Chitosan supports the expression of extracellular matrix
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Abstract: The search for biocompatible materials that can
support the growth and phenotypic expression of osteo-
blasts and chondrocytes is a major challenge in the applica-
tion of tissue engineering techriques for the repair of bone
and cartilage defects. Chilosan, a copolymer of glucosamine
and N-acetylglucosamine, may provide an answer to this
search. Chitosan is the deacetylated product of chitin, a
ubiquitous biopolymer found in the exoskeleton of insects
and marine invertebrates. Little is known about the utility of
chitosan in propagating human ostecblasts and chondro-
cytes. In this study, we test the hypothesis that chitosan
promotes the survival and function of osteoblasts and chon-
drocytes. Chitosan (4%, w/v in 2% HAc) was coated onto
plastic coverslips that had been fitted into 24-well plates.
Human osteoblasts and articular chondrocytes were seeded
on either uncoated or chitosan—codted coverslips at 1 x 10°%/
cells per well. Cultures were incubated at 37°C, 5% CO; for
a penod of 7 days. Cell viability was assessed at that time
using a fluorescent molecular probe. The phenotypic expres-
sion of osleoblasts and chondrocytes was analyzed by re-
verse trarscriptase-polymerase chain reaction and imimuno-

cytochemistry. Osteoblasts and chondrocytes appeared
spherical and refractile on chitosan-coated coverslips. In
contrast, greater than 90% of cells on plastic coverslips were
elongated and spindle shaped after 7 days of culture. Similar
to cells propagated on uncoated control wells, greater than
90% of human ostecblasts and chondrocytes propagated on
chitosan remained viable. Human osteoblasts propagated on
chitosan films continued to express collagen type [ whereas
chondrocytes expressed collagen type II and aggrecan, as
shown by reverse transcriptasc-polymerase chain reaction
analysis and immunostaining. The present in oitro work
demonstrates the biocompatibility of chitosan as a substrate
for the growth and continued function of human osteoblasts
and chondrocytes. Chitosan may have potential use as a
tissue engineering tool for the repair of osseous and chon-
dral defects € 2000 John Wiley & Sons, Inc. | Biorned Mater
Res, 51, 586595, 2000.
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INTRODUCTION

The need for more effective metheds of repairing
bone and cartilage defects has prompted investigation
into the utility of tissue engineertng approaches. One
such approach is to generate histologically and func-
tionally normal tissue by delivering healthy cells in a
biocompatible scaffold. The cell-material complex can
then be implanted to repair osseous and chondral de-
fects. A number of natural and synthetic materials
have been considered for their potential use as cell
delivery vehicles. However, the identification of ma-
terials that can supporl osteoblast and chondrocyte
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survival and phenotypic expression remains a major
challenge. One candidate material that may fulfill this
need is chitosan.

Over the past 20 years, the biomedical applications
of chitosan have been widely researched.! The mate-
rial has been evaluated as a wound-healing agent,

-bandage material, skin grafting template, cholesterol-

lowering agent, hemostalic agent, hemodialysis mem-
brane, and drug-delivery vehicle.”™" Chitosan is the
praduct of the partial deacetylation of the naturally
occurring polysaccharide chitin, which is found in the
exoskeletons of insects and marine tnvertebrates. It is
a lincar copolymer of N-acetyl-D-glucosamine and
glucosamine, with the latter constituting grealer than
80% of the molecuie. Chitosan has been suggested o
possess biological and material properties suitable for
clinical applications; specifically, it has been reported
to be nontoxic™!' ' and bioresorbable!” " when used
in human and animal models.

Chitosan has been explored as o modulator of
wound healing.“'z" Studics of full-thickness dermal
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wounds in rabbits and rats have demonstrated that
chitosan accelerates the healing response time.*** Kim
and Min** reported that a wound-covering material
composed of polyelectrolyte complexes of chitosan
and sulfonated chitosan hastened wound healing and
yiclded a “good-looking” skin surface. The effect of
chitosan on wound healing in paticents undergoing
plastic surgery was noted by Muzzarelli et al.”” The
authors reported that surgical sites treated with chito-
san exhibited better histo-architecture and vascularity
compared with untreated controls. There were no in-
flammatory cells at the dermal layer of tissue treated
with chitosan. In vitro studies have further clarified the
contribution of chitosan to wound healing through its
activation of fibrogenic medialors such as growth fac-
tors and cytokines.?** This increased expression of
growth factors enhances fibroblastic activity and pro-
motes fibrous tissue synthesis.

