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ABSTRACT

The objective of this study was to design a partly-

degradable scaffold to repair cartilage defectse Fhaffold,
based on poly(vinyl alcohol), PVA, was intendedntaintain
long-term mechanical integrity and to facilitate llce
proliferation via bioactive agent release from eomtd
microparticles, made from either alginate, ALG ofyglactic-
co-glycolic acid), PLGA. The aim of this study wadse
characterize the morphological features and mechhni
behaviour of composite scaffolds as a function afroparticle
type and percent content. Our hypothesis was hgatiynamic
mechanical properties (Dynamic Modulus and Phasgiérof
the composite scaffold would not be affected byroparticle
type, but that Dynamic Modulus would increase dsrgtion
of increased microparticle content. Scanning Etectr
Microscopy confirmed that
homogenously dispersed microspheres within theadaf For
pure PVA samples Dynamic Modulus ranged from 66R2 kt
0.01 Hz to 83+3 kPa at 50 Hz. As ALG microspheratent
increased from 25 % to 75 %, Dynamic Modulus ranfyech
9245 kPa at 0.01 Hz to 153+19 kPa at 50 M= the
microsphere content increased from 25 % to 75 % ABLG
Dynamic Modulus ranged from 85+9 kPa at 0.01 HA,56+16

the manufacturing process
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kPa at 50 Hz. As expected, Dynamic Modulus incréasith
increasing test frequencies. For pure PVA speciniéhase
Angle ranged from 4.3+0.8 degrees at 0.01 Hz to112+
degrees at 50 Hz. Phase Angle was not affecteditrpsphere
content. In conclusion, the addition of microspkeedfected
the dynamic mechanical behavior, in particular Dyita
Modulus, of PVA scaffolds. However, the dynamic imeegical
properties were not affected by the polymer fromiciwhthe
microspheres were manufactured. These findings esidgtat
microsphere type can be chosen to optimize theusimh of
bioactive factors, without detrimentally affectinghe
mechanical properties of the composite scaffold. also
suggests that % content of included microspherasbeaused
to modulate the mechanical properties of the sthffd time
zero.

Keywords: Articular Cartilage Tissue Engineering, Poly
(vinyl alcohol), Microparticles, Unconfined stat& dynamic
compression

INTRODUCTION

Approximately 10 million Americans suffer from
osteoarthritis (American Academy of Orthopaedic ggons)
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and limited options are available to treat thimpdidisease in
which articular cartilage is worn away. Attempts jaint
resurfacing using techniques such as microfraaurittilling,
scraping, shaving and autologous grafting [1] Haaé variable
results, but eventually lead to a total joint replaent. One
method of cartilage repair involves growing replaeat tissue
ex vivo for subsequent implantation, so calléldssue
Engineering [2,3].

Three components are needed to successfully emginee

replacement tissue; cells to generate extracelloiatrix, a
scaffold to support growth and the release of hivadactors
to stimulate the desired cellular response [4].otlbgh the
development of novel polymeric scaffolds, the &pilto
provide mechanical integrity to the defect sitestpport to the
ingrowing tissue and to release growth factors irinaed
manner is paramount to the success of this appréadedally, a
scaffold should also have a highly porous threeedisional
structure, with an interconnected porous network d¢ell
ingress, tissue growth and mass transport of misrieand
waste.

Natural scaffold materials including chitosan [&llagen
[6], agarose [7] and alginates [8] find wide apalion in tissue
engineering, in particular for the regenerationsoft tissues.
These materials do not induce a host response, naag
enhance the biological recognition in the growirgpissue,
encouraging the normal cellular functions. Synthdégradable
polymers such as poly(lactic acid), poly(glycoliccid,
combinations of the two, as well as poly(L-lactictee-
caprolactone) and polyfumarate have also been {(&dd],
because they are biodegradable, biocompatiblef@yddan be
easily processed into porous scaffolds. However r poo
mechanical properties associated with degradalsitodds for
soft tissue repair, prevent scaffolds from fundtgnlike the
tissue they are intended to replace.

