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Cartilage formation in growth
plate and arteries: from
physiology to pathology
D. Magne,1 M. Julien,1 C. Vinatier,1 F. Merhi-Soussi,2

P. Weiss,1 and J. Guicheux1*

Summary
Vascular calcifications are the consequence of several
pathological conditions such as atherosclerosis, dia-
betes, hypercholesterolemia and chronic renal insuf-
ficiency. They are associated with risks of amputation,
ischemic heart disease, stroke and increased mortality.
A growing body of evidence indicates that vascular
smooth muscle cells (VSMCs) undergo chondrogenic
commitment eventually leading to vascular calcification,
bymechanisms similar to those governing ossification in
the cartilage growth plate. Our knowledge of the forma-
tion of cartilage growth plate can therefore help us to
understand why and how arteries calcify and, conse-
quently, develop new therapeutic strategies. Recipro-
cally, thorough consideration of the events leading to
ectopic chondrocyte differentiation appears crucial to
further increase our understanding of growth plate
formation. In this context, we will review the effects of
known or suspected factors that promote chondrogenic
differentiation in growth plate and arteries. BioEssays
27:708–716, 2005. � 2005 Wiley Periodicals, Inc.

Introduction

Clavicles and some bones of the skull develop by intramem-

branous ossification, without a cartilage template, whereas

vertebrate long bones form through a process called endo-

chondral ossification, in which a cartilage template is replaced

by a bonymatrix (reviewed in Ref. 1). This process beginswith

the condensation of undifferentiated mesenchyme: cells from

the core differentiate into chondrocytes, whereas cells at the

periphery form the perichondrium (reviewed in Ref. 2). After a

phase of proliferation, chondrocytes differentiate and produce

collagen type II, IX and XI, and sulfated glycosaminoglycans.

Then chondrocytes further differentiate and become hyper-

trophic, express type X collagen and their extracellular matrix

(ECM) is mineralized by mechanisms that involve the release

of matrix vesicles (MVs). After these phases of differentia-

tion, a growing body of evidence indicates that chondrocytes

undergo programmed cell death.(3–5) Finally, the calcified

hypertrophic cartilage is invaded by capillaries and replaced

by bone.

While ectopic calcifications have long been considered to

result from a mere physicochemical precipitation of calcium

phosphate, several recent studieshaveprovidedevidence that

they may actually share many molecular and cellular features

with bone and cartilage mineralization (reviewed in Ref. 6).

During vascular calcification, both endochondral and intra-

membranous ossification may occur, depending on the patho-

logical condition. Vascular calcifications develop in two distinct

areas: in the intima and the media (reviewed in Ref. 7). Intimal

calcification occurs in the context of atherosclerosis. Athero-

sclerosis is initially characterized by the intimal accumulation

of lipid-rich macrophages and T lymphocytes (fatty streak).

Subsequently, vascular smoothmuscle cells (VSMCs)migrate

from themedia toward the intima in response to various stimuli

such as chemotactic factors and mitogens possibly released

from neighboring endothelium, activated macrophages within

lesions and nearby VSMC.(8) VSMCs undergo proliferation,

begin to accumulate lipid and initiate synthesis of ECM.

Calcification then occurs in the core of the atherosclerotic

plaque, in the vicinity of inflammatory cell infiltrate and cellular

debris. Medial calcification occurs independently of intimal
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calcifying vascular cell; ECM, extracellular matrix; glvr, gibbon ape

leukemia virus receptor; GP, glycerophosphate; HIF, hypoxia inducible

factor; MSC, mesenchymal stem cell; MS, Mönckeberg’s sclerosis;

MV, matrix vesicle; NaPiT, sodium-dependent Pi transporter; NCPs,
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muscle actin; TFs, transcription factors; TGF-b, transforming growth
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calcification and atherosclerosis. Calcification of the media in

peripheral arteries is referred to as Mönckeberg’s sclerosis

(MS) and commonly occurs in aged and diabetic individuals.(9)

Medial calcification is associated with elastin and VSMCs.

Therefore, VSMCs may be associated with both intimal and

medial calcifications.

Theputative involvement ofVSMCs invascular calcification

has been illustrated by a large number of in vitro studies

indicating that, in some conditions, VSMCs are able to

express osteoblast differentiation markers and induce ECM

mineralization.(10–12) Because most if not all of the osteoblast

markers investigated in these studies are also expressed in

growth plate chondrocytes, it is not inconceivable that, in some

cases, VSMCs rather undergo chondrogenic than osteo-

genic differentiation. In addition to most osteoblast markers,

chondrocytes express several specific markers such as Sox9

transcription factor and collagen type II, IX, X and XI, which

makes it possible to distinguish chondrogenic and osteogenic

lineages. Investigations on these chondrocyte markers show-

ed that VSMCs express Sox9(13) and type II and IX

collagen(13,14) in vitro, which clearly indicates that they have

the ability to undergo chondrogenic differentiation. In addition,

human VSMCs express chondrocyte-specific markers in vivo

both in intimal calcification associated with atherosclerosis(13)

and inmedial MS.(9) Therefore, chondrogenic differentiation of

VSMCs may be more widespread than previously believed

during the vascular calcification process.

Several useful review articles on the cellular regulation of

vascular calcifications have recently been published.(6,7,15–17)

However, none of these studies has really considered some

important factors that are known to modulate either or both

normal and ectopic cartilage formation such as cell condensa-

tion, hypoxia, MV-associated mineralization and apoptosis.

Wewill therefore try to highlight someaspects of chondrogenic

differentiation and tissue mineralization that have not been

detailed in previous reviews. Precise knowledge of cartilage

biology is essential to understand VSMC chondrogenic dif-

ferentiation. Reciprocally, recent findings on vascular calcifi-

cation may help us to get new insights into growth plate

formation. This review will be separated in three chapters, i.e.

cell differentiation, release of mineralizing matrix vesicles and

cell death.

Pathophysiological chondrogenic

differentiation

Chondrocyte differentiation

Mesenchymal cell condensation and proliferation. Endo-

chondral ossification in the embryo is initiated with condensa-

tion of mesenchymal cells and then progresses with their

commitment and differentiation into chondrogenic cells. In

adult bone marrow, mesenchymal stem cells (MSCs) persist

as a population of cellswith the capacity to differentiate toward

the chondrogenic lineage. Among the transcription factors that

control mesenchymal cell condensation leading to chondro-

cyte differentiation, Sox9 appears to play crucial roles

(reviewed in Ref. 18). Inactivation of Sox9 in limb buds using

the Cre/loxP recombination system before chondrogenic

mesenchymal condensation results in the complete absence

ofmesenchymal condensation, subsequent cartilage and bone

formation, indicating that Sox9 is required for an early step in

chondrogenesis, that of mesenchymal condensations.(19)

Cell–cell contacts occurring during mesenchymal condensa-

tion are likely mediated by the N-cadherin–b-catenin–actin
adhesion complex.(20) Indeed, N-cadherin is believed to be

necessary in cell–cell interactions, because functional inhibi-

tion of N-cadherin homotypic binding, using a neutralizing

monoclonal antibody, results in perturbed chondrogenesis

in vitro and in vivo.(20)

Chondrocyte early differentiation. In addition to its role in

cellular condensation, Sox9 also positively regulates expres-

sion of the early chondrocyte markers collagen type II,(21)

IX,(22) XI,(23) and aggrecan.(24) The role of Sox9 during

chondrogenesis is further illustrated by the observation that

no chondrocyte-specific markers are expressed in Sox9 null

cells in mouse chimeras.(25) Furthermore, ectopic expression

of Sox9 in transgenic mice activates the endogenous Col2a1

gene in vivo.(21) During chondrogenesis, the environment of

cells involved in condensations becomes hypoxic. Indeed,

proliferative and differentiated hypertrophic chondrocytes

are in hypoxia.(5) Hypoxia stimulates expression of hypoxia

inducible factor 1a (HIF-1a), which is known to play at least

three main roles. First, HIF-1a is necessary for chondrocyte

survival during hypoxia.(5) Second, HIF-1a may be required

for expression of chondrocyte markers such as type II

collagen.(26) Third, HIF-1a induces expression of vascular

endothelial growth factor (VEGF), which in turn, activates

metaphyseal vascular invasion.(5) Therefore, whereas Sox9

appears necessary for cell condensation and early chondro-

cyte differentiation, HIF-1a may be required for chondrocyte

survival and differentiation in hypoxic conditions.

Chondrocyte hypertrophic differentiation. While Sox9

appears particularly important in the first steps of chondrogen-

esis, the Cbfa1 transcription factor is involved in the control of

chondrocyte terminal differentiation. Cbfa1 expression in-

creases with maturation of chondrocytes, which is severely

disturbed in Cbfa1-deficient mice.(27) Forced expression of

Cbfa1 in chick immature chondrocytes induces type X

collagen and matrix metalloprotease-13 expression, alkaline

phosphatase (ALP) activity and extensive cartilage–matrix

mineralization.(28) Factors that contribute to Cbfa1 expression

and function have not fully been identified. Retinoic acid

stimulates expression of Cbfa1(29) possibly by upregulating

annexin V expression and increasing calcium influx.(30) In
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addition, mechanical factors are suspected tomodulate Cbfa1

expression.(31)

Among the factors that stimulate chondrocyte hypertrophy,

inorganic phosphate (Pi) may be particularly important.

Pi levels in growth plate increase from the proliferative to

the hypertrophic zone.(32) Pi likely stimulates chondrocyte

terminal differentiation and cartilagemineralization. Indeed Pi

stimulates hypertrophic phenotype by increasing expression

of type X collagen,(33,34) induces apoptosis of terminally

differentiated chondrocytes(34,35) and triggers mineralization

by mechanisms that may involve apoptotic processes.(34)

Growth plate chondrocytes express different Pi transporters.

In early differentiation steps, intracellular Pi uptake is likely

mainly mediated by the sodium-dependent phosphate trans-

porter (NaPiT) glvr-1 (Gibbon Ape Leukemia Virus Recep-

tor 1), whose expression, however, decreases during terminal

differentiation.(36,37) In contrast, Pi uptake during terminal dif-

ferentiation appears to be mediated by a sodium-independent

transporter that has not yet been identified.(38)

Chondrogenic differentiation of VSMCs

Phenotypic conversion of VSMCs. Evidence that VSMCs

are able tomimic chondrocyte behavior both in vitro and in vivo

has been reported (Table 1).(9–11,13,14,39–42) Human VSMCs

were shown to expressSox9 andCbfa1 inmineralized arteries

in vivo(13) and in culture.(10,11,13) Moreover, human VSMCs

express type II collagen in calcifications associated with

atherosclerosis(13) and MS,(9) illustrating a ‘‘chondrocyte-like’’

phenotype. Finally, type X collagen expression has been

detected in coronary calcifications in rats.(40)

VSMCs are thought to arise from MSCs (Fig. 1).(43–46)

MSCsare uniformly positive for markers such asCD29,CD44,

CD71, CD90 and CD106, and negative for markers of the

hematopoietic lineage, including CD14, CD4 and CD45.(47)

In addition to the vascular smooth muscle lineage, MSCs

are also able to give rise to other cell types such as chondro-

cytes, osteoblasts and adipocytes.(47) Lineages derived from

MSCs, such as VSMCs(11) are not definitively delineated, but

rather characterized by phenotype plasticity, allowing trans-

differentiation (Fig. 1).(43) It is not unconceivable that VSMCs

can, in some circumstances, trans-differentiate into chondro-

cytes. For instance, calcifying vascular cells (CVCs), a sub-

population of VSMCs from the artery wall and cardiac valves

that have the ability to mineralize in culture, also have the

capacity to differentiate into osteogenic, chondrogenic, leio-

myogenic (smoothmuscle) and stromogenic (marrow stroma)

cells, depending on the stimuli.(14) These cells are positive for

CD29 and CD44, negative for CD45 and CD14,(14) a surface

marker profile shared with MSCs.(47) Interestingly, VSMCs

extracted from normal human vessels are able to express

Sox9 and Cbfa1 in culture after several passages.(13) The

precise factors that promote VSMC trans-differentiation to-

ward the chondrogenic lineage remain largely unknown,

although several stimuli have been considered (Fig. 1).

Factors modulating VSMC chondrogenic differentiation

Mechanical factors. Stretch and strain are important extra-

cellular stimuli that regulate the phenotype of VSMCs and play

an important role in the development of atherosclerosis.

VSMCdifferentiation andmaintenance of phenotype depends

on mechanical stimulation.(48,49) Indeed, stretch stabilizes the

contractile smooth muscle phenotype,(49) and cyclic strain

inhibits expression of Cbfa1 and mineralization in long-term

three-dimensional culture of rat VSMCs.(41) Stretch stabilizes

the smooth muscle cell phenotype by a mechanism that

involves actin polymerization.(49) Disruption of the actin

cytoskeleton reduces expression of VSMC markers,(49,50)

triggers chondrogenesis in mesenchymal cell culture(51) and

prevents chondrocyte de-differentiation.(52) It is possible that

alterations in the mechanical factors acting on VSMCs in the

context of atherosclerosis play a role in their differentiation

within atherosclerotic plaques.

Three-dimensional environment. CVCsundergo invitro chon-

drogenic differentiation only at post-confluence, in three-

dimensional nodules,(14) a property shared by MSCs,

VSMCs,(41,47,53) chondrocyte primary cultures(54) and cell

Table 1. Transcription factors (TFs), collagen type

and non-collagenous proteins (NCPs) expressed in

chondrocytes, in VSMCs in vitro and in calcified

arteries

Chondrocytes(39)
VSMC
in vitro

Calcified
arteries

TFs Sox-9 Sox-9(13) Sox-9(13)

HIF-1 ? ?

Cbfa-1 Cbfa1(10,11) Cbfa-1(13)

Collagens II II(14) II(9,13,40)

IX IX(14) ?

X ? X(40)

XI ? ?

NCPs OCN OCN(10,11) OCN(13,40)

OPN OPN(11,41) OPN(40)

ON ON(42) ON(40)

BSP BSP(42) BSP(9,13,40)

Expression of Sox-9 by VSMC in vitro and in calcified arteries indicates

that VSMChave the ability to undergo chondrogenic differentiation. This

is further illustrated by in vitro and in vivo expression of cartilage-specific

collagen type II, IX and X. However, several proteins that play important

roles in chondrocyte maturation have not yet been investigated in

cultured VSMCs or in calcified arteries. Their study may provide new

data on the mechanisms responsible for cartilage formation in arteries.

For instance, the transcription factor HIF-1, which is activated by growth

plate hypoxia, and appears crucial in chondrocyte differentiation and

survival, has not been studied in the context of VSMCs chondrogenic

differentiation.
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lines.(34,55) Accordingly, primary chondrocytes cultured in

monolayer rapidly de-differentiate, as illustrated by the loss

of chondrogenic markers. Three-dimensional environment

therefore seems necessary for chondrogenic commitment

and maintenance of chondrogenic phenotype. This three-

dimensional environment may correspond to the mesenchy-

mal cell condensation that initiates chondrocyte differentiation

in vivo. During arterial injury, proliferation and migration of

VSMCs are accompanied by increased expression of N-

cadherin and a- and b-catenin.(56) Whether this increase

in cadherin and catenin expression plays a role in VSMC

condensation leading to chondrogenic differentiation is highly

hypothetic but deserves consideration.

Hypoxia. Both systemic and local hypoxia may contribute to

development of atherosclerotic lesions. Recent in vivo studies

found a direct correlation between local arterial wall hypoxia,

VSMC proliferation and atherosclerosis.(57,58) In addition,

hypoxia stimulates proliferation and osteopontin expression

in cultured VSMCs.(59) No detailed study has investigated the

effects of hypoxia on chondrogenic differentiation of VSMCs;

however, it is not unconceivable that, in some conditions,

Figure 1. Possible factors modulating VSMC, chondrocyte and osteoblast differentiation. These cells derive from a common progenitor:

the mesenchymal stem cell. MSC commitment toward osteoblasts, VSMCs or chondrocytes may be dependent on precise factor

combinations, since TGF-b for instance, may stimulate VSMC and chondrogenic differentiation of MSCs. VSMC phenotype plasticity may

allow trans-differentiation toward osteoblasts and chondrocytes. Today, it remains to be elucidated whether VSMCs trans-differentiate

toward osteoblasts, chondrocytes, or both, in response to some factors such as Pi and TNF-a. Finally, although evidence exists to suggest

that VSMCs are able to trans-differentiate toward pre-hypertrophic chondrocytes expressing Sox-9 and type II collagen, direct

differentiation of VSMCs toward hypertrophic chondrocytes expressing type X collagen is still hypothetical. (b-GP, b-glycerophosphate;
Dex, dexamethasone; MSC,mesenchymal stem cell; SM, smoothmuscle; SMA, smoothmuscle actin; TGF-b, transforming growth factor-

b; TNF-a, tumor necrosis factor-a).
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hypoxia plays a role in the expression of chondrocyte markers

in VSMCs.

Inorganic phosphate (Pi). A high serum phosphate level is

highly correlated with the extent of vascular calcification and

vascular disease. Hyperphosphatemia is prevalent in patients

with chronic renal failure and is linked to increased risks of

cardiovascular mortality in these patients (reviewed in(60)).

Pi enhances Cbfa1 expression and ECM mineralization(10,61)

in culture of VSMCsmost likely throughPi uptake via glvr-1.(10)

Similarly, mineralization in cultured bovine VSMCs is asso-

ciated with the dramatic loss of smooth-muscle-specific gene

expression (smooth muscle lineage markers SM22 and a-
smoothmuscle actin) in the presence of an organic phosphate

donor, b-glycerophosphate.(62)

Growth factors and cytokines. Some growth factors are

believed to play a role in chondrogenic differentiation of

MSCs and VSMCs. For instance, transforming growth factor-b
(TGF-b) has been shown to play such a role. TGF-b1, TGF-b2
and TGF-b3 are expressed in VSMCs in calcified athero-

sclerotic arteries.(63) TGF-b1 also stimulates mineralization in

cultured VSMCs.(64) Moreover, in vivo injection of TGF-b1 or

TGF-b2 in subperiostal region of rat femurs (composed partly

of MSCs) induces osteochondral ossification.(65) Local ex-

pression of TGF-b1 in rat aorta was also shown to induce a

cartilaginousmetaplasia that is reversiblewhen treatmentwith

TGF-b1 is stopped.(66) Furthermore,TGF-b2,TGF-b3and, toa
lesser extent, TGF-b1, promote in vitro type II collagen

and aggrecan expression in MSCs.(45,47,67) The precise

mechanisms through which TGF-b modulates chondrogenic

differentiation have not been fully elucidated, but may involve

TGF-b-induced N-cadherin expression, for example, addition

of an exogenous neutralizing N-cadherin antibody indeed

inhibits TGF-b-stimulated chondrocyte differentiation of me-

senchymal cells.(68) On the contrary, the fact that TGF-b also

inhibits chondrocyte terminal differentiation(69,70) suggests

that other factors are involved in activating VSMC-mediated

calcifications. Tumor necrosis factor-a (TNF-a)may bea factor

promoting chondrocyte terminal differentiation of VSMCs.

Indeed, TNF-a has been detected in human atherosclerotic

lesions(71) and TNF-a activates Cbfa1, and induces alkaline

phosphatase expression and calcification by CVCs.(46)

Release of mineralization-competent

matrix vesicles

Chondrocyte release of MVs
It is well recognized that initiation of cartilage mineraliza-

tion is governed by cell-derived matrix vesicles (MVs)

(Table 2).(36–38,61,72–79) In growth plate, their diameter ranges

from 30 nm to more than one micron, with an average of

approximately 200 nm.(72) It is believed thatMVs initiateminer-

alization in cooperation with collagen fibrils, and that once the

first calcium phosphate crystals have coalesced to form the

mineralization front, the next steps occur essentially by crystal

multiplication, independently of MVs (reviewed in Ref. 80).

Membranes of MVs from growth plate chondrocytes

contain alkaline phosphatase (ALP), which hydrolyses a great

variety of substrates leading to the increase in Pi local levels.

ALP activity allows inactivation of mineralization inhibitors

such as ATP and pyrophosphate ions.(80) In MVs derived from

growth plate chondrocytes, the increase in intravesicular Pi

levels is partly mediated by NaPiTs.(37) These NaPiTs include

type III transporter glvr-1. In addition, intravesicular Pi trans-

port is also likely due to sodium-independent transporters.(38)

Calcium uptake into chondrocyte-derived MVs appears to

be mediated by members of the annexin family. Annexins

represent a family of at least 12 proteins that bind to acidic

phospholipids in the presence of calcium. Among these,

annexins II, V and VI are strongly expressed by growth plate

chondrocytes.(73) Annexin V binds to type II and X collagen

molecules,(73) which may allow calcium influx inside vesicles.

In chondrocyte cultures, only hypertrophic chondrocytes re-

lease MVs able to mineralize the ECM. This property may be

partly attributable to the presence of MV-anchored annexin

V.(73) Indeed, as opposed to proliferative and pre-hypertrophic

chondrocytes, only the hypertrophic cells contain calcium

levels high enough to enable annexin anchorage in the cell

membrane.(81,82)

Mineralization-competent MVs contain a nucleational core

composed of amorphous calcium phosphate, phosphatidyl-

serine and annexins,(83) whereas mineralization-incompetent

MVs lack these components.(73) Mineralization-competent

MVs are able to locally increase calcium and Pi levels, thereby

permitting crystal nucleation. The precise location of crystal

formation (intravesicular or extravesicular) and the nature

of the first crystal formed remain a matter of debate.

Table 2. Properties of matrix vesicles, presence

of apoptosis and type of crystals reported during

chondrocyte- and VSMC-mediated mineralization

Chondrocytes VSMC/Calcified arteries

MV 30 to 1000 nm(72) 100 to 700 nm(61,74)

Glvr-1(36,37) Glvr-1(10)

Sodium-independent(38) ?

ALP ALP(9,11,12)

Annexin V(73) ?

Apoptosis Yes(3–5) Yes(75,76)

Mineralization Carbonated apatite(34) Carbonated apatite(77–79)

MVs released by chondrocytes and VSMCs appear to have a similar

diameter, and a similar composition. Involvement of sodium-indepen-

dent phosphate transporter and annexin V has however not been

investigated in VSMCs. Finally, apoptotis has been observed both in

growth plate and arteries in the vicinity of calcified areas, and mineral

deposits comprise carbonated apatite in both locations.
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Contrastingly, after the first step of crystal nucleation is

accomplished, it is well known that crystals deposited in

associationwith collagen fibrils consist, as in boneand tooth, in

a non-stoichiometric, calcium-deficient, carbonated apatite,

whose composition and organization vary with the age of

crystals. In particular, aging of crystals is characterized by

gain in crystal order, loss of acidic phosphate groups and

incorporation of carbonate ions.(34)

VSMC-derived MV
MV-like structures have also been found in calcified ar-

teries.(74,84) In atherosclerotic plaques, these structures are

released by VSMCs (Table 2).(74,76) Their diameter ranges

from 100 to 700 nm,(74) and is therefore roughly the same

as that of chondrocytes-derived MVs.(72) In normal culture

conditions, VSMCs continually release MV,(61) as do chon-

drocytes.(37) In presence of elevated levels of calcium and

phosphate ions, release of mineralization-competent MV

by VSMCs is stimulated.(61) Whether this relates to annexin

anchorage in cell membrane, however, remains hypothetical,

since expression of annexins in mineralizing VSMCs and their

localization within MVs in calcified arteries have not been

reported to date.

VSMCs express ALP during their chondrogenic differentia-

tion,(12) and ALP has been detected in MV-like structures in

atherosclerotic plaques.(74) ALP increases the local Pi levels

and Pi uptake in VSMCs and VSMC-derived MVs is likely due

in part to glvr-1.(10) To our knowledge however, involvement of

other transporters has not yet been investigated.

Only scarce data are currently available concerning the

mechanisms of mineralization and the nature of the mineral

phase deposited during vascular diseases such as athero-

sclerosis.As ingrowthplatecartilage, thecrystals formed in the

vasculature comprise a biological carbonated apatite.(77,78) Its

variable crystallinity suggests that, as in cartilage, vascular

calcification is a time- and flow-dynamic-dependent pro-

cess.(78) Indeed, the decreasing amount of acidic phosphate

ions during crystal aging further reinforces the notion that the

inorganic phase of vascular calcification is very similar, if not

identical, to that in growth plate cartilage. Finally, apatite is also

formed by cultured VSMCs.(79)

Cell death and mineralization

VSMC apoptosis and mineralization
In contrast to the above chapters, it would seem that

the concept linking mineralization to apoptosis is much more

widespread in studies concerning vascular than cartilage

calcification. Indeed, ectopic calcifications have been often

associated with apoptotic or necrotic processes (for review

see Ref. 85). It has even been proposed that, if ectopic calcifi-

cations are not more common, it is because in most situations

cell debris are rapidly cleared by phagocytic cells.(85) How-

ever, clearance of VSMC debris may be inhibited in some

circumstances,(12,76) thereby leading to accumulation of apop-

totic bodies (ABs). In suchcircumstances,ABsmayproceed to

calcify, depending on their local environment.(7)

Such processes are especially well documented for

mineralization of arteries(86,87) and, interestingly, for articular

cartilage calcification.(88,89) Atherosclerotic plaques contain

VSMC remnants andapoptotic bodies.(76) VSMC-derivedMVs

in advanced atherosclerotic plaques contain BAX protein,

indicating that they may be remnants of apoptotic cells.(76)

During programmed cell death, calcium and Pi ions stored in

mitochondria and sarcoplasm can be incorporated in ABs or

cell debris, and contribute to formation of calcium phosphate

crystals. Upon induction of apoptosis in vitro, VSMCs were

found to release such calcium-rich blebs.(7) Furthermore,

inhibition of apoptosis by the broad-range caspase inhibitor

ZVAD-FMK reduces the extent of mineralization in culture of

VSMCs.(86) Since inhibition of caspases blocks the release of

apoptotic bodies,(90) it is conceivable that ZVAD-FMK inhibits

mineralization at the level of AB release.

