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Tissue engineering is a rC'latively nC'\\' branch of nwdicine which has bC'en C'nthu­

sia ·ticnlly annou nced as a new tool in rpc·onst ruct ive surg,ery. Nine years ago it 

wa~ bPing comparcxl to gC'I IeLic engim•Pring, as aJI extremely promisi ng area in 

medical I re at ment .. Bone reconstruct ion was indicated as pot cntially one of t he 

fi1st major application of tissue> c>ngi iwNing, as publis hed in Science in 2000. 

In thC' present review , Lissuc engill<'('ring i;, revealed as an alternative to currently 

used nwthods of skPlC'tal tissuP n•construction. Issues, which are n itical for prepa­

ration of tissue (' nginPcring products, an• dcscrilwd. Among them, the potential 

sotiiT<'s and problems related to maintaining of cells which can lw used in the 

rc'('Onslruction of the skeletal s~·;;t<"rn are bc•ing clis(·ussed as well as thC' key ex­

prctations tOW<lrc! biomaterials whic·h arc tlw ha:;is of scaffolds for cell and ti;;snC' 

transplant a lion. 
'l'hC' problC'Ill of the actual application oft issue Pnginccring to healthcare, which 

se<>ms not to lllC'<'I c·xpPclalions, is rlisci iSs<'d. Th<' perspectives fo r furtll<'r dC'vPl­

o pincut oft issue <>nginccring both a.;, a scic•ntific fi<' ld and as a medical treatment 

an• considerC'd. 

l(py words: t~ss1te engmeering. sr:affolrl. !'dl cvll111'e, bone 7'econ.stn;ctwn. cm'11.lage, 

stem cells, g1'0wth factors 

1. Introduction 

,\ ccordinf!, to the most classical definition g iven by La.nger and Vacanti, 

t issU(' engineering is defined as" ... an int e rdisciplinary field that applit>s the 

pri nci pies of cng i neeri 1\f!. and the 1 i ('(> sciences toward the drvelopment of 

b iological substitutes t hat restore , lllaintain , or improve l issue funct iou ... ", 

1371. I l seems to be a promising a nd perspective tool in reconst.ruct ivc surgery 

of l isstt('S. 
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2. Tissue Engineering as an Alternative to Currently Used 
Methods in Skeletal Tissue Reconstruction 

Tissue engineering is expected to be an alternative to autologous or al­

logenic transplantation or implantation of artificial. cngin<'cring m a tnials. 

Each of this curreutly used lllethocb of tissue / organs n'construcLion has it:-; 

advantages but also the important limitations. 

Usf' of autografts is considen'd by surgeons as a gold standard . as the own 

biological material is the best basis for the regeneration of the t.i ssu<'. I low­

ever, the amount of the tissue which can be obtained for auLot ransplantat iou 

is stri<·Ll,v limited, the surgery is more invasive and it involves the injury of 

the donor site. This procedure is not recommended for the young patients, in 

the growth period. Also it cannot be applied if the quality of patient's own 

bone is not satisfactory. like in the cas0 of osteoporosis. Besides, side effects 

may occur , e.g. donor-site morbidity du<' Lo infection and haematoma [65[. 

These problems can be omitted by using a.llografts. In the case of skeletal 

tissue, so called biostatic implants - nonviable allografts usually prepared in 

Lissu<' banks are used . They are prepared by nJCans of highly spcciali:-;ed 

procedures including preservation and sterilisation [11[. Also. the approval of 

each particular allograft is pr<'ccded by a verification whether the donor fulfils 

the precisely formulated serological niteria. Anyway. tlw risk of transmission 

of infection or disease by a tram;plant ation of the allogenic matPrial cannot be 

complet<:>ly excluded. Especially for biostatic implants, where cadaver tissues 

arc usually used, what eliminates Lite possibility of rcpet ition of serological 

tests. Besides, although the amount of the avai lable tissue may be higher 

than in Lhc case of autologous transplantation, still it is not unlimited. 