Non-degradable materials, the mechanical propedfes
which can be defined by controlling manufacturirrggesses,
are potentially attractive as scaffold materiallyRrinyl
alcohol), PVA, for example, is biocompatible andn+ioxic,
and has been proposed for a wide range of biomledica
applications including contact lenses, corneal antd and as a
substitute for cartilage [11,12] and meniscus [BBJA can be
used to form a hydrogel, which retains water wittiinthree-
dimensional network of polymer chains. FurthermaP&/A
hydrogels can be manufactured using freeze-thaatnrents
thereby avoiding the wuse of potentially toxic cheahi
crosslinking agents such as glutaraldehyde and diol@hyde.
The ability to manufacture PVA hydrogels with piens for
the release of included bioactive agents for tissugineering
applications, however, has been less characteflzedis].

The most widely employed strategy to local deliver
growth factors is via their direct incorporation thin the
scaffold. One limitation to this approach is thabwth factor
release occurs via enzymatic degradation, whichldlapccurs
when the macromolecule is exposed toitheivo environment
[16]. Furthermore, local protein concentration afsirection of
time cannot be controlled easily. Another delivetsategy is
the incorporation of growth factors in micron-sizpdrticles,
which are then embedded in a scaffold. This apprgaotects
the bioactive agents from degradation. Accordingjyowth
factors have been included in micron-sized pasdi¢le’] and in
nano-sized particles [18] and made from materialshsas

gelatin, alginates, chitosan,
(PLGA) [19].

Among naturally-derived polymers, alginates haverbe
extensively studied as a hydrophilic-drug delivesystem
because of their biocompatibility and biodegradgb[R0,21].

In particular, Alginic acid sodium salt, ALG, isvaater-soluble
polysaccharide that can be crosslinked by the tddgvalent
cations such as ¢aBa? or Si?[22].

PLGA, a Food and Drug Administration approved
synthetic copolymer, has been widely investigated daug
delivery system, owing to its biodegradability and
biocompatibility. PLGA copolymers have been used both
hydrophilic and non-hydrophilic drug release [15223
because their release properties can be easilgradil by
varying composition (lactide/glycolide ratio), moidar weight
and chemical structure (i.e. capped and uncappaéderups).

However it is unclear which polymer most efficigntl
encapsulates growth factors. Furthermore, it lnown what
effect microparticle polymer type and percent npenticles
might have on the mechanical performance of théada

This study describes the development of a partly-
degradable scaffold to repair cartilage defects. nAn-
degradable PVA scaffold is intended to maintainglberm
mechanical integrity, and degradable micropartiaieede of
either ALG or PLGA are intended for the incorpavatiof
hydrophilic and non-hydrophilic bioactive agentspectively.

The objective of this study was to investigate
morphological features and mechanical response BVA-
based composite scaffold as a function of microgart
polymer type and content. Our hypothesis was ti@tnamic
mechanical properties (Dynamic Modulus, E*, and deha
Angle, 8) of the scaffold would not be affected by the mody
from which the microparticles were fabricated. Rarimore,
we hypothesized that E* would increase as a functid
increased microparticle content.

poly(lactic-co-glycpl acid

MATERIALS & METHODS

Manufacture of ALG microparticles

ALG (Alginic acid sodium salt, low viscosity, Fluka
Italy) microparticles were manufactured using andgad
“Water in Oil” emulsification technique. The Oil abe was
prepared by mixing 110 ml of isooctane (Carlo Eitaly) with
4 ml of Span 85 (Sigma, Italy). The Water phase prapared
dissolving 400 mg of ALG powder in 20 ml of douldistilled
water. The crosslinking solution was prepared dgsg 2 g of
Calcium Chloride (Carlo Erba, Italy) in 20 ml of wude
distilled water. All the components were cooledHtC.