Pathological association of apoptosis and calcification has

also been documented in articular cartilage. In articular cartil-

age, chondrocyte differentiation normally ends before cell

hypertrophy thereby preventing tissue mineralization. When

apoptosis of articular chondrocytes is induced with nitric oxide

or an antibody to Fas, cell-derived ABs contain ALP and have

the capacity to precipitate calcium phosphate crystals.(88)

Chondrocyte apoptosis and mineralization
Despite the large body of evidence indicating a link between

apoptosis and mineralization and the fact that in the growth

plate the terminally differentiated chondrocyte is apoptotic,(3)

the possibility that apoptotic processes might play an active

role in cartilage mineralization has not been thoroughly con-

sidered. Boskeyet al. stated that viable cells are necessary for

in vitro cartilage calcification but, in their study, cell death was

promoted under non-physiological conditions (water lysis,

freeze–thawing, trypsinization, ethanol fixation) and cer-

tainly resulted in cell necrosis rather than apoptosis.(91)

More recently, Kirsch et al. showed that MVs released from

retinoic-acid-treated chondrocytes were structurally different

from staurosporine-treated cells and exhibited a different

composition.(92) However, it is possible that the differences

observed in the composition of vesiclesmayhavebeen related

to treatment with retinoic acid rather than apoptosis.

During endochondral ossification, hypertrophic chondro-

cytes contain high intracellular calcium levels compared to

proliferative chondrocytes.(82) Calciummay firstly be accumu-

lated into mitochondria and sarcoplasmic reticulum.(93) In

terminally differentiated chondrocytes, high calcium levels

have been measured in the vicinity of the cellular membrane.

Authors have suggested that this calcium is incorporated in

the formation of MVs or apoptotic bodies.(94) It has therefore
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been speculated that growth plate chondrocyte release of

mineralization-competent MVs may be partly due to apoptotic

processes.(95) The possible link between chondrocyte apop-

tosis and cartilage mineralization in the growth plate is hypo-

thetic although we have shown that, in chondrocyte culture,

an inhibition of apoptosis results in a significant decrease in

matrix mineralization,(34) as observed in VSMC cultures.

Further experiments appear necessary to investigate the

mechanisms involved in cartilage mineralization. Finally and

interestingly, odontoblasts responsible for the formation of

circumpulpal dentin donot die duringdentinmineralization and

do not release MVs to mineralize the ECM,(96) further sug-

gesting that MV release may be related to generation of ABs.

Conclusion

An increasing amount of findings suggests that, in some

circumstances, VSMCs promote calcification by mechanisms

very similar to those occurring during growth plate mineraliza-

tion. This review highlighted some aspects of chondrogenic

differentiation of VSMCs, which suggest that a cartilage-like

tissue forms in some types of vascular calcifications. There is,

however, a lack of information concerning the mechanisms

governing crystal formation during vascular calcification and a

thorough understanding of cartilage mineralization may help

us understand these mechanisms. The possible associa-

tion between apoptosis and mineralization has been more

widely considered in studies on ectopic mineralization (e.g.

vascular calcification). However, the hypothesis that apoptotic

processes might play an active role during endochon-

dral bone formation has not been thoroughly investigated.

Therefore, while our knowledge on cartilage biology can

help us increase our understanding of vascular calcification,

recent advances concerning vascular calcification may also

prove useful to get new insights into chondrocyte-mediated

mineralization.
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Abstract. Tissue engineering is an emerging field of regenerative medicine which holds promise for the restoration of tissues
and organs affected by chronic diseases, age-linked degeneration, congenital deformity and trauma. During the past decade,
tissue engineering has evolved from the use of naked biomaterials, which may just replace small area of damaged tissue, to the
use of controlled three-dimensional scaffolds in which cells can be seeded before implantation. These cellularized constructs
aims at being functionally equal to the unaffected tissue and could make possible the regeneration of large tissue defects.
Among the recently developed scaffolds for tissue engineering, polymeric hydrogels have proven satisfactory in cartilage and
bone repair. Major technological progress and advances in basic knowledge (physiology and developmental biology) are today
necessary to bring this proof of concept to clinical reality. The present review focuses on the recent advances in hydrogel-based
tissue engineered constructs potentially utilizable in bone and cartilage regenerative medicine.

1. Introduction

Tissue engineering is an emerging field of regenerative medicine which holds promise for the restora-
tion of tissues and organs affected by chronic diseases, age-linked degeneration, congenital deformity
and trauma. Tissue engineering consists of building tissue and organ using cells grown on natural or
artificial biomaterials outside the body. Bone and cartilage tissues have taken advantage of the recent
efforts in tissue engineering and have shown proof of concept in clinical situations [1,2].

The physiological process of bone remodelling confers to this connective tissue a strong self-healing
capacity. With respect to this property, a great variety of natural and synthetic bone substitutes have been
considered as means to repair bone loss. Among these substitutes, calcium phosphate (CaP) biomaterials,
which display biocompatibility, bioactivity and excellent osteoconductive properties have frequently
been used for bone replacement and reconstruction in many different clinical applications, such as repair
of bone defects [3], spinal bone augmentation [4], periodontal treatment [5], or coatings for metallic
implants [6]. CaP ceramics, are commercially available as granules or blocks. The macroporosity of CaP
blocks facilitates the penetration of cells and biological growth factors into the implant [7], allowing the
osteogenic process [8] to occur within the inner surface of pores in order to achieve bone neoformation.

Percutaneous techniques have also been developed in radiology, orthopaedics and especially spine
surgery. Filling of vertebral body and bone cysts have been reported using acrylic bone cement [9].
These hardening and injectable biomaterials make possible the repair of small bone losses but without
osteoconduction process. In parallel, suspension of calcium phosphate granules in a polymeric solution
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have also been reported to be a convenient mean for filling bone cysts and alveolar sockets [10–12].
Contrarily to the acrylic bone cement, the injectable bone substitute (IBS) is bioactive, resorbable and
osteoconductive. Despite the large body of evidence indicating that the above mentioned materials are
suitable matrices for bone filling, neither CaP ceramics, bone cements, nor IBS have osteogenic proper-
ties still too limited for large osseous reconstruction, particularly in territory with limited repair capacity
(irradiated area).

Cartilage is an avascular and aneural tissue with poor capacity for self-healing. This poor spontaneous
repair of cartilage strongly depends on the depth of articular lesion. On the one hand, partial thickness
defects, which affect only the superficial cartilage layer does not heal spontaneously. On the other hand,
injuries that affect not only the cartilage but also the subchondral bone, exhibit a repair process leading to
the formation of a fibrocartilage. This fibrocartilage however does not display the mechanical properties
of native articular cartilage [13,14] and degrades rapidly following injury. For these reasons, we can
likely rule out the possibility of using cell-free scaffolds for cartilage repair. The above mentioned data
strongly highlights the necessity of developing innovative therapeutic approaches for the treatment of
bone and cartilage. Tissue engineering which combines the disciplines of cell biology and biomedical
engineering could open new therapeutic windows in bone and cartilage-applied regenerative medicine.

2. Organic synthetic matrix for tissue engineering

Tissue engineering aims at using autologous cells that are harvested, amplified and associated to a
synthetic matrix in order to carry out an autologous bone or cartilage graft. This synthetic matrix should
provide with a three-dimensional environment allowing cell culture and tissue growth. Macroporous
biodegradable polymers have been used for this purpose [15]. However, uniform cell seeding and cultur-
ing within these macroporous polymers remains difficult due to limited penetration of cells and diffusion
of nutrients. Furthermore, these bulk macroporous polymers are not suitable for percutaneous surgery.

Another approach is to mix cells with a viscous aqueous solution made of a hydrophylic polymer.
This mixture of cells and polymer solution could be injected in the surgical site. By chemical modifi-
cation, the polymer is then cross-linked and harden in situ. Hydrogels are highly valuable scaffolds for
three-dimensional culture of cells due to their biomimetic nature. Indeed, hydrogels like cartilage and
bone tissues contain high amount of physiological fluids hold by macromolecular matrix. Hydrogels are
produced from natural polymers (proteins or polysaccharides) or from synthetic polymers (polylactic
acid, polyethylene oxide, polyvinyl alcohols). Hydrogels replace many functions of the native extracel-
lular matrix, organizing cells into three dimensions, providing with a mechanical integrity to the new
tissue, and allowing the diffusion of nutrients and metabolites to and from the cells. The development of
hydrogels offers new opportunities for tissue engineering but also for setting up culture systems in vitro
that recapitulate the 3D organization and the differentiated function of these tissues. The mixture of the
cells with the gel is done either prior to the implantation at various times of differentiation of cells or
at the time of surgery. One of the key features of theses hydrogels is related to the uniformity of cells
seeding within the whole material.

Physic or covalent hydrogels have been used [16–18]. Properties of hydrogels may be also adapted
to those of host tissues. For instance, mechanical strength, degradation kinetics, visco-elastic and mass
transfer (diffusion) properties as well as cellular and tissue adhesion may be adjusted to the clinical
indication. Numerous hydrogels are already used for osteo-articular tissue engineering in particular for
cartilage, but none of these materials address the demand for regenerating tissues. Many different types



C. Vinatier et al. / Cartilage and bone tissue engineering using hydrogels S109

Fig. 1. Scanning electron microscopy observation of the surface of freeze dried hydrogel made of silanized hydroxypropyl
methylcellulose (Sil-HPMC). Bar = 100 µM.

of matrices have therefore been evaluated including natural polymers like hyaluronic acid [19–21], al-
ginate [22–24], collagen [25–27], fibrin glue [28] and chitosan. However, some of these matrices elicit
foreign body giant cell reaction and inflammatory responses [29] and obviously have not been applied in
human articular cartilage repair. Alternatively, in an attempt to limit the use of products from biological
origin, synthetic matrices were developed including polyglycolic acid, polylactic acid, polyvinyl alco-
hol, polyhydroxyethyl methacrylate. Most of these polymers are however known to induce inflammatory
responses due to their degradation products.

A self-setting hydrogel has recently been developed by our group. It consists of a silanized hydrox-
ypropyl methylcellulose (Si-HPMC). The chemical grafting of silicon groups on the cellulose hydrogel
backbone allows the cross-linking reaction in function of pH [30–32]. This cross-linking reaction occurs
when the pH solution decreases without any adjuvant or catalytic agent. In alkaline media, the silanol
groups are ionized and cellulose chains are not linked. With a decrease of pH, R–Si–O–Na+ groups
turned into R–Si–OH groups which are very reactive. Polycondensation occurs via R–Si–O–Si–R cova-
lent bridges forming a three-dimensional network. The parameters such as pH, swelling and quantity of
grafted silanol may be adjusted and properties of the self-setting hydrogels are controlled using oscilla-
tory rheological measurements. The quantity of water in hydrogels determines partly their mechanical
and biological properties. The challenge with hydrogels is to obtain optimal mechanical strength without
decreasing cell viability and function. Hydrogels containing high water level (>95% wt.) have usually a
compressive strength lower than 0.01 Pa.

In order to improve their mechanical strength, several groups have removed water from hydrogels by
freeze-drying making foams. As shown in Fig. 1, foams with 3-dimensional alveolar structures are pro-
duced using this method [33,34]. These foams have similar drawbacks than the macroporous polymers
namely, low cell penetration and non-injectable materials.

3. Cartilage engineering

The field of tissue engineering has offered promising strategies for the replacement of damaged carti-
lage. In 1994, autologous chondrocyte transplantation has been introduced into clinical use as a novel bi-
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Fig. 2. Light microscopy observation of osteosarcoma-derived human osteoblasts SaOS2 seeded on the surface of hydrogel
after 11 days of culture. The cells cannot spread on the surface and self organise like clusters. Original magnification ×200.

ological approach [2]. Human articular chondrocytes are harvested from healthy and non-weight-bearing
areas of the joint. Chondrocytes are subsequently expanded in monolayer culture in order to achieve suf-
ficient amounts of cells to fill the defect. In a second operation, chondrocytes are placed in the defect
under a periosteal flap [2]. Despite encouraging results (lower pain), this method presents some limita-
tions and often leads to the formation of a fibrocartilaginous tissue biochemically and biomechanically
inferior to the original hyaline cartilage [35]. In the development of cartilage tissue engineering strate-
gies, implants should include reparative cells able to synthesize hyaline cartilage. Articular chondrocytes
from little load bearing regions are commonly used as a chondrocyte source. With respect to the donor
site morbidity occurring after harvesting articular cartilage, the use of alternative chondrocyte sources
has been also considered. Harvest of nasal cartilage requires less invasive surgery than harvest of articu-
lar cartilage and the resulting morbidity is significantly reduced [36]. MSC are stromal cells that support
hematopoiesis, and have the ability to give rise to many lineage such as adipocytes, osteoblasts and
chondrocytes [37]. MSC are therefore considered to be a promising alternative cell source for cartilage
engineering [38].

Many different organic synthetic matrices have been evaluated but most of these polymers are how-
ever known to induce immune and/or inflammatory response after in vivo implantation. The innovative
self-setting hydrogel scaffold Si-HPMC mentioned above is cytocompatible and permit growth of chon-
drocytes, inside its volume, in nodule forms. The chondrocytes remains phenotypically stable and able to
synthesise cartilage-like ECM [39]. Furthermore, hybrid construct associating Si-HPMC to human nasal
chondrocytes implanted subcutaneously in nude mice leads to the formation of a cartilaginous tissue in
vivo [40].

4. Bone engineering

The majority of polymers used for hydrogels are too hydrophilic and does not allow cellular adhesion
(Fig. 2). These hydrogels may be suitable for non-adherent cells (Fig. 3) but not adapted to osteoblasts
which need to adhere to develop and produce the extracellular bone matrix. Some research groups have
grafted Arg–Gly–Asp (RGD) sequences on the macromolecule backbone in order to promote the ad-
hesion of cells [41–43]. The attachment and spreading of cells have been related to the peptide con-
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Fig. 3. Confocal microscopy observation of human nasal chondrocytes three-dimensionally cultured in Si-HPMC hydrogel for
4 weeks. Original magnification ×163.

Fig. 4. Light microscopy (A) observation of rat total bone marrow cells and scanning electron microscopy (B) observation of
SaOS2 cells cultured into Si-HPMC hydrogel blended with BCP granules. (A) Original magnification ×100; (B) Bar = 10µM.

centration grafted onto the polymer. Cell adhesion directly influences cell growth, differentiation and
migration as well as morphogenesis, integrity and repair.

Another approach is to add a matrix to the hydrogels allowing the adhesion and growth of cells.
This matrix could be made of calcium phosphates which are bioactive and osteconductive. Combin-
ing hydrogels and calcium phosphate ceramics could lead to new scaffolds for bone tissue engineering
with a synergy between the properties of the two biomaterials. We have developed a new composite
made of biphasic calcium phosphate (BCP) particles suspended into a Si-HPMC hydrogel [44,45]. The
BCP/hydrogel composite can be seeded with cells and injected through a needle before hardening. The
hydrophilic polymeric phase makes the composite injectable and maintains inter granular spaces for
uniform cells and bone tissue growth. As shown in Fig. 4, the BCP granules allow the bone cells adhe-
sion and growth. Other granules of calcium phosphate like anorganic bone mineral (ABM) coated with
peptides like P-15 have been used to improve cell attachment and activity in the hydrogel [46].
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5. Conclusion

Different materials with specific presentations and properties may be used to mimic the extra cellular
matrix of bone or cartilage. They may be associated with cells and/or proteins or ADNc for obtaining
hybrid bone or cartilage functional autografts. Biotherapy is a new tool for regenerative medicine and
this wide field of investigation would be developed during the next decade for addressing the increasing
demand of bone and cartilage grafts.
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Abstract. The use of hydrogel for biomaterials or as 3D synthetic matrix for tissue engineering 

lead to determine the viscoelastic properties of the hydrogels and the moment when the viscous 

liquid is transformed in a reticulated polymer network. This can be performed by oscillatory 

rheological study. We developed a new self-reticulating polymer wich is silated hydroxyl 

propylmethylcellulose (Si-HPMC). This study shows that the parameters (pH, swelling, amount 

of silane grafting) can be controlled and adjusted using oscillatory rheological measurements. 

The polymer network can be adapted to provide the best environment for specific cell functions 

and use it as a scaffold for tissue engineering and as injectable biomaterial for bone repair. 

 

Introduction 

The "injectable ceramic suspension" IBS (Injectable Bone Substitute) [1, 2] developed in our 

laboratory is a composite of calcium phosphate granules with a polymer carrier. The 

polymeric phase consists of an aqueous solution of hemi-synthetic cellulose derivatives, while 

the calcium phosphate granules consist of biphasic calcium phosphate (BCP), which is a 

mixture of hydroxyapatite and � tricalcium phosphate. This IBS product is now ready for 

industrial development (MBCP Gel�, Biomatlante, Vigneux de Bretagne, France) and human 

applications. Human pilot clinical trials are now in progress in orthopedics and odontology for 

bone defect filling in non-loading conditions and bone filling of dental extraction sites.  

The current IBS product is a non hardening material limiting its application to well defined 

cavity to prevent the diffusion of the IBS over the surgical site. To improve the properties of 

IBS and expand its applications, we developed a new injectable bone substitute, IBS2 [3-6], 

based on a self-reticulating polymer. This new polymer opens new prospectives in the field of 

osteoarticular engineering or others. Indeed, it seems commonly accepted today, that 

polymeric hydrogels are potential scaffolds for three-dimensional culture of cells and/or to 

make composite formulations for biomaterials. This polymer is silated hydroxyl 

propylmethylcellulose (Si-HPMC) with an organo-silane. After synthesis the silanised 

polymer is insoluble in water. The dissolution occurs in a sodium hydroxide solution with a 

pH of 13. The principle guiding the choice of this polymer for this first study, is its absorbent 

and viscous liquid character even in the presence of BCP granules and before its injection. In 

the surgical site, in contact with the biological liquids plugs, and/or with the addition of a 

specific buffer, a chemical reaction without additive and any system of catalysis allows 

bridging, by self-setting, between the various macromolecular chains involved (Figure 1). The 

starting reaction is related to pH modification. This process is pH-dependent, leads to the 

formation of a more or less dense gel, according to the conditions of polymer synthesis.  
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Fig. 1: Representation of dissolution and 

reticulation process of the self-setting polymer 

in water.  

 

The synthesis of silanized cellulosic ethers was 

carried out while grafting in heterogeneous 

medium of the organosilanes on the polymeric 

chain of hydroxypropylmethylcellulose 

(HPMC). In basic medium (fig1), the grafted 

silanes are ionized and the chains are disjoined, 

then when the pH decreases the number of protons increases and R-Si-O becomes R-Si-OH 

very reactive. Covalent bridges with hydroxyls of the cycles of cellulose ethers or the 

substituents will be created thus forming a three-dimensional network (Figure 2).  

 

 

Fig. 2 : Network diagram of the silanised polymer in 

water with inter-macromolecular and intra-molecular 

(o)  links. 

 

To characterize the network structures, rheological 

measurements offer a quantitative characterization 

of the viscoelastic properties of a substance under 

defined conditions, using the three different types 

of rheological stresses, i.e. shear flow, elongational 

flow and oscillatory measurements [8, 9]. The 

method of choice for characterizing cross-linked 

structures is dynamic measurements. Here the substance is subjected to a sine oscillation with 

a defined deformation �
�
 or stress �, and frequency �. If the substance shows a viscoelastic 

behavior, a phase shift � occurs. If this deformation is sufficiently small, a non-destructive 

characterization of the substance is possible. By determining the storage and the loss modulus 

(G�, G��) from the oscillatory measurements, the viscous and the elastic properties can be 

determined separately, and network parameters can be calculated. 

Using the phase shift � and the ratio of the maximum shear stress �0 to the maximum 

amplitude  of deformation �0, one can calculate a complex oscillatory modulus G*: 

 

 
The stored elastic deformation energy is expressed by the real component (storage modulus 

G�) and the viscous dissipated energy is expressed by the imaginary component (loss modulus 

G��). The quotient of the loss modulus G�� and the storage modulus G� gives the proportion of 

the dissipated energy to the stored energy. It is called the loss factor tan�. 

The aim of this study was to analyse the viscoelastic properties of this hydrogel by dynamic 

measurements and to determine the moment when the viscous liquid becomes a solid 

hydrogel and the parameters that change these properties. 

 

Materials and methods 

The silated HPMC (si-HPMC) produced was dissolved in NaOH solution at pH equal to 12.8 

and with a concentration of 3% (w/w). 
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The pH of the viscous polymer solution was decreased to around 12.4 before steam 

sterilization. 

HEPES buffer solution, in variable concentrations, was mixed with the polymer solution to 

obtain a final pH ranging from 7 to 10 and a final polymer concentration between 1 to 2.5%. 

Dynamic rheological measurements were then made on a Haake Rheometer (Rheostress 300) 

using a coni-cylindrical geometry with a diameter of 60 mm and a cone angle of 1°. We used 

multiwaves procedure with 3 frequencies, 1Hz, 3.2Hz et 10Hz and the imposed stress was 

1Pa. The temperature was controlled by an external thermal bath and maintained at 37°. The 

experiment time was 14 days. To prevent evaporation, oil of paraffin fluid was floated over 

the exposed sample. The paraffin fluid and sample were immiscible, and there was no 

anticipated effect on the sample chemistry; no changes in rheological behavior were observed 

as a result of this treatment. 

Oscillation tests measuring parameters G� and G� were performed to study the self setting 

process, gel point and network parameters. 

 

Results 

The gel point (Arrow 1, Figure 3) and the maximum value of conservative modulus G� 

(Arrow 2, Figure 3) in dynamic rheological measurements show, for this Si-HPMC behaviour, 

that the viscous liquid becomes a solid hydrogel after 33 minutes and the reticulation was 

finished after 244 hours with a maximum G� storage modulus at 310 Pa. 

 

Fig. 3 : Si-HPMC 

rheometric diagram of 

E4M (Colorcon-Kent-

England) silanized with 

14,24 % of 3-

glycidoxypropyltrimethox

ysilane (GPTMS) graft 

(0.78 % of Silicium / Dry 

polymer). Polymer was in 

3% NaOH water solution 

(w/w). Hepes buffer 

solution volume added 

was equal of polymer 

solution volume (1.5 % of 

dry polymer in the final 

solution). The pH of this 

mixture was 7.4 

 

The results also demonstrated that pH catalyses the polycondensation reaction, confirming 

results reported by Bourges et al. [6] using another method. If pH is near 12, the gel point is 

about 5 minutes and if pH is near 7, the gel point is about 60minutes.  

The maximum value of conservative modulus G� (arrow 2, Figure 3) is linked with the degree 

of swelling (concentration of dry polymer in the final solution) and/or the quantity of silanol 

grafted on the polymer. This value is directly linked to the network and the cross-link density. 

 

Discussion 

This preliminary oscillatory rheological study confirms that this silanised hydrophilic polymer 

allows hardening and becomes an hydrogel in up to 60 minutes with a total reaction times of 

more than 10 days. This polymer provides a network between the macromolecular 
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polysaccharides when pH solution decreases without any adjuvant or catalytic agent. In 

alkaline medium, the silane functions are ionized and chains are disconnected causing the pH 

to decrease. As the number of protons increases R-Si-O
-
 Na

+
 becomes R-Si-OH, which is very 

reactive. Polycondensation occurs and covalent bridges will be created thus forming a three-

dimensional network. The parameters (pH, swelling, amount of silane grafting) can be 

controlled and adjusted using oscillatory rheological measurements. Those properties allow 

the formation of efficient scaffold for tissue engineering. The polymer network can be 

adapted to provide the best environment for specific cell functions. For example, osteo-

sarcomas (SAOS2 cell line) grow like a nodule in the hydrogel (figure 4) whereas osteoblasts 

(PAL+ cells, results not shown) from total rat bone marrow grow only on the surface of BCP 

granules (figure 5). Other preliminary studies with bone cells show the biocompatibility of 

this hydrogel and the different behavior of the different cell lines used. 

   Fig. 4: SaoS2 cells after 24 days of       Fig. 5: Marrow cells after 14 days of culture 

   Culture in hydrogel and BCP granules. 

 

Conclusion 

These results highlight the potential of this hydrogel as a scaffold for tissue engineering and 

as injectable biomaterials for bone repair. 
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Abstract

Articular cartilage has limited intrinsic repair capacity. In order to promote cartilage repair, the amplification and transfer of

autologous chondrocytes using three-dimensional scaffolds have been proposed. We have developed an injectable and self-setting

hydrogel consisting of hydroxypropyl methylcellulose grafted with silanol groups (Si-HPMC). The aim of the present work is to

assess both the in vitro cytocompatibility of this hydrogel and its ability to maintain a chondrocyte-specific phenotype. Primary

chondrocytes isolated from rabbit articular cartilage (RAC) and two human chondrocytic cell lines (SW1353 and C28/I2) were

cultured into the hydrogel. Methyl tetrazolium salt (MTS) assay and cell counting indicated that Si-HPMC hydrogel did not affect

respectively chondrocyte viability and proliferation. Fluorescent microscopic observations of RAC and C28/I2 chondrocytes

double-labeled with cell tracker green and ethidium homodimer-1 revealed that chondrocytes proliferated within Si-HPMC.

Phenotypic analysis (RT-PCR and Alcian blue staining) indicates that chondrocytes, when three-dimensionnally cultured within Si-

HPMC, expressed transcripts encoding type II collagen and aggrecan and produced sulfated glycosaminoglycans. These results

show that Si-HPMC allows the growth of differentiated chondrocytes. Si-HPMC therefore appears as a potential scaffold for three-

dimensional amplification and transfer of chondrocytes in cartilage tissue engineering.

r 2005 Elsevier Ltd. All rights reserved.