The ability of chitosan to promote wound healing
may alsc be attributed to its tendency to form poly-
electrolyte complexes with the polyanion heparin,*>*
which possesses anticoagulant as well as angiogenic
properties.’”* This molecule enhances mitogenesis by
the induction®®*® and stabilization of fibroblast
growth factor (FGF).*"*” By forming a complex with
heparin and acting to prolong the half-lifc of growth
factors, chitosan promotes tissue growth and wound
healing. These studies support the notion that chitosan
promotes tissue growth and cellular differentiation.
More recently chitosan has been proposed to serve as
a nonprotein matrix for three-dimensional tissuc
growth. Chitosan could provide the biological primer
for cell-tissue proliferation and reconstruction.™

Encouraged by the utility of chitosan as a wound-
heating agent, investigators have explored the materi-
al’s capacity to promote the growth of bone. "™ Using
chitosan plugs, Muzzarelli ct al.* succeeded in creat-
ing mineralized bone-like tissue in osseous defects in
rats, sheep, and dogs. The authors noted that endos-
teal, periosteal, and bone marrow osteoblast-like pre-
cursors become entrapped in the chitosan-tissue mix-
ture. Based on this observation, the researchers spec-
ulated that intramembranous bone formation may be
promoted by simultancous proliferative and angio-
genic events. The same investigators confirmed the
osteogenic potential of chitosan in patients undergo-
ing apicectomy or wisdom tooth avulsion. The authors
showed that patients receiving chitosan sponge im-
plants readily developed newly formed bone in the
defects. These implants resorbed readily and left no
traces of chitosan 6 months after surgery *

[n the present study. we addressed the question of
whether chitosan can serve as a supporting matrix for
connective tissue growth. We tested the hypothesis
that chitosan can support the normal function and ex-
pression of extraceliular matrix components in human
osteoblasts and chondrocytes.
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MATERIALS AND METHODS

Preparation of chitosan

A 4% (w/v) solution of chitosan was prepared by dissolv-
ing chitosan powder (Scikagaku Corp., Tokyo, Japan) with a
greater than 90% degree of deacetylation in 2% (v /v) acetic
acid. The chitosan was allowed to fully dissolve over a 24-h
period and then sterilized by autoclave. Twenty-four-well
cell culture plates {Becton Dickinson, Lincoln Park, NJ) were
fitted with 15-mm plastic coverslips (Nalge Nunc Intl., Na-
perville, IL} in order to facilitate the retrieval of cells from
the wells. The chitosan solution was ¢venly coated onto the
surface of the coverslips fitted in the 24-well plates. The
solution was then allowed to dry over a period of 24 h to
form a thin film. The acidity of the films was ncutralized
with 1 mL of a 0.5M solution of NaOH. Excess base was then
removed through repeat washings with Hanks” balanced
salt solution until film pH returned to a physiologic range
(pH = 7.4). As controls, several coverslips were not coated
with chitosan. Prepared plates were finally sterilized by ex-
posure to 12,000 rads before use,

Preparation and propagation of cells

Nermal human osteoblasts (Clonetics, Walkersville, M)}
were maintained with osteoblast growth media (Clonetics)
as monolayer cultures in 75-cm? flasks (Costar Corp., Cam-
bridge, MA). Chondrocytes were obtained from the nonfi-
brillated articular cartilage of an osteoarthritic patient (71/
M) during total knee arthroplasty. Cells were retrieved by
0.2% collagenase digestion and propagated in micro-carrier
spinner cultures for 2 weeks.™ Both ostcoblasts and chon-
drocyles were cultured at 37°C and 5% CQ, before seeding
onto chitosan films. Osteoblasts from confluent flasks were
trypsinized and centrifuged, then resuspended in serum-
free media before their use. Chondrocytes in confluent spin-
ner cultores were isolated from micro-carrier beads by di-
pestion with 0.2% collagenase and centrifuged. The cells
were resuspended in AIM-V scrum-free media (GIBCQO,
Grand [sland, NY), Osteoblasts and chondrocytes were
seeded at 1 10%/1 ml. into wells containing uncoated and
chitosan-coated plastic coverslips. All plates were subse-