The Water phase was added drop-wise to the Oilephas
while the solution was stirred at 1000 rpm. Theusoh was
stirred for a further 10 min then 12 ml of Tween @gma,
Italy) was added as surfactant. Calcium Chloridetsm was
added drop-wise to crosslink the particles, andstiiation was
stirred for a further 15 minutes. The emulsionateed for 45
min and the organic phase (upper liquid) was ddsgrAll the
steps were performed at the constant temperatude°6f The
solution underwent 3 centrifugation cycles at 55pth for 5
min; each cycle was composed of centrifugation,esugtant
elimination and addition of fresh isooctane/ethgi@arlo Erba,
Italy) mixture. ALG microparticles were collectefdgeze-dried
and stored at room temperature.
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Manufacture of PLGA microparticles

PLGA (Medisorb® 5050 DL 3.5A, iv=0.4 dl/g, Lakeslor
Biomaterials, USA) microparticles were manufactutsihg a
standard “Oil in Water” emulsification and solveswaporation
technique. The Oil phase was prepared by dissoltirg of
PLGA powder in 20 ml of dichloromethane (Carlo Erlialy)
and the Water phase was prepared dissolving 4 §\64&
powder (MW 22000, 97.5-99.5% hydrolyzed, Flukalyitan
200 ml of double distilled water at 90 °C. Both 1@éd phase
and the Water phase were cooled to 4 °C.

The Oil phase was added drop-wise to the Waterephas
and the solution was stirred at 10500 rpm for 8 msing a
high-speed homogenizer (Art. Miccra-D8, Falc Instants,
Italy). 400 ml of double distilled water was addes the
emulsion, and the solution was magnetically stifi@d4 h at
400 rpm to promote dichloromethane evaporationtidl steps
were performed at the constant temperature of 4 Tie
solution underwent 3 centrifugation cycles at 5%pfh for 7
min; each cycle was composed of centrifugation esugtant
elimination and addition of fresh water. PLGA miganticles
were collected, freeze-dried and stored at roonpézatiure.

Manufacture of PVA-based scaffolds

A 10 wt% PVA (MW 85-146000, 99+ % hydrolyzed,
Sigma, Italy) aqueous solution was prepared bydanomg at
120 °C for 1 h. The solution was then allowed toldo room
temperature. ALG microparticles were added wheeeatihount
of ALG microparticles was varied as a weight petadPVA
to produce the following groups: 0 %, 25 %, 50 %d &5 %
ALG (n=8 per group). After adding the micropartleo the
PVA solution the mixtures were magnetically stirfed 5 min
at 300 rpm at room temperature.

PLGA microparticles were added to PVA as follows: A
12.5 wt% PVA aqueous solution was prepared by éanowg
at 120 °C for 1 h. The solution was then allowedctol to
room temperature. PLGA microparticles were inijiall
dispersed in double distilled water by magneticristy and
then the mixture was added to the PVA solution &muofacture
batches of novel partly-degradable PVA-based coitgos
scaffolds with the same content of PVA (10 wt%)eTdmount
of PLGA microparticles was varied as a weight petad PVA
to produce the following groups: 0 %, 25 %, 50 %gd &5 %
PLGA (n=8 per group). After adding the water-digset
microparticles to the PVA solution, the mixtures reve
magnetically stirred for 5 min at 300 rpm at ro@mperature.

All solutions were poured into wells of a 24-well
polystyrene plate, sealed with parafiim and sulegcdo the
following freeze-thaw treatment: 1 cycle of 16 h-&0 °C,
followed by %2 h at 30 °C, and 7 cycles of 1 h ab-<Z,
followed by % h at 30 °C. Samples were stored @t

Morphology

ALG and PLGA microparticles were sputtered withdyol
under vacuum and morphologically analyzed usingamising
electron microscope, SEM (Jeol JSM-5600). Two
magnifications, 1000x and 4000x, were used for alitptive
analysis of size and surface appearance, resplgctive

Discs of ALG/PVA and PLGA/PVA samples
approximately 5 mm thick were sliced from the maldf each
composite scaffold for morphological analysis (e group).
The discs were placed in an environmental chamben o

scanning electron microscope, Environmental SEM | (FE
Philips). Images were taken at 500x magnificatiowl avere
used for the qualitative analysis of micropartidspersion
within the scaffolds.

Mechanical Testing

Scaffolds (n=6 per group) were sliced to a thicknafs-4
mm on a freezing-stage microtome to ensure fla@lfsr
surfaces and then cored using a 10 mm diametesypippnch
connected to a hand-actuated press. Double distiteter was
added to each specimen one day prior to testingnpta
diameter and thickness were measured with a dicgtégder.