Keywords: Articular cartilage; Hydrogel; Chondrocytes; Tissue engineering; Biocompatibility
1. Introduction

Articular cartilage is a connective tissue composed of
a unique cell type, the chondrocyte, embedded within a
dense extracellular matrix [1]. This matrix consists of
tissue-specific macromolecules including type II, IX and
XI collagens and the large aggregating proteoglycan
namely aggrecan [2,3]. The collagen architecture con-
tributes to the tensile strength and stiffness of cartilage
e front matter r 2005 Elsevier Ltd. All rights reserved.
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0 08 37 12.
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[4] while proteoglycans provide resistance to compres-
sion. Articular chondrocytes play a major role in
maintaining the integrity of the cartilage through the
control of anabolic and catabolic activities. Cartilage
tissue exhibits very poor capacity for self-repair, there-
fore cartilage injuries are maintained for years and may
eventually lead to degenerative arthropathies [5]. In this
context, cell-based therapy is considered as a potential
tool for the development of tissue engineering applied to
cartilage repair.

Along the past 10 year, several bioengineering
strategies have been reported. Brittberg et al. [6]
have proposed a pioneering method based on the

www.elsevier.com/locate/biomaterials
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transplantation of autologous chondrocytes for the
surgical treatment of full-thickness cartilage defects.
This method, however, presents some limitations mainly
related to the monolayer culture conditions of chon-
drocytes, and to the need of a periosteal flap to retain
transplanted cells in the defect. Indeed, it is today clearly
acknowledged that chondrocytes in two-dimensional
culture undergo a gradual dedifferentiation [7], char-
acterized by a change in their spherical shape into a
fibroblastic appearance [8] and a switch of the expres-
sion of cartilage-specific collagens namely type II, IX
and XI and of aggrecan towards collagen type I, III
and V that are normally expressed by fibroblasts [9].
This loss of a cartilage-specific phenotype can be
prevented by culturing chondrocytes at high density or
in a three-dimensional matrix. Many different types of
matrices have ,therefore, been evaluated including
natural polymers such as hyaluronic acid [10–12],
alginate [13–15], collagen [16,17], fibrin glue [18] and
chitosan. However some of these matrices elicit giant
cell reaction and inflammatory responses [19]. So they
have not been applied in human articular cartilage
repair. Alternatively, in an attempt to limit the use
of products from biological origin, synthetic matrices
were developed including polyglycolic acid, poly-
lactic acid polyvinyl alcohol and polyhydroxy-ethyl-
methacrylate [20]. Most of these polymers are however
known to induce immune and/or inflammatory re-
sponses likely related to the release of polymer degra-
dation products [19].

In the light of the above-mentioned data, we aimed at
developing a polymer that can be injected along with
cells and then cross-linked in situ to form a three-
dimensional matrix for chondrocyte survival, prolifera-
tion and activity. In this attempt, we have recently
synthesized a self-setting hydrogel consisting of a silated
hydroxypropyl methylcellulose (Si-HPMC) [21,22].

The aim of the present work is to assess the
cytocompatibility of this hydrogel with respect to
various chondrocyte models (human cell lines and
rabbit primary cells) and its ability to maintain a
chondrocyte-like phenotype.
2. Materials and methods

2.1. Materials

Hydroxypropyl methylcellulose (HPMC) E4Ms was pur-

chased from Colorcon-Dow chemical (Bougival, France). 3-

glycidoxypropyltrimethoxysilane (GPTMS) was obtained

from Acros (Geel, Belgium). Cell culture plasticwares were

purchased from Corning (VWR, Fontenay-sous-Bois, France).

Hyaluronidase, actinomycin-D, trypsin/EDTA, type II col-

lagenase (290 units/mg), HEPES, and isopropanol were

purchased from Sigma-Aldrich (St-Louis, USA). Hank’s
Balanced sodium salt (HBSS), DMEM (4.5 g/l glucose), Ham’s

F-12, penicillin/streptomycin, L-glutamine, Trizols, DNase I

and Taq DNA Polymerase were obtained from Invitrogen

corporation (Paisley, UK). Cell titer 96s AQueous Non

Radioactive Cell proliferation assay (Methyl tetrazolium salt

(MTS)), Avian Myeloblastosis Virus-Reverse Transcriptase

(AMV-RT), random hexamer and recombinant ribonuclease

inhibitor were provided by Promega corporation (Madison,

WI, USA). Fetal calf serum (FCS) was from Dominique

Dutscher (Brumath, France). Cell tracker green (CTG) and

ethidium homodimer-1 (EthD-1) were obtained from Mole-

cular probes (Leiden, The Netherlands). All other chemicals

were from standard laboratory suppliers and were of the

highest purity available.

2.2. Synthesis of Si-HPMC hydrogel

As previously described [22], the synthesis of Si-HPMC was

performed by grafting 14.24% of 3-GPTMS on E4 Ms in

heterogeneous medium. Si-HPMC powder (3%w/v) was

solubilized in 0.2 M NaOH under constant stirring for 48 h.

The solution was then sterilized by steam (121 1C, 30min). To

allow the formation of a reticulated hydrogel, the solution was

finally mixed with 0.5 volume of a 0.26 M HEPES buffer and

10% (v/v) of culture medium (DMEM or DMEM/Ham’sF-12,

supplemented with 10% FCS, 1% penicillin/streptomycin and

1% L-glutamine). Dynamic rheological measurements were

performed on a Haake Rheometer (Rheostress 300) using a

coni-cylindrical geometry with a diameter of 60mm and a cone

angle of 11. We used a multiwave procedure with 3 frequencies,

1, 3.2 and 10Hz, and the imposed stress was 1 Pa. Temperature

was controlled by an external thermal bath maintained at

37 1C. The experiment time was 14 days. Oscillation tests

measuring storage modulus (G0) and loss modulus (G00) were

performed to study the self-setting process, gel point and

network parameters.

2.3. Cell culture

2.3.1. Isolation of rabbit articular chondrocytes

Five weeks old New Zealand white rabbits were killed after

general anesthesia, and the shoulders, knee and femoral heads

were dissected out under sterile condition [23]. The articular

cartilage was removed, cut into small slices and digested at

37 1C with 0.05% hyaluronidase in HBSS for 10 min, then with

0.2% trypsin for 15min and with 0.2% type II collagenase for

30 min. Finally slices were digested overnight at 37 1C in 0.03%

collagenase in DMEM. The suspended rabbit articular

chondrocytes (RAC) were cultured in DMEM supplemented

with 10% FCS, 1% penicillin/streptomycin and 1% L-

glutamine. The cells were maintained at 37 1C in a humidified

atmosphere of 5% CO2 and the culture medium was changed

every 2–3 days.

2.3.2. Human chondrocytic cells lines

The SW1353 [24] and C28/I2 [25] cell lines were cultured in

DMEM/Ham’s F-12 medium supplemented with 10% FCS,

1% penicillin/streptomycin and 1% L-glutamine and incubated

at 37 1C in a humidified atmosphere of 5% CO2. Culture

medium was changed every 2–3 days.
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2.4. Cellular viability and proliferation study in two-dimensional

culture

Cellular viability was measured using an MTS assay as

previously described [26,27]. Briefly, cells (SW1353, C28/I2

and RAC) were allowed to attach in 24-well plates at a final

density of 20,000 cells/well. After 24 h, culture medium was

removed and 500 ml of Si-HPMC were added in each well.

Samples were incubated at 37 1C for 4 h before adding 1ml of

culture medium. As a control, cells were also cultured in the

absence of Si-HPMC (plastic) or in the presence of actinomy-

cin-D (5 mg/ml), an inhibitor of RNA polymerase [28] which

was used as a potent inducer of cell death. After 1, 2 and 3

days, hydrogel and culture media were removed and MTS

solution was added in each well for 1–3 h according to the

manufacturer’s instructions. Finally, colorimetric measure-

ment of formazan dye was performed on a spectrophotometer

with an optical density reading at 490 nm. Results were

expressed as relative MTS activity as compared to control

condition (cells cultured in the absence of Si-HPMC).

Cell proliferation was evaluated by Trypan blue exclusion

dye experiments in conditions as described above. After each

indicated time, hydrogel and culture medium were removed

and the cells were detached by adding trypsin/EDTA for

2min. The suspended cells were transferred into fresh culture

medium and counted with Trypan blue staining that colors

dead cells in blue. Results were expressed as the total number

of cells per well.
2.5. Cellular viability in three-dimensional culture

One hundred microliters of culture medium containing

9� 106 cells were gently mixed with 9 ml of Si-HPMC prepared

as described previously. 500 ml of cells/Si-HPMC mixture were

seeded in 24-well plates and incubated at 37 1C and 5% CO2.

After a 4 h incubation, 1ml of culture medium was added in

each well and plates were incubated for the indicated times

with medium changes every 2–3 days. As mentioned above,

actinomycin-D treatment (5 mg/ml, 72 h) was used as an

internal control of cell death. Cellular viability in three-

dimensional culture was visualized by using CTG and EthD-1

dual staining as previously reported in detail [27]. Briefly,

hydrogels containing chondrocytes were treated with 5 mM

CTG for 30min at 37 1C, then for 30 min in medium

containing FCS and finally for 30min in 1mM EthD-1 at
Table 1

Sequences of primer pairs, annealing temperatures, size of PCR products, a

Gene Primer sequences

b-actin Forward 50-TCTCCATGTCGTCCCAGTTG-30

Reverse 50-AGTCTTCCCCTCCATCGTTG-30

COL2A1 Forward50-GGCAATAGCAGGTTCACGTACA-30

Reverse 50-GAGGCGTGAGGTCTTCTGTGA-30

Aggrecan Forward 50-CCCTGGCAATGATGGCACTGTTC-30

Reverse 50-TGGCAATGATGGCACTGTTC-30

COL1A1 Forward 50-GATGCGTTCCAGTTCGAGTA-30

Reverse 50-GGTCTTCCGGTGGTCTTGTA-30
room temperature. The imaging of C28/I2 cells was performed

by using a confocal laser-scanning microscope (Leica TCS

SP1, Wetzlar, Germany) equipped with an argon/krypton

laser. The data were collected with a simultaneous dual-

channel detector and visualized with 24-bit imaging system

including Leica TCS NT software. The imaging of RAC

was performed by using an optical microscope equipped

with fluorescent light. The fluorescence of CTG incorpo-

rated into living RAC was detected through using isothio-

cyanate (FITC) fluorescent set: lex ¼ 488 nm; lem collec-

ted ¼ 490–560 nm. The red EthD-1 emission, characteristic

of dead cells, was viewed using the TRITC lex ¼ 568 nm; lem

collected ¼ 580–620 nm.
2.6. RT-PCR analysis

RT-PCR analysis of transcripts was conducted on freshly

isolated RAC and on RAC cultured for three weeks either in

two dimensions (2D) in the absence of Si-HPMC or in three

dimensions (3D) in Si-HPMC. Total RNA was extracted by

using Trizols reagent according to the manufacturer’s

instruction. Briefly, lysis of the cells in Trizols was followed

by centrifugation at 10,000 g, 4 1C for 15min in the presence of

chloroform. The upper aqueous phase was collected and the

RNA was precipitated by addition of isopropanol and

centrifugation at 12,000 g, 4 1C for 5 min. Total RNA was

then washed with 1 ml of cold 75% ethanol, dried, recon-

stituted with sterile water, and quantified by spectrometry.

After DNase I digestion, 2 mg of RNA samples were reverse

transcribed through using AMV-RT and random hexamers in

a total volume of 30ml. One microliter of cDNA was amplified

in a total volume of 50 ml PCR reaction containing 20mM

Tris-HCl (pH 8.4), 50mM KCl, 1mM of the respective primers

(see Table 1), 200 mM dNTP and 2.5 units of Taq DNA

Polymerase. The magnesium chloride concentration was

1.5 mM. The absence of DNA contamination in RNA

preparation was tested by including RNA samples that had

not been reverse transcribed. Amplifications were carried out

in an Eppendorf master cycler under the following conditions:

denaturation for 3min at 94 1C followed by cycles of 20 s

denaturation at 94 1C, 20 s annealing at the primer specific

temperature and 15 s elongation at 72 1C. PCR products were

electrophoresed on 2% agarose gels and visualized by U.V.

transilluminator. All PCR results show amplification products

obtained in the linear range of PCR amplification.
nd cycle numbers used for RT-PCR analysis

Annealing temperature Product length Cycle number

60 1C 164 pb 30

60 1C 108 pb 35

60 1C 117 pb 35

55 1C 312 pb 35
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Fig. 1. Dynamic rheometric diagram (log/log) of Si-HPMC. After

synthesis of Si-HPMC hydrogel, multiwave procedure under con-

trolled stress was performed for 14 days as described in Section 2. The

storage modulus (G0) and the loss modulus (G00) are reported. For each

frequency, the cross line of G0 and G00 corresponds to the gel point

C. Vinatier et al. / Biomaterials 26 (2005) 6643–66516646
2.7. Glycosaminoglycan production

The production of Glycosaminoglycans (GAG) was inves-

tigated on RAC cultured for 3 weeks either in 3D into Si-

HPMC or in 2D in the absence of Si-HPMC. GAG production

was assessed colorimetrically by an Alcian blue staining.

Briefly, samples were washed with PBS and fixed 5 min in

methanol at �20 1C. Samples were then stained at room

temperature with 0.1% Alcian blue solution in 0.1 M HCl.

After overnight incubation, cells were rinsed with distilled

water. MC3T3-E1, a non-transformed mouse osteoblastic cell

line [29] was cultured in 3D into Si-HPMC for 3 weeks, and

used as a negative control for the production of GAG.

2.8. Statistical analysis

Each experiment was repeated at least twice with similar

results. Results are expressed as mean7SEM of triplicate

determinations. Comparative studies of means were performed

by using one-way ANOVA followed by post-hoc test (Fisher’s

projected least significant difference) with a statistical sig-

nificance at Po0:05.

(Arrow).
3. Results

3.1. Synthesis of Si-HPMC hydrogel

The final product (Si-HPMC) consists of a reticulated
hydrogel with a pH value of 7.4. Dynamic rheological
measurement was performed as previously described
[30] to investigate the self-setting process of Si-HPMC.
An oscillation test allowed us to determine the storage
modulus (G0), which characterized the hard component,
and the loss modulus (G00), which characterized the
liquid component. The increased value of G0 (Fig. 1)
indicated that the viscous liquid became a solid hydrogel
after 30 min (Arrow, Fig. 1) and the self-setting process
finished after 12 days with a maximum G0 at 190 Pa.

3.2. Viability and proliferation of chondrocytes after two-

dimensional culture in the presence of Si-HPMC hydrogel

To examine the viability of chondrocytes cultured in
2D in the presence of Si-HPMC hydrogel, we carried out
measurements of MTS activity after 24, 48 and 72 h in
culture. Fig. 2 shows that Si-HPMC did not affect MTS
activity of SW1353 chondrocytes (Fig. 2A), C28/I2
chondrocytes (Fig. 2B) and RAC (Fig. 2C). MTS
activity was not significantly different when these three
types of chondrocytes were cultured in 2D in the
presence or the absence of Si-HPMC. When chondro-
cytes were treated with actinomycin-D, MTS activity
was significantly reduced by nearly 70% (Po0:001) as
early as 24 h of treatment (Fig. 2A–C).

The effect of Si-HPMC hydrogel on cellular prolif-
eration was assessed by scoring the cells after trypan
blue staining. Fig. 3 shows that Si-HPMC did not
reduce proliferation of SW1353 chondrocytes (Fig. 3A),
C28/I2 chondrocytes (Fig. 3B) and RAC (Fig. 3C). The
total number of chondrocytes cultured with Si-HPMC
showed no significant difference when compared to their
respective control. Treatment with actinomycin-D in-
duced a significant decrease in the total number of cells.

Considered together, these results indicate that Si-
HPMC had no adverse effects on chondrocyte viability
and proliferation.

3.3. Viability of chondrocytes after three-dimensional

culture in Si-HPMC

The viability of C28/I2 and RAC in three-dimensional
culture in Si-HPMC was, respectively, visualized by
confocal microscopy (Fig. 4A) and conventional fluor-
escent microscopy (Fig. 4B). Cells were stained with
CTG and EthD-1, which, respectively, label living cells
in green and dead cells in red. Chondrocyte viability was
visualized through the intense green fluorescence ob-
served as a consequence of incorporation of the CTG
fluorescent probe into the cell cytoplasm. As shown in
Fig. 4A, C28/I2 chondrocytes were viable during the
whole culture period, from day 1 to day 3, and formed
nodular structures which seemed to increase with time.
The absence of red fluorescence indicated the absence of
cell death in three-dimensional culture. When C28/I2
chondrocytes were treated with actinomycin-D, they
exhibited a marked red fluorescence indicating that
actinomycin-D had promoted cell death.

As shown in Fig. 4B, RAC cultured into Si-HPMC
displayed a green fluorescence during the whole culture
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the indicated times. Viability was assessed by MTS activity as indicated
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chondrocytes. Results are expressed as relative MTS activity compared
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period. As previously observed for C28/I2 cells, we
failed to detect a red fluorescence even after a long-term
culture. These results indicate that C28/I2 chondrocytes
and RAC retained their viability and developed in
nodular structures when three dimensionally cultured in
Si-HPMC hydrogel.

3.4. Phenotype of chondrocytes after three-dimensional

culture in Si-HPMC

The ability of Si-HPMC to maintain a chondro-
cytic phenotype was investigated by RT-PCR (Fig. 5).
RAC cultured in 2D expressed low level of type II
collagen transcripts compared to freshly isolated RAC.
Contrarily to freshly isolated RAC, which expressed
aggrecan, RAC cultured in 2D failed to express
aggrecan. Besides, RAC cultured in 2D expressed
high level of type I collagen transcripts, suggesting a
loss of chondrocyte phenotype. In contrast to RAC
cultured in 2D, RAC after three-dimensional culture
into Si-HPMC showed an increased level of type II
collagen and aggrecan transcripts as compared to
freshly isolated RAC. Three-dimensional culture of
RAC was also shown to induce a marked down-
regulation of type I collagen expression as compared
to two-dimensional culture. These results suggest that
Si-HPMC enabled the maintenance of a chondrocyte-
like phenotype in RAC.

3.5. GAG production by chondrocytes cultured in 3D

To determine the effect of three-dimensional culture
of RAC on sulfated glycosaminoglycans (GAG) pro-
duction, we performed an Alcian blue staining of RAC
after 3 weeks of culture either in 2D in the absence of
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Fig. 4. Visualization of three-dimensional cellular viability. Cells were cultured in 3D during the indicated times into Si-HPMC prior to staining with

CTG and EthD-1. (A) C28/I2 viability was visualized by confocal microscopy as indicated in Section 2. Actinomycin-D (ACT) was used as a positive

control of cell death. Original magnification � 400. (B) long term RAC viability was visualized by conventional fluorescent microscopy. Original

magnification � 200.
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Si-HPMC or in 3D into Si-HPMC (Fig. 6). RAC
cultured in 2D showed a light blue staining whereas
RAC cultured in 3D were strongly positive. MC3T3-E1
osteoblasts, used as a negative control for GAG
production failed to produce an Alcian blue positive
extracellular matrix. These results suggest an abundant
accumulation of GAG in the extracellular matrix
surrounding the RAC cultured in 3D into Si-HPMC.
Fig. 5. RT-PCR analysis of mRNA expression. Total RNA was

purified from freshly isolated RAC (P), from RAC cultured in 2D for 3

weeks, and from RAC cultured in 3D for 3 weeks. RT-PCR analysis

for type II and I collagen transcripts, as well as aggrecan and b-actin

were performed using primers and conditions detailed in Section 2.

Representative agarose gels are shown.
4. Discussion

Cell-based strategies for cartilage tissue engineering
are currently considered one of the most promising
approach to restore physiological hyaline-like joint
surface. Since it is well known that chondrocytes
undergo a process of phenotypic dedifferentiation when
expanded in two-dimensional culture [7,31,32], such cell-
based approaches are focused on the use of natural or
synthetic three-dimensional scaffolds. In an attempt to
propose a three-dimensional scaffold to support regen-
eration of functional cartilage [33], we have recently
developed a self-setting hydrogel [30]. In the present
study, we demonstrate for the first time that a silanized-
cellulose-based hydrogel could be a convenient three-
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Fig. 6. GAG production. RAC were cultured for 3 weeks either in 3D into Si-HPMC or in 2D in the absence of Si-HPMC. MC3T3-E1 were cultured

for 3 weeks in 3D into Si-HPMC and used as a negative internal control. Alcian blue staining was performed as detailed in Section 2. Samples were

observed with a light microscope. Original magnification � 200.
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dimensional network able to support the development of
differentiated chondrocytes.

For clinical application of engineered tissues, the
delivery of cells by noninvasive surgery should be
achieved by an injectable scaffold [33]. In addition, the
desired cell-based construct has to be retained at the
repair site after being injected. In the light of these
requirements, we focused our effort on the development
of a hydrophilic polymer able to exhibit self-reticulation
properties. We aimed at improving the mechanical
properties of HPMC by selective grafting of Silanol
groups [22]. The determination of the rheological
properties of Si-HPMC clearly indicates that it is
initially a viscous liquid, in which cells may be easily
mixed and injected at the repair site. Subsequently, this
viscous liquid undergoes a process of reticulation that
triggers the formation of a solid hydrogel [30].

Since the density of hydrogel networks has been
reported to influence induction or maintenance of the
chondrocyte phenotype [1], this parameter deserves
major consideration. We could propose various self-
setting hydrogels with cross-linking properties adapted
to clinical applications by controlling the amount of
grafted Silanol.

In the field of tissue engineering, one of the first steps
in the development of a novel scaffold is the evaluation
of its cytotoxicity. In this work, we were first interested
in examining the in vitro cytotoxicity of Si-HPMC.
According to standards (ISO 10993-5: Biological eva-
luation of medical devices—Part 5: Tests for in vitro
cytotoxicity) we focused on a cytotoxicity test by direct
contact with chondrocytes cultured in 2D. Among the
cellular models mimicking the various stages of chon-
drocyte growth and differentiation, the cell lines C28/I2
[25] and SW1353 [34] are the most widely used since they
are human cell lines that express a typical chondrogenic
phenotype. C28/I2 and SW1353 are however trans-
formed cell lines that may exhibit low sensitivity to
cytotoxic signals. Therefore, we aimed at confirming the
cytocompatibility of Si-HPMC by using nontrans-
formed primary cells derived from rabbit articular
cartilage. In the present work, whatever the cell lines,
Si-HPMC failed to affect significantly chondrocyte
viability and proliferation as brought out by estimation
of the mitochondrial dehydrogenase activity (MTS
assay) and by cell counting, respectively.

After demonstrating that Si-HPMC failed to affect
chondrocytes by direct contact, we questioned whether
three-dimensional cultures into Si-HPMC allowed
chondrocytes to retain their viability and proliferation
ability. In this attempt, we used a dual fluorescent
staining based on CTG and EthD-1 reagents [27]. Our
results not only indicate that chondrocytes retained their
viability in three-dimensional culture into Si-HPMC,
but also reveal that cells proliferated and aggregated
into distinct nodules containing large clusters of
spherical cells. Added together, our results clearly
indicate that Si-HPMC neither altered chondrocyte
viability nor proliferation.

A major pitfall in cell-based therapy of cartilage is the
dedifferentiation of chondrocytes, which occurs during
in vitro expansion [8]. It is well known that during
monolayer culture, chondrocytes lose their spherical
shape and adopt a more fibroblast-like morphology [8].
This process is accompanied on the one hand by a
downregulation of type II collagen and aggrecan
expression, which are the main markers of chondrocytic
phenotype, on the other hand by an up-regulation of
type I collagen expression [9]. As a consequence of these
data, we aimed at determining whether Si-HPMC
hydrogel could maintain a chondrocyte-like phenotype
by examining expression of transcripts encoding for
collagen (type I and II) and aggrecan. As expected,
freshly isolated rabbit articular chondrocytes expressed
type II collagen and aggrecan. We have also detected a
reliable expression of transcripts coding for type I
collagen. This unexpected observation is however
consistent with previous studies demonstrating the
expression of type I collagen in rabbit [35], chicken,
rat, and porcine articular cartilage [36]. According to the
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dedifferentiation process of chondrocytes during mono-
layer expansion [37], type II collagen and aggrecan
expression was down-regulated, whereas that of type I
collagen was increased. Interestingly, when chondro-
cytes were cultured in 3D into Si-HPMC hydrogel,
expressions of type II collagen and aggrecan were
maintained at a level similar to those observed in
primary rabbit articular chondrocytes. It seems there-
fore reasonable to speculate that Si-HPMC is a
convenient three-dimensional scaffold for the mainte-
nance of a chondrocyte-like phenotype in vitro.

Synthesis of GAG is an important function of
chondrocytes and plays significant roles in regulating
the chondrocyte phenotype [38]. In the present study,
culturing chondrocytes three dimensionally into Si-
HPMC leads to a marked production of GAG. These
results unequivocally indicate that Si-HPMC hydrogel
allows three-dimensional culture of chondrocytes able to
synthesize a GAG-containing ECM.