The solution that is free frolll such limitations is using of synthetic bio­

materials. Thcr<' is a very big and sti ll growing offer of artificial irnplantablc 

materials metals, bioceramics, polymers and composites. On one hand, the 

fact that they arc not biological is the advantage; on the other hand, it is 

Lhf' main drawback artificial matter will not be recognised as th<:> own ma­

terial and will never be as excellent cu; the natural tissue, with its ingenious 

structure and abilities of rebuilding. Anyway, the continuous development 

can be observed in the field of biOinatcrials. Hcnch specified three gener­

ations of implantablc materials [22] . First, it was thought , that the ideal 

implanLable material should be inert in order to remain "unnoticed" by host 

tissues. However. in Lhc case of matNia.ls which arc intended to cooperate 
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with loacl-beariug bone such approach is not acceptable. Inert materiah; are 

usually not well anchored in tissues and unwanted implant movement and 

loo:-;t'ning appears. So. the next genentLion , the so called active biomateriab 

appe<uwl. clesignecl in order to achieve various forms of bonding with host 

tissul'S. The third, and t.he most sophisticated generation is ba..<;ed on the 

idea of providing an active tool for ti:;sue self-regeneration rather than the 

end-point filler. Currently, so called biomimetic materials- as s imilar to the 

natural tis:;ues as possible are of a great interest and establish the direction 

for the fmt her development of implantable materials, 110,42, 61 , 861. 

Taking together all advantage:; and limitations of currently used methods 

of skeletal tissue reconstruction discussed above, it eau be realised that the 

<'Oncept of tissue engineering. which involves the use of the technologies of 

molecular and cell biology, combined with those of advanced materials science 

and processing, is a chance for gathering all advantages and. in the meantime 

avoiding the negative aspects o~ rceonstructive surgery of :;keletal tissue. 

" The scientist describes what is, the engineer cr-eates what never· was'· 

(Theodore von Karman). This i!:i re111arkable. that the tissue engineering is 

being, compared do the other medical field with the word "engineering" in its 

name, i.e. gend ic cngi ncering. '· ... Tissue cnginecri ng", M c Car thy quoted 

La.ngcr in 1996. "is at the stage tlta.l genetic engineering was at in 1981- no 

products approved , but some on Lhe horizon. It is a potentially explosive 

area . . . "' 1'16]. The concept of lissu(' engineering product (TEP) for skeletal 

tissu<" reconstruction is schcmat ically represented in Fig. l. Cells. isolated 

from small pieces of host bone a rc expanded and seeded on a 3-climensional 

scaffold 111acle of impla.ntablc natural or, more often artificial implantable 

material and such hybrid construction is implanted as a partly autologous 

graft lo the host tissue. 

Is~ues critical for manufacturing and application of TEP, arc: 

• scafl"olcls, 

• cells, 

type of material big offer, many questions , 

design looking for an optimal 3d structure, 

delivery of biologically active molecules for implant/ host tissue 

connection im provcment (e.g. growl h factors), 

!:iOUrce, 

cell culture systems, 
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FIGURE l. Schematic repre~entation of the general concept of tissue engineer­
ing product (The pictures of cells originate from our laboratory, the picture of 

a scaffold originates from the Institute of G las~ and Ceramics, 'vVarsaw) 

* tissue production in vitro, 

* need for new methods of cell / tissue quantitative examination, 

* necessity of avoiding factors of animal origin , 

• cells and sca!T'olds put toget her, 

problem of a "double" biocornpatibility, 

distribution of cells in scafl'olds- bioreactors, 

• way from laboratory towards the clinic, 

regulations, 

preclinical studies lack of satisfactory experimental systems, 

conservative clinicians vs application of very recent findings. 

These problems will be now briefly discussed. 

3. Scaffolds for Tissue Engineering Product 

The importance of a scaffold in working on tissue engineering product can 

be reflected by a growing interest in this area in a basic research (illustrated 

in Fig. 2). The role of the scaffold may be expressed in the following three 

main points: 
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F'lCURE 2. Numbers of articles found in the MEDLINE database under the entry: 
"scaffold" and "t issue engineering·· 
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• provides support for cells t.o proliferatf' and differentiate/ maintain their 

differentiated functions in vitro, 

• plays the role of graft with the proper architecture after implantation 

m vivo, 

• allows tissue remodelling in vivo (including the appropriate vasculari-

sation). 