Unconfined compression tests were performed under
displacement control using an ElectroForce® testrimment
(EnduraTEC, Bose Corporation, USA) using Dynamic
Mechanical Analysis (DMA) software. Samples were
positioned between two 50 mm diameter non-poroaislsss-
steel platens and some double-distilled water dvegre placed
around the samples to ensure that they remainedateytl
throughout testing. The unconfined samples werepcessed
at a rate of 0.0167 mm/s to a strain of 20 % ahalwald to
relax for 300 s. After relaxation a sinusoidal thgement oft5
% was superimposed at frequencies, ranging frorh 0050
Hz (n=8 different frequencies), applied consecuyifeom the
lowest to the highest.

The data were analyzed using the DMA software using
Fourier analysis. The Dynamic Modulus, E* which is
calculated as the ratio of the force amplitude twe t
displacement amplitude divided by the shape fagfor a
cylindrical specimen isr{h)* (d/2)?, where h is the height and d
is the diameter) and Phase Anglewhich is a function of the
internal friction of the material, were computedr feach
frequency tested and for each specimen.

RESULTS

Morphology

The vyield was 81f2.4 % (n=15 preparations) and
90.0t1.8 % (n=5 preparations) for ALG and PLGA
microparticles, respectively. SEM images showectlatively
smooth surface for both microsphere types, and =imum
diameter of~12 um for ALG microspheres (Fig. 1) antf um
for PLGA microspheres (Fig. 2).

Pure PVA samples were non-porous and had a rdlative
smooth surface (Fig. 3). Environmental SEM imagasicmed
that the manufacturing process dispersed microsghevenly
throughout the scaffolds for all % contents of AEg. 4).
Less homogeneous composite scaffolds were obtaiviezh
PLGA microspheres were incorporated into the PVaffetds

(Fig. 5).
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Fig. 2, PLGA microspheres

HY |Mag WD Det | Spot|Pressure —100 pm——
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Fig. 3. Pure PVA scaffold Fig. 4. ALG microsphere-seeded scaffolds (from the top to
the bottom, 25%, 50% and 75% ALG)
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Mechanical Testing

The samples that were mechanically tested showed no
evidence of surface damage or failure.

E* for pure PVA samples ranged from 66+3 kPa atL0.0
Hz to 83+3 kPa at 50 Hz. E* ranged from 92+5 kP8.ai Hz
to 11348 kPa at 50 Hz for 25 % ALG-PVA samples (Foy
and from 859 kPa at 0.01 Hz to 120+15 kPa at 50add25 %
PLGA-PVA samples (Fig. 7). At the highest microsghe
content of 75 wt%, E* ranged from 12018 kPa at Ol to
153+19 kPa at 50 Hz (ALG/PVA scaffolds) and fron3124
kPa at 0.01 Hz to 157+16 kPa at 50 Hz (PLGA/PV Afstds).
In all cases, E* increased with increasing testudemncies.
There was no difference between E* of 50 % and 75 %
ALG/PVA composite scaffolds, nor between the 25 8d &0
% PLGA/PVA composite scaffolds, in the tested frengy
range.

The Phase Angle was not affected by microspheréenbn
and type (Fig. 8, Fig. 9p for the pure PVA specimens ranged

HY |Mag WD |Det|/Spot|Pressure —100 pym— from 4.3+0.8 degrees at 0.01 Hz to 12+1.2 degreﬁ)eHz,

15.0 kKV|500x|9.87 mm|Lfd| 40 [100.0 Pa 07-16 GEL / PVA 0/100 25% PLGA Wlth a peak Of 14109 degrees at 10 EpeakEd to a Value Of
14 degrees at 10 Hz for ALG/PVA composite scaffpldhile
peakd occurred at 5 Hz for all PLGA/PVA formulation8.at
50 Hz of the PLGA/PVA samples was lower than thef
ALG/PVA ones at the same frequency.
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15.0 kV|500x9.83 mm|Lfd | 4.0 100.0 Pa[ _07-17 GEL / PVA 0/100 50% PLGA Frequency (Hz)
Fig. 6. Dynamic Modulus (E*) for ALG/PVA scaffolds
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HY [Mag| WD |Det|Spot|Pressure —100 pm——
15.0 KV 500x 9.22 mm | Lfd | 4.0 [100.0 Pa|  07-18 GEL / PVA 0/100 75% PLGA
Fig. 5. PLGA microsphere-seeded scaffolds (from the top Fig. 7. Dynamic Modulus (E*) for PLGA/PVA scaffolds
to the bottom, 25%, 50% and 75% PLGA)
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Fig. 9. Phase Angle () for PLGA/PVA scaffolds
DISCUSSION