In conclusion, our results demonstrate for the first
time that a self-setting and injectable Si-HPMC hydro-
gel is a convenient scaffold for three-dimensional culture
of chondrocytes. This scaffold permits the growth of
phenotypically stable chondrocytes, able to synthesize
cartilage-like ECM. Whether this hydrogel may be able
to support cartilage repair in vivo remains to be
considered and requires further experiments in adapted
animal models.
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Abstract: Tissue engineering strategies, based on devel-
oping three-dimensional scaffolds capable of transferring
autologous chondrogenic cells, holds promise for the resto-
ration of damaged cartilage. In this study, the authors
aimed at determining whether a recently developed silan-
ized hydroxypropyl methylcellulose (Si-HPMC) hydrogel
can be a suitable scaffold for human nasal chondrocytes
(HNC)-based cartilage engineering. Methyltetrazolium salt
assay and cell counting experiments first revealed that Si-
HPMC enabled the proliferation of HNC. Cell tracker
green staining further demonstrated that HNC were able
to form nodular structures in this three-dimensional scaf-
fold. HNC phenotype was then assessed by RT-PCR analy-
sis of type II collagen and aggrecan expression as well as
alcian blue staining of extracellular matrix. Our data indi-

cated that Si-HPMC allowed the maintenance and the re-
covery of a chondrocytic phenotype. The ability of con-
structs HNC/Si-HPMC to form a cartilaginous tissue
in vivo was finally investigated after 3 weeks of implanta-
tion in subcutaneous pockets of nude mice. Histological
examination of the engineered constructs revealed the for-
mation of a cartilage-like tissue with an extracellular ma-
trix containing glycosaminoglycans and type II collagen.
The whole of these results demonstrate that Si-HPMC
hydrogel associated to HNC is a convenient approach for
cartilage tissue engineering. � 2006 Wiley Periodicals, Inc.
J Biomed Mater Res 80A: 66–74, 2007

Key words: cartilage; hydrogel; chondrocyte; tissue engi-
neering

INTRODUCTION

Articular cartilage is frequently damaged as a result
of trauma and degenerative joint diseases. Incidence
of these diseases is moreover rising exponentially
with an increasingly aged population.1 Articular carti-
lage is composed of few cells, namely, chondrocytes,
which synthesize and maintain an abundant extracel-
lular matrix containing proteoglycans, mainly aggre-
can, and collagen type II, IX, and XI.2,3 Adult articular
cartilage is an avascular and aneural tissue, both char-
acteristics being responsible for its limited intrinsic
repair capacity. Therefore, cartilage injuries are main-

tained for years and may lead to degenerative arthro-
pathie.4 In this context, repairing lost or injured
cartilage represents a clinical and scientific challenge.
Various techniques like abrasive chondroplasty, spon-
gialization, and microfracture are used to stimulate the
spontaneous repair based on the capacity of the non-
differentiated bone-marrow cells to migrate into the
defect and to differentiate locally into cartilage cells.
Autologous transplants of periosteum or perichon-
drium and osteochondral matrix (mosaicplasty) have
also been considered. These various approaches have
unfortunately proven unsatisfactory (for review see
Ref. 5). The field of tissue engineering has offered
promising strategies for the replacement of damaged
cartilage. In 1994, autologous chondrocyte transplanta-
tion has been introduced into clinical use as a novel bi-
ological approach.6 Human articular chondrocytes are
harvested from healthy and non-weight-bearing areas
of the joint. Chondrocytes are subsequently expanded
in monolayer culture to achieve sufficient amounts of
cells to fill the defect. In a second operation, chondro-
cytes are placed in the defect under a periosteal flap.6

Despite encouraging results (lower pain), this method
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presents some limitations and often leads to the forma-
tion of a fibrocartilaginous tissue biochemically and
biomechanically inferior to the original hyaline carti-
lage.7 The main limit is related to the monolayer cul-
ture conditions of chondrocytes, which leads to a grad-
ual dedifferentiation.8,9 A second limitation is the need
of a periosteal flap to retain transplanted cells in the
defect, which are not totally impervious. Both limita-
tions could be overcome by using a three-dimensional
matrix to culture and maintain chondrocytes in the
defect. Many different matrices have therefore been
evaluated including natural polymers (hyaluronic
acid,10–12 alginate,13–15 collagen,16,17 fibrin glue,18 and
chitosan) and synthetic matrices (polyglycolic acid,
polylactic acid, polyvinyl alcohol, and polyhydroxy-
ethyl-methacrylate19). Some of these polymers (hya-
luronan, alginate, polyglycolic acid, and polylactic
acid) have, however, been reported to induce immune
or inflammatory response after in vivo implantation.5

In the light of the above-mentioned data, we have
recently developed a self-setting hydrogel consis-
ting of silanized hydroxypropyl methylcellulose (Si-
HPMC).20,21 This Si-HPMC hydrogel has already been
demonstrated to be a convenient matrix for the three-
dimensional culture of rabbit articular chondrocytes.22

In the development of cartilage tissue engineering
strategies, implants should include reparative cells
able to synthesize hyaline cartilage. Articular chon-
drocytes from little load bearing regions are com-
monly used as a chondrocyte source. With respect to
the donor site morbidity occurring after harvesting
articular cartilage, the use of alternative chondrocyte
sources has been also considered. Harvest of nasal
cartilage requires less invasive surgery than harvest
of articular cartilage and the resulting morbidity is
significantly reduced.23 In addition, several studies
have reported higher proliferation and chondrogenic
capacity of nasal chondrocytes compared with artic-
ular chondrocytes.23,24 In this context, human nasal
cartilage is currently suggested as a potential source
of chondrocytes for cartilage engineering.

The aim of the present work was to investigate
whether the association of Si-HPMC hydrogel with
human nasal chondrocytes (HNC) could be used for
engineering cartilage. In this attempt, we first as-
sessed the in vitro cytocompatibility and biofunction-
ality of Si-HPMC hydrogel with respect to HNC.
Second, we examined the ability of construct, Si-
HPMC hydrogel with HNC, to form a cartilaginous
tissue in vivo in nude mice.

MATERIALS AND METHODS

Materials

Hydroxypropyl methylcellulose (HPMC) E4M1 was pur-
chased from Colorcon-Dow chemical (Bougival, France).

Glycidoxypropyltrimethoxysilane was obtained from Acros
(Geel, Belgium). Cell culture plastic wares were purchased
from Corning (VWR, Fontenay-sous-Bois, France). Protease
(4.8 units/mg), actinomycin-D, trypsin/EDTA (0.05%/
0.53 mM), type IV collagenase (125 units/mg), HEPES, and
isopropanol were purchased from Sigma-Aldrich (St. Louis).
Hank’s Balanced sodium salt (HBSS), DMEM (4.5 g/L glu-
cose), penicillin/streptomycin, L-glutamine, Trizol1, Dnase
I, and Taq DNA Polymerase were obtained from Invitrogen
corporation (Paisley, UK). Cell titer 961 AQueous Non Ra-
dioactive Cell proliferation assay MTS (methyltetrazolium
salt), Avian Myeloblastosis Virus-Reverse Transcriptase,
random hexamer, and recombinant ribonuclease inhibitor
were provided by Promega corporation (Madison, WI). Fe-
tal calf serum (FCS) was from Dominique Dutscher (Bru-
math, France). Cell tracker green (CTG) and ethidium
homodimer-1 (EthD-1) were obtained from Molecular
probes (Leiden, the Netherlands). Antibody against human
Ki-67 was from Dako (Glostrup, Denmark). Monoclonal
antibody against collagen type II was purchased from
Oncogene (San Diego). All other chemicals were from
standard laboratory suppliers and were of the highest pu-
rity available.

Preparation of Si-HPMC hydrogel

As previously described,20 the synthesis of Si-HPMC
was performed by grafting 14.24% of 3-glycidoxypropyltri-
methoxysilane on E4M1 in heterogeneous medium. Si-
HPMC powder (3% w/v) was solubilized in 0.2M NaOH
under constant stirring for 48 h. The solution was then
sterilized by steam (1218C, 30 min). To allow the formation
of a reticulated hydrogel, the solution was finally mixed
with 0.5 volume of 0.26M HEPES buffer.

Isolation of HNC

Human nasal septum cartilage was obtained with
informed consent from patients undergoing reconstructive
septorhinoplasty. The cartilage specimens were washed
extensively with HBSS and cut into small slices. Cartilage
slices were first digested at 378C with 0.1% protease in
HBSS for 30 min. Slices were then digested with 0.06%
type IV collagenase in DMEM supplemented with 10%
FCS overnight at 378C on an orbital shaker. Finally, iso-
lated HNC were cultured in DMEM supplemented with
10% FCS, 1% penicillin/streptomycin, and 1% L-glutamine.
HNC were maintained at 378C in a humidified atmosphere
of 5% CO2 and the culture medium was replaced every 2–
3 days. When the cells reached 80% of confluence, they
were detached from the culture dish using trypsin/EDTA,
counted and plated again at 10,000 cells/cm2.

Cellular viability and proliferation study
in two-dimensional culture

Cellular viability was measured using an MTS assay as
previously described.25,26 Briefly, HNC were allowed to
attach in 24-well plates at a final density of 1.104 cells/cm2.
After 24 h, culture medium was removed and 500 mL of Si-
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HPMC were added in each well. Samples were incubated at
378C for 4 h before adding 1 mL of culture medium. As a
control, HNC were also cultured in the absence of Si-HPMC
(plastic) or in the presence of actinomycin-D (5 mg/mL), an
inhibitor of RNA polymerase,27 which was used as a potent
inducer of cell death. After 1, 2, and 3 days, hydrogel and
culture media were removed and MTS solution was added
in each well for 1–3 h according to the manufacturer’s
instructions. Finally, colorimetric measurement of formazan
dye was performed on a spectrophotometer with an optical
density reading at 490 nm. Results were expressed as rela-
tive MTS activity as compared with control condition (cells
cultured in the absence of Si-HPMC).

Cell proliferation was evaluated by Trypan blue exclu-
sion dye experiments in conditions as described above. Af-
ter each indicated time, hydrogel and culture medium
were removed and the cells were detached by adding tryp-
sin/EDTA for 2 min. The suspended cells were transferred
into fresh culture medium and counted with Trypan blue
staining that colors dead cells in blue. Results were
expressed as the total number of cells per well.

Cellular viability in three-dimensional culture

HNC were gently mixed with Si-HPMC, prepared as
described previously, at a density of 1.106 cells/mL. Cells/
Si-HPMC mixture (500 mL) were seeded in 24-well plates
and incubated at 378C and 5% CO2. After 4 h incubation,
1 mL of culture medium was added in each well and plates
were incubated for 3 weeks with medium changes every 2–3
days. As mentioned above, actinomycin-D treatment (5 mg/
mL) was used as an internal control of cell death. Cellular
viability in three-dimensional culture was visualized by
using a CTG and ethidium homodimer-1 (EthD-1) dual
staining as previously reported in detail.26 Briefly, hydrogel
containing chondrocytes was treated with 5 mM CTG for
30 min at 378C, then for 30 min in medium containing FCS
and finally for 30 min in 1 mM EthD-1 at room temperature.
The imaging of HNC was performed by using a con-
focal laser-scanning microscope (Leica TCS SP1, Wetzlar,
Germany) equipped with an argon/krypton laser. HNC
were visualized by using a 63/1.4� APO or a 16/0.5�
immersion oil objective lens. The data were collected with a
simultaneous dual-channel detector and visualized with 24-
bit imaging system including Leica TCS NT software. The
fluorescence of CTG incorporated into living HNC was
detected through using isothiocyanate fluorescent set: lex
¼ 488 nm; lem collected ¼ 490–560 nm. The red EthD-1emis-
sion, characteristic of dead cells, was viewed using the
TRITC: lex ¼ 568 nm; lem collected ¼ 580–620 nm.

Glycosaminoglycan production

The production of Glycosaminoglycans (GAG) was
visualized in HNC cultured for 3 weeks either in 3D into Si-
HPMC or in 2D in the absence of Si-HPMC. GAG produc-
tion was assessed colorimetrically by an Alcian blue stain-
ing. Briefly, samples were washed with PBS and fixed 5 min
in methanol at –208C. Cells were then stained at room tem-
perature with 0.1% Alcian blue solution in 0.1M HCl. After

overnight incubation, cells were rinsed with distilled water.
MC3T3-E1, a nontransformed mouse osteoblastic cell line,28

was cultured in 3D into Si-HPMC for 3 weeks, and used as a
negative control for the production of GAG.

RT-PCR analysis

Total RNA was extracted by using Trizol1 reagent
according to the manufacturer’s instruction. Briefly, lysis
of the cells in Trizol1 was followed by centrifugation at
10,000 g, 48C for 15 min in the presence of chloroform. The
upper aqueous phase was collected and the RNA was pre-
cipitated by addition of isopropanol and centrifugation at
12,000 g, 48C for 5 min. Total RNA was then washed with
1 mL of cold 75% ethanol, dried, reconstituted with sterile
water, and quantified by spectrometry.

After Dnase I digestion, 2 mg of RNA samples were
reverse transcribed through using AMV-RT and random
hexamers in a total volume of 30 mL. One microliter of
cDNA was amplified in a total volume of 50 mL PCR reac-
tion containing 20 mM Tris–HCl (pH 8.4), 50 mM KCl, 1 mM
of the respective primers (see Table I), 200 mM dNTP, and
2.5 units of Taq DNA Polymerase. The magnesium chloride
concentration was 1.5 mM. The absence of DNA contamina-
tion in RNA preparation was tested by including RNA sam-
ples that had not been reverse transcribed. Amplifications
were carried out in an Eppendorf master cycler under the
following conditions: denaturation for 3 min at 948C fol-
lowed by cycles of 20s denaturation at 948C, 20s annealing
at the primer specific temperature and 15s elongation at
728C. All PCR results show amplification products obtained
in the linear range of PCR amplification.

In vivo implantation

To investigate whether constructs associating Si-HPMC
and HNC enable the formation of a cartilaginous tissue in
vivo, we performed implantation of constructs (four con-
structs per condition; two constructs/animal) in subcutane-
ous pockets of 1-month-old nude mice (swiss nude mice,
Charles River, L’Arbresle, France). Three different condi-
tions were tested and six animals were implanted. Firstly,
HNC (0.5 � 106) were gently mixed with 0.5 mL of Si-
HPMC hydrogel and cultured as described above. After a
3-week culture period, the resulting tissue was implanted
in nude mice. Second, HNC freshly isolated (0.5 � 106)
were associated to 0.5 mL of Si-HPMC hydrogel and
directly implanted. Third, 0.5 mL of Si-HPMC alone were
implanted and used as a negative control. Animal care
was provided at the experimental therapeutic unit of the
Nantes medical school according to European directives
for the conduct of animal experiments. Animals were
killed 3 weeks after implantation and the samples were
processed histologically as described below.

Histological and immunohistochemical analyses

Construct samples were fixed in 10% formalin and em-
bedded in paraffin. Paraffin sections (5 mm thick) were
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deparaffinized using toluene, rehydrated through a graded
series of ethanol, and rinsed in distilled water. For each
samples, three tissue sections were stained with hematoxy-
lin phloxin safran, Alcian Blue and Masson’s trichrome.
For immunohistochemistry, anti-human Ki67 (1/50) and
anti-human type II collagen (1/100) were used. Briefly,
4 mm thick paraffin sections were mounted on pretreated
slides, deparaffinized, rehydrated, and rinsed in distilled
water. Tissue sections were subjected to epitope retrieval
in microwave oven using citrate buffer (pH 6.0) for the im-
munostaining with anti-Ki67 antibody, and pretreated with
trypsin at room temperature for the detection of type II
collagen. Tissue sections were stained using a three-step
visualization system (Dako LSAB). They were rinsed in
buffer and then incubated with primary antibody at room
temperature for 30 min. This was followed by sequential
incubation with biotinylated link antibody for 15 min and
streptavidin labeled with peroxidase for 15 min. Immuno-
staining was visualized using the substrate system pro-
vided in the kit (DAB/H202 substrate) and tissues were
counterstained with hematoxylin for 5 min. Immunoposi-
tive cells showed a black nuclear staining with Ki-67 anti-
body and immunopositive extracellular matrix showed a
brown staining with type II Collagen antibody.

Statistical analysis

Each experiment was repeated at least twice with simi-
lar results. Results are expressed as mean 6 SEM of tripli-
cate determinations. Comparative studies of means were
performed by using one-way ANOVA followed by post
hoc test (Fisher’s projected least significant difference) with
a statistical significance at p < 0.05.

RESULTS

Viability and proliferation of HNC in
two-dimensional culture

The viability of HNC cultured in contact with Si-
HPMC was investigated through a measurement of
MTS activity after 24, 48, and 72 h in culture. Figure 1
panel A shows that Si-HPMC did not alter MTS

activity of HNC. MTS activity was not significantly
different when HNC were cultured in the presence
or the absence of Si-HPMC [Fig. 1(A)]. On the other
hand, MTS activity was significantly reduced by
nearly 87% (p < 0.001) as early as 24 h of treatment
with Actinomycin-D [Fig. 1(A)].

To examine the proliferation of HNC cultured in
the presence of Si-HPMC hydrogel, we carried out

TABLE I
Sequences of Primer Pairs, Annealing Temperatures, Size of PCR Products, and Cycle Numbers

Used for RT-PCR Analysis

Gene Primer Sequences
Annealing

Temperature
Product
Length

Cycle
Number

b-actin Forward 50-TCTCCATGTCGTCCCAGTTG-30 608C 164 pb 30
Reverse 50-AGTCTTCCCCTCCATCGTTG-30

COL2A1 Forward 50-GGCAATAGCAGGTTCACGTACA-30 608C 108 pb 30
Reverse 50-GAGGCGTGAGGTCTTCTGTGA-30

Aggrecan Forward 50-CCCTGGCAATGATGGCACTGTTC-30 608C 117 pb 30
Reverse 50-TGGCAATGATGGCACTGTTC-30

COL1A1 Forward 50-CATGGAAACCGTGGTGAAACT-30 608C 186 pb 30
Reverse 50-ACCAGCGATACCAGGCAGAC-30

Figure 1. Cellular viability and proliferation. Human
nasal chondrocytes were cultured in 2D with or without
Si-HPMC (control) or in the presence of actinomycin-D
(5 mg/mL) during the indicated times. (A) Viability was
assessed by MTS activity as indicated in the materials and
methods. Results are expressed as relative MTS activity
compared with the respective control. *p < 0.001 as com-
pared with control conditions. (B) Proliferation was
assessed by scoring the cells after trypan blue staining.
Results are expressed as the total number of cells per well.
*p < 0.001 compared with the respective control.
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cell counting experiments after trypan blue staining.
Figure 1 panel B shows that Si-HPMC did not affect
the proliferation of HNC. The total number of chon-
drocytes cultured with Si-HPMC showed no signifi-
cant difference when compared with their respective
control. Treatment with actinomycin-D induced a
significant decrease in the total number of cells as
early as 24 h of treatment [Fig. 1(B)].

Considered together, these results indicate that Si-
HPMC had no adverse effects on HNC viability and
proliferation.

Viability of HNC in three-dimensional culture

The viability of HNC in three-dimensional culture
in Si-HPMC was visualized by confocal microscopy
(Fig. 2). We performed a dual staining on three-
dimensionally cultured HNC with CTG and EthD-1,
which respectively label living cells in green and
dead cells in red. HNC viability was visualized
through the intense green fluorescence observed as a
consequence of incorporation of the CTG CMFDA
fluorescent probe into the cell cytoplasm. As shown
in Figure 2 panel \CTG", HNC were viable after 3
weeks in 3D culture, and have formed nodular struc-
tures exhibiting a strong green fluorescence. Whereas
actinomycin D treatment induced a marked cell
death as evidenced by the intense red flurorescence
observed on panel \ACT," the barely detectable fluo-
rescence (Fig. 2 panel \EthD-1") confirms the viabil-
ity of cell in three-dimensional culture.

These results indicate that HNC retained their via-
bility and developed in nodular structure when
three-dimensionally cultured in Si-HPMC hydrogel.

Maintenance of chondrocyte phenotype
in three-dimensional culture

To investigate the maintenance of a chondrocyte
phenotype in three-dimensional culture, HNC were

cultured for 3 weeks either in two dimensions (2D)
without Si-HPMC or in three dimensions (3D) into
Si-HPMC. Expressions of transcripts coding for type
I and II collagens and for aggrecan were evaluated
by RT-PCR (Fig. 3). Contrarily to freshly isolated
HNC (P), which expressed type II collagen, HNC
cultured in 2D failed to express type II collagen.
HNC cultured in 2D also expressed low level of
aggrecan transcripts compared with freshly isolated
HNC. In addition, HNC cultured in 2D expressed
high level of type I collagen compared with freshly
isolated HNC, suggesting a loss of chondrocyte phe-
notype. In contrast to HNC cultured in 2D, HNC
cultured in 3D into Si-HPMC expressed type II colla-
gen transcripts, and exhibited a stimulated aggrecan
expression as compared with HNC cultured in 2D.
Finally, HNC three-dimensionally cultured did not
show type I collagen expression.

These whole results suggest that Si-HPMC enabled
the maintenance of a chondrocyte-like phenotype in
HNC.

Glycosaminoglycans production by HNC
in three-dimensional culture

To determine the effect of three-dimensional cul-
ture of HNC on sulfated GAG production, we per-
formed an Alcian blue staining of HNC after 3
weeks of culture either in 2D in the absence of Si-
HPMC or in 3D into Si-HPMC (Fig. 4). HNC cul-
tured in 2D showed no staining for Alcian blue
whereas HNC cultured in 3D were strongly positive.
MC3T3-E1 cultured in 3D into Si-HPMC, used as a

Figure 2. Visualization of three-dimensional cellular via-
bility. HNC were cultured in 3D during 3 weeks into Si-
HPMC prior to staining with CTG and EthD-1. Viability
was visualized by confocal microscopy as indicated in
materials and methods. Actinomycin-D (Act) was used as
a positive control of cell death. Original magnification
�400. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 3. RT-PCR analysis of mRNA expression. Total
RNA was purified from freshly isolated HNC (P), from
HNC cultured in two dimensions (2D) during 3 weeks,
and from HNC cultured in three dimensions during 3
weeks (3D). RT-PCR analysis for type II and I collagen
transcripts, as well as aggrecan and b-actin, were per-
formed using primers and conditions detailed in experi-
mental procedures. Samples were electrophoresed on 2%
agarose gels and visualized by UV transilluminator. Repre-
sentative agarose gels are shown.
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negative control for GAG production, failed to pro-
duce an Alcian blue positive extracellular matrix.
Hydrogel cultured for 3 weeks in the absence of cells
failed to exhibit an Alcian blue staining (data not
shown). These results suggest an abundant accumu-
lation of GAG in the extracellular matrix surround-
ing the HNC cultured in 3D into Si-HPMC.

Redifferentiation of HNC in three-dimensional
culture

It is well known that dedifferentiated chondro-
cytes replaced in a three-dimensional environment
retrieve a chondrocytic phenotype. This phenom-
enon has already been described for various matri-
ces.29–31 Therefore, the ability of Si-HPMC to allow
the recovery of a chondrocytic phenotype was inves-
tigated by RT-PCR (Fig. 5). For these experiments,
freshly isolated HNC were first dedifferentiated by
three passages in 2D culture and then replaced in
3D culture into Si-HPMC hydrogel during 3 weeks.
The analysis of transcripts were performed on
freshly isolated HNC (Fig. 5 column P), on HNC af-
ter three passages in two-dimensional culture in the
absence of Si-HPMC (Fig. 5 column 2D) and on
HNC cultured in 2D during three passages followed
by a three-dimensional culture in Si-HPMC (Fig. 5
column 3D). Contrarily to freshly isolated HNC that
expressed type II collagen, HNC cultured in 2D for
three passages failed to express type II collagen.
HNC cultured in 2D also expressed low level of
aggrecan transcripts compared with freshly isolated
HNC. In addition, HNC cultured in 2D expressed

high level of type I collagen transcripts, suggesting a
loss of chondrocyte phenotype in two-dimensional
culture. These dedifferentiated chondrocytes recov-
ered the expression of type II collagen and aggrecan
after an additional 3 weeks culture in 3D into Si-
HPMC. Furthermore, the expression of type I colla-
gen was markedly down regulated after the 3D cul-
ture.

These results suggest that Si-HPMC enables the re-
covery of a chondrocyte-like phenotype in HNC pre-
viously dedifferentiated.

In vivo tissue formation

To investigate whether Si-HPMC hydrogel makes
possible the formation of cartilaginous tissue in vivo,
we have implanted constructs associating either 3D-
cultured HNC (HNC 3D) or freshly isolated HNC
(HNC FI) with Si-HPMC in nude mice. After 3
weeks, histological examination showed the forma-
tion of chondroid nodules (Fig. 6 panel Hematoxylin
Phloxin Safran; HPS) in the two conditions HNC 3D
and HNC FI. HPS stains also depicted typical char-
acteristics of mature chondrocytes within lacunae
surrounded by a rich basophilic matrix. These nod-
ules were positively stained by Alcian blue (Fig. 6
panel AB) and Masson’s trichrome (Fig. 6 panel
MT), suggesting the production of an extracellular
matrix containing GAG and collagen respectively.
Immunohistochemical analysis revealed the presence
of chondrocytes positively stained with Ki-67 anti-
bodies (Fig. 6 panel Ki-67), indicating their ability to
proliferate. Finally, HNC 3D showed an extracellular

Figure 4. Glycosaminoglycan production. Human nasal
chondrocytes (HNC) were cultured for 3 weeks either in
three dimensions (3D) into Si-HPMC or in two dimensions
(2D) in the absence of Si-HPMC. MC3T3-E1 were cultured
for 3 weeks in three dimensions into Si-HPMC and used
as a negative internal control. Alcian blue staining was
performed as detailed in materials and methods. Samples
were observed with a light microscope. Original magnifica-
tion �200. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 5. RT-PCR analysis of mRNA expression. Total
RNA was purified from freshly isolated HNC (P), from
HNC cultured in two dimensions (2D), and from HNC
cultured in two dimensions for three passages followed by
a three-dimensional culture for 3 weeks (3D). RT-PCR
analysis for type II and I collagen transcripts, as well as
aggrecan and b-actin, were performed using primers and
conditions detailed in experimental procedures. Samples
were electrophoresed on 2% agarose gels and visualized
by UV transilluminator. Representative agarose gels are
shown.
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matrix strongly immunopositive for type II collagen
whereas the extracellular matrix of HNC FI exhibited
a barely detectable immunopositivity for type II col-
lagen. As a control, Si-HPMC alone showed neither
the formation of nodular structure nor the presence
of an extracellular matrix (data not shown).

