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Tissue engineering offers the possibility to reconstruct tissue substitutes in order to replace
lost or damaged tissues. The availability of appropriate biomaterial devices is essential to
allow in vitro cultured cells to behave as in the original tissues in vivo. In our studies we
utilized a seminatural biomaterial made up by the benzyl ester of hyaluronan to grow
keratinocytes, ®broblasts and chondrocytes. Keratinocytes and ®broblasts were isolated
from human foreskin. Cells were separately cultured on two different hyaluronan based
biomaterial devices for the ®rst 15 days and then co-cultured for an additional period of 2
weeks. Keratinocytes gave rise to a well-differentiated epithelial layer, while ®broblasts were
able to synthesize all the main extracellular molecules inside the biomaterial spaces, forming
dermal-like tissues. When these two tissues were co-cultured, a skin equivalent was formed
with a dermal±epidermal junction. Chondrocytes were obtained from chick-embryo sterna
and cultured for 21 days inside a non-woven scaffolding made up of a hyaluronan-based
biomaterial. Cells were able to organize themselves into nodules embedded in a dense
metachromatic substance in which type II collagen was present. Data from this study suggest
that this novel class of hyaluronan derived biomaterials is suitable for different cell culture
and in vitro tissue reconstruction.
# 1999 Kluwer Academic Publishers

1. Introduction
Many diseases cannot simply be managed by pharma-

cological therapies and therefore they represent severe

problems for the clinician. Over the past 80 years, the

clinical solution to restoring structure and function of

damaged tissues and organs has been based on the search

for other therapies with the aim of overcoming this

medical gap. The ®rst successful approach in treating

such diseases was cell transplant. The infusion of

homologous blood cells started the era of the cell

therapy. Later on, great improvements made in surgical

procedures and in the immunological ®eld allowed the

substitution of whole organs, such as kidney, heart, liver,

lung, and pancreas, obtained from healthy donors or

cadavers. Although these solutions have resulted in high

increase of patient survival, the numbers of donors and

graft rejection represent the major limiting dif®culties for

this practice. A new impetus for the development of

alternative strategies is represented by cell culture

technologies that can offer to scientists the possibility

to collect, isolate, cultivate and expand almost all kinds

of animal and human cells starting from small biopsies.

This new frontier, called tissue engineering, is based on

the assumption that tissue cells, when cultured in vitro,

must behave in a way similar to that of the original tissue.

In other words, cells must proliferate, differentiate and

organize themselves in order to reconstruct a suitable

environment that can allow their original expression.

According to this principle, one might hypothesize that

the new strategy for applied clinical research should be

the reconstruction in vitro of tissues and entire organs

obtained by guided in vitro proliferation of autologous

cells of the same patient to be eventually grafted [1]. It is

a matter of fact, however, that cells seeded in plastic

culture devices expand only in a two-dimensional way. In

such a condition cells cannot synthesize and deposit

extracellular matrix (ECM) components and, often,

undergo dedifferentiation. The lack of a three-dimen-

sional architecture and the absence or scarcity of speci®c

ECM components, which are essential for regulating

cellular activities, may cause the loss of the original

phenotype of the cultured cells. To overcome these

problems particular medical devices have been proposed

as scaffolding for the guided cell growth in vitro. In this

way, cells can expand in a three-dimensional support in

which they can deposit a surrounding ECM [2]. As a ®nal

result, an engineered tissue is obtained which shares

similar properties with the native tissue and can be

utilized in vivo as a tissue substitute. Currently, various

kinds of biomaterials are available for cell culture and

tissue reconstruction which can be roughly classi®ed in

three main categories: natural, semisynthetic (or semi-

natural) and synthetic. Many of these have been tested

for their biocompatibility and biodegradability both in
vitro and in vivo [3±9]. Protein-based polymers such as
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collagen, ®bronectin, ®brin have been chemically

