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Abstract







Traumatic and degenerative cartilage injuries are one of the most challenging and
frustrating injuries for surgeons and patients who suffer from it. Over the last 60
years, none of the techniques used to treat cartilage injuries have produced
satisfactory results.

This lack of satisfactory therapeutic strategies in the repair of cartilage injuries has
led biomedical surgeons and engineers to investigate the role of tissue engineering
and bio-printing as a viable alternative for the treatment of these injuries in
specialties such as Orthopedic surgery, plastic surgery, and otorhinolaryngology.
The rise in the scientific literature in recent years seems to indicate that this new
possibility of bioprinted cartilages could become an alternative solution. The
bioprinting could provide the new and awaited solution to this problem.

The doctoral project described here focuses on the research to find the best
technical solutions for the clinical recovery of people affected by this type of injury.
We also want to determine the degree of knowledge and expectations of
orthopedic surgeons about the clinical implantation of the bioprinting cartilage,
with questions about the size of the ideal graft, the age-appropriate to be
implanted, the difficulties of the technique, the function of regulators, and the
ethical implications. The barriers that this new technology will have to face in the
future also identified, as it is crucial to address them and overcome them before
the implementation phase arrives. Since clinical, efficacy, and safety application
studies do not always imply successful implementation.

A range of research methods has applied, they begin with a scoping review of the
literature published, a qualitative research part with healthcare professionals, and
a quantitative part through an online survey to orthopedic surgeons.

This thesis summarizes almost five years of work in the field of bioprinting
cartilage, summarized in three articles and presentations in poster format. One of
the aims highlighted was to determine the degree of knowledge and expectations
of orthopedic surgeons on the clinical implantation of the bioprinting cartilage
graft, and the other they define how they would like it to be this graft.

We recognize the limitations of the study since it can not be extrapolated to all
countries and contexts by the small group of professionals that participated and
the local area where they were carried out.

Surgeons are willing to accept this new technology, as it has the potential to solve
a clinical need. In the same way that advances in research in the laboratory have to
be consolidated, the involvement of surgeons is key, to advance and recognize the
bioprinting as a technology for the immediate future.
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1. Estructura de la tesi

Per tal d’assegurar una millor lectura i coherencia d’aquest treball, s’ha estructurat de la
seglient manera:

En aquest primer capitol resum es justifica I'eleccié del tema d’investigacio, el
plantejament de les preguntes de recerca, els objectius, el context on es desenvolupa i
finalment quina és I'aproximacié o enfocament de la tesi vers al tema.

En el segon capitol s’inclou una revisié bibliografica sobre I'estat de I'art del cartilag, els
tipus de lesions i els tractaments actuals, i un petit resum dels conceptes clau del que és
I’enginyeria tissular i la bioimpressio, aixi com les consideracions tan normatives com
bioetiques que es plantegen amb aquesta nova possibilitat.

En el tercer, quart i cinqué capitol estan els treballs publicats que componen aquesta tesi,
en l'idioma original que van ser publicats. No s’ha inclos la bibliografia d’aquests treballs,
doncs es pot consultar directament als llocs web de publicacio.

Al sisé capitol s’hi troben les respostes a les preguntes d’investigacio i els objectius, les
conclusions finals, aixi com les limitacions del treball i les implicacions per a noves
investigacions.

A I'apendix hi consten el llistat de figures, les abreviatures i les referéncies utilitzades per
a la redaccio de la tesi.

Al final, en I'annex, estan els documents d’autoritzacio del comité d’etica per la recerca, el
consentiment informat pels participants a les entrevistes semiestructurades i el text de
I’enquesta en linia.

2. Justificacio

El cartilag és un teixit especialitzat de tipus connectiu, que esta desproveit de nervis,
vasos sanguinis i limfatics. Té caracteristiques flexibles i esta integrat per una abundant
matriu extracel-lular (MEC). Aquest teixit és el que recobreix els extrems ossis de les
articulacions i és el que permet un moviment suau, protegint les terminacions ossies i
actuant com a suport davant dels traumatismes.