Clinically used techniques to repair articular @t$e such
as debridment or microfracture of the subchondiatiep or the
transplantation of autogenous osteochondral plugs fnon-
weight bearing areas provide short term relief ahg25], but
long-term performance is unclear. One challenge thees
these approaches is that the tissue that growt tioef defect is
fibrocartilage and, as such, has poor mechanicgigaties [26].

The focus of our research is to stabilize a captildefect
using a non-degradable scaffold. The scaffold wdibally
provide mechanical integrity to the defect site avitl allow
for controlled bioactive agent release via the ddgtion of
microspheres. It is envisaged that growth factdease will
encourage cell proliferation and matrix generatiathjle the
release of anti-inflammatory drugs will help to aloan
inflammatory response after implantation.

A non-degradable polymer, PVA was chosen as
scaffold material to provide long-term mechanic@lbgity to
the defect site. PVA is biocompatible and can besslinked
without the use of potentially harmful crosslinkiagents. As a
hydrogel, PVA has been proposed for a wide range of
biomedical applications including, contact lensesrneal
implants and substitute for cartilage [11,12] arehiscus [13].

the

PVA has also been investigated as a drug delivestem for
the release of hydrophilic agents such as prof@iigand for
the release of bioactive agents via inclusion égbaffold [14]
and seeded within carriers in the scaffold [15]ctlrermore, in
preliminary data generated in our laboratory (udighled data)
bovine articular chondrocytes injected into PVAdxhs
scaffolds remained viable over 4 weeks in culture.

Microparticles have been shown to protect included
bioactive agents from premature degradation [23,28]
Accordingly, microparticles were manufactured fraeither
ALG or PLGA and included in the scaffolds. ALG aRiGA
were chosen because of their known biocompatibitityd
biodegradability [20,21]. In this study, ALG wagended for
the incorporation of hydrophilic bioactive agentscls as
growth factors and PLGA was intended for the inooagion of
non-hydrophilic bioactive agents, such as antiaiminatory
drugs.

The yield for both microsphere types was high and
observations using SEM confirmed that microsphéze and
shape were controllable and reproducible. On aecramaller
microspheres were produced using PLGA when comptored
that produced using ALG. This size difference caratiributed
to several factors such as the difference in thesitie of the
solutions used and the difference in the ratio betwthe OIl
Phase and the Water Phase. The faster stirringl spteehich
the PLGA microspheres were manufactured also dartgd to
their smaller size.

SEM analysis revealed that the manufacturing psces
dispersed microspheres evenly throughout the ALG/PV
composite scaffolds. Less homogeneous PLGA/PVA asite
scaffolds were obtained due to the low hydrophificf PLGA.

It is envisaged that degradation of included mighases will
leave pores in the scaffold. If interconnecteds¢éhpores could
result in channels in which incorporated cells gaaliferate
and generate extracellular matrix [29].

Although microparticles have been used in a vargty
scaffolds for tissue engineering [17,30,31], thdedf of
polymer type and microparticle content on the madw
properties of the scaffold has not been charaetérizThe
samples tested in this study were subjected to nfimeml
compression, over a span of frequency ranges, airtol test
configurations used by others [32-34].