Theses results indicate that Si-HPMC enables the for-
mation of a cartilaginous tissue in vivo with both three-
dimensionally cultured and freshly isolated HNC.

DISCUSSION

Tissue engineering strategies for replacing dam-
aged cartilage are focused on associating chondro-
cytes and three-dimensional scaffolds. Numerous
scaffolds have therefore been developed to repair
articular cartilage like natural polymers and syn-
thetic matrices (reviewed in Ref. 5). Owing to their
high hydrophilic properties, which are known to
promote chondrocyte differentiation,31,32 hydrogels
with cross-linking properties should be convenient
injectable scaffolds. For this reason, this study pro-
poses an innovative hybrid construct for engineering
cartilage. This construct consists in a combination of
HNC and an injectable self-setting hydrogel.20,21

The self-setting hydrogel used in this work was an
Si-HPMC. In a previous work, we have demonstrated
that this hydrogel could be a convenient scaffold for
the three-dimensional culture of various chondrocytic
cells lines and primary rabbit articular chondrocytes.22

Articular cartilage is broadly used as a chondro-
cyte source for cartilage engineering. Nevertheless,
articular cartilage remains hardly accessible and con-
sequently provides only few cells. Since nasal chon-
drocytes are more easily harvested, they represent a
clinically relevant cell source for cartilage engineer-
ing.23 In addition, they were shown to have similar
behavior than articular chondrocytes in vitro.24

To propose the combination of HNC and Si-HPMC
hydrogel, we have firstly investigated whether the Si-
HPMC hydrogel was not cytotoxic with respect to
HNC. According to standards (ISO 10993-5: Biological
evaluation of medical devices-Part 5: test for in vitro cy-
totoxicity), we focused on a cytotoxicity test by direct
contact with HNC. As we have observed in a previous
work using rabbit articular chondrocytes,22 the Si-
HPMC hydrogel is cytocompatible toward HNC as evi-
denced by the estimation of the mitochondrial dehy-
drogenase activity (MTS assay) and by cell counting. In
addition, the dual fluorescent staining using CTG and
EthD-1 reagent26 revealed that Si-HPMC hydrogel
makes possible the three-dimensional culture of HNC.
HNC three-dimensionally cultured into Si-HPMC
hydrogel retained their viability and have proliferate
and aggregated into distinct nodules. Added together,
our results indicate that HNC can be associated to Si-
HPMC hydrogel without altering their viability and
their proliferation.

A limitation of the autologous chondrocytes trans-
plantation technique, developed by Brittberg and
collaborators,6 is the unclear phenotype of in vitro

Figure 6. Histochemical analysis of tissue engineered carti-
lage. Cartilage was engineered using HNC three-dimension-
ally cultured during 18 days in Si-HPMC before implanta-
tion (HNC 3D) and freshly isolated HNC implanted within
Si-HPMC (HNC FI). Sections were stained with haematoxy-
lin phloxin safran (HPS), Alcian blue (AB), and Masson’s tri-
chrome (MT). Immunohistochemical detection of Ki67 and
type II collagen were also performed. Original magnification
�400. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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expanded chondrocytes. It is well known that chon-
drocytes, when two-dimensionally cultured, undergo
a progressive dedifferentiation.9,33,34 Culturing chon-
drocytes in a three-dimensional scaffold has however
been shown to prevent this phenomenon.35 In the
present study and according to the dedifferentiation
process of chondrocytes during monolayer expan-
sion, the expression of chondrogenic marker (col-
lagen type II and aggrecan) was down regulated,
whereas that of type I collagen was increased. Inter-
estingly, freshly isolated HNC cultured in three-
dimensions in our hydrogel maintained the expres-
sion of type II collagen and aggrecan and exhibited
a decrease in type I collagen expression. These data
strongly suggest that three-dimensional culture of
HNC into Si-HPMC allows the maintenance of a
chondrocyte-like phenotype in vitro. These results
are further confirmed by the production of GAG by
three-dimensionally cultured HNC. The synthesis of
GAG is an important function of chondrocytes and
plays a significant role in regulating the chondro-
cytes phenotype.36 We can therefore assume that Si-
HPMC hydrogel enable the three-dimensional cul-
ture of phenotypically stable HNC able to further
synthesize a GAG-containing extracellular matrix.

The dedifferentiation process of chondrocytes has
extensively been reported as a reversible phenomenon.
Replacing dedifferentiated chondrocytes in a 3D suita-
ble environment can indeed enable the reexpression of
cartilage specific genes13 as well as the recovery of the
chondrocytic spherical morphology observed in an-
chorage-independent culture.8 We therefore ques-
tioned whether Si-HPMC could not only enable the
maintenance of a chondrocytic phenotype but also the
recovery of such a phenotype. According to the above-
mentioned data, we clearly demonstrated that Si-
HPMC allows the recovery of type II collagen and
aggrecan expression at the transcript level. These re-
sults highlight the potential of Si-HPMC hydrogel to
support the recovery of a chondrocytic phenotype
in vitro and suggest that Si-HPMC hydrogel can be
used to transfer monolayer-expanded chondrocytes in
future experiments.

As an in vitro culture system might not reflect the in
vivo reality,37 we further aimed at engineering carti-
lage in vivo. Subcutaneous pocket in nude mice have
been demonstrated to create an environment offering
a sufficient supply of nutrients for tissue engineer-
ing.38 We therefore carried out implantation of HNC
associated with Si-HPMC hydrogel in subcutaneous
sites in nude mice. After a 3-week implantation, con-
structs associating HNC, three-dimensionally cul-
tured or not, with Si-HPMC showed the formation of
a cartilaginous tissue. This newly formed tissue exhib-
its a nodular structure containing an extracellular ma-
trix with sulphated GAG and collagen. Interestingly,
implants associating three-dimensionally cultured HNC

and Si-HPMC hydrogel depicted a strongly positive
immunostaining for type II collagen, whereas,
implants with freshly isolated HNC showed only a
barely immunostaining for type II collagen. Since the
in vivo period was the same for all conditions, the dif-
ference in type II collagen expression might be
explained by the presence or absence of an in vitro cul-
ture period. It is therefore reasonable to speculate that
HNC three-dimensionally cultured into Si-HPMC for
3 weeks have synthesized an extracellular matrix
prior to in vivo implantation. These results unequivo-
cally demonstrate that constructs associating HNC
with Si-HPMC were able to form a cartilaginous tissue
as early as 3 weeks in vivo. However, the integrity and
stability of the newly formed tissue remains uncertain
and needs further long-term in vivo experiments to be
elucidated.

Kafienah et al.23 reported that the complex organi-
zation of articular cartilage is not an intrinsic prop-
erty of articular chondrocytes, but is most probably
the resultant of tensile and compressive forces acting
on this tissue.39 For this reason, further experiments
are needed to investigate whether constructs associ-
ating nasal chondrocytes and Si-HPMC hydrogel
will be able to form a hyaline-like cartilaginous tis-
sue in articular site.

In conclusion, Si-HPMC hydrogel is biocompatible
and biofunctional in vitro with respect to HNC. Fur-
thermore, this study clearly demonstrates the poten-
tial of hybrid construct associating HNC with Si-
HPMC hydrogel for engineering cartilage. Whether
this association of nasal chondrocytes with Si-HPMC
hydrogel may be able to support cartilage repair in a
rabbit model of articular cartilage defect remains to
be considered.

The authors thank P. Pilet for fruitful discussion. C.V.
received a fellowship from the French Ministry of Research
and Technology.
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Introduction:

Articular cartilage is a highly specialized connective tissue that lines the end of long bones of 

mammalian synovial joints. This tissue is mainly responsible for the unique biomechanical 

properties of joints[1]. Articular cartilage consists of only one cell type, the chondrocyte[2], 

which synthesizes an abundant extracellular matrix (ECM). This matrix is composed of type 

II, IX and XI collagen[1] and the large aggregating proteoglycan, aggrecan[3]. Since articular 

cartilage is a non vascularized and aneural tissue, its capacity for spontaneous repair is highly 

limited and restricted to a certain type of lesion. Indeed, only defects affecting both articular 

cartilage and the subchondral bone display the formation of repair tissue. This repair tissue, 

however, consists of a fibrocartilage that fails to restore the mechanical properties of native 

articular cartilage[4] and degrades in time. Therefore, injuries occurring within the articular 

surface are irreversible and joint replacement remains the ultimate therapeutic treatment to 

restore mobility and reduce pain. For this reason, promising strategies are being developed in 

the field of tissue engineering, to restore damaged articular cartilage. The autologous 

chondrocyte implantation (ACI) procedure was the first cell-based therapy developed and 

remains the only one approved by the FDA for clinical use[5]. This technique, which was 

developed by Brittberg et al. in 1994, consists in harvesting healthy articular chondrocytes 

from a non weight-bearing site. These chondrocytes are then expanded in vitro and ultimately 

injected into the defect under a periosteal flap. This technique has led to encouraging results 

but also remains disappointing, particularly because the recovery of articular chondrocytes 

leads to damage at the donor collection site[6]. In addition, chondrocytes lose expression of 

the main chondrocytic markers in culture, and this process of dedifferentiation leads to the 

formation of a fibrocartilage biomechanically inferior to the original hyaline cartilage[7]. 

Another limitation is related to the use of a periosteal flap to retain transplanted cells within 

the defects, which is not totally impervious and sometimes lead to hypertrophy[8] or 

uncontrolled calcification[6]. In the light of the above-mentioned data, tissue engineering 
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strategies aim at improving the ACI technique by associating autologous chondrogenic cells 

with various biomaterials able to retain cells within the injured site[9]. Both the cellular and 

the material component are hence under investigation and have led to the development of two 

fields of research.  

The first field of research is driving towards the development of three-dimensional matrices 

able, on the one hand to maintain the transplanted cell in the defect and, on the other hand, to 

support the growth of phenotypically stable chondrocytes. In this approach, various matrices 

have been evaluated (for review see[6]) including protein-based or natural polymers such as 

fibrin[10] and collagen[11]; carbohydrate-based polymers like hyaluronan[12], agarose, 

alginate[13], polylactic and polyglycolic acid[14]. However, among the various matrices 

evaluated, some of them (hyaluronan, alginate, polyglycolic and polylactic acid) have been 

reported to induce inflammatory responses and foreign body giant cell reaction after in vivo 

implantation[6]. In addition, these days medicine is striving towards less invasive procedures 

and this has led to the development of injectable cartilage engineering devices for minimally 

invasive procedures. Hydrogels are a class of materials that satisfy the requirements for a 

successful injectable procedure[15]. In this context, we have recently patented and described 

the synthesis of a self-setting hydrogel consisting of silanized hydroxypropyl methylcellulose 

(Si-HPMC)[16]. We have demonstrated that this Si-HPMC hydrogel was a convenient matrix 

for the three-dimensional culture of rabbit articular chondrocytes[17].  

The second field of research concerns the selection of adequate autologous chondrogenic 

cells. Articular chondrocytes isolated from a low load-bearing site have been classically 

considered the cells of choice for the cellular therapy of articular cartilage[9]. However, with 

regards to the donor site, given the morbidity that occurs following the recovery of articular 

cartilage, the use of alternative sources of chondrocytes has been contemplated. Among these 

alternative sources, chondrocytes derived from nasal septum cartilage have been recently 

considered[18]. Indeed, recovery of nasal cartilage is a less invasive surgery than recovery of 
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articular cartilage, and the resulting morbidity is hence notably reduced[18]. Moreover, 

previous studies have demonstrated that nasal chondrocytes are able to give rise to cartilage 

and that nasal chondrocytes exhibit greater chondrogenic potential than articular 

chondrocytes[19]. In addition, our previous work has clearly indicated that human nasal 

chondrocytes associated with a Si-HPMC hydrogel were able to form a cartilaginous tissue in 

subcutaneous pockets in nude mice[20]. To further decipher whether Si-HPMC hydrogel 

containing autologous nasal chondrocytes could be used in articular cartilage tissue 

engineering, our objective, in the present study, was to investigate the potential of this hybrid 

construct for the repair of articular cartilage defects. We firstly characterized the phenotype 

of chondrocytes freshly isolated from the nasal septa of adult rabbits, as well as after 

monolayer and 3D culture within the Si-HPMC hydrogel. Thereafter, we set out to determine 

whether autologous rabbit nasal chondrocytes (RNC) associated with Si-HPMC were able to 

give rise to repair tissue in an articular cartilage defect. 

 

Materials and methods 

Materials: 

Hydroxypropyl methylcellulose (HPMC) E4M® was purchased from Colorcon-Dow 

chemical (Bougival, France). Glycidoxypropyltrimethoxysilane (GPTMS) was obtained from 

Acros (Geel, Belgium). Cell culture plasticwares were purchased from Corning BV (Schipol-

Rijk, The Netherlands). Hyaluronidase (750-1500 units/mg), trypsin (12100 units/mg), type 

II collagenase (452 units/mg), trypsin/EDTA (0.05%/0.53mM), HEPES, and isopropanol 

were purchased from Sigma-Aldrich (St-Louis, USA). Hank’s Balanced sodium salt (HBSS), 

DMEM (4.5 g/l glucose), penicillin/streptomycin, L-glutamine, Trizol® and Dnase I were 

obtained from Invitrogen Corporation (Paisley, UK). Avian Myeloblastosis Virus-Reverse 

Transcriptase, random hexamers and recombinant ribonuclease inhibitor were provided by 

Promega Corporation (Madison, WI, USA). Brilliant® SYBR® Green Master Mix was 
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obtained from Stratagene (La Jolla, USA). PCR primers were synthesized by MWG Biotech 

(Ebersberg, Germany). Fetal calf serum (FCS) was from Dominique Dutscher (Brumath, 

France). Monoclonal antibody against type II collagen was purchased from Oncogene 

Research Products (San Diego, USA). Imalgène 1000® was provided by Mérial (Lyon, 

France). Rompun® was from Bayer Pharma (Puteaux, France). Safil déc.3® was purchased 

from B. Braun Laboratory (Boulogne Billancourt, France). Dolethal® was obtained from 

Vetoquinol Laboratory (Lure, France). All other chemicals were from standard laboratory 

suppliers and were of the highest purity available. 

Preparation of Si-HPMC hydrogel: 

The synthesis of Si-HPMC was performed by grafting 14.24% of 3-GPTMS on E4M® in 

heterogeneous medium, as previously described[16, 21]. Si-HPMC powder (3% w/v) was 

solubilized in 0.2 M NaOH under constant stirring for 48h. The solution was then sterilized 

by steam (121°C, 30 min). To allow the formation of a reticulated hydrogel, the solution was 

finally mixed with 0.5 volume of 0.26 M HEPES buffer. 

Animals and surgical procedures 

All animal handling and surgical procedures were conducted according to European 

Community guidelines for the care and use of laboratory animals (DE 86/609/CEE) and 

approved by the local Veterinary School ethical committee. Experiments were performed 

according to Good Laboratory Practices (GLP) at the Experimental Therapeutics Unit of the 

University of Nantes. 

Isolation of rabbit nasal chondrocytes: 

Rabbit nasal chondrocytes (RNC) were isolated from the nasal cartilage of adult female New 

Zealand White rabbits (3 to 3.5 kg). Briefly, general anesthesia was induced by intramuscular 

injection of an association of ketamine (Imalgène 1000®) and xylazine (Rompun®) and 

maintained with the same association delivered intravenously through a catheter into the 

auricular marginal vein. Analgesia was provided through subcutaneous injection of morphine 
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chlorhydrate (2 mg/kg). A median cutaneous incision was performed according to the nasal 

bone junction (sutura internasalis). The skin was retracted and the two nasal bones were 

symmetrically elevated via a horizontal osteotomy progressing mesio-distally according to 

the suture between the incisive bones and the nasal ones (sutura naso-incisiva). The 

subsequent bone flap was manually elevated, reversed caudally and gently fractured with 

only periosteal remaining attachments at the junction with the frontal bone (sutura 

nasofrontalis). This exposed the nasal turbinates and the median nasal septum (concha 

nasalis dorsalis). The nasal mucosa was gently elevated from both sides of the nasal septum 

that was then harvested after a ventral incision with a n°11 knife blade, extended distally 

until the junction with the frontal bone. The nasal bone flap was put back in place under 

digital pressure and sutured bilaterally with the cartilage part of the nostrils with two single 

interrupted sutures (Safil déc.3®). Cutaneous sutures were performed routinely with 

absorbable sutures.  

The nasal septum was cut into small slices and digested at 37°C with 0.05% hyaluronidase in 

HBSS for 10 minutes, then with 0.2% trypsin for 15 minutes and with 0.2% type II 

collagenase for 30 minutes. Finally, slices were digested overnight at 37 °C in 0.03% 

collagenase in DMEM. The suspended rabbit nasal chondrocytes (RNC) were either frozen 

for subsequent RNA extraction and RT-PCR analysis or plated at a density of 1.104 cells/cm2 

in a 25cm2 culture flask and cultured in DMEM supplemented with 10% FCS, 1% 

penicillin/streptomycin and 1% L-glutamine (culture medium). The cells were maintained at 

37°C in a humidified atmosphere of 5% CO2 and the culture medium was changed every 2-3 

days. 

Dedifferentiation of RNC in monolayer culture: 

Freshly isolated RNC were allowed to adhere in 25cm2 culture flasks at a final density of 

1.104 cells/cm2. This primary culture (P0) was grown until 80% confluent and then detached 

from the culture flask using trypsin/EDTA. Harvested RNC were washed, resuspended in 
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culture medium, counted and re-seeded at 1.104 cells/cm2 (P1). Cultured RNC were passaged 

up to three times (P1, P2 and P3). RNC from each passage were frozen for subsequent 

quantitative RT-PCR analysis. 

Three-dimensional culture of dedifferentiated RNC in Si-HPMC hydrogel: 

Third-passage RNC (P3) at 80% confluence were detached from the culture flask with 

trypsin/EDTA. Harvested RNC were washed and gently mixed with Si-HPMC hydrogel, 

prepared as described previously, at a density of 1.106 cells/ml. The cell/Si-HPMC mixtures 

(2 ml) were seeded in 6-well plates and incubated at 37°C and 5%CO2. After a 2h incubation, 

culture medium was added as previously described[20] and cells were three-dimensionally 

cultured for 3 weeks. The culture medium was changed every 2-3 days. After 3 weeks RNC 

were frozen for subsequent quantitative RT-PCR analysis. 

Synthesis of sulfated GAG in three-dimensional culture: 

RNC (P3) were gently mixed with Si-HPMC, prepared as described previously, at a density 

of 1.106 cells/ml. 1 ml aliquots of the cell/Si-HPMC mixture were seeded in 24-well plates 

and incubated at 37°C and 5% CO2. After a 2h incubation, 1.5 ml of culture medium was 

added to each well and the plates were incubated for 3 weeks with medium changes every 2-

3 days. 

After the indicated time, the production of sulfated Glycosaminoglycans (GAG) was assessed 

colorimetrically by Alcian blue staining. Briefly, samples were washed with PBS and fixed 

for 5 minutes in methanol at –20°C. Cells were then stained at room temperature with 0.1% 

Alcian blue solution in 0.1 M HCl. After overnight incubation, cells were rinsed with 

distilled water. MC3T3-E1, a non-transformed mouse osteoblastic cell line[22] was cultured 

in 3D in Si-HPMC for three weeks, and used as a negative control for the production of 

sulfated GAG. 

Reverse Transcription and real-time polymerase chain reaction: 
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For real time PCR analysis, total RNA was extracted using Trizol® reagent according to the 

manufacturer’s instructions. Briefly, lysis of the cells in Trizol® was followed by 

centrifugation at 10,000 g, 4°C for 15 minutes in the presence of chloroform. The upper 

aqueous phase was collected and the RNA was precipitated by addition of isopropanol and 

centrifugation at 12,000 g, 4°C for 5 minutes. Total RNA was then washed with 1 ml of cold 

75% ethanol, dried, reconstituted with sterile water, and quantified by spectrometry. 

After Dnase I digestion, 1 µg of RNA samples was reverse transcribed using AMV-RT and 

random hexamers in a total volume of 30 µl. Complementary DNA (cDNA) was amplified in 

a total volume of 25µl PCR reaction containing 12.5 µl of Brilliant® SYBR® Green Master 

Mix (1X) and 30nM of SYBR green reference dye. The sequence and concentration of each 

primer set used are given in table 1. Real-time polymerase chain reaction was carried out in 

an MX3000P® real-time PCR system (Stratagene) under the following conditions: 

denaturation for 10 min at 95°C followed by 40 cycles of 30s at 95°C, 1min at 60°C and 30s 

at 72°C. The efficiency and specificity of each primer set was confirmed with standard 

curves of Cycle threshold (Ct) values versus serial dilution of total RNA and melting profile 

evaluation. Cycle thresholds were normalized to �-actin to control for cDNA quantification 

differences. Results are reported as fold change in gene expression relative to control 

conditions  

Transplantation of autologous rabbit nasal chondrocytes into articular cartilage defects: 

Six female New Zealand White Rabbits were used. The nasal septa were harvested and nasal 

chondrocytes were isolated as described above. Isolated RNC were expanded in monolayer 

culture for 4 weeks and passaged once before use. These expanded RNC were mixed with Si-

HPMC as described above at a density of 2.5.106 cells/ml. Si-HPMC containing RNC was 

transplanted into osteochondral articular defects of the knee of the same animals. General 

anesthesia and analgesia were conducted as previously described. Lateral arthrotomy of the 

knee joint was performed and the patella was luxated medially. Two cylindrical 
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osteochondral defects 3 mm in diameter and 3 mm in depth were drilled with a dental bur 

and under sterile saline irrigation in the middle of the femoral trochlea, the first one on the 

upper part of the trochlear groove, the other in the lower part just proximal to the caudal 

cruciate ligament insertion. The Si-HPMC/RNC mixture (n=6) at 2.5.106 cells/ml was then 

carefully injected into the osteochondral defects through a 21-gauge needle. As a control, 

osteochondral defects were left empty (n=6) or filled with Si-HPMC hydrogel alone (n=6). 

The patella luxation was reduced and the articular and cutaneous tissues were then closed in 

different layers with single interrupted absorbable sutures (Safil déc.3®). All femoral 

implantations were performed bilaterally. 

No prophylactic antibacterial or anti-inflammatory treatments were administrated after 

surgery. After 6 weeks of implantation, the animals were anesthetised and sacrificed by 

intracardiac overdose of sodium pentobarbital (Dolethal®) under general anesthesia. The 

distal femoral ends were immediately dissected from the animals and fixed in formaldehyde 

solution for histological analysis. 

Construct samples were soaked for 5 days in methyl methacrylate and embedded in Glycol 

methyl methacrylate (PMMA) resin. Thin sections (7 µm thick) were then prepared using a 

hard tissue microtome. The thin sections were stained with Movat’s pentachrome. Cartilage 

was stained in red-pink, calcified cartilage in green, bone in yellow-green and osteoid in red. 

Specific histological staining (Masson’s trichrome, Alcian blue) as well as 

immunohistological staining for type II collagen were also performed. Construct samples 

were fixed in 10% formalin and embedded in paraffin. Paraffin sections (4 µm thick) were 

deparaffinized using toluene, rehydrated through a graded series of ethanol, and rinsed in 

distilled water. For each sample, three tissue sections were stained with 

haematoxylin/phloxin/saffran, Alcian Blue and Masson’s trichrome. For 

immunohistochemistry, an anti-rabbit type II collagen (1/100) was used. Briefly, 4 µm thick 

paraffin sections were mounted on pre-treated slides, deparaffinized, rehydrated, and rinsed 
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in distilled water. Tissue sections were subjected to epitope retrieval in a microwave oven 

using citrate buffer (pH 6.0) and pre-treated with trypsin at room temperature (for the 

detection of collagen II). Tissue sections were stained using a three-step visualization system 

(Dako LSAB). They were then rinsed in buffer and incubated with primary antibody at room 

temperature for 30 min. This was followed by sequential incubation with biotinylated link 

antibody for 15 min. and streptavidin labeled with peroxidase for 15 min. Immunostaining 

was visualized using the substrate system provided in the kit (DAB/H202 substrate) and 

tissues were counterstained with haematoxylin for 5 min. Negative controls were performed 

by substituting the primary antibody with PBS. Immunopositive cells showed brown 

cytoplasmic staining with Collagen II antibody. Samples were then visualized using a light 

microscope (Zeiss, Axioplan 2, Germany).  

Statistical analysis: 

Results are expressed as mean ± SEM of triplicate determinations. Comparative studies of 

means were performed by using one-way ANOVA followed by a post hoc test (Fisher’s 

projected least significant difference) with statistical significance at p<0.05. 

 

Results:  

Dedifferentiation of rabbit nasal chondrocytes in 2D culture 

It is well known that articular chondrocytes undergo a progressive dedifferentiation in two-

dimensional culture[7, 23, 24]. We therefore sought to evaluate whether this phenomenon 

also happens with rabbit nasal chondrocytes. For this purpose, RNC were cultured in 

monolayer for 3 passages. Expression of transcripts coding for type I and II collagen as well 

as aggrecan were evaluated by real-time PCR (figure 1). When RNC were passaged once 

(figure 1, A, RNC P1) or twice (figure 1, A, RNC P2), a 2.5- and 25-fold decrease in type II 

collagen expression was observed as compared to freshly isolated RNC (figure 1, A, RNC 

P0). Aggrecan expression exhibited a 5-fold decrease after three passages (figure 1, B, RNC 
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P3). On the contrary, the expression of type I collagen transcripts was dramatically increased 

about 20 fold after 3 passages in monolayer culture (figure 1, C, RNC P3). 