El cartilag articular té poca capacitat de regeneracid, en part degut a la seva manca de
vascularitzacié. El procés no es coneix encara completament, pero inclou l'alteracio de
I'equilibri metabolic amb I'augment de I'activitat catabolica causant la degradacio de la
matriu del cartilag.! El trencament de I'estructura de la MEC deteriora la funcié mecanica
del teixit.

Pels traumatolegs, suposa un problema tractar les lesions cartilaginoses, ja que, en
I'actualitat, no es tenen prou eines per donar solucid a la majoria d’aquest tipus de
lesions, tot i ser molt freqlients a la practica diaria.

El dany al teixit cartilaginds pot succeir a causa de traumatismes directes o
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microtraumatismes de repeticid, o bé per diverses malalties d’etiologia reumatica; també
hi ha altres causes com l'alteracié biomecanica de l'eix de carrega de I'articulacié
originada per la exéresis d’un menisc trencat? o pel trencament no reparat dels lligaments
encreuats.

Fa uns anys que els investigadors dels camps de la medicina regenerativa, I'enginyeria de
teixits i la bioimpressio estan fent esforcos conjunts per tal d’obtenir empelts viables de
cartilag bioimpres. Es per aixd que per a aquest treball s’ha escollit aquesta nova
possibilitat per aprofundir-hi i obtenir una visié que pugui ser entenedora pels clinics.

Acronims utilitzats per a la descripcid

Enumerarem els treballs publicats com P1, P2 i P3; a les preguntes de recerca RQ1, RQ2,
RQ3, RQ4, RQ5 i RQ6; a les respostes obtingudes a aquestes preguntes RRQ1, RRQ2,
RRQ3, RRQ4, RRQ5 i RQ6; als estudis realitzats S1, S2 i S3 i, finalment, a les conclusions,
C1, C2, C3.

3. Preguntes de recerca

Ja que el tractament actual de les lesions cartilaginoses no té bons resultats, cal seguir
investigant i, a continuacid, establir una estratégia de transferencia dels resultats
obtinguts amb les noves possibilitats perque arribi correctament als clinics encarregats de
donar solucié als problemes dels pacients.

En I'Gltima decada, els avengos en bioimpressiod i biofabricacio del cartilag han estat molt
importants, i s’esta a un pas de poder-los aplicar.

S’estableixen les seglients preguntes d’investigacio:

RQ1- Quines son les publicacions que ajuden a entendre aquesta nova possibilitat?
RQ2- Quins son els reptes de futur que tenen actualment els investigadors?

RQ3- Qué opinen i quines expectatives tenen els cirurgians ortopedics respecte al
cartilag bioimpres?
RQA4- Es suficient la informacié que tenen els cirurgians sobre aquesta possibilitat?

RQ5- De quina qualitat és la informacid que reben els cirurgians per poder prendre
decisions informades?

RQ6- Quines millores caldria aplicar al procés de transferencia d’informacio per
garantir un exit futur per aquesta técnica?

4. Objectius

General

L'objectiu principal d’aquesta tesi és establir un punt inicial del coneixement
disponible sobre el cartilag bioimpres i, alhora, aprofundir i intervenir en el procés
de translacid d’aquest coneixement als clinics, tot aportant algunes possibilitats per a la
implementacio.



Especifics

1. Sintetitzar els avencos cientifics publicats fins a la data.
2. Identificar problemes técnics no resolts en relacié amb I'aplicacié humana.

3. Resumir i classificar les barreres i els facilitadors d’aquesta nova possibilitat i
determinar els factors clau que caldria tenir en compte per a la implementacié
reeixida del cartilag bioimpres en la practica clinica habitual.