In fact , almost all commonly used implantablc materials can be taken into ac­

count as poLentia.l scaffolds for tissue engineering. Among them arc metals: 

titanium and its alloys, Vitalium® and other cobalt and chromium-based 

alloys and stainlcs!:i steel; bioceramics: inert like alumina, and active or 

rcsorbable like hydroxyapatite, and others ceramics based on calcium phos­

phates, including biphasic and multiphase ceramics, bioglasses of various 

chemical composition and manufacturing technology, glass-ionomers (mainly 

used in dental applications), carbon-based ceramics and others. However, the 

main materials of interest as candidate scaffolds are polymers. The tit le of the 

key-note lecture given by professor Feijen at the Sixth World Biomaterials 

Congress (Hawaii. 2000) was: '·Was von Frankenstein a Polymer Chemist?" 

and it reflects very well the tendency in usiug synthetic materials in re­

constructive surgery in humans. The biopolymeric offer is very wide. It in­

cludes nonresorbable polymers, like: silicone rubber, polytetrafluoroethylcne 

(PTFE), polyet helene terephthalatc (Dacron) , polyurethanes (some poly­

urethanes may be resorbable), poly(hyclroxyethyl methacrylate) (PHEMA) , 
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polyvinyl alcohol (PVA I valon). ultra-high-molccnlar-weight polyethylene 

(UHMWP), polymethylmethacrylate (PMMA), hydrogels (e.g. PVP), a nd 

resorbable ones, eg.: polyglicolide (PG A), polylactide (PLA) , poly(lactide-co­

glycol ide, PG LA), poly (L-lacticlc-co-caprolactone, 1 -PLCL), poly(glycolide­

co-trimethylcnc carbonate) (PGTMC)- which arc approved by FDA (Fed­

eral Drug Administratiou) j28j. Also, natural polymers a,re used, based on 

collagen sponge, hialuronic acid and other gel-like polymers of extracell ular 

matrix origin. A special issue of Biomaterials related to polymeric scaffolds 

was edited by Mikos j48J. 
The most close to the ideal solution arc biorcsorbable materials which 

serve as a scaffold for cells / t.issue in vitro and then gradually disappear , while 

being replaced by the host t issue, which is expected to regenerate on the basis 

of the implant. The perfect endpoint is thus the completely regenerated host 

t issue without any residuals of artificial materiaL This concept is illustrated 

in Fig. 3, and discussed in detai ls by Hutmacher [27j . 
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FIGURE 3. Schematic representation of the idea of gradua l disappearing of t he 
artificial scaffold while replacing by t he host t issue which is expected to regenerate 
on the basis of the implant in vivo 

Not only the chemical nature of a material which serves as a support for 

cell transplantation is crucial, but also a scaffold designing is of critical impor­

tance. In the case of bone substitutes, it is usua lly assumed t hat the opt imal 
pore size which allows the proper bone organisation and remodelling after 

implantat ion in vivo, is between 200 p,m and 500 J.Lm. T hus, scaffo ld should 

have open porosity of 80- 90% with appropriate pore s it.~e. Another important 

clement of the structure is t he interconnection of the pores, which is neces­

sary for the organisat ion of blood vessel network in vivo. There are different 

technologies applied in order to achicv~ the proper scaffold architecture . The 
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most popula r f>ccms to be foaming, and / or polymerisation in t he presence 

of salt crystal:;, which arc added at the stage of polymer cross-linking and 

removed by \~a~hing at lhe end of the procedure 1631 . Also, fi ber bonding 

is used as well as sophist icated 3D print ing 127, 47] In t he case of ceram­

ics, one of t he most popula r methoc!s is based on sintering of non-hardened 

ceramics embedded on an appropriate 3D structure made of polymer. Since 

t he sintering temperature is much higher than the tempera ture of polymer 

evaporat ion , the final product consists solely of ceramics, and has t he struc­

ture of the imtial polymeric scaffold . Metals are usually used in a form of 

a network IG, 38, 50, 51 , 68. 741 . Still basic reports on experiments looking for 
the most proper :,;caffold design arc being published and both the descript ion 

of t he most appropriate scaH.old archi tecture and technological possibili t ies 

to achieve it are under investigation 17, 23, 26, 64 , 72 , 78, 82]. Expectations to­

ward scaffold ~ for chondrocytcs arc different, due to the completely d ifFerent 

structure of cart ilage - tissue with small number of cells nourished by diffu­

sion where vascularisation should be avoided . T he main role of the scaffold 

in t his case is to keep cells in suspension, since chondrocytes spread on flat 

surfaces loose their phenotype. T his c!edifferent iation process is irreversible, 

so that the stage of culture when chondrocytes are spread is used for cell 

number expanding and t his phase should be followed by moving cells to t he 

3D suspension in order to achieve their re-different iat ioll and t hus make them 

