated by the white arrow heads. Scale bars:
500 nm (a), 2 mm (b–e).

(ExtrAvidin Peroxidase, E2886; Sigma-Aldrich) at a
dilution of 1:50 and 3-amino-9-ethylcarbazole (AEC,
132-32-1; Acros Organics, New Jersey). The reaction
products were reddish brown in colour. Negative controls (omission of the primary antibody) were included
in the control sections. Images were captured using an
inverted light microscope (type BX51, Olympus
Corporation, Tokyo, Japan) equipped with a dotSlide
virtual slide system.

and of the blends. As shown in Figure 3, the most
prominent absorption band in all the FTIR spectra is
visible at 1720 cm1, corresponding to the absorption
band of the ester carbonyl group (C ¼ O), which is the
main functional group of PHAs. The highly crystalline
P(3HB) shows a lower C ¼ O absorption band, at
1720 cm1. The blends of P(3HB)/P(3HO) also exhibited C ¼ O absorption bands at similar wavenumbers,
1721–1722 cm1. The C ¼ O absorption band was at
1729 cm1 for P(3HO), reﬂecting the more amorphous
nature of P(3HO).45

Results
Electrospun P(3HB)/P(3HO) fibres

Stiffness of scaffolds

Electrospinning of polymer blends with diﬀerent ratios
of P(3HB)/P(3HO) produced solid ﬁbres with random
orientation. Values for ﬁbre diameters represent averages over approximately 50 ﬁbres. As shown in
Figure 2(b) to (e), the electrospun ﬁbres exhibit larger
ﬁbre sizes compared to the collagen ﬁbrils in human
AC (Figure 2(a)). The scaﬀold with P(3HB)/P(3HO)
ratio of 1:0.25 exhibited the smallest ﬁbre diameter of
336  98 nm, which is approximately sixfold larger
compared to the diameter of the collagen ﬁbrils. The
scaﬀolds remained stable after immersing in the PBS
solution for up to seven days (results not shown).
FTIR was employed to obtain structural information of the individual P(3HB) and P(3HO) polymers

Using spherical indenters with r ¼ 5 mm, the overall
stiﬀness properties of the various structural elements
composing AC and the stiﬀness properties of electrospun ﬁbrous meshworks were measured. Figure 4 documents the stiﬀness of scaﬀolds with four diﬀerent blend
compositions of P(3HB)/P(3HO), which are compared
to the stiﬀness of the superﬁcial zone and deep zone of
native AC.
Superﬁcial AC cartilage stiﬀness was measured on
the original cartilage surface, whereas deep zone cartilage was measured after removal of the superﬁcial and
middle zones (2 mm). The stiﬀness was higher
for lower content of the soft and elastomeric
P(3HO), with a stiﬀness of 868  540 kPa for the
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P(3HB)

C=O

P(3HB)/P(3HO) 1:0.25

1720.4

P(3HB)/P(3HO) 1:0.43

1721.0

P(3HB)/P(3HO) 1:0.67

1721.3

P(3HB)/P(3HO) 1:0.25 scaﬀold, corresponding to
53% of the stiﬀness of AC measured in the deep
zone (1854  483 kPa) and is 45% higher than the
stiﬀness of AC measured at the superﬁcial zone
(600  150 kPa). The stiﬀness of P(3HB)/P(3HO)
1:0.43 scaﬀold was 654  505 kPa, which is similar to
the stiﬀness of superﬁcial zone AC. Both the stiﬀness of
scaﬀolds with P(3HB)/P(3HO) ratios of 1:0.67 and 1:1
were measured as 274  222 kPa and 346  205 kPa,
respectively.

Degradation of scaffolds
P(3HB)/P(3HO) 1:1

1721.4

P(3HO)

1722.0

1729.3
4000

3500

3000

2500

2000

1500

1000

500

Wavenumber (cm–1)

Figure 3. The shift in the infrared absorption band of C ¼ O
indicates the effect of hydrogen bond. FTIR spectra comparing
neat P(3HB), neat P(3HO) and the four different blends of
P(3HB)/P(3HO). The C ¼ O absorption band at 1720 cm1
slightly shifted to higher wavenumbers with increasing amount of
P(3HO).