4. Determinar els coneixements i les expectatives dels cirurgians ortopedics sobre
I’Gs clinic del cartilag bioimpres.

5. Explorar la postura dels cirurgians ortopédics sobre I'Us d’empelts de cartilags
bioimpresos per les lesions cartilaginoses.

6. Resumir les caracteristiques que hauria de tenir 'empelt de cartilag bioimpres,
sota la percepcio dels clinics.

7. Explorar les maneres més efectives per la transferencia d’informacio als cirurgians.

5. Context de la recerca

La majoria de les tecniques emprades per donar solucié als problemes de cartilag sén poc
efectives i aix0 no alleugera el dolor, la discapacitat, ni les multiples consultes dels

pacients. També provoca llistes d’espera per operar lesions articulars que, en ultim terme,
requereixen protesis totals.

Es tracta d’una qliestié que preocupa a molts cirurgians ortopedics que, durant els seus
anys de practica clinica, participen activament en la recerca de noves possibilitats
terapeutiques per aquest tipus de lesions.

La necessitat clinica de noves terapies pel tractament de lesions cartilaginoses.

En els ultims temps, la practica d’esport i fitness esta sent molt promocionada per la
millora de la salut i la forma fisica entre la poblacié en general i aixd esta comportant un
augment de les lesions de I"aparell musculoesqueléetic, incloent les de cartilag.

Actualment es diagnostiguen moltes més lesions atés que les tecniques d’obtencio
d’imatge han millorat significativament, i possiblement perque es fan més artroscopies
pel tractament de parts toves com els meniscs o lligaments encreuats.

També 'augment de I'expectativa de vida, i per tant la proporcié de gent d’edat avancada
amb incapacitat, esta demandant més investigacio de noves opcions de tractament per a
les articulacions danyades o malaltes. Quan una articulacié es veu greument compromesa
la intervencié quirdrgica actual és la substitucid total de I'articulacio amb una protesi de
metall i polietile (PT). No obstant aix0, hi ha una serie de limitacions ben documentades
associades amb aquest tractament,®com ara I'afluixament aséptic i una vida util limitada
de 10-15 anys, després de la qual es requereix una cirurgia de revisié més complexa.

L'osteoartritis (OA) és una malaltia de les articulacions que pot afectar el cartilag, la
membrana sinovial i I'os subcondral. L'OA s'associa generalment amb la poblacié de més
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edat i amb |'obesitat, tot i que els primers simptomes sén diagnosticats cada cop en
pacients més joves. Quan apareix l'artrosi el dany articular generalment va evolucionant
fins que el pacient presenta dolor i incapacitat funcional.

L’any 2004, I'Organitzacié Mundial de la Salut posicionava I'OA entre les deu primeres
malalties que provoquen la pérdua de treball a causa de la discapacitat, i el 2016*van dir
que la incidencia augmentaria en un 32,9% en els proxims anys.

Durant els ultims seixanta anys s’han estat utilitzant tot un seguit de técniques
quirurgiques per tal de reparar les lesions cartilaginoses, amb resultats dispars respecte a
la millora del dolor, la mobilitat i el vessament articular. Una de les ultimes tecniques
implementada fa 25 anys va ser el trasplantament de condrocits autolegs recoberts amb
una capa de periosti (ACI).> Posteriorment es va desenvolupar una matriu sintética per
col-locar-hi els condrocits cultivats que recobreixen el defecte (MACI).® Tot i que aquestes
tecniques s’han aplicat durant tots aquests anys, tenen I'inconvenient de qué calen dos
actes quirurgics, el primer per a I'obtencié de condrocits que s’hauran de cultivar i
replicar, i el segon per practicar una artrotomia i accedir al defecte del cartilag per
procedir al trasplantament. Alguns estudis han demostrat que els resultats clinics i
histologics obtinguts després de 5 anys de la reparacié amb ACI/MACI sén, si més no,
semblants als obtinguts amb la técnica de les microfractures.’