modi®ed to form materials that can be molded in various

shapes. Glycosamino-glycans (GAGs), such as hyalur-

onan, chondroitin sulfate, dermatan sulfate and chitin,

have also been covalently modi®ed to alter their water

solubility and degradation rates. These modi®ed natural

substances represent the semisynthetic biomaterials

which are widely used as scaffolding for cell culture

and cell delivery. Recently, hyaluronan, a non-sulfated

glycosaminoglycan has been modi®ed by the esteri®ca-

tion of the carboxyl groups along the backbone with

aliphatic or aromatic alcohols to form a water insoluble

biomaterial which can be processed to produce spun

®bers, woven and non-woven textiles, meshes, mem-

branes, etc. Hyaluronan is a ubiquitous molecule present

in all the connective tissues and it has been shown to

exert a fundamental role in many biological processes

such as water balance, cell recognition, embryonic

development [10±22] and wound healing both in adult

and fetal life stages [23±27]. When considering all these

biological properties, for many researchers it has been

tempting to think that hyaluronan derivatives may

constitute suitable supports for the growth of mammalian

cells [28±32]. In particular, mature cells or stem elements

can be stimulated to divide and differentiate in contact

with this natural non-sulfated polysaccharide [33±34]. In

our laboratories we have tested various formulations of

esteri®ed hyaluronan to assess their biocompatibility and

biodegradability [35, 36] and the most suitable devices

for cell culture were found to be represented by the

benzyl ester of hyaluronan, called HYAFF-111 (Fidia

Advanced BioPolymers; FAB, Abano T., Italy). Two

different forms of this biomaterial were used: non-woven

meshes (20-mm-thick ®bers, with a speci®c weight of

100 g mÿ 2) and microperforated membranes (20-mm-

thick membranes with laser-made micropores of 40 mm

in diameter, LaserSkinTM). In the present work we

studied the behavior of various cell types cultured on

these hyaluronan derived supports, such as keratinocytes,

®broblasts and chick embryo chondrocytes.

2. Materials and methods
2.1. Biomaterials
Biomaterials used in the present study were both derived

from the total esteri®cation of hyaluronan with benzyl

alcohol [37, 38] and referred to as HYAFF-111 (100%

nominal degree of substitution, effective range was 92±

100%). The molecule is synthesized starting from 80±

200 kDa sodium hyaluronate. The ®nal product is non-

cross-linked linear polymer with an undetermined

molecular weight and insoluble in aqueous solutions,

even though it spontaneously hydrolyses with time,

releasing benzylic alcohol and hyaluronan.

Two different forms of HYAFF-11 were used: (1) non-

woven meshes made of 20-mm-thick ®bers, with a

speci®c weight of 100 g mÿ 2; (2) 20-mm-thick mem-

branes with laser-made micropores of 40 mm in diameter

(LaserSkin1). These devices were obtained from Fidia

Advanced Biopolymers (FAB, Abano T., Italy).

2.2. Cell cultures
2.2.1. Fibroblast±keratinocyte composite

cultures
Keratinocytes and ®broblasts were isolated from human

foreskin. Keratinocytes were obtained from epidermis by

trypsin digestion, while ®broblasts were isolated from

dermis by sequential trypsin and collagenase digestion.

Keratinocytes were cultivated according to the method of

Rheinwald and Green [39, 40] and ®broblasts were

cultured in Dulbecco's modi®ed Eagle's medium

(DMEM) containing 10% fetal bovine serum, L-

glutamine (4 mM), and penicillin±streptomycin

(50 i ml)ÿ 1 (all from Seromed, Berlin, Germany). At

con¯uence ®broblasts were harvested and seeded at a

density of 36105 cmÿ2 on squares of non-woven meshes

(1:561:5 cm) in the above-mentioned medium con-

taining sodium ascorbate (50 mg mlÿ 1). The non-woven

squares had been ®xed on culture plates by mean either

of stainless steel rings or with a ®brin clot. Keratinocytes

were plated in secondary cultures at a density of

26 104 cells cmÿ2 onto the LaserSkin membrane in the

presence of a feeder layer of non-proliferating Swiss

BALB/c 3T3 mouse ®broblasts. At con¯uence (10±12

days), pieces of membranes (1:56 1:5 cm) were laid

down and ®xed to the non-woven meshes on which

dermal ®broblasts had been grown for 15 days. The

®broblast±keratinocyte composite cultures were laid

down carefully on sterile stainless steel grids and then

cultivated for 15 days at the air±liquid interface. At the

end of this period, cultures were collected without using

proteolytic enzymes and gently cut in two halves: one

was ®xed in 10% buffered formalin and, after paraf®n

embedding, processed for routine histology. The other

was embedded in OCT (Tissue-Tek, Elkhart, IN) and

immediately deep-frozen to be used for immunohisto-

chemical characterization.