Redifferentiation of rabbit nasal chondrocytes in 3D culture 

It is also known that dedifferentiated articular chondrocytes can redifferentiate when put back 

into in a three dimensional environment. In this context, we questioned whether 

dedifferentiated RNC could be redifferentiated by a three-dimensional culture within the Si-

HPMC hydrogel. To address this issue, RNC were dedifferentiated by three passages in 

monolayer as described above and then cultured either in 3D culture within Si-HPMC 

hydrogel or in two-dimensions for 3 weeks. Real-time PCR analysis revealed that after three 

weeks, RNC cultured in three-dimensions within Si-HPMC exhibited an 8-fold higher 

expression of type II collagen and a 2.5-fold higher expression of aggrecan (figure 2, A and 

B, RNC 3D HPMC) than two dimensionally cultured chondrocytes. Interestingly, the 

expression of type I collagen after 3 weeks in three dimensional culture within Si-HPMC was 

approximately 2.5-fold inferior to that measured in two-dimensionally cultured RNC (figure 

2, C). 

Synthesis of sulfated Glycosaminoglycans in 3D culture within Si-HPMC hydrogel: 

In order to investigate the ability of rabbit nasal chondrocytes to synthesize sulfated GAG in 

Si-HPMC hydrogel, we performed an Alcian blue staining of RNC after three weeks of 3D 

culture within Si-HPMC hydrogel (figure 3). RNC cultured three-weeks within Si-HPMC 

exhibit a positive Alcian blue staining (figure 3, A). On the contrary, MC3T3-E1 cells 

cultured in Si-HPMC hydrogel and used as a negative control of sulfated GAG production 

were negative for Alcian blue (figure 3, B). These results show an accumulation of sulfated 

GAG in the extracellular matrix surrounding RNC nodules formed in 3D culture within Si-

HPMC hydrogel.  

Repair of articular cartilage defects by Si-HPMC containing autologous RNC: 
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We next asked ourselves whether these hybrid constructs were able to repair articular 

cartilage defects. To address this issue, osteochondral defects were created within the 

articular surface and thereafter filled with an association of Si-HPMC and autologous RNC. 

Recovery of the articular cavity 6 weeks post-implantation revealed no signs of inflammation 

regardless of the condition under study. Macroscopically, we observed that all the defects 

were filled with tissue showing different characteristics (figure 4, A). The control defects 

(empty defects) were filled with a repair tissue appearing slightly thicker than adjacent 

cartilage, as indicated by the redness of the defect (figure 4, A, Control). This repair tissue 

nevertheless exhibited good integration to the host cartilage, as indicated by the absence of a 

visible margin line. Histological examination by Movat’s pentachrome staining revealed the 

presence of blood vessels in the center of the defect. Furthermore, the repair tissue near the 

edge of the defect had a poor extracellular matrix, as indicated by the weak staining as 

compared to adjacent cartilage (figure 4, B, Control). Defects treated with Si-HPMC 

hydrogel alone became filled with a vascularized tissue (figure 4, A, Si-HPMC). The 

presence of blood vessels was clearly visible from the center of the defect to the periphery. 

Furthermore, the border of the defect remained visible after 6 weeks, suggesting poor 

integration with the adjacent cartilage (figure 4, A, Si-HPMC). The presence of blood vessels 

was confirmed by histological examination exhibiting a tissue containing numerous blood 

vessels (figure 4, B, Si-HPMC). Furthermore, Movat’s pentachrome staining also revealed 

the poverty of the extracellular matrix composing the repair tissue as compared to the 

adjacent cartilage. Defects treated with the hybrid construct Si-HPMC/RNC were totally 

filled with a bright, white, opaque tissue (figure 4, A, Si-HPMC/RNC). Histologically, the 

repair tissue exhibit a well-defined structural organization (figure 4, B, Si-HPMC/RNC), 

appearing quite similar to that observed in native articular cartilage.  

To further characterize the repair tissue formed with the hybrid construct, we performed 

additional histological and immunohistological staining. The femoral condyle containing the 
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defects filled with Si-HPMC/RNC were embedded in paraffin and stained with 

hematoxilin/phloxin/saffran (HPS), Alcian blue and Masson’s trichrome as well as 

immunostained for type II collagen (figure 5). HPS staining of the defect treated with Si-

HPMC/RNC showed a cartilage-like organization (figure 5, A, RT). Moreover, the staining 

intensity appeared similar between the profound zone of the newly formed repair tissue and 

the adjacent healthy cartilage (figure 5, A). Alcian blue staining of the defect treated with Si-

HPMC was strongly positive in the deeper layer, fairly positive in the mid layer and barely 

positive in the superficial layer (figure 5, B). On the contrary, the newly formed tissue filling 

the defect exhibited an homogenously positive Masson’s trichrome staining (figure 5, C). 

Finally, this repair tissue was also positive for type II collagen immunostaining (figure 5, D 

RT). Interestingly, we noted that both the deep and the mid layer of the newly formed tissue 

were strongly positive, as was the surrounding healthy cartilage (HC). The superficial layer 

was also positively immunostained for type II collagen but to a lesser extent than adjacent 

healthy cartilage. 

These results suggest that Si-HPMC containing autologous nasal chondrocytes is able to fill 

an articular cartilage defect leading to the formation of a structurally organized hyaline-like 

repair tissue. 

 

Discussion:  

The field of tissue engineering is driving towards the development of strategies to restore 

damaged cartilage. Indeed, due to the absence of vascularization, articular cartilage exhibits a 

very weak capacity for spontaneous repair and in some case never heals. Different strategies 

have therefore been developed in an attempt to repair cartilage, such as the autologous 

chondrocyte implantation (ACI) technique. ACI was the first general tissue engineering 

treatment developed and has become the dominant clinical cell-based therapy for cartilage 

repair over the past decade. This method has achieved encouraging results (lower pain) but 
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remains limited by the dedifferentiation process of chondrocytes during the in vitro phase[24, 

25] and by an outflow of the transplanted cells through the suture of the periosteal flaps 

during the in vivo period[26]. To overcome these limits, much attention has been paid to the 

development of three-dimensional matrices for the transfer and maintenance of cells in the 

recipient site[15, 27]. In addition, the rise in minimally invasive surgery has oriented 

researchers towards the development of injectable tissue engineering systems[9]. In this 

context, hydrogels, which are highly hydrated cross-linked polymers, represent suitable 

candidates for a successful injectable tissue engineering device. Therefore, we have 

developed a self-setting hydrogel named Si-HPMC[28]. This Si-HPMC hydrogel is a 

convenient scaffold for the three-dimensional culture of chondrocytes[17]. 

An additional restriction of the ACI technique is related to the source of chondrocytes. 

Indeed, recovery of articular cartilage induces morbidity at the donor site. As a consequence, 

alternative sources of autologous chondrocytes, such as nasal septum-derived chondrocytes, 

have been considered[18, 29]. In a previous study, we demonstrated that human nasal 

chondrocytes associated with Si-HPMC hydrogel and injected subcutaneously in nude mice 

were able to form a cartilaginous tissue[20]. These previous encouraging results obtained 

with the association of nasal chondrocytes and Si-HPMC hydrogel have logically led us to 

test this hybrid construct for the repair of damaged articular cartilage. 

The aim of the present work was hence to test the ability of a hybrid construct associating Si-

HPMC hydrogel with autologous nasal chondrocytes for the treatment of articular cartilage 

defects. Various models of osteochondral defects have been described in the literature in 

rabbits[30, 31], horses[32], goats[33] and cattle[34]. However, the rabbit model remains the 

most widely used[35]. In contrast to the use of autologous rabbit articular chondrocytes, 

which have been well described for the treatment of rabbit osteochondral defects[36, 37], the 

use of autologous rabbit nasal chondrocytes remains poorly documented. Therefore, we first 

sought to characterize the phenotype of rabbit nasal chondrocytes. Our data indicate that 
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freshly isolated rabbit nasal chondrocytes express the two main chondrocytic markers, type II 

collagen and aggrecan, as previously described for articular chondrocytes[38]. One 

characteristic of articular chondrocytes is the dedifferentiation process that occurs during 

their monolayer in vitro expansion. This dedifferentiation process is characterized 

morphologically by a loss of the spherical shape typical of chondrocytes and the adoption of 

a fibroblast-like appearance[39]. These morphological changes are accompanied by a switch 

in the expression of cartilage-specific collagens, namely type II, IX and XI, and of aggrecan 

towards collagen type I, III and V that are normally expressed by fibroblasts[7]. As expected, 

freshly isolated rabbit nasal chondrocytes expressed type II collagen and aggrecan but also 

type I collagen. This expression of type I collagen in rabbit nasal chondrocytes is consistent 

with a preceding study showing a positive immunostaining for type I collagen in human[18, 

40], rabbit[41] and bovine nasal cartilage[29]. In agreement with the dedifferentiation 

process of chondrocytes, during two-dimensional culture[42], type II collagen and aggrecan 

expression were down regulated, whereas that of type I collagen was increased. The 

dedifferentiation of chondrocytes has, however, been described to be a reversible 

phenomenon. Indeed, when replaced in a three dimensional environment, dedifferentiated 

chondrocytes are able to recover the expression of cartilage-specific genes[23, 38, 43]. As 

previously described with human nasal chondrocytes[20], the three-dimensional culture of 

dedifferentiated rabbit nasal chondrocytes within Si-HPMC hydrogel enabled the recovery of 

type II collagen and aggrecan expression at the transcript level. These results emphasize that 

Si-HPMC hydrogel not only allows the maintenance but also the recovery of a chondrocytic 

phenotype in vitro. Therefore, these data suggest that Si-HPMC hydrogel could be used to 

transfer monolayer-expanded rabbit nasal chondrocytes in vivo for cartilage tissue 

engineering.  

Finally, in order to decipher whether hybrid constructs associating Si-HPMC hydrogel with 

rabbit nasal autologous chondrocytes could be an appropriate device for articular cartilage 
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repair, rabbit articular cartilage defects were created and treated with this hybrid construct. 

The control defects that were left empty exhibited the formation of fibrocartilaginous repair 

tissue. This self-repair process begins with the formation of a blood clot. This blood clot is 

invaded, a few days later, by mesenchymal stem cells from bone marrow, which in turn 

produce the repair tissue[44]. This repair tissue has already been characterized as a fibrous 

cartilage exhibiting inferior mechanical properties to healthy cartilage[45]. Interestingly, 

constructs associating autologous nasal chondrocytes with Si-HPMC hydrogel led to the 

formation of a hyaline-like repair tissue exhibiting the production of GAG and type II 

collagen. Furthermore, this repair tissue displayed a specific tissular organization resembling 

that of native articular cartilage. This tissue organization is surprising given that nasal septum 

and articular cartilage, which have both been described as a hyaline cartilage[46], exhibit 

different histological organization. This divergence in structural organization between nasal 

and articular cartilage may be related to the different embryonic origin of these two tissues. 

Articular chondrocytes are derived from the mesoderm whereas nasal chondrocytes are 

derived from the neural crest of the neural ectoderm[2, 47]. It has also been suggested that 

the tissue remodeling occurring under physiological conditions may be responsible for the 

tissue organization[18]. The specific organization of the repair tissue formed with autologous 

nasal chondrocytes within Si-HPMC hydrogel in a low-loading articular site tends to confirm 

this hypothesis. However, it is also well established that mechanical forces play a role in the 

structural organization of the articular cartilage. On the one hand, compressive forces could 

act positively by enhancing extracellular matrix deposition and consequently increasing 

mechanical properties[48]. On the other hand, mechanical stress could act negatively by 

degrading the repair tissue formed in a weight-bearing site[49]. Whether Si-HPMC hydrogel 

containing autologous nasal chondrocytes may repair articular cartilage defects in a weight-

bearing site through the production of a biologically and biomechanically stable hyaline-like 

tissue remains, however, to be determined. Since the degradability of our Si-HPMC hydrogel 
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could also influence the long-term stability of the hyaline-like repair tissue, the investigation 

of the degradation properties of Si-HPMC now deserves major considerations. 

In conclusion, in this study, the transplantation of Si-HPMC hydrogel containing autologous 

nasal chondrocytes led to the successful repair of an articular cartilage defect in rabbits. 

These results therefore highlight the potential of associating nasal chondrocytes with the Si-

HPMC injectable hydrogel for the treatment of articular cartilage defects. However, the long-

term stability of the repair tissue formed needs to be further studied. With the objective of 

minimally-invasive surgery, transplanting Si-HPMC hydrogel containing autologous cells in 

an articular cartilage defect through percutaneous injection could pave the way for new 

therapeutic strategies for the treatment of cartilage defects. 
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Gene accession  
number sequences concentratio

n 
Base 
pairs 

Fwd 5'-CCCATCTACGAGGGCTACGC-
3' 300 nM beta-

actin 
AF40427
8 Rev 5'-TCCTTGATGTCCCGCACGATC-

3' 900 nM 
152 bp 

Fwd 5'-
TTCCCTGGCGTGAGAACCTAC-3' 600 nM Aggreca

n L38480 
Rev 5'-CCTCCATCTCCTCTGCGAAGC-
3' 900 nM 

77 bp 

Fwd 5'-AGCCCAGCATTGCCCAGAAG-
3' 300 nM COL1A1 D49399 
Rev 5'GCTCTCGCCGAACCACACG-3' 100 nM 

79 bp 

Fwd 5'-
CACGCTCAAGTCCCTCAACAAC-3' 600 nM 

COL2A1 D83228 
Rev 5'-
CTATCCAGTAGTCACCGCTCTTCC-3' 900 nM 

131 bp 

 
 
Table 1: Sequences of primer pairs and concentrations used for real-time quantitative PCR 
analysis.  
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Figure captions : 

Figure 1: Effect of monolayer culture on rabbit nasal chondrocyte phenotype. Freshly 

isolated chondrocytes were cultured in monolayer (P0) and passaged three times (P1, P2 and 

P3). Total RNA was purified from each passaged RNC as described in the Materials and 

Methods. Real time PCR analysis for type II collagen (A), aggrecan (B) and type I collagen 

(C) was performed as described in the Materials and Methods. Results are reported as fold 

change in gene expression relative to the control condition (RNC P0). Data are representative 

of experiments with similar results. *, P<0.05 compared with RNC P0. 

Figure 2: Effect of three-dimensional culture on the phenotype of rabbit nasal chondrocytes. 

RNC P3 were cultured either in monolayer (RNC P4 2D) or in three-dimensions within Si-

HPMC (RNC 3D HPMC) for three weeks. Total RNA was purified from RNC as described 

in the Materials and Methods. Real time PCR analysis for type II collagen (A), aggrecan (B) 

and type I collagen (C) was performed as described in the Materials and Methods. Results 

are reported as fold change in gene expression relative to the control condition (RNC P4 2D). 

Data are representative of experiments with similar results. *, P<0.05 compared with RNC 

P4 2D. 

Figure 3: Glycosaminoglycans production. Rabbit nasal chondrocytes (RNC) were cultured 

in 3D within Si-HPMC for 3 weeks (A). MC3T3-E1 were cultured for 3 weeks in 3D within 

Si-HPMC and used as a negative internal control (B). Alcian blue staining was performed as 

detailed in the Materials and Methods. Samples were observed with a light microscope. Bar: 

100 µm. 

Figure 4: Macroscopic and histological appearance of defects 6 weeks after implantation. Si-

HPMC alone (Si-HPMC) or with RNC (Si-HPMC/ RNC) injected in an articular cartilage 

defect and analysed 6 weeks later. Defects left empty served as a control (CTRL). A) 

Macroscopic appearance of joint surface 6 weeks after implantation. Bar: 3mm. B) 

Macroscopic appearance of joint surface 6 weeks after implantation at higher magnification. 
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Bar: 1mm. C) Histological appearance of articular cartilage defects 6 weeks after 

implantation. Sections were stained with Movat’s pentachrome. Bar: 200 µm. 

Figure 5: Histological and immunohistological analysis of articular cartilage defects after 6 

weeks in vivo. Representative sections of defects filled with Si-HPMC containing autologous 

RNC were stained with hematoxylin/phloxin/safran (A), Alcian blue (B), Masson’s trichrome 

(C) and immunostained for type II collagen (D). HC: Healthy cartilage. RC: Repaired 

cartilage. Bar: 200µm. 
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Abstract:

Hybrid constructs associating a biodegradable matrix and autologous chondrocytes hold 

promise for the treatment of articular cartilage defects. In this context, our objective was to 

investigate the potential use of nasal chondrocytes associated with a fibrin sealant for the 

treatment of articular cartilage defects. The phenotype of primary nasal chondrocytes (NC) 

from human (HNC) and rabbit (RNC) origin were characterized by RT-PCR. The ability of 

constructs associating fibrin sealant and NC to form a cartilaginous tissue in vivo was 

investigated, firstly in a subcutaneous site in nude mice and secondly in an articular cartilage 

defect in rabbit. HNC express type II collagen and aggrecan, the two major hallmarks of a 

chondrocytic phenotype. Furthermore, when injected subcutaneously into nude mice within a 

fibrin sealant, these chondrocytes were able to form a cartilaginous tissue. Our data indicate 

that RNC also express type II collagen and aggrecan and maintained their phenotype in three-

dimensional culture within a fibrin sealant. Moreover, treatment of rabbit articular cartilage 

defects with autologous RNC embedded in a fibrin sealant led to the formation of a hyalin-

like repair tissue. The use of fibrin sealant containing hybrid autologous NC therefore appears 

as a promising approach for cell-based therapy of articular cartilage. 

Keywords: Fibrin sealant; nasal chondrocytes; Tissue engineering; articular cartilage.

Abstract
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Introduction:

The spontaneous healing of damaged articular cartilage is limited due to the avascular nature 

of this tissue as well as its relatively low cell density. This poor capacity for self-repair 

strongly depends on the depth of the articular lesion. On the one hand, partial thickness 

defects, which only affect the superficial cartilage layer, do not heal spontaneously. On the 

other hand, full-thickness defects, which also affect the subchondral bone, exhibit a repair 

process that leads to the formation of fibrocartilage. However, this fibrocartilage does not 

display the mechanical properties of native articular cartilage [1] and degrades rapidly 

following injury. Finally, joint replacement remains the only therapeutic treatment to recover 

mobility and relieve chronic pain for many patients. In this context, the field of tissue-

engineering has offered promising strategies for the replacement of damaged cartilage. The 

autologous chondrocyte implantation (ACI) approach, introduced by Brittberg et al. in 1994, 

has become the dominant clinical cell-based therapy for the repair of cartilage lesions over the 

past decade [2]. In this technique, human articular chondrocytes are harvested from healthy 

and non –weight-bearing areas of the joint and chondrocytes are subsequently expanded in 

monolayer culture in order to achieve sufficient amounts of cells to fill the defect. Expanded 

chondrocytes are then injected into the defect under a periosteal flap in a second surgery [2]. 

ACI has achieved good results [3] but still remains unsatisfactory [4], mainly because the 

harvesting of articular chondrocytes results in damage to the donor site. Furthermore, 

chondrocytes lose the expression of cartilage-specific proteins during monolayer culture [5, 

6], resulting in the formation of fibrocartilage that does not exhibit properties of the original 

articular cartilage [7]. In addition, cases of hypertrophy [8] and uncontrolled calcification 

have been reported with the use of a periostal flap [4, 9]. Another concern related to the ACI 

technique is the risk of chondrocyte leakage from the recipient site [10]. Researchers in the 

* Manuscript
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field of tissue-engineering are therefore trying to improve the technique by combining the 

autologous chondrogenic cells with a three-dimensional matrix able to maintain cells in the 

defect. Two fields of investigation are hence under development: the search for and selection 

of adequate autologous cells, and the development of a three-dimensional matrix.

Chondrocytes, which are commonly isolated from low load-bearing areas of articular 

cartilage, have been considered the cell of choice for cell-based therapy for cartilage repair. 

However, donor site morbidity resulting from harvesting articular cartilage has encouraged 

investigation into the possibility of using nasal septum cartilage as an alternative chondrocyte 

source. Previous studies have already demonstrated that nasal chondrocytes are able to give 

rise to cartilage [11]. Furthermore, an increased cartilage formation has been reported with the 

use of nasal chondrocytes, in comparison to that of articular chondrocytes [12]. 

The second field of research concerns the development of scaffolds, which allow the fixation 

of the cells into the cartilage defect without cell loss into the microenvironment. These three-

dimensional matrices must also be able to allow for the growth of phenotypically stable 

chondrocytes [13, 14]. However, among the various synthetic and organic matrices that have 

been evaluated (for review see [4]) some of them, namely hyaluronan, alginate, polyglycolic 

acid and polylactic acid, have been reported to induce inflammatory responses and major cell 

reactions to foreign bodies after in vivo implantation. Commercial fibrin sealants, produced 

by polymerizing fibrinogen with thrombin, have been widely used clinically to repair 

osteochondral fractures [15], nerves, and tendons [16]. Fibrin glue has also been used in 

preclinical studies as a delivery carrier for articular chondrocyte transplantation [17, 18]. The 

injectable form of fibrin sealant allows for the percutaneous injection of cell-fibrin sealant 

suspensions and subsequently for the retention of cells within a solid matrix [19].

Following on from the above data relating to nasal chondrocytes and fibrin sealant, the aim of 

the present study was to develop a hybrid construct made of fibrin sealant and nasal 
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chondrocytes for articular cartilage tissue engineering. We first set out to determine whether 

nasal chondrocytes associated with fibrin sealant are able to form cartilaginous tissue in 

subcutaneous pockets in nude mice. We then investigated the potential use of this hybrid 

construct for the repair of damaged articular cartilage.
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Materials and methods

Materials:

Baxter Bioscience Biosurgery (Vienna, Austria) generously supplied fibrin sealant 

(Tissucol®). Cell culture plasticware was purchased from Corning BV (Schipol-Rijk, The 

Netherlands). Protease (4.8 units/mg), hyaluronidase (750-1500 units/mg), trypsin (12100 

units/mg), type II collagenase (452 units/mg), trypsin/EDTA (0.05%/0.53mM), type IV 

collagenase (125 units/mg), HEPES, and isopropanol were all purchased from Sigma-Aldrich 

(St-Louis, USA). Hank’s Balanced sodium salt (HBSS), DMEM (4.5 g/l glucose), 

penicillin/streptomycin, L-glutamine, Trizol®, DNAse I and Taq DNA Polymerase were 

obtained from Invitrogen Corporation (Paisley, UK). Avian Myeloblastosis Virus-Reverse 

Transcriptase, random hexamers and recombinant ribonuclease inhibitor were provided by 

Promega Corporation (Madison, WI, USA). Fetal calf serum (FCS) was from Dominique 

Dutscher (Brumath, France). Monoclonal antibody against collagen type II was purchased 

from Oncogene Research Products (San Diego, USA). Imalgène 1000® was provided by 

Mérial (Lyon, France). Rompun® was from Bayer Pharma (Puteaux, France). Safil déc.3® was 

purchased from B. Braun Laboratory (Boulogne Billancourt, France). Dolethal® was obtained 

from Vetoquinol Laboratory (Lure, France). All other chemicals were from standard 

laboratory suppliers and were of the highest purity available.

Animals and surgical procedures

All animal handling and surgical procedures were conducted according to European 

Community guidelines for the care and use of laboratory animals (DE 86/609/CEE) and 

approved by the local Veterinary School ethical committee. The experiments were performed 
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according to Good Laboratory Practices (GLP) at the Experimental Therapeutic Unit of the 

University of Nantes.

Isolation and characterization of human nasal chondrocytes (HNC):

Human nasal septum cartilage samples were obtained with informed consent from patients 

undergoing reconstructive rhinoplasty (University hospital of Nantes, Department of Head 

and Neck surgery). As previously described [20], the cartilage specimens were washed 

extensively with HBSS and cut into small slices. Cartilage slices were first digested at 37°C 

with 0.1% protease in HBSS for 30 minutes. Slices were then digested with 0.06% type IV 

collagenase in DMEM supplemented with 10% FCS overnight at 37°C on an orbital shaker. 

Finally, isolated HNC were either frozen for subsequent RNA isolation and Reverse 

Transcription-Polymerase Chain Reaction (RT-PCR) analysis or used for implantation in 

subcutaneous pockets in nude mice.

For RT-PCR analysis, total RNA was extracted using Trizol® reagent according to the 

manufacturer’s instruction. Briefly, lysis of the cells in Trizol® was followed by 

centrifugation at 10,000 g, 4°C for 15 minutes in the presence of chloroform. The upper 

aqueous phase was collected and the RNA was precipitated by addition of isopropanol and 

centrifugation at 12,000 g, 4°C for 5 minutes. Total RNA was then washed with 1 ml of cold 

75% ethanol, dried, reconstituted with sterile water, and quantified by spectrometry.

After Dnase I digestion, 2 µg of each RNA sample were reverse transcribed using AMV-RT 

and random hexamers in a total volume of 30 µl. One microliter of cDNA was amplified in a 

total volume of 50 µl PCR reaction containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1 µM 

of the respective primers (see table 1), 200 µM dNTP and 2.5 units of Taq DNA Polymerase. 

The magnesium chloride concentration was 1.5 mM. The absence of DNA contamination in 

RNA preparations was tested by including RNA samples that had not been reverse 
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transcribed. Amplifications were carried out in an Eppendorf master cycler under the 

following conditions: denaturation for 3 minutes at 94°C followed by cycles of 20s 

denaturation at 94 °C, 20s annealing at the primer specific temperature (see table 1) and 15s 

elongation at 72 °C. Actin, a housekeeping gene, was used as an internal control. All results 

show products obtained in the linear range of amplification. For this purpose, each cycle 

number was determined by serial PCR reactions with decreasing cycle numbers so as to 

obtain a faint reproducible signal.