“yuently incubated over a peried of 7 days al 37°C and 5%

CO,

Cell viability and morphologic analysis

Cultures were ebserved and photographed using phase
contrast microscopy at day 2 and day 7 of incubation Cell
viability was assessed on day 7 using the Live/Dead Assay
kit (Molecular 'robes, Bugene, OR). Coverslips with at-
tached cells were placed in g 1-mlL solution of the vital dye
calcein-AM (2 pAf), and the nuclear ston cthidiam ho
moduner (4 ) n phosphate-buffered sahne The cover
ships were incubuated i the dark st room temperature with



out agitation for 40 min, then examined under fluorescent
microscopy without subsequent washing.>**? Cell viability
was indicated by bright green fluorescence in the cytoplasm
of the cells. These cells also excluded trypan blue, confirm-
ing their viability. Dead cells were identified by the binding
of ethidium homodimers to nucleic acids, giving off a bright
red fluorescence. These results were also validated through
fluorescent staining of ethanol fixed cells, which appeared
bright red and stained with trypan blue.

Analysis of mRNA expression

RNA was isolated from trypsinized cells by the TRIzol
Reagent method (Life Technologies, Rockville, MB)). Isolated
RNA (lug) was used to create a total cDNA library with the
Advantage RT-for-PCR Kit (Clontech Laboratories, Palo
Alto, CA) using the oligo (dT, )} primer. Ten milliliters of the
resulting reverse transcriptase product were expanded us-
ing the SuperTaq Plus (Ambion, Austin, TX) PCR Kit and
primers specific to the sequences of interest {collagen type |,
collagen type [I, and aggrecan). The housekeeping gene
GAPDH was analyzed using the G3PDH Control Amplimer
Kit (Clontech Laboratories) to assure equal loading of the
sample cDNA. The PCR products were analyzed by electro-
phoresis in a 1.5% agarose gel that contained ethidium bro-
mide and were photographed with UV light excitation.

Immunocytochemical staining

Cells were retrieved from chitosan and control cultures by
trypsinization and then fixed with cytospin collection fluid
(Shandon, Pittsburgh, PA). Osteoblasts were incubated with
polyclenal goat antibudy to collagen type | (lisher Scientific,
Pittsburgh, PA), whereas chondrocytes were incubated with
polyclonal goat antibody to collagen type L collagen type Il
{Fisher Scientific), or menoclonal mouse antibody to keratan
sulfate (ICN Biochemical, Cosa Mesa, CA). Stawving for the
collagens or keratan sulfate was visualized using the immu-
noperoxidase technique. Diaminobenzidine was used as the
substrate, ywelding a browaish color (Vector Laboratories
Immuneassay Kit, Burlingame, CA). Cell preparations were
counterstained with 1.0% teluidine blue. The spoaificity of
the immunoperosidase staining was verified through the
omisston of the primary antibody or use of unrelated pri-
mary antibodics. There was no staining observed under
these conditions.

RESULTS
Viability and morphological analysis

By day 2 of calture, human osteoblasts secded onto
uncoated and chitosan-coated coverslips appeared re-
fractile with well-defined morphalogy, with diameters

LAHIJTET AL

ranging from 10 to 20 um. Beyond 2 days of culture,
greater than 90% of human osteoblasts on the surface
of uncoated plastic coverslips assumed a spindle-
shaped, fusiform appearance [Fig. 1(A)). In contrast,

- fewer than 5% of osteoblasts on the surface of chito-
" san-coated coverslips assumed an elongated shape.

Over 90% of these cells on the surface of chitosan
maintained a plump, spherical to polygonal form [Fig.
1(B)]. These morphological differences were main-
tained through day 7 of culture. Osteoblasts on the
surface of uncoated coverslips remained fibroblastic
and fusiform in shape [Fig. 1(C}]. Thosc cells on chi-
tosan-coated coverslips retained their round to oval
shape [Fig. 1(D}]. Osteoblasts on urjgoated and chito-
san-coated coverslips were randomly distributed and
did not overlap nor form clusters. Although an equal
number of cells had been seeded into each well, os-
teoblasts on the surface of uncoated coverslips cover-
slips were observed at a lower density than on chito-
san-coated coverslips. There were approximately 40 to
50 cells viewed per field at 100x magnification on the
surface of uncoated coverslips. In contrast, 60 to 70
cells were counted per ficld at 100x magnification on
chitosan-coated coverslips. The density of ostcoblasts
at day 7 ranged from 120 to 160 cells for uncoated
coverslips and 120 to 130 for chitosan-coated cover-
slips per ficld at 100x magnification. Osteoblasts on
the surface of the uncoated and chitosan-coated wells
appeared to multiply by two-fold during the culture
period.