As documented in Figure 5 (a) to (d), changes of ﬁbre
size and morphology were observed after one and four
months (Figure 5 (e) to (h)). During initial degradation
(t ¼ 1 month), ﬁbres of all samples appeared swollen. The
average ﬁbre diameter increased by 67% compared to
t ¼ 0 for P(3HB)/P(3HO) ratio of 1:0.25, 40% for
1:0.43, 59% for 1:0.67 and 22% for 1:1. After four
months, some of the ﬁbres had been degraded into smaller sized ﬁbres and the individual ﬁbre boundaries were
indistinguishable. Most of the ﬁbre sizes were reduced by
approximately 13–24% compared to their size at t ¼ 1
month (Figure 5(i)). Despite the progressive degradation
at four months, the overall ﬁbre structure as well as the
structure of the scaﬀold remained morphologically intact.
As shown in Figure 6, the stiﬀness of scaﬀolds
decreased gradually with increasing degradation.
At one month, the stiﬀness of P(3HB)/P(3HO) 1:0.25

2400
2200

Deep zone human AC

2000

Stiffness (kPa)

1800
1600
1400
1200
1000
800

Superficial zone human AC

600
400
200
0
1:0.25

1:0.43

1:0.67

1:1

P(3HB)/P(3HO) ratio

Figure 4. Stiffness measurements of the P(3HB)/P(3HO) scaffolds in comparison to human AC. As indicated by the dashed curve,
the stiffness of scaffolds decreases with the increasing amount of P(3HO). The area in light grey shows the range of stiffness measured
on the superficial zone of human AC, whereas the area in dark grey shows the range of stiffness measured on the deep zone human
AC.
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P(3HB)/P(3HO)
1:0.43

P(3HB)/P(3HO)
1:0.25

P(3HB)/P(3HO)
1:0.67

P(3HB)/P(3HO)
1:1

t=1
month

t=4
months

1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100
0

Fibril diameter (nm)

(i)

t=0
t = 1 month
t = 4 months

1:0.25

1:0.43

1:0.67

1:1

P(3HB)/P(3HO) ratio

Figure 5. Comparison of SEM micrographs of the scaffolds after hydrolytic degradation. (a-d) After 1 month of hydrolytic degradation the fibres show larger variations in thickness compared to the original fibres shown in Figure 1. A few fibres became thinner,
whereas the majority of fibres look thicker and some of the fibres were fused together. (e-h) After 4 months of degradation some of
the fibres show a reduced thickness (white arrow heads). The mesh size of the scaffold was reduced because some of the fibres were
fused together. (i) The average diameters of fibres increased after 1 month degradation and decreased after 4 months. Scale bars: 2 mm.

scaﬀold reduced by 34% to 577  475 kPa, which was
still similar to the stiﬀness of superﬁcial zone human
AC. At four months, the stiﬀness further reduced by a
total of 76%, to 206  173 kPa. In comparison, the stiﬀness of P(3HB)/P(3HO) 1:0.43 scaﬀold reduced by 65%
to 230  178 kPa after one month, and further reduced
by a total of 82%, to 119  53 kPa after four months.
Similarly, the stiﬀness of scaﬀolds with P(3HB)/P(3HO)
ratios of 1:0.67 and 1:1 after four months of degradation reduced to 186  120 kPa and 108  44 kPa,
respectively.
To further evaluate the scaﬀold degradation, we
measured the molecular weight loss, Mw, of scaﬀolds
with the P(3HB)/P(3HO) ratios of 1:0.25 and 1:0.43.
The P(3HB)/P(3HO) 1:0.25 scaﬀold exhibited a Mw
loss of 19% and 27% after one and four months,
respectively. The Mw loss on P(3HB)/P(3HO) 1:0.43
scaﬀold was slightly lower, with 9% and 12% of Mw
loss after one and four months, respectively. Both the
scaﬀolds showed a higher rate of Mw loss at one month
in comparison to four months.