2.2.2. Chick-embryo chondrocytes
Primary cultures of chick embryo chondrocytes were

established, as described elsewhere [41±43]. Brie¯y, 15-

day-old chick embryos were sacri®ced and the sterna

removed in aseptic conditions. Each sternum was then

®nely minced and pooled biopsies were dissolved by

serial enzymatic digestions in trypsin (Gibco), testicular

hyaluronidase (Sigma, St. Louis, MO) and collagenase

type I (Sigma), respectively. Finally, digested material

was centrifuged at 1000 r.p.m. for 10 min, and pellets

resuspended in complete medium (Ham's F12 supple-

mented with 10% fetal calf serum (FCS), 1% pennicillin/

streptomycin, 1% L-glutamine, 50 mg mlÿ 1 of L-

ascorbic acid (Sigma), 1 ng mlÿ 1 of transforming

growth factor-b1 (TGF-b1 Calbiochem), 1 ng mlÿ 1 of

insulin (Sigma), 1 ng ml epidermal growth factor (EGF;

Sigma) and 10 ng mlÿ 1 of b-®broblast growth factor

(bFGF) (Calbiochem). Viability of each preparation was

checked by trypan blue exclusion. Medium was changed

every other day and cells were routinely expanded on

plastic. Only cells at the ®rst or second passage were used

for experiments. Chick chondrocytes were trypsinized,

detached from the plastic ¯asks and seeded onto the

hyaluronan-derived non-woven ¯eeces (161 cm). The

biomaterials were completely hydrated with approxi-
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mately 100±150 ml of medium containing 26 105 cells.

Cultures were then returned to the incubator and, after

3 h, 1.5 ml of complete medium were added to each

capsule. The same cell density was used to set up controls

on 35-mm diameter coverslips placed in Petri dishes. At

1, 2, and 3 weeks after seeding the biomaterials were

harvested and cut in two: one half snap-frozen for

histology and the other processed for electron micro-

scopy. Histological analyses were also performed on the

control chondrocytes grown on sterilized coverslips.

Snap-frozen biomaterial scaffolding were sliced into

sections of 5 mm, placed on gelatin-coated slides and

®xed with acetone for 10 min at room temperature.

Samples were stained with 1% Toluidine blue ( pH 2.0)

for histochemistry. For immunohistochemistry, sections

were stained with a mouse antichick collagen type II

monoclonal antibody, obtained from the Developmental

Studies Hybridoma Bank (Iowa City, IA, USA). Immune

reaction was revealed by the avidin±biotin system using

Vectstain-ABC kit (Vector Laboratories, Burlingame,

CA) and slides were stained with 3-amino-9-ethylcarba-

zole and were counterstained with haematoxylin.

Positive control histological sections obtained from

chick embryo sternum were treated for 30 min at 37 �C
with bovine 5 mg mlÿ 1 testicular hyaluronidase (Sigma)

in PBS at pH 6.0 before immunostaining for collagen

type II. Negative control sections were obtained by

omitting the primary antibody. This same staining

procedure was applied to the control chondrocytes

grown on coverslip.

All cell cultures were done in triplicate with three

different cell preparations and the histological pictures

are representative of all the different samples.

2.3. Proliferation assay
When needed, the proliferation rate of cells within the

non-woven mesh was determined by the 3-4,5-

dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide

(MTT) based cytotoxicity test, performed according to

the method of Denizot and Lang [44] with minor

modi®cations. The test is based on mitochondrial

viability, i.e. only functional mitochondria can oxidize

MTT solution giving a typical blue±violet end-product.

This assay is an indirect method to assess cell growth and

proliferation since the OD values can be correlated to the

cell number.

At ®xed intervals, non-woven pieces were detached

from the culture dishes and transferred into new wells

and MTT was added to establish cell growth. Sister

cultures in the absence of biomaterial were used as

controls.

3. Results
3.1. Fibroblast±keratinocyte co-cultures
Human ®broblasts seeded onto non-woven HYAFF-11

were able to adhere to the textile ®bers and proliferate.

Fibroblast cultures were monitored for up to 30 days,

after which the biomaterial began to dissolve into the

medium. As demonstrated previously [32], during the

®rst week of cell growth, ®broblast proliferation into the

biomaterial non-woven mesh was comparable to that of

the control culture dishes. In later stages of culture, while

®broblasts seeded in culture plates reached con¯uence

after 1 week and then signi®cantly reduced their

proliferation, cells seeded onto non-woven mesh con-

tinued to proliferate because they had the possibility to

spread in three-dimensional manner, ®lling the scaf-

folding spaces [32].

Keratinocytes seeded onto LaserSkin membranes

proliferated and reached con¯uency after 10±12 days.