ready to organ ise cart ilage after implantat ion . Such sequence is applied in 

t he procedure used in clinical reconstruction of joint cart ilage when patient 

uwn cartilage is a source of cells which are therefore expanded in a culture 

ancl injected back to t he joint . This procedure is approved and commercially 

available [2 . 5, 571. It seems however that seeding of cells in scaffold would 

bett er keep t he sufficient number of cells at t he implantation site, so works 

on optiwal scaffolds for chondrocytes are going on in many laboratories and 

are fol lowed by clinical tria ls 19, 17, 181. 
Another expectation toward scaffolds for cells is related to a growt h fac­

tors (GFs) delivery. T he role of growth factors in cell different iation is well 

documented 154,58, 71] Scaffold as a storage depot for growth factors at 

the in vit ro stage of T EP creation may be interesting if stem cells a re used 

(discussed in somC' more details in the further part of the present chapter). 

However, since growth factors may be added directly t o t he culture medium 

in vitro, th1s fu nct ion of a scaffold is even more important after implanta­

t ion , when growth factors entrapped on a surface of an implant may play an 
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essential role in the recruitment, differentiation and maturation of stem cells 

present at the implantation site 112,33,561. Since the influence of the support 

on the activ ity of proteins is noL fully recognised , it remains difficult to iden­

tify a suitable carrier for proteins . Some enthusia..'itic reports on successful 

osteoinduction achieved by bone morphogenetic proteins (BMPs) implanted 

on hydroxyapatite, tricalcium phosphate, or titanium have been published 

[l , 29, 31, 34, 49, 60 , 76]. Also, some data on the role of implant geometry in 

efficiency of scafFold-donated BiviPs in bone formation in vivo a re available 

[32, 691. However, effective systems for growth factor de livery, which maintain 

t heir biological activity, are still not specified. 
In our own in vitro observat ions it was found that the rhBMP-2-induccd I) 

osteogenic potential of human bone derived cells (HBDCs) was blocked by 

the presence of several biomatcrials [40]. Part icularly, it was found that 

rhBMP-2-related stimulation of HBDCs as measured by en hanced alkaline 

phosphatase (ALP) activity appeared in Lhc cul t ure on the tissue culture 

t reated polystyrene, routinely used culture dish. On the contrary, inhibitory 

efl"ecL of BMP-2 on ALP act ivity appeared in the same experiment in the HB­

DCs culture on the surface of hydroxyapatite , alumina, and titanium (Fig. 4). 

There arc severa l reasons which mi ght expla in t his unexpected result . Firstly, 

oxides present on the surface of biomaterials may involve in some way active 

domains of rhBMP-2 and in consequence this protein caunot be recognised 

as a ligand by the celh; in the culture. Secondly, membrane receptors for 

I:il without BMP-2 

0 BMP-2 added to the culture 
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FIGURE 4. T he influence of BMP-2 on t he a lkaline pho~phatase activity in the 

cult ure of hurnan bone der ived cells on various supports, i.e.: hydroxyapatite, 

a lumina, titanium and cul t ure treated polystyrene (cont rol). After 1401. 

I ) rhBMP-2 recombinant human bone morphogenetic protein 2 
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rhBl\ IP-2 pn'senl iu the osteohlasts may become inactivated in contact. with 

biomatcrials via some 1111 known mechanism. TlH' t hire\ option is connectC'd 

with the possible activation of the BMP inhibitors, e.g. inorganic oxides 

might enhanc<' the expression of noggin in cultured ostcoblasls. Effectiveness 

of biomaterials in GFs-donor systC'ms remains under intensive invcstigatious. 

Another problem connected with using growth factors a..s biologically activc 

agents in Lissur engineering is that the efficacious (and cost-effective) cocktail 

for bone or cartilage induct ion and regC'neri'tl ion in clinical practice remains 

unknown. Tlwre are a lot of contributory n'sults the role of members of the 

TGF-(J superfarnily is wl'll documented. Particuli'trly, it is known that TGF­

(3 and B II -7 st imulatc' proteoglycan synthesis 1751. BonC' morphogenetic 

proteins Bl\lP-2 and Bl\lP-7 arc in clinical trials a.-; bone healing promoters 

IS, 15. 21, 35, 55, 62. 791. It seems that in I he case of bone, dcmineralised bone 

matrix (DBl\1 ) is the attractive natural BMPs cocktail, optimal for individual 

when autogenic. lts osteogC'nic potential, known from the classic experiments 

of Marshall Uris\. wa.-; the key discovery of a bone inducing principle 170]. 