In vitro biocompatibility of scaffolds
HACs were seeded into the two scaﬀolds with the highest stiﬀness, i.e. P(3HB)/P(3HO) ratios of 1:0.25 and
1:0.43. After three weeks of static culturing, the constructs transitioned from a loose ﬁbrous meshwork into
a tissue-like material, with a smooth and shiny appearance. To examine the presence of live and dead cells in
the scaﬀolds, a ﬂuorescent double staining protocol
using Cell Tracker Green and Ethidium Homodimer1 was employed. Figure 7 shows the representative
ﬂuorescence images of the HACs-seeded scaﬀolds.
The HACs had migrated into the voids and spaces
between ﬁbrils. By counting the amount of live and
dead cells, the cell viability on the scaﬀolds was over
98%, with negligible number of necrotic cells (red
ﬂuorochromes). All P(3HB)/P(3HO) scaﬀolds demonstrated a similar high degree of cell viability, regardless
of the blend compositions (results not shown).
Figure 8(a) and (a0 ), reveals the composition
of extracellular matrix by histological staining.
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Figure 6. Decrease in the stiffness of scaffolds after hydrolytic degradation. The red curve shows the original stiffness of the scaffolds
made from the different P(3HB)/P(3HO) ratios. The green curve shows the decrease of stiffness after 1 month of degradation,
whereas the blue curve shows a further reduction in stiffness after 4 months of degradation.

Figure 7. Viability test of HACs-seeded on the P(3HB)/P(3HO) 1:0.25 scaffold. (a) Cell nuclei are shown in blue (DAPI staining),
whereas the cell cytoplasm is shown in green (Cell Tracker Green staining). (b) A necrotic cell is shown in red as indicated by the white
arrow head (Ethidium Homdimer-1 staining). Scale bars: 50 mm.

Both constructs showed intense Sirius red staining for
total collagen matrix at the outer rim of the construct,
which was surrounding the Alcian blue staining for
proteoglycan matrix at the core of the construct.
HACs within the constructs were stained with haematoxylin in black and were located within lacunae, as
typically seen in the native AC. Since the histology analysis showed chondrogenesis on the scaﬀolds, immunohistochemistry was carried out to visualise the presence

of speciﬁc antigens or proteins in the newly synthesised
extracellular matrix.
As shown in Figure 8(b) and (b0 ), the master regulator of chondrocyte diﬀerentiation, SOX-9, was immunolocalised in large amounts of chondrocytes. HACs
along the periphery exhibited ﬁbroblast-like cell
morphology, while those penetrated inside the scaﬀolds
showed the typical rounded morphology of chondrocytes as in their native environment. While signiﬁcant
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Figure 8. Histology and immunohistochemistry showing cartilage formation on two scaffolds (a-f) P(3HB)/P(3HO) 1:0.25 scaffold
and (a’-f’) P(3HB)/P(3HO) 1:0.43 scaffold. (a, a’) Histology of proteoglycan matrix is shown in blue and the total collagen matrix in red.
Cell nuclei are stained with haematoxylin in black. (b-f, b’-f’) Immunohistochemistry of (b, b’) SOX-9, (c, c’) aggrecan, (d, d’) type II
collagen, (e, e’) type I collagen and (f, f’) type X collagen. Positive reaction was detected with the chromogenic AEC substrate, which
imparts a brownish colour to the cells. Scale bars: 50 mm.