Chondrocytes sceded onto uncoated and chitosan-
coated coverslips appeared refractiie with well-
defined morphology by day 2 of culture. At day 2 of
culture, chondrocytes propagated on uncoated cover-
slips showed similar morphelogy to osteoblasts, dis-
playing a fibroblastic and flattened appearance |Fig.
2{A}]. Cells propagated on chitosan-coated coverslips
appeared morce round to oval in shape [Fig. 2(B)]. Hu-
man chondrocytes cudtured on uncoated coverslips
continued to display a fibroblastic, drawn-out mor-
phology through day 7. In contrast, chondrocytes on
chitosan-coated coverslips exhibited a more spherical
appearance at day 7 of culture {Fig. 2(C) and ()]

'Chondrocytcs sceded onto the surface of uncoated

wells were observed at a density of 40 to 50 cclls per
field at 100x magnification. Sixty to 70 cells pur ticld at
100% magnification were noted on the surface of un-
coated coverslips. Chondrocyte density was aiso
noted to be stightly less in uncoated wells with 90 to
110 cells counted per ficld, as compared with 110 to
130 cells per field at 103+ magnification for cells on
chitosan-coated wells The uneven distribution of cells
precluded statistical evalaation of cell number on the
surface of uncoated and chitosan-coated coverslips
At the end of the 7-day culture period, greater than
0% of human osteoblasts and chondrocytes staned o
vivid green with the fluorescent vital dye, indicaung,
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Figure L.
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Phase photomicropraphs of human osteablasts (onyginal magnfication <1003 Cells analyzed at (A) day 2 oncthe

Y

surface ot uncoated coverships, (BY day 2 on the surface of chitosan-coated coverslips, (C) day 7 an the surface ot unicosted
coverships, and {1} day 7 on the surface of chitosan coated covershps Note cells propagated an the surtace of uncested

coverships (A} and (C} are more tasform and spandle shaped

vialnlity [Fig. 3(A-D}. Fewer than 10% o) cells were

staned red, indwating nnnimal cell death after 7 days
of culture on cither uncoated or ('h/liU'u]ﬂ'L'lh]lt'd

covershps

Phenotype expression—mRNA analysis

Osteoblasts growan on either nncoated or chitosan-
coated covershps continuned to ranseribe mRNA for
collagen type [ Ey A Human chondrocvtes mamn-
tattied on plastic covershps and chistowm blms main-
tned therr expression al matrix components collazen
tepe I and aggirecan There sas no expression of col-
et avpe g 8 Hoth homvan osteoblasts aed
chandrocytes propagated on chitoson exbabared e
cteased mtersaty e the haods repiesening matriy

component transcripts as compared with control cells
This decreased intensity may be due o maccurate
RNA determunation, as chitosan interfered wath the
ultraviolet spectroscopic nnnlysu of KNA Thus, mea-

“sured levels of RNA extracted from cells coltured on

chitosan were inconsistent. This interference from cha-
tosan contnibuted o subsequent aneqgual Toading ol
RNA 0 reverse transeription and polymerase dunm
reactions, with fewer mRNA transcopts available Tor
amphfication

Emmunoestaining patterns

Chcablosts propagated on the ~urface ol Ui et
covershps stamed mtensely fon collapen tope (SR

plasme rmmiumnestomingg of he osteablastsowas yirana
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Figure 2.