They colonized both sides of the membrane, migrating

through the micropores (Fig. 1). When these membranes

were detached from the dish and placed on the top of the

non-woven meshes in which human ®broblasts had been

cultivated for 2 weeks the composite cultures formed,

after an additional 2 weeks, an arti®cial skin consisting of

both a well-differentiated epithelial layer and a dermal-

like structure. Fig. 2 shows the histological appearance of

a composite culture of keratinocytes and ®broblasts. On

the top of the ®gure an epidermal layer of differentiated

keratinocytes is clearly evident, while ®broblasts are

present in the underlying non-woven mesh. The

immunohistochemical analyses of the main differentia-

tion markers of keratinocytes, basal lamina and dermal

equivalent tissue are reported in Table I. It can be seen

that keratinocytes of the super®cial layers express

keratin, involucrin and ®lagrrin, while keratinocytes

facing the dermal-like tissue express b-1 and b-4 integrin

subunits. Fibronectin, laminin-1, type I, III and IV

Figure 1 Cross-section of keratinocyte-loaded microperforated mem-

brane (m) at 15 days of culture. On the upper side there is a

pluristrati®ed layer of terminally differentiated keratinocytes and the

cells that have migrated through the holes have formed a well strati®ed

epithelium beneath the membrane. 1% Toluidine Blue staining (2006).

Figure 2 Cross-section of a ®broblast-keratinocyte co-culture after 15

days. In the upper part of the ®gure keratinocytes present on both sides

of the HYAFF membrane (m) are clearly distinguishable. The lower

part of the ®gure shows the dermal-like structure in which ®broblasts

are randomly dispersed around the ®bers of the non-woven mesh (n).

The keratinocyte layer facing the dermal-like structure present a region

of proliferating cuboidal-shaped cells in contact with the extracellular

matrix secreted by ®broblasts present in the underlying non-woven

mesh (haematoxylin and eosin; 1006).
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collagens are present in the dermal-like layer. The

speci®c molecules of the basal lamina, such as type VII

collagen and laminin-5 are expressed at the epidermal-

dermal junction.

3.2. Chick-embro condrocytes
Chondrocytes seeded onto non-woven ¯eeces of the

biomaterial adhered in a few hours. With phase contrast

microscopy, cells cultivated on hyaluronan-based scaf-

folding appeared round in shape and most chondrocytes

seemed to adhere to the ®bers 3 h after seeding (data not

shown).

Toluidine Blue staining of sections showed that the

chondrocytes tended to form nodules of different sizes

within one week of culture. The chondrocyte clusters

formed in the non-woven interstices, appear embedded in

an apparently GA G rich, dense positive metachromatic

substance, as shown in Fig. 3, where a semithin section

after Toluidine Blue staining is represented. Cells at the

periphery of the nodules appear ¯attened, while

chondrocytes in the inner part of the cluster were large

and ovoid. In the biomaterial scaffolds the cartilage

nodules at weeks 2 and 3 consistently demonstrated an

abundant metachromatic extracellular matrix. In con-

trast, chondrocytes grown on glass coverslips

progressively assumed a ®broblast-like appearance with

a few interspersed clusters of round cells surrounded and

embedded in a metachromatic substance which after 2

weeks tended to completely disappear (data not shown).

The immunolocalization of type II collagen around the

cartilage-like nodules formed inside the biomaterial

scaffolding con®rmed the chondrocyte phenotype

which ®rmly persisted up to three weeks (Fig. 4).

Control chondrocytes grown on coverslips were able to

synthesize type II collagen only during the ®rst week of

culture and then its presence progressively decreased

through the second week to disappear completely after

three weeks (data not shown).

4. Discussion
In this paper we have described the use of semisynthetic

scaffolding made up by the benzyl ester of hyaluronan

(Hyaff materials) in which keratinocyte, ®broblasts and

chondrocytes were cultured.

4.1. Keratinocytes and ®broblasts
Keratinocytes grown on LaserSkin membranes gave rise

to a well-differentiated strati®ed epithelium, while

®broblasts were able to populate a three-dimensional

non-woven mesh of HYAFF-11 and deposit in the

inter®brillar spaces extracellular matrix, forming a

dermal-like tissue. It has been possible to demonstrate

that, with a composite culture system, cultured keratino-

cyte sheets could be placed onto the non-woven mesh in

which ®broblasts had been cultured for 15 days. After an

T A B L E I Expression of differentiation markers in keratinocyte-®broblast co-culture

Involucrin

®laggrin

keratin

b1 and ÿb4

integrin

subunits

Type I and

III collagen

Type IV

collagen

®bronectin

laminin-1

Type VII

collagen

laminin-5

Suprabasal KC � ± ± ± ±

Basal KC ± � ± ± ±

Basal lamina ± ± ± � �
Dermal-like layer ± ± � � ±

�Marker expressed; ± marker unexpressed.

KC, keratinocytes.