T here arc some new reports on the possibility of using DBM in t issue engi­

neering [30.45 , 67.871. Our own stncli<'s confirmed the effectiveness of DBJ\1 

as the stimnlator of ostcog<'nic capacity or IIBDCs in culture 141]. In the 

applied CX(Wrimental ::>ystem DBJ\1 WI'LS added to the cC'll culture (Fig. 5) ami 

it was fouud that the presence of autogenic DBJ\l promotes llBDC prolifcra-

• 
·: •: • DBM 

•• • 

FtGIJRE 5. Experimental systcttt in which demineralised bone matrix ( DBM) 

particles are added to the culture of osteogenic cells in vitro; DB!Vl particles <•re 
put on the milipore inserts and not directly on the cell layer 
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tion in cult m e while a llogenic DBM is not effective as a proliferation-inducing 

agent in HBDC cult ure but it promotes HDDC maturation . Osteogenic ca­

paci ty of DBM wa.<; still found after radiation sterilization (35 kCy) although 

not to the samC' ext cnt as was observed wit hout this sterilization procedure 

and t his is a fi nding of a crit ical importance for pract ical purpose because 

including the a llogenic DBM iu the standard procedure of T EP preparation 

would require' its sterilisation . It seems that if t he DDI\'I is available its use 
may be more effective and much cheaper t han application of recornbinant 

bone morphogenetic proteins . Anyway, looking for the opt imal cocktail of 

recombinant growth fac tors is defini tely up-to-date direction , interest ing for 

both scient ific and practical reasons . 

4. Cells for Tissue Engineering 

Potent ia l sources of cell::; for t ransplantat ion in a t issue engineering system 
are gathered in Table 1. The advantages and disadvantages connected wit h 

using d ifferent types of cells arc specified . T here is no need to indicate one 

universal source of cells since in accordance with the main idea of t is!>ue engi­

neering, implants shonld be tailored individually- for each particular clin ical 

case. As a consC'quencc , t is::;ue engineer:,; should be able to obtain the adequate 

cell population from different sources depending on t he biological material 

availabili ty in each par t icula r clinical case. For example, if arthroscopy is per­
formed during diagnostic procedure, small pieces of tissue ha rvested during 

the proced ure can be ll!>ed . Ot herwise, stern cells from different sourccs seem 

to be more promising material. In Table 1. only the most important sources 

of stem cells arc listed. However our knowledge about the reservoirs of stern 

cells, including adul t organisms is growing rapidly and is bringing revolu­

t ionary changes in our understanding of the regenerat ive potency of human 

t issues. Part icularly, in t he case of skeletal system, an extremely promisi ng 

source of cells for t ransplantation seems to be adipose tissue . There arc many 

reports confirming t he potency of cells harvested from adipose tissue for dif­

ferent iation toward osteoblasts , chondrocytes or myocytes [1 4, 19, 88]. The 

preliminary studies of our group confirmed that osteoblastic phenotype of 

stem cells isolat eel from adi pose tissue can be achieved in t he presence of 

biomatcrials by relatively ::;implc methods wit hout t he necessity of applica­

tion of highly sophisticated and expensive procedures [36]. Our knowledge 

abou t t he sources and the potency of stem cells is still limited, but t lw rc 
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TABLE l. Potf'ntial sources of cells for transplantation in a tissue engineering 

system 

cell source advantages 
cells isolatC'd from the 

small j..lieces or tissue • :;ourcP of native G Fs in 
harveslf'd from palif'nt t.he optimal combina-
( usually al different tion 
stage of differentiation 

and maturation) 

stem cells obtained 

disadvantages 

• small proliferative potential 

• small amount of available 

tissue 

• not always satisfactory tis­
SUC' quality 

from patient's own • multipotenlial of cells • small amount. of MSC in 
marrow or any other 
tissue or the body 

stem cell:; obtained 
from t.he cord blood 

human embryonic 

• easier cell exj..>ansion 
(bettf'r proliferation as 

compared to mature 

cells) 

isolated population (only 1 

MSC per 100 000 nucleated 

cells) 

• small !l.mount of available 

tiSSUC' 

• noninva~ivC' harvesting • doubts if non-haemopoietic 

stem cells are present in CB 
in suff-icient quantity, 

• problem of CD ownership if 

used in allogenic system. 

stem cells • great potential for pro- • ethical limitations ( unac­
ceptable for many people) liferation and differen­

tiation, 

• not evoking an im­

mune response when 
implanted into patient 

• tumorogenecity (!) ( undif­
ferentiated ES cells must be 

completely removed before 
transplantation) 

19 

IS no doubt, that using stem cells in tissue engineering is highly promising. 