La medicina regenerativa i I'enginyeria de teixits per a la regeneracid de cartilag.

La medicina regenerativa® és un camp interdisciplinari que té com a objectiu la reposicié o
regeneracid de cel-lules, teixits o organs danyats estructural i funcionalment. Es troba
vinculada amb diversos camps de la ciéncia, I'enginyeria genética, I'enginyeria de teixits i
la terapia cel-lular avangada. Les estrategies per a futurs tractaments en medicina
regenerativa passen per la introduccié de cél-lules mare o progenitores, la regeneracio per
induccio de diverses substancies, i finalment el trasplantament d'organs i teixits cultivats
in vitro.

L'enginyeria de teixits® és una disciplina de la biomedicina que, combinant cél-lules,
materials i eines de l'enginyeria, dissenya estructures biologiques funcionals per
substituir, reparar o regenerar teixits danyats. Es basa en tecniques de laboratori
mitjangant les quals es busca generar teixits o organs in vitro.

6. Enfocament de la recerca

En aquest context, la present tesi s’estableix com un punt d’ancoratge entre la recerca
basica per trobar noves possibilitats de tractament i els clinics que hauran d’aplicar els
resultats obtinguts pels investigadors.

S’ha tingut en compte on s’estan produint les investigacions i en quin nivell es troben i
s’ha buscat expressament com i de quina manera poden arribar als clinics.
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Disseny

El disseny de la tesi i els metodes de recerca emprats es plantegen com la millor
aproximacio per resoldre els objectius plantejats.

Els tres treballs que conformen la tesi s’han realitzat a partir de diferents metodes. La
revisio d’abast fa un recull de la investigacid actual, mentre que els enfocaments
guantitatius i qualitatius permeten analitzar la transferencia d’aquesta investigacio,
posant I'accent en els clinics que han d’aplicar la recerca.

Visualitzar la investigacio que
s’esta portant a terme amb el
cartilag bioimpreés

¢ I I —

Utilitzar diversos métodes per conéixer les opinions
i expectatives dels cirurgians ortopedics

L P2: Barriers and facilitators for P3: Orthopedic surgeons’
P1: Trends in s C"?nt'f'c the clinical use of bioprinted perspective on the decision-
r'ep o'rts' on cart/lag.e cartilage: a qualitative study making process for using
biop rmtlng': A scoping on the stance of orthopedic bioprinter cartilage grafts: a
review. surgeons. web-based survey.

J

Fig. 1. Disseny de la recerca

Metodes

La investigacio interdisciplinaria és el nucli imprescindible per les aplicacions cliniques en
que s'emmarca aquesta tesi. El mén sanitari és molt complex i inclou aspectes socials,
d’informacio i de presa de decisions, aixi com la resolucié de problemes étics i legals que
deriven de I'aplicacié de noves tecnologies. El caracter multidisciplinari d'aquesta tesi
gueda reflectit en I'abordatge, a partir de la recerca qualitativa, de persones de diferents
disciplines per donar una visid general. Entre aquestes persones destagquen professionals
de la salut, cientifics, quimics, enginyers i empresaris de I’entorn de la bioimpressio.

Aquesta estrategia en diferents contextos i situacions, en els estudis S1, S2 i S3, ha donat
una visié amplia del tema per poder fer una transferéencia als clinics de la possibilitat d’us
del cartilag bioimpres.
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FASE 1: Revisid bibliografica i d'abast - 51

Contextualitzacio de I'estrategia de totes les etapes de la recerca

RESULTATS INTEGRACIO

DADES

LS

Entrevistas
semiestructurades

{qualitatiu) R L
i
52 Analisi temtica de les i Encontextos | ;