Figure 3 Cross-section of 3 weeks culture of chick embryo

chondrocytes grown onto hyaluronan based ¯eeces and stained with

1% Toluidine Blue. The central part of the cartilage nodule is populated

by round shaped cells, while the periphery is characterized by the

presence of ¯attened and elongated cells. The metachromatic staining,

which is evident in the central part of the chondrocyte cluster, stands for

glycosaminolycans deposition around the cells. (1% Toluidine Blue

staining; 2006).

Figure 4 Immunolocalization of type II collagen (dark staining) in

chick embryo chondrocyte cluster after 3 weeks from seeding into

HYAFF non-woven mesh. Counterstaining with haematoxylin. (4006).
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additional 2 weeks, the composite cultures formed a skin-

like tissue consisting of both a well differentiated

epithelial layer and a dermal-like structure. As expected,

the interaction of these two distinct tissues gave rise to an

evident basal lamina at the interface between keratino-

cytes and ®broblasts.

Mesenchymal±epithelial interactions have been

demonstrated to regulate several aspects of the epithelial

development and homeostasis [45]. In fact, much

evidence supported the concept that the dermal compo-

nent constitutes a permissive and regulatory

microenvironment for the growth and differentiation of

cultured keratinocyte sheets [46, 47]. Composite co-

cultures of both ®broblasts and keratinocytes have

improved clinical outcomes of skin transplants [49±57],

and the possible future use of this organotypic culture as

in vitro cytotoxicity assay for the replacement of current

animal models is strongly encouraged [58]. In clinical

practice, even though keratinocyte culture techniques

have improved, the use of keratinocyte laminae for

wound treatment is often unsatisfactory [53]. Indeed, it is

now widely accepted that, in the presence of a dermal

support, cultured keratinocyte grafts might overcome

several problems arising from their clinical application,

such as fragility, dif®cult handling and contraction. In

addition, the clinical use of composite ®broblast/

keratinocyte cultures may de®nitely improve the take-

rate at wound sites.

4.2. Chondrocytes
Chondrocytes seeded onto three-dimensional scaffolding

of HYAFF materials diffused into the ®bril network and

adhered to the biomaterial ¯eeces. Clusters of chon-

drocytes around the biomaterial ®bers were observed

directly with phase contrast microscopy after 3 h of

culture. Cells then started to proliferate and those trapped

in the interstices of the scaffolding were able to form

cartilage nodules of different sizes. All the nodules

become embedded in their own matrix made up of a

dense metachromatic substance, rich in glycosaminogly-

cans and type II collagen. The presence of the latter

demonstrated that the chondrocyte cultured inside these

hyaluronan-based biomaterials retained their phenotype,

since they were able to synthesize collagen type II, a

typical marker for hyaline cartilaginous ECM. In

contrast, the control chondrocytes cultured on coverslips

formed a monolayer of cells, the morphology of which

was quite different from that observed in the cultures

inside the biomaterial scaffolding. After 1 week of

culture, chondrocytes grown on glass or plastic surfaces

assumed a ®broblast-like appearance. Only scattered

clusters of round cells could be observed within a

Toluidine Blue-positive material, the chondrocyte phe-

notype of which was con®rmed by the presence of

collagen type II. It is reasonable to speculate that, as in

native cartilage, the presence of hyaluronan, a naturally

occurring non-sulfated glycosaminoglycan, is crucial for

chondrocyte growth and organization, since they come in

contact with a ``natural'' substrate, in which cells grow

in a three-dimensional tissue-like structure.

The clinical use of cultured chondrocytes in an in vitro
reconstructed tissue is a potentially powerful tool for the

treatment of cartilage defects. As known, the poor

regenerative capacity of articular mammalian cartilage

and the lack of therapeutically effective drugs lead to

progressive degenerative changes of this hard connective

tissue [59]. Recently, some research groups have begun

to draw their attention to cell therapy for the treatment of

a small variety of joint cartilage pathologies [60, 61]. In

these cases, autologous chondrocytes were harvested

arthroscopically and, after in vitro expansion, were

grafted as a suspension to the patient's defect and

secured in situ by means of a periosteal ¯ap. Although

data from these and other reports are encouraging, some

researchers are still sceptical of the ef®cacy of this

technique [62]. Instead, cultured chondrocyte nodules,

embedded in their own extracellular matrix synthesized

inside a biocompatible temporary scaffolding, such as

those used in the present work, should have better

handling properties for the end-user, as cells are not in

suspension but entrapped in a biocompatible and

resorbable scaffolding.

In this perspective, our results represent a preliminary

encouraging step towards the clinical implementation of

autologous chondrocyte grafting for the treatment of

cartilage lesions.
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