Implantation of human nasal chondrocytes associated with fibrin sealant in subcutaneous 

pockets in nude mice:

Five hundred thousand freshly isolated HNC were mixed with 250 µl of a 

fibrinogen/fibronectin solution. This fibrinogen/fibronectin/HNC solution was then mixed 

with an equal volume of thrombin solution using the joining piece of the Duploject® Kit for 

application of Fibrin Sealant (Baxter Bioscience Biosurgery). 500 µl of HNC/fibrin sealant 

mixture (n = 4) or 500µl of Fibrin sealant® (n = 4) were injected subcutaneously in 1 month-

old nude mice. Animals were killed 3 weeks after implantation and implants were harvested 

and processed for histological analysis.

Construct samples were fixed in 10% formalin and embedded in paraffin. Paraffin sections (5 

µm thick) were deparaffinized using toluene, rehydrated through a graded series of ethanol, 

and rinsed in distilled water. For each sample, three tissue sections were stained with 

haematoxylin phloxin safran, Alcian Blue and Masson’s trichrome as previously described 

[21]. For immunohistochemistry, antibody directed against human type II collagen (1/100) 

was used. Briefly, 4 µm-thick paraffin sections were mounted on pre-treated slides, 

deparaffinized, rehydrated, and rinsed in distilled water. Tissue sections were subjected to 

epitope retrieval in a microwave oven using citrate buffer (pH 6.0) and pre-treated with 



7

trypsin at room temperature. Tissue sections were stained using a three-step visualization 

system (Dako LSAB). They were rinsed in buffer and then incubated with primary antibody 

at room temperature for 30 min. This was followed by sequential incubation with a 

biotinylated antibody for 15 min and streptavidin peroxidase for 15 min. Immunostaining was 

visualized using the substrate system provided in the kit (DAB/H202 substrate) and tissues 

were counterstained with haematoxylin for 5 min. Negative controls were performed by 

substituting the primary antibody with PBS. Immunopositive areas were stained brown. 

Samples were then visualized using a light microscope (Zeiss, Axioplan 2, Oberkochen, 

Germany).

Isolation and characterization of rabbit nasal chondrocytes:

Autologous rabbit chondrocytes were isolated from the nasal cartilage of adult female New 

Zealand White rabbits (weighing 3 to 3.5 kg). Briefly, general anesthesia was induced by 

intramuscular injection of an association of ketamine (Imalgène 1000®) and xylazine 

(Rompun®) and maintained with the same association delivered intravenously through a 

catheter into the auricular marginal vein. Analgesia was provided through subcutaneous 

injection of morphine chlrohydrate (2 mg/kg). A median cutaneous incision was performed 

according to the nasal bone junction (sutura internasalis). The skin was retracted and the two 

nasal bones were symmetrically elevated via a horizontal osteotomy progressing mesio-

distally according to the suture between the incisive bones and the nasal bones (sutura naso-

incisiva). The subsequent bone flap was manually elevated, reversed caudally and gently 

fractured with only periosteal attachments remaining at the junction with the frontal bone 

(sutura nasofrontalis). This exposed the nasal turbinates and the median nasal septum 

(concha nasalis dorsalis). The nasal mucosa was gently elevated from both sides of the nasal 

septum, which was then harvested after a ventral incision with a n°11 knife blade, and 
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extended distally up to the junction with the frontal bone. The nasal bone flap was put back in 

place under digital pressure and sutured bilaterally with the cartilage part of the nares with 

two single interrupted sutures (Safil déc.3®). Cutaneous sutures were performed routinely with 

absorbable sutures. 

The nasal septum was cut into small slices and digested at 37°C with 0.05% hyaluronidase in 

HBSS for 10 minutes, then with 0.2% trypsin for 15 minutes and with 0.2% type II 

collagenase for 30 minutes. Finally, slices were digested overnight at 37 °C in 0.03% 

collagenase in DMEM. The suspended rabbit nasal chondrocytes (RNC) were either frozen 

for subsequent RNA extraction and RT-PCR analysis or plated at a density of 1.104 cells/cm2

in a 25-cm2 culture flask and cultured in DMEM supplemented with 10% FCS, 1% 

penicillin/streptomycin and 1% L-glutamine (culture medium). The cells were maintained at 

37°C in a humidified atmosphere of 5% CO2 and the culture medium was changed every 2-3 

days.

In order to investigate the maintenance of rabbit nasal chondrocyte phenotype in fibrin 

sealant, RNC were cultured either as a monolayer, as described above, or in three dimensions 

in fibrin sealant for three weeks. Briefly, RNC were mixed with fibrin sealant at a final 

density of 1.106 cells /ml and 2 ml of this solution was placed in each well of a 6-well plate. 

The plate was then incubated 20 min at 37 °C to allow for the fibrin sealant polymerization 

process before adding 2 ml of culture medium. RT-PCR analysis of transcripts was 

conducted, as previously described, on freshly isolated RNC, on RNC cultured as a 

monolayer (2D) in the absence of fibrin sealant for three weeks, and on RNC cultured in 

three-dimensions (3D) in fibrin sealant for three weeks. PCR primer sequences are provided 

in Table 1.

Transplantation of autologous rabbit nasal chondrocytes into articular cartilage defects:



9

The nasal septa of 3 adult female New Zealand White rabbits were harvested and nasal 

chondrocytes were isolated as described above. Isolated RNC were expanded in monolayer 

culture for 4 weeks and passaged once before use. The expanded RNC were mixed with fibrin 

sealant as described above at a density of 2.5.106 cells/ml. Fibrin sealant containing RNC was 

then transplanted into articular cartilage defects of the knee of the same animals. General 

anesthesia and analgesia were conducted as previously described.

Bilateral arthrotomy of the knee joint was performed and the patella was luxated medially. 

Two cylindrical osteochondral defects of 3 mm in diameter and 3 mm deep were drilled with 

a dental bur and under sterile saline irrigation in the middle of the femoral trochlea, the first 

one on the upper part of the trochlear groove, the other in the lower part just proximally to the 

caudal cruciate ligament insertion. Fibrin sealant containing autologous RNC was then 

carefully injected into the osteochondral defects (n = 6) through a 21-gauge needle. As a 

control, the same number of osteochondral defects were left empty. The patella luxation was 

reduced and the articular and cutaneous tissues were then closed in different layers with single 

interrupted absorbable sutures (Safil déc.3®). All femoral implantations were performed 

bilaterally.

No prophylactic antibacterial or anti-inflammatory medication was administered after surgery. 

Six weeks after implantation, the animals were anesthetised and sacrificed by an intracardiac 

overdose of sodium pentobarbital (Dolethal®) after general anesthesia. The distal femoral 

ends were immediately dissected from the animals and fixed in formaldehyde solution. They 

were then decalcified in 10% nitric acid for 24h and processed in paraffin for histological 

analysis as described above. 
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Results: 

Characterization of human nasal chondrocytes

Prior to using human nasal chondrocytes for in vivo transplantation in nude mice, we first 

sought to confirm whether HNC isolated from nasal septa by enzymatic digestion expressed 

the two major chondrocytic markers, namely type II collagen and aggrecan. RT-PCR analysis 

(figure 1) indicates that freshly isolated HNC expressed type II collagen and aggrecan, 

therefore suggesting that our isolation protocol allows for the recovery of cells expressing the 

main chondrocytic markers.

Cartilage formation by fibrin sealant containing HNC in a subcutaneous site

To investigate the ability of fibrin sealant containing HNC to form cartilaginous tissue in 

vivo, we implanted HNC together with fibrin sealant in subcutaneous pockets in nude mice. 

The histological analysis of implants after 3 weeks revealed the formation of a compact tissue 

containing numerous cells (figure 2, A). This tissue was stained by Alcian blue (figure 2, B) 

and Masson’s trichrome (figure 2, C), indicating the presence of sulfated Glycosaminoglycans 

(GAG) and collagen, respectively. Figure 2 also shows the presence of chondrocytic cells 

typically embedded in lacunae. Immunohistochemical analysis revealed a positive staining for 

type II collagen in the central zone of the implant (figure 2, D). No staining for type II 

collagen was detected on the negative control (data not shown). Theses results indicate that 

HNC associated with fibrin sealant are able to form a cartilage-like tissue in vivo.

Characterization of rabbit nasal chondrocytes

Thereafter, we sought to evaluate whether nasal chondrocytes within fibrin sealant were able 

to repair an articular cartilage defect. We first analyzed by RT-PCR whether freshly isolated 
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rabbit nasal chondrocytes expressed transcripts encoding type II collagen and aggrecan. Our 

data show that freshly isolated RNC expressed type II collagen and aggrecan (figure 3, A). 

Secondly, the ability of Fibrin sealant to maintain the chondrocytic phenotype was 

investigated. Freshly isolated rabbit nasal chondrocytes were cultured either as a monolayer 

or in three dimensions in a fibrin sealant for 3 weeks. Expression of transcripts encoding type 

II collagen and aggrecan was investigated using semi-quantitative RT-PCR. Our results show 

that freshly isolated chondrocytes seeded in two dimensions expressed low levels of type II 

collagen and aggrecan. As compared to two-dimensionally cultured chondrocytes, three-

dimensionally cultured chondrocytes showed an increased level of type II collagen and 

aggrecan transcripts (figure 3, B). These results suggest that fibrin sealant enabled the 

maintenance of a chondrocyte-like phenotype in RNC.

Repair of articular cartilage defects by fibrin sealant containing autologous RNC

We next evaluated the ability of autologous rabbit nasal chondrocytes to repair articular 

cartilage defects. For this purpose, defects were created in the articular surface and autologous 

rabbit nasal chondrocytes were implanted within fibrin sealant (n=6). Six weeks after 

implantation, the articular cavity was harvested and no signs of inflammation were detected. 

The cartilage around the defects showed the typical white-to-pale red color of healthy 

cartilage. Macroscopic inspection revealed filling of all the defects with tissue exhibiting 

various features (figure 4). The control defects (empty defects) appeared to be filled by a 

slightly thicker tissue as compared to the surrounding healthy cartilage. This repair tissue, 

however, showed good integration to the host cartilage, as seen by the absence of a visible 

boundary line (figure 4 lower panel). The repair tissue filling the defects treated by fibrin 

sealant containing autologous nasal chondrocytes appeared white, bright and opaque. This 

white repair tissue totally filled the defect.
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In order to characterize the repair tissue formed after 6 weeks in vivo, we performed specific 

histological staining of the femoral condyles with hematoxylin/phloxin/safran, Alcian blue 

and Masson’s trichrome as well as immunohistological staining for type II collagen.

Hematoxylin/Phloxin/Safran (HPS) staining of the untreated defect (CTRL, figure 5 A), 

showed the formation of repair tissue (NT, figure 5 A), which partially filled the defect. The 

histological organization of this newly-formed tissue appeared quite different from that of the 

healthy articular cartilage (HC, figure 5 A). This repair tissue was not stained by Alcian blue 

or Masson’s trichrome. Moreover, immunohistological staining for type II collagen was also 

negative (NT, figure 5 D). On the contrary, adjacent articular cartilage was positively 

immunostained for type II collagen (HC, figure 5 D).

Defects treated with fibrin sealant containing autologous nasal chondrocytes (FS+RNC, figure 

5) exhibited the presence of a thick repair tissue. HPS staining revealed that this repair tissue 

(NT, figure 5 E) was composed of cells embedded within an abundant extracellular matrix. 

These cells displayed a morphology quite comparable to that of articular chondrocytes (figure 

5, E). This repair tissue was positively stained by Alcian blue and Masson’s trichrome (NT, 

figure 5 F and G), indicating the presence of sulfated GAG and collagen, respectively. A 

positive immunostaining for type II collagen was also observed (figure 5 H). No staining for 

type II collagen was detected in the negative control (data not shown). These results strongly 

suggest that the repair tissue formed by fibrin sealant containing autologous nasal 

chondrocytes is a cartilage-like tissue.
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Discussion:

The lack of regenerative ability of cartilage has led researchers to develop surgical strategies 

to restore damaged cartilage. Despite many advances in cartilage tissue engineering, like 

autologous chondrocyte implantation (ACI) [2], the healing of injured cartilage remains a 

clinical problem. The ACI technique is restricted because articular chondrocytes 

dedifferentiate in vitro during their expansion in monolayer culture [22, 23]. ACI is also 

limited by an outflow of the transplanted cells through the suture of the periosteal flap [24]. 

To overcome both of these limitations, much attention has been paid to the development of 

three-dimensional matrices for the expansion, transfer and maintenance of cells at the 

recipient site for the treatment of articular cartilage defects [25, 26]. Among the various 

matrices developed for cartilage tissue engineering (for review see [4]), those that allow for a 

percutaneous injection of cells into the cartilage defect are considered the most valuable 

candidates [27]. In this context, it seems reasonable to speculate that an injectable fibrin 

sealant obtained by mixing fibrinogen with thrombin may be a potential matrix [28]. The 

biocompatibility and biodegradability of fibrin sealant have been well demonstrated [29] and 

its degradation products are physiological [4]. Furthermore, injection of a suspension of 

articular chondrocytes within a fibrin sealant into articular cartilage defects has been shown to 

improve healing as compared to untreated defects [30]. 

Nevertheless, like the ACI technique, harvesting of articular chondrocytes induces donor site 

morbidity and provides only low cell numbers. The further development of cartilage cell-

based therapy therefore relies on the identification of alternative sources of chondrocytes. 

Among the available sources of hyaline cartilage, nasal septum has been contemplated as an 

alternative to articular cartilage [12, 31]. Nasal chondrocytes are able to give rise to 

cartilaginous tissue in vitro [32] and in vivo [12]. Following on from the above-mentioned 
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data, the aim of the present study was to examine whether a hybrid construct associating an 

injectable matrix such as fibrin sealant and nasal chondrocytes could be of relevance for 

cartilage tissue engineering.

We first set out to characterize the phenotype of cells isolated from human nasal septum. 

Since we found that cells freshly isolated from human nasal septum express type II collagen 

and aggrecan, the two main chondrocytic markers [33, 34], one can assume that these cells 

display a chondrocyte-like phenotype. To confirm that these cells exhibited a chondrogenic 

potential and could give rise to cartilage, we then tested the ability of constructs associating 

human nasal chondrocytes and fibrin sealant to form a cartilaginous tissue in vivo. The in vivo

chondrogenic potential of tissue-engineered constructs is usually tested using heterotopic 

animal models [35-37]. We therefore embarked on in vivo implantation of our constructs in 

the model of subcutaneous pockets in nude mice, which have been demonstrated to offer a 

suitable environment for tissue engineering [38]. The formation of a tissue with a dense 

extracellular matrix containing sulfated GAG and type II collagen strongly suggests that our 

constructs were able to form a cartilage-like tissue in this heterotopic animal model. This 

successful production of a cartilaginous tissue also indicates that fibrin sealant supplies the 

cells with a microenvironment that supports the synthesis of extracellular matrix [39]. A large 

body of evidence, however, indicates that hypotheses drawn from results obtained in nude 

mice may be difficult to confirm in physiopathological implantation assays. Therefore, to 

further decipher whether our hybrid constructs were of relevance for cartilage repair, we 

sought to determine their ability to repair an articular cartilage defect. Among the various 

animal models (rabbit [40, 41], bovine [42], goat [43] and horse [44]) of osteochondral 

defects, the rabbit is one of the most widely used [45]. However, whereas the treatment of 

rabbit osteochondral defects has been extensively described with autologous articular 

chondrocytes [46, 47], the use of rabbit nasal chondrocytes (RNC) remains poorly 
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documented. In this context, we first aimed at demonstrating that RNC could be mixed with 

fibrin sealant without a loss of their differentiated phenotype. Interestingly, and as previously 

reported for other three-dimensional matrices, such as cellulose derivative [21], gelatin [48]

and collagen [49], a three-dimensional culture of RNC within fibrin sealant was shown to 

maintain the expression of type II collagen and to a lesser extent that of aggrecan. These data 

further confirm that fibrin sealant provides the cells with a three dimensional environment 

suitable for the expression of a stable chondrocytic phenotype. 

To ultimately assess whether fibrin sealant containing autologous nasal chondrocytes could be 

an appropriate device for articular cartilage repair, rabbit articular cartilage defects were 

treated with our hybrid construct. Defects left empty, which served as controls, showed a 

repair process leading to the formation of a fibrocartilaginous tissue. The spontaneous repair 

of articular cartilage begins with the formation of a blood clot. A few days after, 

mesenchymal stem cells from bone marrow penetrate the clot and produce a repair tissue [50]. 

This repair tissue has been reported to be a fibrous cartilage [51] with poor mechanical 

properties as compared to native articular cartilage. This spontaneous repair is not surprising 

with respect to our animal model [52] and the osteochondral defect created (3 mm in 

diameter) [50]. Of interest, fibrin sealant containing autologous nasal chondrocytes 

successfully filled the articular cartilage defect and led to the formation of a hyaline-like 

repair tissue. The long-term stability of this tissue remains, however, to be further studied, 

since apparently well-repaired tissue may degenerate prematurely [50]. This is due in large 

part to the degradation of fibrin sealant resulting, in some cases, in the replacement of the 

initial repair tissue by a fibrous tissue [17] that tends to degenerate with time. Mechanical 

forces are also known to influence the stability of the repair tissue formed, either positively, 

by enhancing cartilage mechanical properties [53-55], or negatively, by degrading the repair 

tissue formed in a weight-bearing site [56]. Finally, whilst the nasal septum and articular 
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surfaces are both described as hyaline cartilage [49], they exhibit a quite different histological 

organization [57]. This discrepancy in tissue organization is thought to be the consequence of 

tissue remodeling occurring under physiological conditions in vivo [12]. This difference in 

structural organization may also be related to the various embryonic origins of articular 

cartilage and nasal chondrocytes. Nasal chondrocytes indeed derive from the neural crest [58]

whereas articular chondrocytes derive from the mesoderm [59]. In light of all the above-

mentioned data, it remains to be determined whether hybrid constructs associating nasal 

chondrocytes and fibrin sealant may repair articular defects in a weight-bearing site through 

the formation of a biologically and biomechanically stable hyaline-like tissue.

In conclusion, our study demonstrates that human nasal chondrocytes are able to support 

cartilage tissue formation in subcutaneous sites. In addition, autologous nasal chondrocytes 

associated with fibrin sealant allow the formation of a hyaline-like repair tissue in an 

osteochondral defect model. This study therefore suggests that autologous nasal chondrocytes 

are a potentially relevant cell source for articular cartilage repair and highlights the potential

of fibrin sealant for tissue engineering and cell-based therapy of articular cartilage.
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Figures Legends:

Figure 1: Phenotypic characterization of freshly isolated human nasal chondrocytes (HNC). 

Total RNA was purified from freshly isolated HNC. RT-PCR analysis for type II collagen 

transcripts, as well as aggrecan and -actin, was performed using the primers and conditions 

detailed in the Materials and Methods. Samples were electrophoresed on 2% agarose gels and 

visualized by U.V. A representative agarose gel is shown. 

Figure 2: Histological and immunohistological analysis of subcutaneous implants. HNC 

associated with a fibrin sealant were implanted subcutaneously in nude mice and analyzed 3 

weeks later. Histological sections were stained with Hematoxylin Phloxin Safran (A), Alcian 

blue (B), Masson’s Trichrome (C) and immunostained for type II collagen (D). Bar: 200µm.

Figure 3: Phenotypic characterization of rabbit nasal chondrocytes (RNC). Total RNA was 

purified from freshly isolated RNC (A), from RNC cultured in two dimensions for 3 weeks 

(B, 2D) and from RNC cultured in Fibrin sealant for 3 weeks (B, 3D). RT-PCR analysis for 

type II collagen, aggrecan and -actin was performed using the primers and conditions 

detailed in the Materials and Methods. Samples were electrophoresed on 2% agarose gels and 

visualized by U.V. Representative agarose gels are shown.

Figure 4: Macroscopic appearance of joint surface 6 weeks after implantation (upper panel). 

RNC associated with a fibrin sealant were injected into an articular cartilage defect and 

analyzed 6 weeks later. Representatives photographs at higher magnification of the defect left 

empty (CTRL) and filled with fibrin sealant containing RNC (FS+RNC) are shown (lower 

panel). Bar: 3mm.

Figure 5: Histological and immunohistological analysis of articular cartilage defects after 6 

weeks in vivo. Representative sections of defects left empty (CTRL, A, B, C, D) and filled 

with a fibrin sealant containing autologous RNC (FS+RNC, E, F, G, H)) were stained with 

hematoxilin/phloxin/safran (A, E), Alcian blue (B, F) and Masson’s Trichrome (C, G). 

Sections were also immunostained for type II collagen (D, H). HC: healthy cartilage. NT: 

newly-formed tissue. Bar: 200µm.
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Gene Primer sequences
Annealing 

temperature

Product 

length

Cycle 

number

-actin

(human, rabbit)

Forward 5’-TCTCCATGTCGTCCCAGTTG-3’

Reverse 5’-AGTCTTCCCCTCCATCGTTG-3’
60°C 164 bp 30

COL2A1

(human, rabbit)

Forward 5’-GGCAATAGCAGGTTCACGTACA-3’

Reverse 5’-GAGGCGTGAGGTCTTCTGTGA-3’
60°C 108 bp 35

Aggrecan

(human, rabbit)

Forward 5’-CCCTGGCAATGATGGCACTGTTC-3’

Reverse 5’-TGGCAATGATGGCACTGTTC-3’
60°C 117 bp 35

Table1: Sequences of primer pairs, annealing temperatures, size of PCR products, and cycle numbers 

used for RT-PCR analysis.
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Disorders affecting cartilage touch almost the whole

population and are one of the leading causes of

invalidity in adults. To repair cartilage, therapeutic

approaches initially focused on the implantation of

autologous chondrocytes, but this technique proved

unsatisfactory because of the limited number of chon-

drocytes obtained at harvest. The discovery that several

adult human tissues contain mesenchymal stem cells

(MSCs) capable of differentiating into chondrocytes

raised the possibility of injecting MSCs to repair

cartilages. The important data published recently on

the factors controlling chondrocyte commitment must

be thoroughly considered to make further progress

towards this therapeutic approach. The potential appli-

cation of MSC therapy provides new hope for the

development of innovative treatments for the repair of

cartilage disorders.
We are all affected by cartilage disorders

Cartilages are poorly vascularized tissues with a very
weak capacity for self-repair. After trauma and in diseases
that result in cartilage degradation, cartilages will there-
fore never heal. Together with cardiovascular diseases,
disorders affecting cartilages are the main cause of
decreased quality of life and invalidity in adults.
Osteoarthritis (OA), for instance, affects most people
over the age of 65. OA is a consequence of mechanical
and biological events that destabilize articular cartilage
homeostasis. The disease process leads to joint pain,
tenderness, limitation of movement, occasional effusion
and variable degrees of inflammation. Numerous surgical
approaches have been developed to repair articular
cartilage: abrasive chondroplasty, micro-fracture, spon-
gialization, autologous transplants of periosteum or
perichondrium and osteochondral matrix (mosaicplasty).
These approaches have unfortunately proven unsatisfac-
tory (reviewed in [1]). More than ten years ago, Brittberg
et al. [2] proposed a treatment based on the transplan-
tation of autologous chondrocytes extracted from a low-
weight-bearing region of the body and expanded in vitro.
This approach was the first general tissue engineering
treatment to be approved for cartilage repair, under the
trademark Carticelw, marketed in the US by Genzyme
Biosurgery, with similar products in Europe marketed by
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Codon and others (reviewed in [3]). This method led to
encouraging results but also remains unsatisfactory,
particularly because articular chondrocytes are not easily
extractable and because in culture chondrocytes lose
expression of cartilage-specific proteins, resulting in the
formation of a fibrocartilage lacking the biological and
mechanical properties of the normal tissue.

Back pain also affects a large number of people; the
point prevalence rates in several studies ranged from 12%
to 35%, with around 10% of sufferers becoming chronically
disabled (reviewed in [4]). Back pain is strongly associated
with degeneration of the intervertebral disc (IVD), the
composition of which, as discussed below, is quite similar
to that of articular cartilage. The main role of IVDs is to
provide biomechanical properties, but alterations in these
properties are thought to be the leading cause of
degeneration and, subsequently, of back pain [5]. Current
treatments are conservative and palliative, and are aimed
at returning patients to work (reviewed in [4]). Disc-
degeneration-related pain is also treated surgically either
by discectomy or by immobilization of the affected
vertebrae. Although surgical procedures produce good
short-term clinical results in terms of pain relief, they
alter the biomechanics of the spine, leading to further
degeneration of the surrounding tissue and discs at
adjacent levels.

Incidence of these diseases is rising exponentially
with current demographic changes and an increasingly
aged population. Young people are also affected by
cartilage disorders. The first unequivocal findings of
degeneration in the lumbar discs can be seen in the 11
to 16 year age group and w20% of people in their teens
have discs with mild signs of degeneration (reviewed in
[4]). In addition, young subjects frequently present with
cartilage focal lesions as a result of trauma, often from
sporting activities, and in some instances, this articular
surface damage leads to progressive joint degeneration.
These dramatic data have played a role in the launch of
the Bone and Joint Decade by the headquarters of the
World Health Organization in Geneva in January 2000
(‘Joint diseases, back complaints, osteoporosis and limb
trauma resulting from accidents have an enormous
impact on individuals and societies, and on healthcare
services and economies [.] We must act now.’ http://
www.boneandjointdecade.org/).