FASE 2 perspectives ) estructurats ; Els rgsultats derivats dp
Comparativa < S " la sintesi i integracid
Focus grup ] posterior, | d'un diileg
{qualitatiu) | entre |la teoria i la
totalitat del conjunt de

|] lr | ) dades,

Qlestionari en linia \ .53 L'gr_}hlisi ﬂtadrﬂi(‘_’ pef ; Relacions entre
{quantitatiu) identificar pautes socials en respostes

les perspectives

Fig. 2. Estratégia de contextualitzacio de les etapes de la investigacid. Extret de: Woolley C M. Meeting the Mixed Methods
Challenge of Integration in a Sociological Study of Structure and Agency. Journal of Mixed Methods Research 2009; 3(1):7-25
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Capitol 2: Revisio de la literatura i 'estat de
Iart







El cartilag és un teixit de tipus connectiu, present en els éssers vius del regne animal, que
té com a funcié donar suport a algunes estructures i organs. Es un teixit semirigid, la seva
fermesa li permet resistir la tensid mecanica pero amb més flexibilitat que I'os.

Hi ha tres tipus diferents de cartilag en el cos: el cartilag elastic, el fibrocartilag i el cartilag
hiali articular.

L’elastic ajuda a mantenir la forma de les estructures com l'oida i la traquea. També
forma el teixit a la part posterior de la gola que és responsable de detenir els aliments
gue entren a les vies respiratories, I'epiglotis.

El fibrocartilag es troba entre les vertebres de la columna vertebral per protegir els discs
intervertebrals.

El cartilag hiali articular es troba en les articulacions, aixi com entre les costelles i fins i tot
al voltant de la traquea. Aquest és el tipus de cartilag més dur, alhora que és esponjos,
cosa que el fa perfecte per absorbir el xoc de caminar, cérrer i saltar.

1. Cartilag articular

Es una capa densa i prima de teixit que recobreix els extrems ossis de les articulacions
sinovials. Permet la friccié i el lliscament de les articulacions. Macroscopicament té un
aspecte blanc nacrat. Es un teixit Unic que no esta innervat ni té vasos sanguinis ni
limfatics.

Cartilag
Capsula articular
articular
Membrana
sinovial

(ﬂ’;‘:’ "‘“"OG;: Q%%E:' [
Sooipity

- %OQOB"G? °D.?; §
PRS00

TR

o8 Fig. 3. Representacid esquematica d’una articulacio.

Les propietats bioldgiques i mecaniques Uniques del cartilag articular'® depenen de la
interaccio entre un sol tipus de cel-lules, els condrocits, i la matriu extracel-lular (MEC).

Al llarg de la vida, el teixit cartilaginds experimenta una remodelacié interna continua a
mesura que les cél-lules substitueixen macromolécules matricials perdudes per la
degradacio.

L'evidéncia disponible!indica que la reduccié de la matriu depén de la capacitat dels
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condrocits per detectar alteracions en la composicié i organitzacié macromolecular de la
mateixa, inclosa la presencia de molecules degradades, i respondre sintetitzant noves
molecules del tipus adequat.

Una disminucio perllongada en I'Us de I'articulacié condueix a alteracions en la composicid
de la matriu i finalment a la pérdua de l'estructura del teixit i de les propietats
mecaniques, mentre que I'Us continuat de I'articulacid estimula I'activitat sintetica dels
condrocits i possiblement la remodelacio del teixit intern.

L'envelliment es produeix pel descens de la quantitat d’aigua i dels proteoglicans
(controitina-4 sulfat i queratina-sulfat) i condueix a alteracions en la composicié de la
matriu i I'activitat dels condrocits.

1.1. Composicio

Histologicament, el cartilag esta compost per una poblacié de condrocits que es troba
immersa en la MEC altament especialitzada. Les cel-lules presents en el teixit cartilaginds
compleixen diverses funcions, sent la principal la sintesi de la MEC.