Practical application is straight behind the basic research in Lhis field. This 

conc:ems also ot her aspects of cell culLme techniques. Cell culture is a com­

monly used tool in biological , medical scientific research. However, I agree 

with the opinion ofT. Harclingham, who wrote:" ... Cell and tissue cultme 

until now has been a craft rather than a science and this will change . . . '' [20\. 

Each step alwad in our understanding of cell behaviom in culture, especially 
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when cells are put in the direct contact with biomaterial a candidate for 

scaffold, may become a milestone in TE. 

Another factor a~socialcd with cell cult ur<' techniqu<' which should be 

mention0d h<'r<' is a n<'ecl to eliminate' any substances of animal origin for 

the cells maintained in v it ro, i 11 order to avoid the risk o f transmission of 

animal inf0ctions like, for example I<r0utzfeld-Jacohs clis0ase. Usi ng specially 

prepared synt hetic substitutes for !:iubstances of animal origin routinely used 

in culture makes cell cult un• procedure extremely expensive and this must 

change if TE is to become a widely used treatment. 

5. Cells and Scaffolds Put Together 

Each candidate for implant.ahle material must be biocompatible. Bio­

compatibility is defined as "'the ability of a material to perform with an 

appropriate' host response in a specific application" [81 [. In the ca~c of TEP, 

biomaterial plays a double role, i.e. serves as a support fo r celb in a cu lture 

and works as an implant tissue substitute after implantation in vivo. Thus, 

it must respond tot he specific requirements connected with cell proliferation, 

differentiation and maturation in vitro. ru; well as provide tlw optimal condi­

tion for tissu<' ingrowth and r0building after implantation in vivo. The latter 

requirement is conn<'cted with the v0ry difficult problem of revascularization. 

This is not t h<' case in c-artilag<' whc>rC' <:C'lls an' nourislwd via diffusion. Dut 

its the> critical point in all other tissu<'s, including bone. The prediction of 

events which appear after illlplantation in vivo. on the basis of in vitro ob­

SC'rvation is very difficult and doubtful. ExpC'rimC'ntal systems in animals arc 

a lso not satisfactory clue to cliffNcnces in nwtabolism as well as t issue struc­

ture and dissimilar size rda.t ions. It should bC' also mentioned that, although 

somC' tC'chniques of biocompat ibility studies in vitro hav<' been developed as 

an alternative' to C'xperi tnf'ntal implant at ion to animal tissues 139[, the quan­

t it alive studies of cells cultured in 3D syst0ms arc very difficult and standard 

procedures do not give !:ialisfactory results [52,831. Tlwre is st ill a lot to bC' 

done in tlw fi0ld of su itable' c>xpcrimental t>ystcms for reliable estimatiou of 

cell and tissue ochaviour in sophisticated 3D systcllls for TEP rcs0arch and 

development. 

Another ru;pcc t of scafl"o ld-C<'l ls re lations is the problem of the effectiv(' 

cell distribution within 30 st ructure> of tlw scaffold as well as the proper 

cell nutrition during the relatively long culture. This p ractically cannot be 
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achieved under static conditions. It was shown by many authors that ap­

plying, of dynamic factors like fluid flow, perfusion, rotating of culture dish, 

etc. brings spectacular improvement in cell culture 13, 16, 24, 74, 85] . Better 

cell (HBDCs) expansion and distribution on alumina scafl"olds with a poros­

ity inclex ()() ppi (pore per inch) and with dimensions (10 x 10 x 5 mm) was 

confi rmed also by our group 18-tJ. The presence of cells, visualised by means 

of fluorcscC'nt staining of cell nuclei (IIoechst staiuing) deep inside the rei­

at ively big sca.fl"olcl was confirnwcl when spinner flask technique was used 

(Fig. 6) and not under static conditions (not shown) . Application of dynamic 

cell culture systems arc especially useful when not only cells maintenance 

but also their expansion, maturation and finally. extracellular matrix (ECM) 