amount of the cartilage-speciﬁc proteoglycan, the aggrecan, was detected on the P(3HB)/P(3HO) 1:0.25 scaﬀold
(Figure 8(c)), there was lack of formation of aggrecan on
the P(3HB)/P(3HO) 1:0.43 scaﬀold (Figure 8(c0 )). The
positive staining of aggrecan on the P(3HB)/P(3HO)
1:0.25 scaﬀold was mainly detected along with the
SOX-9 expressed HACs. We also measured the expression levels of collagen types I, II and X to further determine the quality of our constructs. As shown in Figure
8(d) and (d0 ), type II collagen was detected at high levels
on both constructs, in most chondrocytes and in the
extracellular regions. The expression of the ﬁbrous type
I collagen on P(3HB)/P(3HO) 1:0.25 scaﬀold, shown in
Figure 8(e), was weaker compared to the P(3HB)/P(3HO)
1:0.43 scaﬀold shown in Figure 8(e0 ). Figure 8(f) and (f0 ),
documents the formation of type X collagen in both constructs, particularly along the periphery, therefore indicating the presence of hypertrophic chondrocytes.
The distribution of proteoglycan and collagen content in the repair tissue was signiﬁcantly diﬀerent compared to native AC. As shown in Figure 9(a), the
histology of human AC shows a uniform distribution
of collagen content (red) at the surface region and the
proteoglycan content (blue) at the inner region.
Corresponding to the uniformity of the content, we
measured a unimodal stiﬀness distribution as shown
in Figure 9(b). In contrast, and as shown in
Figure 9(c), the construct that was cultured for three
weeks revealed discrete regions of proteoglycan and
total collagen content. This construct exhibited stiﬀness
that varied with the locations being measured, with an
average stiﬀness of 9  3 kPa at the soft region
versus 1061  600 kPa at the stiﬀ region (Figure 9(d)).
The variations in the stiﬀness distribution are in agreement with the histological analysis. In addition, the thin
sheets of electrospun ﬁbres rumpled during cell culturing and were shown as layers in the histology of the
construct (Figure 9(c)).

Discussion
The chondrocytes in native AC are embedded into the
3D collagen meshwork, which provides a highly specialised ﬁbril surface morphology and chemistry as well as
a micromechanical environment that allows chondrogenesis.46 Those chemical and physical properties need
to be equally implemented into man-made scaﬀolds to
grow functional cartilage. As has been shown, ﬁbrous
scaﬀolds support higher chondrocyte growth rates and
improve tissue formation compared to sponge-like 47 or
porous solution cast ﬁlms.48 Here, we employed electrospinning to produce ﬁbrous meshworks from various blends of P(3HB)/P(3HO) as ‘guiding’ structures to
direct cartilage repair. P(3HB) is a member of the PHA
family of natural biopolymers exhibiting a linear
3-carbon atom polyester with a methyl (CH3) side
group. The side groups on the polymer chain point
away from the centre, which allows the chain to form
helical structures that exhibit the minimal steric hindrance. Hence, the chains can easily pack together to
form crystals, making the polymer brittle and stiﬀ. To
increase its ﬂexibility, the P(3HB) polymer can be
blended with PHAs of longer pendant chain lengths.
For example, P(3HO) is a medium-chain-length PHA,
also a linear 3-carbon atom polyester but with a pentyl
(C5H11) side group. The long alkyl side groups inhibit
the close packing of the polymer in a regular 3D fashion to form crystalline array,49 thereby decreasing its
crystallinity and giving P(3HO) its amorphous and ﬂexible properties.
As shown in Figure 2, ﬁbre diameters increased
with increasing P(3HO) in the blends and can be
explained
by
the
reduced
crystallinity
of
P(3HO). The superimposition of the stiﬀ and rigid
P(3HB) with the soft and elastomeric P(3HO) in different volume fractions allows to ﬁne tune the mechanical properties of the ﬁbres forming the scaﬀolds.50
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Figure 9. Images and measurements of stiffness of human AC and HACs-seeded P(3HB)/P(3HO) 1:0.25 scaffold cultured for
3 weeks. (a) Histology of human AC showing the proteoglycan matrix in blue and total collagen matrix in red (black arrow heads
indicate the surface side for stiffness measurement). (b) Stiffness of the superficial zone of human AC shows a unimodal distribution.
(c) Histology shows the localised distributions of proteoglycan (blue) and collagen (red) matrix of the construct. (d) The stiffness of
the 3-week-cultured construct revealed soft and stiff regions. Scale bars: 200 mm.

Figure 4 shows the decrease of stiﬀness and increase
of the overall ﬂexibility of scaﬀolds when increasing
the amount of the amorphous P(3HO).36,51 The
diameter of the electrospun ﬁbres depends on the viscosity of polymer solution, the ejection ﬂow rate,
the applied voltage and the distance between the
spinneret and the collector. The current electrospinning set-up allows to produce ﬁbres with diameters
as small as approximately 300 nm when using
P(3HB)/P(3HO) ratio of 1:0.25. In comparison to
these large ﬁbres, chondrocytes in native AC anchor
tightly on collagen ﬁbrils with diameters that are typically between 10 to 300 nm.46,52 Smaller diameter ﬁbres similar to the collagen ﬁbrils in AC can
be produced by either reducing the viscosity of the
polymer solution or by decreasing the ejection ﬂow
rate. However, electrospinning of smaller diameter ﬁbres drastically increases the time to produce
scaﬀolds.