Phase photemicrographs of human chondrocytes {origmal maggitication <1003 Cells analvzed at (A day 2 on the

surface of uncoated coverslips, (B day 2 on the surface of dutosan coated coverslips, (O day 7 on the surface of uncoated
covershps, and (1) day 7 on the surface of chitosan coated coverslips

bars andd the enzyme substrate ywlded an even brown
stoming throughout the cell The nuclei were coanter-
staeed with tolmdine blue {Fig. 5(A] Osteoblasts
from the sorface of chitosan-coated C()\.'L‘r*iliph also
staned intensely for collagen type [ Fig. 5(8)]. Cyto-
plasmuc immunostaining of these cells was pranular,
unevers, and blurred Cell borders were indistingt, as
clumping, of cells obscured therr margine A halo of
chitosan and stained matenial surrounded osteehblasts
from chitosan-coated coverslips,

Chonddrocyies cultured on ancoated and chatosan-
coated coverslips had no detectable fevel of staining
toi collagen type | AAY Tn contrast, these cells
stamed ntensely for callagen type 1hand Aeratan sul
Lete [y 60B.C)] Tmmumastaning of the Biiman chon
droey e o both uncoated and chntosan-coared cover-
ships velded an even brown staing thraughont the
cotls Chondroeytes trom the surface o chitosan

coated covershps had indisnmet borders and climiped

together Ay, cells propagated on the surface of
chitosan were surrounded ina halo of chitosan and
stained material There was msigniticant staming of
ostcablast~ and chondrocytes when the primary anti-

body was omitted or when an ireclevant anti-human

Tmmunoeglobulin was used te replace the primary

antibrody

DISCUSSION

In the prosent study we document for the first time
thie vse of clitosan-coated surfacean propagating hu
man csteoblas and chondrocvtes We demonstrate
that cotls coltared on clitosan coated <arfaces remam
viahle and et a sphericoal nmrl’h(lln;,;y IRITSIRS
silan b thar disploved by ostcoblosts and chondro

cvtes e Addmonally, the ieher densite of o-
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Figure 3.

Fluorescent phiotonucrepraphs of human osteablasts and chondrocytes labeled with Live-Dead Assay (ongmal

magnification «250). Cells analysed at day 7 of culture {A) osteablasts on the surface of uncodted coverships, (1) osteoblass
on the surface of chitosan-coated covershps, (C} chondrecvtes on the surface of uncoated coverslips, and (1) chondricovtes on

the surface of chitosan-coated covershps

teablasts and chondrocytes found on chitosan-coated
covershps, as compared with uncoated coverships,
suppests an increased affinity of these cells for chito-
san-coated surfaces However, because the cellular
distribution was not unmiform threagh the surface, <ta-
tistical compartson was not feasible Thus, the appar
et difference in cellular density may oot be statisti-
cally significant. The two-lold mcrease i cell densty
on both chitosan-coated and uncoated covershps over
the 7-day culture period alse mdicates that both hu-
man osteoblasts and chandrocytes contimue to prohf-
crate, while continuing to express tssuc-spectfic exe
tracellular matrix proteimns The observation that cln-
tosan promnotes humen osteoblast and chondrocvie
survival is not unexpected because 1t has been prev-
ausly documented as o riocompatibie substrate for the
Hluman epithelial

prowth of vanous cell ypes A
colls, kL'r.}t|||u("\-'tc-, and tihroblasts Tave ol been deme-
onstrated to attach ard muduply on the <o face of cln
tosan [Tm~ Moreos v, these colls swore tound 1o have
groater altinety for Gl contaning, lighers concenira

A
nons of chitosan

We observed that human osteobiasts and chondro-
cytes, when propagated in monolayer culture, tend to
exhibit a fibroblastic, Hattened morphology  That
these colls, when seeded onto a chitosan-coated sur-
face, retain a rounded, oval shape and continae 1o
express features of 1heir griginal charactenshics rems
force the relationship between morphology and ceilu-
lar phenotype This observation is reminescent of other
ceflular systems in which morphology hes been
closely associated with cell-specific functions ™ ™ Al
teration in shape appears o parallel changes o eell
phenotype, in turn leading to o change m cell funcuon
The ability of chitosan to help maintam cellular mer-
phology and function was carlier noted by Yag ot o
They demonstrated that rat hepatocyvies propagoted
on the surface of chitesan-coated polystyrene plares
mainteined then sphereal morphology o calture.
while mamtaming: urca ~vinthess and drog catabalic
activity Tocontrasl, hepatocvtes prapogiated an Lol
pen-coated plates undenwent a diamane morpholon
cal change, rom <phencal o fat and Toss then ding

calabolic actiy ity



Human Osteoblasts

Col

GAPDH

(A)

Figure 4.