Since the discovery that mesenchymal stem cells
(MSCs) can be easily recovered from a wide variety of
Review TRENDS in Molecular Medicine Vol.11 No.11 November 2005
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adult human tissues, and have the capacity to differen-
tiate toward chondrocytes, much effort has been focused
on engineering cartilage with MSCs, but it is still a long
way from satisfactory clinical application. If thoroughly
considered, the crucial recent advances in the field of
chondrogenesis and MSC behavior will help us over-
come the difficulties. In this review, we will first briefly
explain what cartilages are, how they form and how
they are degraded. Then we will consider the recent
developments in research into chondrocyte differen-
tiation, and finally try to discuss on the possible
application of these developments to MSC therapy of
cartilage disorders.
Cartilages: formation, function, and disorders

Hyaline cartilages are avascular tissues that, at different
locations in the body (for example, the growth plate of long
bones, nasal septum and joints), serve distinct functions.
Although IVD is not traditionally considered to be hyaline
cartilage, its composition is closer to that of articular
cartilage than to any other tissue, and thus may be
considered as a cartilage. With the exception of the growth
plate, cartilages are persistent tissues whose formation
and maintenance are under the control of a single cell
type: the chondrocyte. Studies of chondrogenesis and
chondrocyte maturation have almost exclusively been
based on chondrocytes from the growth plate, the
formation of which occurs in the context of endochondral
ossification. By contrast, the differentiation of articular
chondrocytes and IVD cells remains obscure. Chondrocyte
differentiation will therefore first be considered in detail
in the context of the growth plate.
Growth plate cartilage

Bone formation occurs through two distinct developmen-
tal processes: endochondral and intramembranous ossifi-
cation. Endochondral ossification occurs in the long bones
of the limbs, basal part of the skull, vertebrae, ribs and
medial part of the clavicles, whereas intramembranous
ossification takes place in several craniofacial bones and
the lateral part of clavicles. In both processes, mesench-
ymal cells are recruited into condensations before differ-
entiation. During endochondral ossification, they form a
cartilaginous template, the growth plate, prefiguring the
future bone. During intramembranous ossification, they
directly commit to osteoblasts, and bone formation does
not require a cartilaginous mold. During endochondral
ossification, cells located in the centre of condensations
differentiate into chondrocytes, expressing early markers
such as collagen types II, IX and XI, and the proteoglycan
aggrecan, whereas cells located in condensations sur-
rounding the cartilage element differentiate into osteo-
blasts (reviewed in [6]). Chondrocytes then further
differentiate to become postmitotic, pre-hypertrophic
chondrocytes, and then hypertrophic chondrocytes,
which express type X collagen instead of type II.
Hypertrophic chondrocytes calcify their surrounding
extracellular matrix (ECM) and eventually die through
apoptosis. Vascular invasion of calcified cartilage then
brings osteoclasts, which degrade the matrix, and
www.sciencedirect.com
osteoblasts, which form bone at the expense of growth
plate cartilage (Figure 1).

Articular cartilage

In addition to their role in controlling long bone formation,
chondrocytes are also responsible for the formation and
maintenance of articular cartilage, which makes smooth,
frictionless movement possible while also dissipating
stresses in the joints and acting as a load-bearing surface
(Figure 2a). Much less is known about the formation of
articular cartilage than is known about growth plate
cartilage. Most of the joints form through segmentation of
a pre-existing cartilage rod. This process begins at the site
of a future articulation with the appearance of regions of
high cell density, called interzones, in which the cells lose
the expression of chondrocyte-specific markers such as
type II collagen (reviewed in [6]). Later in development,
the interzone cells differentiate and form three layers. The
central layer of the interzone, the central intermediate
lamina, has a lower cell density, and cells in this region
will eventually die through apoptosis, thereby creating the
joint cavity. Cells on either side of the central intermediate
lamina will differentiate into articular chondrocytes,
separated by the joint cavity. Adult articular cartilage
can also be subdivided into three layers (Figure 2b). The
surface zone is characterized by flattened, discoid cells
that mainly secrete proteoglycans. The mid zone com-
prises rounded cells arranged in columns, secreting
collagen type II and aggrecan. The deeper zone is calcified
and contains type X collagen [7]. The chondrocytes in
articular cartilage are responsible for the maintenance of
the balance between secretion and degradation of the
ECM.

Intervertebral discs

IVDs lie between the vertebral bodies linking them
together, and are the main joints of the spinal column.
IVDs are composite structures with a peripheral annulus
fibrosus (AF) surrounding a central nucleus pulposus
(NP), and a cartilage end-plate interspersed between the
disc and the vertebral bodies (Figure 2c). NP composition
is very close to that of articular cartilage, being largely
composed of water, type II collagen and aggrecan,
although NP might have a higher proteoglycan content
[8,9].

What we know about chondrocyte differentiation

In the present review, chondrocyte differentiation is
schematically divided into three steps. These three stages
are cell condensations, which are necessary for both pre-
chondrogenic and pre-osteogenic commitment; chondro-
cyte differentiation; and finally chondrocyte hypertrophic
maturation.

Cell condensations

Members of the transforming growth factor (TGF)-b
superfamily, TGF-b1, -b2 and -b3, and bone morphogen-
etic protein (BMP)-2, -4, -6, and -7 are considered to be the
main inducers of endochondral ossification [6,10]. For
instance, in vivo injection of TGF-b1 or TGF-b2 in the
subperiosteal region of rat femurs induces endochondral
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Figure 1. A schematic representation of a longitudinal section of a long bone during endochondral ossification. On receiving signals elicited by factors such as members of

the TGF-b superfamily, mesenchymal cells are recruited into condensations. In the core of the condensations, strong Sox9 activation and low Wnt/b-catenin signaling

promote overt chondrocyte differentiation, whereas cells at the periphery form the perichondrium. Later in development, growth plate chondrocytes become flattened and

organized into columns in which they proliferate, expressing markers such as collagen type II. The hypertrophic maturation of chondrocytes is above all under the control of

the Ihh/PTHrP loop: Ihh expressed in pre-hypertrophic cells induces expression of PTHrP in cells located in the perichondrium. PTHrP in turn inhibits hypertrophic

differentiation. Ihh might also positively regulate osteoblast differentiation. On the contrary, members of the Wnt family such as Wnt4 trigger hypertrophic differentiation,

characterized by type X collagen expression. Hypertrophic chondrocytes eventually mineralize their ECM and die through apoptosis. Vascularization of the growth plate

allows chondroclasts to degrade the cartilage, while osteoblasts derived from mesenchymal cells secrete and mineralize the bony matrix.
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ossification [11]. Local expression of TGF-b1 in rat aorta
also induces a cartilaginous metaplasia that is reversible
when the treatment with TGF-b1 is stopped [12]. TGF-b
may promote cell condensation by inducing expression of
the chondrocyte transcription factor Sox9 [13], although
the precise mechanisms involved remain unclear. TGF-b
might also stimulate Sox9 transcriptional activity,
through smad3 activation [13]. Inactivation of Sox9 in
limb buds before chondrogenic mesenchymal conden-
sation results in the complete absence of condensation,
and the subsequent cartilage and bone formation [14].
www.sciencedirect.com
Sox9 inactivation after the establishment of mesenchymal
condensations does not, however, prevent osteoblast
differentiation, indicating that Sox9 is required to
establish osteochondro-progenitor cells that produce both
chondrocytes and osteoblasts.

Spatial regulation of chondrogenesis and osteoblasto-
genesis might be under the control of the canonical Wnt
signaling pathway [15,16]. Wnts activate the canonical
pathway by binding to the Frizzled family of receptors and
the LRP5/6 family of co-receptors. This binding stabilizes
b-catenin, which then translocates into the nucleus where

http://www.sciencedirect.com
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Review TRENDS in Molecular Medicine Vol.11 No.11 November 2005522
it interacts with members of the T-cell-factor (TCF)/
lymphoid-enhancer factor (LEF) HMG-box family to
activate target genes. Genetic inactivation of b-catenin
causes ectopic formation of chondrocytes at the expense of
osteoblast differentiation during both endochondral and
intramembranous ossification, whereas ectopic canonical
Wnt signaling leads to enhanced ossification and suppres-
sion of chondrocyte formation [15]. It is likely that the
inhibitory effect of b-catenin on chondrogenesis is due to
transcriptional down-regulation of Sox9 [16]. The spatial
and temporal chondrocyte differentiation in cell conden-
sations may be controlled by the preferential expression of
Wnt5a, Wnt11 and Wnt14 at the periphery of the newly
formed cartilage in the limb [17], and by expression of Wnt
antagonists such as Sfrp-3 into prechondrogenic mesench-
ymal condensations (reviewed in [18]). In prechondrogenic
condensations, in the presence of low b-catenin protein
levels, Sox9 might cause b-catenin degradation [19],
thereby further favoring chondrocyte differentiation. The
mutual inhibition between Sox9 expression and the
canonical Wnt signaling indicates that chondrocyte
differentiation is controlled by a positive feedback loop in
which initial inhibition of the canonical Wnt signaling
leads to Sox9 expression, which further inhibits Wnt
signaling and osteoblast differentiation to promote full
differentiation of chondrocytes [15].

The canonical Wnt signaling pathway is also likely to
be crucial in the chondrogenesis taking place in joints. The
b-catenin-mediated Wnt pathway might be necessary and
sufficient for inducing synovial joint formation [17,20].
Activation of the canonical Wnt pathway may lead to loss
of chondrocyte markers through decreased Sox9
expression [17,20]. Simultaneously, maintenance of the
differentiated state in articular chondrocytes may be due
to expression of Sfrp-2 and Sfrp-3 [17,21].
www.sciencedirect.com
Overt chondrocyte differentiation

In addition to its role in cell condensations, Sox9 positively
regulates expression of collagen types II, IX, XI and
aggrecan (reviewed in [22]). Sox9 transcriptional activity
is positively modulated by factors such as CREB-binding
protein (CBP/p300) and peroxisome proliferator-activated
receptor gamma co-activator 1a (PGC-1a) [13,23], which
might represent a spatial and temporal control of Sox9
activity. Sox5 and Sox6 are also expressed early during
chondrocyte differentiation, but probably downstream of
Sox-9 in the differentiation pathway [14]. Sox5- and Sox6-
deficient mice still form cartilage, even though they
express reduced levels of collagen type II, IX and XI, and
aggrecan [24]. Unlike Sox9, Sox5 and Sox6 do not have
transactivation domains and the molecular mechanisms
whereby these two factors affect chondrocyte differen-
tiation have not yet been elucidated. Differentiated
chondrocytes in the growth plate and joints become
located in a hypoxic environment, which induces acti-
vation of hypoxia inducible factor (HIF)-1. HIF-1 makes
chondrocyte survival possible in hypoxic conditions [25]
and may be required to maintain expression of chondro-
cyte markers such as type II collagen [26].

Hypertrophic chondrocyte differentiation

In the growth plate, and probably also in articular
cartilage [7] and the IVD end-plate [27], chondrocytes
undergo hypertrophic differentiation, characterized by
expression of collagen type X. Hypertrophic conversion
has almost exclusively been studied in the context of the
growth plate. Although Sox9 appears important in the
first steps of chondrocyte differentiation, the transcription
factor Cbfa1 is involved in the control of hypertrophy.
Cbfa1 expression increases with maturation of chondro-
cytes and type X collagen expression is disturbed in Cbfa1-
deficient mice [28]. The Wnt canonical pathway might also
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be involved in hypertrophic differentiation. When over-
expressed in the chick, Wnt4, which is normally expressed
in cells flanking the peri-articular region, accelerates the
progression of proliferating to hypertrophic chondrocytes
[18,29]. The distribution of b-catenin, changing from
largely cytoplasmic in proliferating and pre-hypertrophic
chondrocytes, to nuclear in hypertrophic cells, also
suggests that the canonical Wnt pathway is involved in
terminal differentiation [21]. Hypertrophic conversion is
also largely controlled by a signaling loop involving Indian
hedgehog (Ihh) and parathyroid hormone-related protein
(PTHrP; Figure 1). In addition to its role in stimulating
osteoblast differentiation [30,31], Ihh secreted by the pre-
hypertrophic chondrocytes signals to its receptor Patched
in cells of the surrounding perichondrium [32]. This
results in expression of PTHrP, which inhibits hyper-
trophic differentiation of pre-hypertrophic cells.

Role of chondrocytes in cartilage homeostasis

In persistent cartilages, chondrocytes are responsible for
the maintenance of the balance between secretion and
degradation of the ECM. In the course of degenerative
diseases such as OA, the equilibrium between secretion
and degradation is altered in favor of the latter, because of
mechanical and inflammatory factors. After traumatisms,
chondral defects do not heal and are often subject to
inflammation. During OA, chondrocyte behavior is often
heterogeneous, although it is commonly observed that
cells lose expression of ECM proteins while increasing
that of proteases (reviewed in [33]). In late stages of OA,
inflammatory cytokines such as interleukin (IL)-1b and
tumor necrosis factor (TNF)-a may cause loss of chon-
drocyte markers by decreasing Sox9 levels [34], increasing
expression of Wnt, and stabilizing b-catenin [35,36]. In
addition, one of the consistent features of joints affected by
OA is the development of intra-articular osteochondral
tissues, named osteophytes [33], in which mesenchymal
cells from periosteum or synovial tissue differentiate
towards hypertrophic, type X collagen-expressing cells
[37]. The changes associated with IVD degeneration
appear very similar, with the loss of Sox9, collagen type
II, and aggrecan, and an increase in collagen type X
expression [27,38,39].

Applying our basic knowledge to cartilage engineering

Mesenchymal stem cells for engineering cartilage

The use of autologous chondrocytes for tissue engineering
raises several major issues such as morbidity at the donor
site, low cell number upon harvest, and loss of chondrocyte
markers in culture. MSCs have therefore been considered
to be a promising alternative. Initially discovered in the
bone marrow, MSCs are stromal cells that support
hematopoiesis, and have the ability to give rise to many
lineages such as myoblasts, hepatocytes, adipocytes,
osteoblasts and chondrocytes [40]. However, not all
stromal cells from bone marrow are multipotent. Although
most surface markers have been found inadequate as a
means to identify stem cells because the putative markers
may also be found on non-stem cells, or a particular
marker may only be expressed on a stem cell at a certain
stage or under certain conditions [41], MSCs are believed
www.sciencedirect.com
to be uniformly positive for markers such as CD29, CD44,
CD71, CD90, CD106, and negative for markers of the
hematopoietic lineage, including CD14, CD4, and CD45.
For a long time, bone marrow was considered the main
reservoir of MSCs. Typically the MSCs recovered from a 2-
ml bone marrow aspirate can be expanded 500-fold over a
period of about three weeks resulting in a theoretical yield
of 12.5 to 37.5 billion cells [42]. The cells generally retain
their pluripotency for at least a further 6–10 passages
[42]. Because the recovery of MSCs from bone marrow is
also a source of pain, morbidity and is not very high
yielding, many researchers have investigated other
sources. MSCs were subsequently isolated in several
locations such as adipose tissue [43], cryo-preserved
umbilical cord blood [44], human exfoliated deciduous
teeth [45], skin [46] and even peripheral blood [47].
Interestingly, several recent studies have provided some
evidence that during culture chondrocytes revert to a
primitive phenotype similar to that of MSCs, and can be
also induced to re-differentiate into multiple lineages
[48–50].

When transplanted into non-immunocompromized ani-
mals, human MSCs undergo site-specific differentiation
into multiple lineages and persist in the long term [51].
The persistence of MSCs and maintenance of their
pluripotency in a xenogenic environment may be due to
their lack of an HLA type II receptor and the secretion of
cytokines. Nevertheless, there remain major obstacles in
the path towards the clinical use of MSCs. For example,
the addition of fetal calf serum (FCS) in the culture media
poses the risk of the transmission of viruses or prions and
a reaction to bovine proteins. It has been determined that
7–30 mg of FCS proteins are associated with a standard
preparation of 100 million MSCs, a dosage that will
probably be needed for clinical therapies [42]. In the first
clinical trials using MSCs in the treatment of osteogenesis
imperfecta, an immune response caused by anti-FCS
antibodies was observed in one patient, even though
clinical results were promising in other patients [52]. One
of the biggest challenges facing the advancement of MSC
therapy is therefore the development of FCS-free alterna-
tives. Autologous serum and artificial serum substitutes
have already proved promising in allowing proliferation
while maintaining pluripotency [53,54].

Although implantation of unmodified MSCs has been
reported to repair cartilage defects in rabbits [55], the
implantation of uncommitted cells often leads to fibrocar-
tilage formation, indicating that the in vivo environment
is not sufficient to promote chondrogenesis. Before
envisioning the ex vivo use of growth factors or genetic
manipulations, we must, however, carefully consider that
the chondrogenic potential of MSCs is dependent on the
plating density and period of expansion [56], and is
favored by hypoxia [57] and hydrostatic pressure [58].

The chondrocyte differentiation of MSCs is typically
achieved in the presence of TGF-b [6,10,59], whereas the
IVD cell differentiation of MSCs may be favored by TGF-
b3, ascorbate and dexamethasone [8]. However, although
TGF-b inhibits chondrocyte terminal differentiation [60],
TGF-b-containing media have been associated with type X
collagen expression in MSCs [8,43,56]. It must therefore
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Box 1. Outstanding questions

- Can we manipulate the Wnt/b-catenin pathway to favor chondro-

cyte commitment of MSCs?

- Can we achieve efficient chondrogenesis in FCS-free culture

media?

- What is the exact phenotype of the nucleus pulposus cells?

- Is it possible to build a nucleus pulposus using MSCs?
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be carefully checked that reimplantation in persistent
cartilages of MSC treated with TGF-b will not lead to
uncontrolled chondrocyte hypertrophy. For instance,
repair of cartilage in rats by implantation of mesenchymal
cells overexpressing BMP-2 led to osteophyte formation
[61]. Osteophyte formation might be prevented by forced
overexpression of Sox9, which promotes cell condensation
and early differentiation, but blocks hypertrophy
(reviewed in [2]). Unfortunately, Sox9 overexpression
failed to induce chondrogenesis in MSCs [13], probably
because additional signals are necessary for Sox9 activity
[62]. The ets transcription factor ERG, which is expressed
during development in a pattern similar to that of Sox9,
has been reported to prevent chondrocyte hypertrophic
maturation [63]. The precise role of ERG in chondrocyte
differentiation remains obscure, however. The canonical
Wnt signaling could also be manipulated to modulate
chondrogenesis by altering b-catenin levels [15]. Levels of
b-catenin would have to be kept low to promote initial
chondrocyte differentiation and inhibit hypertrophic
differentiation. Accordingly, mouse embryonic mesenchy-
mal progenitor cells in which b-catenin was inactivated
differentiate toward chondrocytes in osteogenic conditions
[15]. In this context, the recent conflicting report that
activation of the nuclear effector of the Wnt canonical
pathway, LEF-1, promotes chondrogenic differentiation of
the mesenchymal C3H10T1/2 cells [64], appears surpris-
ing and will need to be confirmed with a more relevant cell
model.

Scaffolds for cartilage engineering

Two approaches can be considered in cartilage tissue
engineering: implanting either cartilage that is immature
(without a dense cartilage ECM), or mature (with an
ECM). In case of immature engineered cartilage, a
combination of cells and a scaffold will form the new
tissue in vivo; in case of mature engineered cartilage, the
tissue is formed in vitro before implantation. Although
mature cartilage has greater mechanical properties,
implantation of immature cartilage has several significant
advantages (reviewed in [3]). Firstly, immature engin-
eered cartilage can be injected, allowing minimally
invasive procedures that will reduce morbidity. Secondly,
immature cartilage will integrate better with the sur-
rounding host cartilage by taking the form of a defect that
has an irregular size and shape. Thirdly, injectable
scaffolds that will reticulate and adhere in situ will
prevent the use of periosteal flaps, which are commonly
used to maintain cells in the defect, but are difficult to
suture to the surrounding healthy cartilage, and often
result in leaks (reviewed in [65]). Finally, given that the
water content of cartilage is high and that chondrocyte
differentiation increases with scaffold hydrophily [66], the
use of hydrogels would be advantageous. Hydrogels are
cross-linked polymeric systems capable of absorbing large
volumes of aqueous solutions. Besides their hydrogel
composition, which can be highly variable, important
parameters that need to be thoroughly considered are
their resorbability and their architectural properties.
Indeed, any biomaterial, either synthetic or from a foreign
origin, must ideally be eliminated once the material has
www.sciencedirect.com
permitted the formation of a functional tissue. The three-
dimensional parameters of hydrogels need to be precisely
controlled to optimize their bioactivity. The network
density of hydrogels can be modulated by altering cross-
linking density, which in effect, changes the volume of
water that is absorbed in the hydrogel and the mechanical
properties (reviewed in [3]). Hydrogel reticulation can be
triggered by temperature changes (glycol polymer Plur-
onicsw, collagen, ECM extract from a mouse sarcoma
Matrigele, and fibrin glue; reviewed in [3]), addition of a
polymerizing agent (alginate) [67], change in pH (cellu-
lose) [68] or exposure to light [69].

To date, numerous hydrogels have been synthesized
and tested both in vitro and in small animal models of
articular cartilage defects (reviewed in [3,70]). Although
encouraging results have been obtained in some studies
[55,71], much work still needs to be accomplished to
optimize the biological and, above all, mechanical proper-
ties of the newly formed articular cartilage tissue. In
addition, clinical application will depend on the successful
application of these hybrid materials and technologies to
large animal models that are more relevant to humans.

In contrast to articular cartilage repair, the tissue
engineering approaches to repairing the IVD are only just
starting to emerge. A recent study has nevertheless
demonstrated the feasibility of using MSCs embedded in
Atelocollagen to restore altered disc tissue in a rabbit
model [72]. There is still a lack of relevant animal models
for IVD degeneration, however. Several models of induced
or spontaneous degeneration have been described but they
fall short on many criteria (for a review see [73]). An
acceptable model therefore has to be developed to facilitate
understanding of how stem cell therapy can be used to
correct or ameliorate disc disease.
Concluding remarks

MSCs, which are easily available in several adult tissues
and are able to undergo chondrogenic commitment, are of
great interest in articular cartilage engineering. Several
recent studies on chondrocyte commitment have provided
us with new possibilities to optimize MSC-induced chon-
drogenesis. In particular, the stimulation of chondrogenesis
by manipulation of the Wnt/b-catenin pathway provides a
great challenge. Concerning intervertebral disc regener-
ation, much work remains to be accomplished to character-
ize precisely the phenotype of the NP cells and decipher
whether MSCs can satisfactorily rebuild a degenerated NP.
Finally, hybrid materials combining MSCs with injectable
scaffolds will have to be tested in relevant animal models of
articular cartilage defects and IVD degeneration. The
successful application of this approach in humans requires
answers to these questions (Box 1). The number of people
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experiencing invalidity as a consequence of cartilage
disorders is increasing exponentially, so effective thera-
peutic strategies must be developed now.
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THERAPIE CELLULAIRE DU CARTILAGE ARTICULAIRE : TRANSFERT DE CELLULES AUTOLOGUES 

PAR DES BIOMATERIAUX INJECTABLES. 

 
Les lésions dégénératives du cartilage articulaire affectent une part importante de la population et 

représentent un enjeu majeur de santé publique. Le cartilage articulaire, tissu non vascularisé, possède 

de faibles capacités de réparation spontanée. Pour promouvoir la réparation de ce tissu, l'amplification 

et le transfert de chondrocytes autologues par un biomatériau apparaît prometteur. Dans ce but, nous 

avons développé un hydrogel auto réticulant à base d’hydroxypropyl méthylcellulose silanisée 

(HPMC-Si). Lors d'une première étude, nous avons démontré que notre hydrogel HPMC-Si permettait 

la prolifération de chondrocytes, la production de GAG sulfatés et l'expression des principaux 

marqueurs chondrocytaires (collagène II et agrécane). Dans un deuxième temps, nous avons démontré 

que cet hydrogel associé à des chondrocytes nasaux humains était capable de former un tissu 

cartilagineux en sites sous-cutanés chez la souris nude. Dans un troisième temps, la transplantation de 

chondrocytes nasaux autologues associés à l’HPMC-Si dans des défauts cartilagineux, en site 

articulaire chez le lapin, a permis la formation d’un tissu de réparation cartilagineux de nature hyaline. 

Le cartilage nasal et l’hydrogel HPMC-Si semblent donc être respectivement une source de cellules et 

une matrice de choix pour l’ingénierie tissulaire du cartilage. Parmi les stratégies actuelles en 

ingénierie tissulaire du cartilage, la validation de nouvelles sources de cellules autologues, en 

particulier les cellules souches mésenchymateuses adultes, font l’objet de recherches intenses. Ces 

travaux pourraient déboucher sur l’ouverture de nouvelles fenêtres thérapeutiques en médecine 

régénérative. 

 

CELL THERAPY OF ARTICULAR CARTILAGE: TRANSFER OF AUTOLOGOUS CELLS WITH INJECTABLE 

BIOMATERIALS 
 

Degenerative joint diseases affect a significant part of the population and thus represent a major stake 

of public health. It is well known that the intrinsic repair capacity of articular cartilage is limited. To 

promote the repair of this tissue, amplification and transfer of autologous chondrocytes using a three-

dimensional matrix appear promising. In this attempt, we developed a self-setting and three-

dimensional matrix consisting of a silanized cellulose derivative (Si-HPMC). Firstly, we have shown 

that Si-HPMC enabled the proliferation of articular chondrocytes and the expression of the main 

chondrocytic markers during a three-dimensional culture in vitro. Secondly, we have demonstrated 

that our Si-HPMC hydrogel containing human nasal chondrocytes allowed the production of a 

cartilage-like extracellular matrix containing Glycosaminoglycans and type II collagen in 

subcutaneous site in nude mice. Thereafter, the formation of hyaline-like repair cartilage containing 

type II collagen and glycosaminoglycans have been achieved after the transplantation of Si-HPMC 

containing autologous nasal chondrocytes in articular cartilage defects. Our data indicated that Si-

HPMC is a valuable matrix, and that nasal cartilage is a clinically relevant cell source for tissue 

engineering. Recently, the use of mesenchymal stem cells (MSC) as an alternative cell source for 

cartilage tissue engineering has been contemplated. This use of MSC could allow to open new 

therapeutic windows in regenerative medicine. 
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