Stabilisation of the ﬁbrous scaﬀolds even without
crosslinking agents is provided by the molecular structure of PHAs, which has a carbonyl bond (C ¼ O) oriented perpendicular to the ﬁbre axis.53 The ﬁbrous
structure is further stabilised by a hydrogen bond
that forms between the C ¼ O and CH3 groups
(C–HO¼C).54,55 At this stage, we decided not to use
further (chemical) crosslinking, because the P(3HB)/
P(3HO) scaﬀolds were mechanically stable in PBS
and could be handled by forceps. As shown in
Figure 3, we measured the vibrational frequency of
the C ¼ O bonds of both P(3HB) and P(3HO) by
using FTIR. The eﬀect of hydrogen bond on the vibrational frequency of C ¼ O bonds can be seen as a shift
in wavenumbers from 1750–1730 cm1 towards
lower wavenumbers of 1729 cm1 for P(3HO) and
1720 cm1 for P(3HB).56 The larger shift for P(3HB)
can be explained by the stronger hydrogen bond typically found in PHAs, which weakens the C ¼ O bond
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and resulting in a lower C ¼ O absorption wavenumber.
Lower C ¼ O absorption wavenumbers are typically
measured from a more crystalline structure.45 As the
crystallinity of the polymer decreases with increasing
P(3HO), the structure of P(3HO) is less ordered and
the strength of hydrogen bonding is reduced, resulting
in a smaller frequency shift. These variations in the
chemical structures based on altered hydrogen bonds
allow to systematically develop a toolbox with diﬀerent
P(3HB)/P(3HO) blends to produce scaﬀolds with different functional properties. A higher content of
P(3HB) may be more suitable for producing scaﬀolds
for stiﬀer tissues, such as bone, whereas a higher
P(3HO) content provides more ﬂexible scaﬀolds for
cardiovascular stents, pericardial patches and heart
valves.
The degradation rate of scaﬀolds also controls the
space generated in the extracellular matrix to allow cell
proliferation and deposition of newly synthesised extracellular matrix. The degraded scaﬀold structure and
stiﬀness in Figures 5 and 6 show the eﬀects of hydrolytic degradation on the P(3HB)/P(3HO) scaﬀolds. We
estimate that the degradation process occurs between
one and a few years.57 It has been proved that the
hydrolytic degradation of PHB proceeds via random
chain scission, regardless of the microstructure. 58
With increasing amounts of P(3HO), the degradation
rates are slower, because the presence of long alkyl side
group sterically hinders the attack of water molecules.37
The degradation of PHAs would produce exclusively
monomers of PHAs, i.e. 3-hydroxybutyric acids,
which naturally occur in various human tissues,32,59
under enzymatic or biological conditions. 3-hydroxybutyric acid monomers are synthesised in the liver from
where they are released into the blood stream and
absorbed by extrahepatic tissues, such as heart and
skeletal muscles, for the generation and utilisation of
metabolic energy. Although hydrolysis might not often
proceed regioselectively ‘cutting’ only the last monomeric unit of PHAs, the short-chain products (oligomers) that are formed from hydrolytic degradation
are also soluble in water or PBS, and their biocompatibility has been reported.60–61 In comparison, the currently used synthetic absorbable polymers, such as
PGA and PLA, degrading into 2-hydroxy acids with
a pKa of 3.83 (glycolic acid) and pKa of 3.08 (lactic
acid) and that may cause inﬂammation, 3-hydroxybutyric acid are signiﬁcantly less acidic with a lower pKa
of 4.70.62–64 It has also been reported that (R)-3-hydroxybutyric acid can increase the cardiac eﬃciency of
heart failure patients,65 or act as an alternative energy
source to glucose for diabetic patients.66
As shown in Figure 7, the high cell viability in threeweek-cultured constructs provided further evidence of
the low cytotoxicity of the degradation products