is wanted. The most convincing results which document the ability of tissue 

formation in vitro originate from cxperinwnts where the so-called b·ioreactors 

were appliC'd. A very nice review of biorC'actors design and function is given 

by L.E. Freed and G. Vunjak-Novakovic 1121. They use the term: engineering 

bioreactors, which is defined as "in vit ro culture systems designed to perform 

at least one of tlw following four fun et ions: establish spatially uniform cell 

d ist ri but ion on 3D scaffolds, maintain dcsirC'd concentrations of gases and 

nut ricnt s in the culture medium, provide efficient mass transfer to the grow­

ing tissue, and exposC' developing tissues to physical stimuli". The growing 

interest in application of physical factors in cell culture systems can be ob­

S<'rvcd and there arc no doubts about tlw crucial role of bion•act ors in the 

fmt lwr development of TEPs. 

FICUIU': 6. Cells visualised by means of fluorescence technique (Hoechst staining) 
within dynamically seeded aluminn scaffolds. After ]8.J.]. 
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6. The Way from Laboratory toward the Clinic 

The concept of tissue engineering has been enthusiastically accepted m 

early '90s ]46] . In 2000 the title: "Tissue Engineers Build New Bone" appeared 

as news in Science ]66]. However, the estimation of a tissue engineering prod­

ucts in USA discussed lately in the Journal Tissue Engineering seems rather 

disappointing ]20, 43]. In 2002 there were on ly four TEPs approved by FDA 

(3 skin substitutes, 1 autogenic c:hondrocytes transplantation), the further 

ten products were in various stages of clinical trials and the next ten ap­

plications have been abandoned or failed to achieve product approval. The 

annua l spending at t he TEM market in USA raised from $246 million in 

1995 to $610 million in 2000, but its value in 2002 decreased to $487 million. 

Also , the reduction in the capital valuation of publicly traded firms can bt' 

observed (it was $2.5 billion in 2000, and decreased to $0.3 billion in 2002; 

although it started from $1.9 billion in 1998) ]43]. , It was the best of tim<'s, it 

was the worst of times"; so began Michacl Lysaght's presentation at a recent 

TE conference with the quote from Charles Dickem;' Tale of Two Cities ]20]. 

Looking at the gap between expectations and the succe!:>sful product portfo­

lio in the field of tis!:>ue engineering product the statement C"an be postulated 

that the tissue engineering concept was ahead of the real possibilities in early 

'90s . Almost a ll elements of TEP creating are based on the newest scientific 

findings (Fig. 7): 

• sophisticated cell culture systems with the lack of satisfactory methods 

of quantitative descripl ion , 

• not fully recognised cell-biomaterial interactions, 

• first trials with the application of growth factors when even t heir role 

is not definitely characterised and thC' donor systems have not. bee n yet 

cstablislwd. 

In this respect, the delay in clinical application of TEPs is becoming 

uuderstandable. What is more, one can be impressed by a very short distance 

between fund amental research and works on practical appl ication of so many 

aspects which are involved in creation of TEPs. At the prcsent stage it is 

certain ly better reflected in experimental studies then in clinical application. 

However it should not be surpris ing if we take into account that not only very 

recent scientific findings are involved and expected to orchestrate togetbcr, 

but a lso that there is no validated regulations for approved using of tissue> 

engi neering product. Only recently in Europe the term: Tissue Engineering 
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FIGURE 7. Chosen issues involved in t issue engineering, based on t he newest and 

not fully recognized scientific findings 
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Product haB been accepted and works on the appropriate regulations of the 

TEP preparation , maintaining and application are currently going on. 

Going over the perspectives of tissue engineering, t he very interesting ar­

ticle by David Williams can be recommended [80]. I t addresses t he underlying 

issues of benef-it a nd risk in tissue engineering and the benefit-risk equation 

seems to confmn the promising perspective for this new concept for recon­

structive surgery. It is rcOectC'cl a lso in the M.J. Lysaght & A. L. Hazlehurst 

paper ent itlecl: Tiss'lle Enginen-ing: the End of the B eginning, in which au­

thors applied the quote' from Winston Churchill: "This is not the encl. It is not 

even the bC'ginning of the 0nd. Bul it is, perhaps, the end of the beginning'' 
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