A l'interior de la MEC aquestes cel-lules interactuen amb altres, tot i que principalment ho
fan amb el medi extracel-lular i la MEC. Una caracteristica important de les céel-lules
presents en el teixit cartilaginds és la capacitat de dur a terme un mecanisme d'adhesié de
les cel-lules a la MEC per poder mantenir I'organitzacid del teixit i contribuir a la seva 30
estabilitat mecanica.t?

1.1.1. Les cel-lules

El teixit cartilaginds esta compost per una poblacié cel-lular en la qual es distingeixen tres
tipus de cel-lules, els condrogens o condroprogenitors, els condroblasts i els condrocits.

Les cél-lules condrogéniques o condroprogenitores:

Sén les que deriven de les cel-lules mare mesenquimals. Des del punt de vista morfologic,
son estretes, en forma de fus i escas citoplasma. Aquestes cel-lules posseeixen un aparell
de Golgi petit, poques mitocondries, reticle endoplasmatic rugds desenvolupat i
ribosomes lliures. Aquestes generalment es poden diferenciar en condroblastos, i en
algunes circumstancies, poden diferenciar-se en cél-lules osteoprogenitores.!?

Els condroblasts

Aquests deriven de les cel-lules condroprogenitores i de les cel-lules condrogeniques
ubicades a la capa interna del pericondri. El condroblast presenta un citoplasma basofil,
pero a mesura que madura va perdent la basofilia i es torna acidofil.

Els condroblasts séon els encarregats de sintetitzar la matriu cartilaginosa. Una vegada
queden envoltats per aquesta, passen a denominar-se condrocits.

Els condrocits
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Els condrocits sén principalment d'origen mesodérmic i sén els Unics constituents
cel-lulars del cartilag normal. Els condrocits del cartilag articular persisteixen i normalment
no es divideixen després d’aconseguir la maduresa esqueléetica. Els que es troben a la
placa de creixement, I'epifisi, es diferencien per facilitar I'ossificacié endocondral, després
de la qual poden patir apoptosi o convertir-se en osteoblasts.3

Els condrocits son cel-lules metabolicament actives que sintetitzen i facturen un gran
volum de components de matriu extra-cel-lular com el col-lagen, les glicoproteines, els
proteoglicans i I'acid hialuronic. Les activitats metaboliques dels condrocits es veuen
alterades per molts factors presents en el seu entorn quimic i mecanic.

Els condrocits només ocupen d’un 1% a un 5% del teixit total.® Sén cél-lules
especialitzades que produeixen i mantenen la MEC, es poden trobar soles o en cumuls,
secretant no només col-lagen, sind també tots els glicosaminoglicans i proteoglicans.

Aquestes cel-lules mesuren aproximadament entre 10-30u i presenten un nucli gran amb
nucléol prominent. Els condrocits joves tenen abundants mitocondris, un reticle
endoplasmatic rugds i un aparell de Golgi ben desenvolupat, i contenen granuls de
glucogen i lipids que serveixen de reserva energetica. A més a més, sintetitzen
principalment col-lagen Il i agreca, que son les principals molécules de la MEC
cartilaginosa.

Fig. 4. Cel-lules aillades activen el metabolisme i segregacié de components de la matriu.
Vega JA, Salvador A. Ciencias Bdsicas: Cartilago. Documento de conferéncia. 2000 DOI:
10.13140/2.1.4448.3842

La densitat cel-lular és més gran en el nivell més superficial, disminuint en els nivells més
profunds.'* La densitat de condrocits també disminueix amb 'edat.

Superficial zone
Collagentype Il
Collagentype IX
Collagentype Xl
Aggrecans

Middle Zone
Procollagentype Il
Collagentype IX
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Aggrecans
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Fig. 5a La mesura i la forma de les cél-lules: a prop de la superficie articular, les cel-lules son petites i aplanades
horitzontalment; Amb una profunditat creixent, es tornen més grans, més rodones i, en ultima instancia (prop de la
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frontera d'invasio vascular) de forma irregular. En el cartilag articular adult, els condrocits s'organitzen en diferents
columnes verticals i zones horitzontals (superficial / tangencial, de transicié, superior i inferior radial, i calcificades).
(Imatge de Osteoarthritis and Cartilage 2007 15, 403-413DOI: 10.1016/}.joca.2006.09.010)

Fig.5b. Organitzacié del cartilag articular normal. Les zones superficials, mitjanes i profundes i la seva matriu
extracel-lular es divideixen mitjangant diferents seccions.