released during cell culturing. However, due to the additional enzymatic reactions from cells and tissues, the
in vivo degradation rates of the P(3HB)/P(3HO) scaffolds may be faster compared to their in vitro degradation rates.57 The degradation of P(3HB)
gastrointestinal patch was accelerated by threefold
due to pancreatin enzyme.32 However, due to the lack
of blood supply in cartilage, the eﬀect of enzymatic
action on P(3HB) in cartilage is expected to be lower.
The degradation time for P(3HB)/P(3HO) may vary
from one to a few years, but the optimal degradation
time constant for the ingrowth of repair cartilage needs
to be determined experimentally.
Functional neo-cartilage with biochemical composition, architecture, and mechanical properties that closely mimics native AC may provide the highest clinical
success rates for regaining joint function.67,68 To evaluate the potential of employing PHA scaﬀolds for cartilage repair, their ability to maintain high cell viability
and cell function is of key importance for chondrocytes
to build the complex protein structures and to repair
cartilage.27,67,69 However, the large majority of previous work was based on synthetic scaﬀolds that do not
degrade and, therefore, do not hamper a proper development of the large proteoglycan and collagen molecules for forming the 3D tissue matrix. In nondegradable scaﬀolds, these large molecules are
restricted in the lacunae or in the pericellular region
as the deposition of large molecules requires more
space in the scaﬀold structure.70 As documented by
histological analysis of our constructs shown in
Figure 8(a) and (a0 ), the degraded P(3HB)/P(3HO) scaffolds provide suﬃcient space for the newly secreted
extracellular matrix. The depletion of oxygen from
high levels at the periphery towards hypoxic environment at the centre of the constructs highly inﬂuences
the quality of the matrix. Although chondrocytes are
known to be well adapted to the hypoxic environment
within native cartilage tissue, both aerobic and anaerobic metabolic pathways exist in cartilage constructs.71
A threshold oxygen level of 8% has been estimated for
HAC in a 3D pellet culture model, above which collagenous matrix production is favoured, while lower
levels of oxygen favour proteoglycan deposition.72 We
believe that the use of degrading scaﬀolds that give
space for the development of new matrix proteins is
important for producing competent cartilage.
The expression levels of SOX-9 serve as a marker for
chondrogenic induction, which includes the production
of type II collagen and aggrecan. In a series of key
experiments, transfected cells with a vector containing
SOX-9 resulted in chondrocytic cells, whereas knocking
out of this gene resulted in inhibition of cartilage formation.73 As shown in Figure 8(b) and (b0 ), large
amounts of HACs are of SOX-9 positive, particularly
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among the ﬁne and straight ﬁbres, which indicates that
the HACs respond to the morphological features of
their surrounding matrix (and maybe also to the
growth factor cocktail containing TGF-b). As documented in Figure 8 (d) and (d0 ), the high expression
levels of type II collagen suggest the formation of hyaline-like cartilage. However, the expression levels of
aggrecan in both constructs were diﬀerent. Aggrecan
was formed alongside the SOX-9 expressing cells in
the P(3HB)/P(3HO) 1:0.25 construct (Figure 8(c)), as
SOX-9 promotes the gene expression of aggrecan.
Conversely, as shown in Figure 8(c0 ), the chondrocytes
in P(3HB)/P(3HO) 1:0.43 construct may have de-diﬀerentiated, causing the synthesis of small non-cartilaginous proteoglycans and low expression levels of
aggrecan.74 This is attributed to the diﬀerences in the
structure and stiﬀness microenvironment of the constructs. Through cell surface receptors, a cell possesses
the ability for tactile sensation. A myriad of physical
and chemical (growth factors) signals from the surrounding matrix is transmitted through the various
cell surface receptors, which then induces intracellular
signalling pathways that regulate gene expression and
direct the cells’ phenotype. As a result, the complex cell
fate processes modulate the formation, function and
regeneration of tissue.75 The ﬂow of information
between cells and their extracellular matrix is reﬂected
in the changes of cell morphology and motility rate in
response to changes of their surrounding stiﬀness.76,77
The de-diﬀerentiation of chondrocytes is followed by
an altered protein expression, including a reduced synthesis of aggrecan and type II collagen. The construct
with P(3HB)/P(3HO) ratio of 1:0.25 exhibited smaller
ﬁbre sizes and higher stiﬀness compared to that with a
ratio of 1:0.43, hence, is more closely mimicking the
native AC. The lower expression levels of type I collagen in the P(3HB)/P(3HO) 1:0.25 scaﬀold compared to
that on the 1:0.43 scaﬀold further support the hypothesis that the microenvironment modulates cell fate, protein expression and tissue formation.
The high expression levels of type II collagen in both
constructs suggest the development of functional cartilage. However, Figure 8 (f) and (f0 ), shows relatively
high expression levels of type X collagen in the constructs, pointing to a transition from the chondrocytic
phenotype towards the terminal phase of hypertrophic
diﬀerentiation. One possible explanation for the chondrocyte de-diﬀerentiation is that the expression of
SOX-9 in the chondrocytes was not continuing
throughout the entire culturing period. In addition,
the chondrogenic stimuli that employ TGF-b, dexamethasone and ITS-G can induce chondrogenic diﬀerentiation but also promote the up-regulation of type X
collagen.78 The potential of matrix calciﬁcation induced
by type X collagen may assist in the integration of the