The E* values measured in this study ranged froxBa6
157+16 kPa These values were higher than that measured by
Hunter et al. [35] who measured E* of chondrocyeded
fibrin gels of 12 kPa at 0.1 Hz (14 kPa at 1 Hz¢al0 days of
free swelling culture. But, our values were lowbart that
measured by Kisiday et al. [32], who showed that fo
chondrocyte-seeded peptide gels, E* ranged fromMPa at
0.1 Hz to 0.7 MPa at 1 Hz at 39 days of free swglulture.
Similarly, our values were lower than that measuted
Buschmann et al. [33] who found that for chondrees¢eded
agarose gels E* was 1.75 MPa at 0.1 Hz and 2 MPa
after 35 days of culture (E* was 0.25 MPa at 0.1 dzime
zero). Of note, Kisiday and Buschmann tested sasnjpie
confined chamber, which can explain the differenoetveen
our test results and theirs. For both ALG/PVA cosim
scaffolds and PLGA/PVA composite scaffolds the Dyia
Modulus increased with increased microsphere conten
However, beyond 50% ALG, no further increase in Maod
was found. Modulus also increased with increasiegt t
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frequencies, which is a characteristic of poroéasissues,
such as cartilage [32,33].

The Phase Angle for both ALG/PVA composite scafold
and PLGA/PVA composite scaffolds was not affectedtlie
addition of microspheres and it increased with easing test
frequencies. The polymer from which the microsphenere
manufactured did not affect the changedoés a function of

[2] Darling, E.M., Athanasiou, K. A., 2003, “Biomeanical Strategies
for Articular Cartilage Regeneration,” Annals of oBiedical
Engineering31, pp. 1114-1124.

[3] Sharma, B., Elisseeff, J. H., 2004, “Enginegritructurally
Organized Cartilage and Bone Tissues,” Annals obniidical
Engineering32(1), pp. 148-159.

[4] Darling, E.M., Athanasiou, K. A., 2004, “Bioaet Scaffold

frequency; however the PLGA/PVA composite scaffolds pesign for Articular Cartilage Engineering,” Biomea Technology

reached a pealdat 5 Hz and the ALG/PVA composite
scaffolds reached a peakat 10 Hz. The Phase Angle of
articular cartilage decreases with increasing feegy. Sah et
al. [36], for example, reported a decreasedifrom 15 to 8
degrees when calf cartilage explants were test8dlatiz and 1
Hz, respectively. Huang et al. [37], also reporedtcrease i
from to 30 degrees at 0.01 Hz to 15 degrees at foHzovine
cartilage plugs.

A limitation of this study is that the effect of enbsphere
degradation on the mechanical properties was nuibeed.

CONCLUSION

and Devices Handbook, George Zouridakis and Jamesréy eds.,
CRC Press, Boca Raton, FL, pp. 107-124, Chap. 21.

[5] Griffon, D. J., Seddighi, M. R., Schaeffer, ., Eurell, J. A., and
Johnson, A. L., 2006, “Chitosan Scaffolds: Intermective Pore Size
and Cartilage Engineering,” Acta Biomateriéé3), pp. 313-320.

[6] Yamaoka, H., Asato, H., Ogasawara, T., Nishizé&vaTakahashi,
T., Nakatsuka, T., Koshima, I., Nakamura, K., Kaugly, H., Chung,
U., Takato, T., Hoshil, K., 2006, “Cartilage Tisdtiegineering Using
Human Auricular Chondrocytes Embedded in Differétgdrogel
Materials,” Journal of Biomedical Materials Resé&aRart A, Wiley
InterScience, DOI: 10.1002/jbm.a.30655.

We successfully developed a novel partly-degradable [7] Buschmann, M. D., Gluzband, Y. A., Grodzinsky,J., Hunziker,

PVA-based scaffold with variable mechanical propsttThe
manufacturing process dispersed microspheres
throughout the scaffolds. The Dynamic Modulus @ seaffold
increased as a function of increased microsphement but
microsphere type did not affect the Modulus. Thésdings
suggest that microsphere type can be chosen tmiaptithe
inclusion of bioactive factors, without detrimemyahffecting
the mechanical properties of the scaffold. It alsggests that
% content of included microspheres can be usedddutate
the mechanical properties of the scaffold at tireeoz The
dynamic mechanical behavior of these compositefadafwill
be further investigated by subjecting the novelffetds to
confined compression tests. The morphological feattotal
porosity, pore diameter, pore interconnectivity)tiod scaffold
will now be modified, tailoring it to optimize celmatrix
generation within the scaffold.
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