Sigui per envelliment o altres causes, es produeix una menor produccié de col-lagen, fent
que la funcid protectora de la matriu es vagi reduint, deixant les cél-lules restants més
exposades a danys mecanics.

1.1.2. La matriu extracel-lular (MEC)

La MEC és la substancia intercel-lular que conforma el medi d’integracio fisiologic del
teixit cartilaginds. La seva naturalesa bioquimica és complexa i ve determinada per una
confluencia d’estimuls, i es pot veure afectada per canvis cel-lulars o d’altres tipus.

Es un gel semi solid, que sustenta les cél-lules presents en el teixit cartilaginds on es
troben immerses. Es una xarxa complexa de macromolécules auto acoblades produides
per les cel-lules, que atorguen suport estructural. A més a més, moltes molécules de la
MEC poden regular diversos processos cel-lulars pel fet que actua com a reservori per
factors de creixement i citoquines.!?

Esta composta aproximadament per un 70% d'aigua en forma de gel col-loidal ferm que

compleix un paper fonamental en la nutricio del teixit cartilaginds, a través del qual es
produeix la difusio de nutrients i gasos.*” La resta dels components son molecules solides,

en un 20%-30%. Dins d'aquest percentatge de composicié solida el 60% correspon a
col-lagen, 30% a proteoglicans i 10% a altres molécules.*®

£ Condrocito

Noideo | -

Fig.6. Imatge de microscopi electronic de transmissié. A) S'observa un condrocit envoltat de la matriu extracel-lular
(MEC), en el qual s'aprecien zones de matriu pericel-lular (MPC) i de matriu territorial (MT). B) Capsula pericel-lular a
major augment (imatges A i B modificades de: Wilusz, R.E., J. Sanchez-Adams, and F. Guilak, The structure and function
of the pericellular matrix of articular cartilage. Matrix Biol, 2014,;39:25-32).

La MEC del cartilag articular madur es relaciona directament amb el volum de condrocits, i
es compon de tres tipus principals de macromolecules: fibres de col-lagen i elastina,
proteoglicans i glicoproteines, que se sintetitzen i es mantenen pels condrocits. Presenta
caracteristiques especifiques que estan en estreta relacié amb les seves cél-lules i la seva
funcié.

Fibres col-lagenes

Aguestes son les fibres més abundants a la MEC de I'organisme. El col-lagen és la proteina



més abundant en el cos huma,’ sent el principal component fibril-lar de la MEC. Aquesta
proteina s'entrecreua amb els agregats de proteoglicans®®i altres proteines constitutives
de la MEC.

El col-lagen és una proteina constituida per tres cadenes polipeptiques (cadenes a),
compostes pels aminoacids prolina, lisina i hidroxiprolina.’® Es una molécula llarga, rigida
i estructurada en triple helix. A cada molécula de col-lagen les tres cadenes s'enrosquen
entre si formant una estructura en corda, aquesta estructura fa a la molécula resistent a
la degradacié enzimatica.

En I'actualitat s'han identificat 28 tipus de col-lagen en humans,?°sent el col-lagen tipus II,
en la seva variant lla i IIb, el més abundant i representatiu del teixit cartilaginds (90-
95%).2! No obstant aix0, altres tipus de col-lagen es troben en quantitat variable en el
teixit cartilaginds, sent els tipus I, IV, V, VI, IX i XI els que sén presents i ajuden a
estabilitzar la xarxa de fibres col-lagenes.