newly formed repair tissue with the subchondral bone,
or be an indication of cartilage remodelling, which may
alter the accumulation of proteoglycans and modifying
the diﬀusion properties of the matrix.79 To maintain the
normal expression levels of SOX-9 during culturing
period remains a challenge in the tissue engineering of
cartilage.80
The diﬀerences in local stiﬀness properties reﬂect the
local variations in the composition of neo-cartilage compared to the native cartilage.81 As shown by the unimodal stiﬀness distribution on native AC in
Figure 9(b), a spherical indenter with a radius of 5 mm
was unable to detect the variations in the structural components on the surface of native AC, thereby, indicating
that the local structural variations exhibit smaller dimensions.39 In comparison, stiﬀness measurements on the
constructs, as shown in Figure 9(d), demonstrate that
the variations in the structural components of neo-cartilage were large enough to be detected by the spherical
indenter. Discrete soft and stiﬀ regions on the surface
were measured, and, therefore, giving an estimate for the
heterogeneity of the construct. Considering that cells
have a stiﬀness of three orders of magnitude smaller
than the extracellular matrix, and proteoglycans exhibit
soft gel-like properties, the low stiﬀness region of the
construct is attributed to the cell- and proteoglycanrich content. Meanwhile, the high stiﬀness region is
attributed to the collagen-rich content or the scaﬀold
structure.40 IT-AFM measurements on the three-weekold construct indicate some promising hyaline-like cartilage formation. However, further in vivo experiments
will allow to investigate the performance of these
scaﬀolds in the speciﬁc microenvironment of living
organisms.

Conclusion
Unlike the self-healing abilities in some other species,
the human body needs a supporting structure with a
close-to-native microenvironment that aids as a template to direct the growth of cartilage. Any deviation
of physical or chemical properties from what a cell
experiences in its native microenvironment may cause
de-diﬀerentiation of chondrocytes and may lead to
altered protein expressions. By following nature’s
design principles, we electrospun P(3HB)/P(3HO)
blends to mimic the collagen meshwork in AC. The
ultrastructure and mechanical properties of the scaffolds in combination are vitally important in providing
a microenvironment that favours the diﬀerentiation of
chondrocytes and neo-cartilage growth. Based on our
results, we believe that the P(3HB)/P(3HO) scaﬀolds
can be developed into a clinical repair product to heal
cartilage defects and avoid the development of secondary osteoarthritis. In addition, the biodegradable

Downloaded from jba.sagepub.com at University of Southampton on March 25, 2016

Ching et al.

13

blends of P(3HB)/P(3HO) may allow to establish a
toolbox with tailored scaﬀolds for the repair of a variety of other tissues such as bone, pericardial patches,
or biodegradable cardiovascular stents.
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