GAPDH

LA ET AL

Human Chondrocytes

Colll  Aggrecan

Col |

(8)

Osteoblast and chondrocyte mRNA expression by RT-PCR. (A} Osteolbitast mRNA expression after 7 days of

culture on chitosan-coated coverslips shows expression collagen type L {IB) Chondrocvte mRNA expresston after 7 days of
culture on chitosan coated coverslips with no detectable level of callagen type 1, and expression of collagen type [ and

aggrecan.

Recent studies of chondrocytes of animal origin fur-
ther confirm the utility of chitosan for supporting, cell
growth and function. Denuziere et al.”% have demon-
strated that rabibit chondrocytes attach and proliferate
on the surface of chitosan films. Sechriest et al.™ also
reported that bovine chondrocytes propagated on the
surface of glycasaminoglycan (GAG)-augmented chi-
tosan maintain their normal phenotypic characteris-
tics, namely a spherical morphology, low miitotic rate,
and synthesis of collagen type [ and proteoglycan.
Qur mvestigation confirms the ahility of both human
osteoblasts and chondrocytes 1o attach, survive, and
probiferate en the surface of chitosan. Simiilar to carlier
studics, we demonstrate that these cells maintain o
raunded appearance on g chitosan-coated surtace and
conunue ther production of cell-specific extracellular
matiex pratens

The abihity of chitosan te support human cell attach-
ment and survival could be atteibuted to s chemical
praperties Chitosar s a binary palyheterosaccharide
of N-acetvlplucosamine and glucosamine ua 31+
hinkage  Thes polyheterosaccharide structurally re-
sembles glveosaminoglycans, which are major compo-
tents of the estracellular matnix of bone and cartilage
Glycosaninoplveans consist of long-chan, un-
branched. repeating disaccharide aits Included
armaony these disaccharide units are glicosamime res
ducs, which constitute the basic ~tructure of chitoson
Cluvosame residducs are the framawork of hoth kera-
tatr ~udtate and Tivaluronate, bwo predomimant ply
cosgntneylvoans Tound inarticalar cartilaye Gl

cosantnoglvoans hinked to a PROLCIN core are orga-

nized to farm proteoglycans. These complex
maolecules are thought to play a key role in modulating,
cell morphology, differentiation, and function .2
[revious studies have demonstrated the invaolverment
of proteoglycans in cell—ell and cell-matrix interac-
tions, as well as cell function 7% The addition of pro-
teogzlycans to chondrocyte cultures has been shown 1o
stimulate the synthesis of sulfated proteoglveans, Fur-
thermore, removal of matrix proteoglycans results in
decreased synthesis Thus, the resemblance of chito-
san to components of proteoglycans may be conducive
1o cell attechment and promoting function.

The success of propagating cells on the surface of
chitosan filims has prompted investigation mto the po-
tential of this natural polymer as a cellular scaffold.
Flgm et al ™ have veported that a porous (hree-
chimensional chitosan matrix facilitated bovime adrenal
chromaffin cell attachment and survival ap 1o 14
days o culture They showed that chromaffin cells
seceded in chitosan scaffolds remained viabte 2
weeks after implantation into the subarachinod space
of rats

Our findigs as well as those of previons shudies,
stgpest that chitosan s a nocompatible substrate tor
coell propagaticns Thes polyhelerosaccharnde possesses
the attributes of o practeal seaffolding materral and
s the repar al

Py serve as an cifective templi
asscaus and chondral defects The angqre materil
prroperties and abnbiv of chitosan to suppon viahle
and tunchioning: humon osteehlasts and Jhiondrocvies
miake the matenal g attvective candhdate tor tathare

tseon bone and (.HI\M;;(' Tisste Crgiinee g’
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Figure 5. Immunestaining of osteoblasts {original magnification x400}. Cells retrieved on day 7 and stained for collagen type
[ from the surface of {A) uncoated and (B) chitosan-coated coverslips.

E ® - T

Figure & Iimmunostaming of chondrocytes fonginal magnification <300) Chondrocvtes from the surlace of (A uncoated or
(81 chitosan coated coverships, did not st for collagen type 1 Chondroovtes Trom the surface of (C) unwoated and (1
chtosan - coated covershps, stnned for collagen type I Chond rocytes Trom the sarface o (EY uncoated and (17 dutesarn coatedd
covershps, stamed tor keratan soltate
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