La principal funcio de les fibres col-lagenes és resistir a les forces de tensid i compressio i
estabilitzar la MEC.?2El col-lagen X només es troba en el cartilag hipertrofic.?

Components no fibril-lars

El component no fibril-lar de la MEC esta format per diverses molécules, les quals estan
immerses en la substancia fonamental, que és clara, viscosa i esta composta
principalment per aigua, pero també de glicosaminoglicans (GAGs), proteoglicans i
glicoproteines.

La substancia fonamental representa aproximadament el 80% de la composicid del
cartilag i ocupa I'espai entre les cél-lules i fibres, funcionant com el mitja per difondre el
liquid tissular que conté tant ions organics de sodi, calci, clor i potassi i els nutrients com
els productes de rebuig.?*

Els principals GAGs presents son I'acid hialuronic, la condroitina, el dermatan, el queratan
i el heparan. Tots aquests son sulfatats, a excepcié de I'acid hialuronic.’®> Aquests GAGs
son sintetitzats en el complex de Golgi, pero I'acid hialuronic (no sulfatat) és sintetitzat
per les proteines integrals de membrana (HA) sintases.?

La naturalesa hidrofila dels GAGs és la que fa a la MEC resistent a les forces de
compressid. La quantitat de GAGs en la matriu depen del tipus de teixit, I'edat i el
microambient.?® Aquests s'uneixen a una proteina central i constitueixen els
proteoglicans

Els proteoglicans son molécules de la MEC formades per un nucli proteic unit
covalentment a una o més cadenes de GAGs. S6n complexes, n’hi ha en forma de
monomers o d’agregats units a I'acid hialuronic. S6n cabdals en la senyalitzacié quimica
entre cel-lules.

Les glicoproteines sén proteines unides a carbohidrats. Aquestes moléecules es troben a la
MEC i en les unions cel-lulars.?’
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Aigua

Constitueix el component més abundant del cartilag d’'un 60% a un 80%. Permet la
deformacio del cartilag en resposta a l'estres, fluint dins i fora del mateix. La seva
quantitat és més gran en superficie que en profunditat. Es molt important per a la nutricié
del cartilag i per a la lubricacio articular.

Ac. Hialuronic

Es un factor important del cartilag articular. Esta constituit per cadenes de carbohidrats
complexos, en concret uns 50.000 disacarids de N-acetilglucosamina i acid glucuronic per
molécula.?® Té la propietat de retenir grans quantitats d'aigua i d'adoptar una
conformacio estesa en dissolucio, pel que és util a I'hora d’encoixinar o lubricar. El pes
molecular de l'acid hialuronic al cartilag disminueix amb I'edat, pero la quantitat
augmenta.

1.1.3. Liquid sinovial

Es el liquid produit en la membrana cel-lular per ultrafiltracié plasmatica. Es produeix
poca quantitat i exerceix un paper fonamental en el comportament biomecanic del cartilag
articular, lubrifica i nodreix el cartilag, sent la principal font de nutrients en un teixit
avascular.

El liquid sinovial és un diposit dinamic de les proteines derivades del cartilag i del teixit
sinovial; per tant, la seva composicidé pot servir com un bio-marcador que reflecteix la
salut i condicié fisiopatologica de I'articulacid.

La capacitat lubricant i el de friccié del liquid sinovial en el cartilag s'aconsegueixen
mitjancant la combinacié de l|'accid sinérgica de tots: l'acid hialuronic de la zona
superficial i els fosfolipids en concentracions fisiologiques.?>3°

1.2.Estructura i fisiopatologia

La composicid i I'organitzacié estructural del cartilag articular en I'ésser huma adult déna
resposta al paper tan especialitzat d’aquest teixit en les articulacions. Tot i la quantitat
d’informacié de qué es disposa, encara hi ha molts aspectes del procés que romanen
desconeguts. Els darrers 25 anys han sigut clau per identificar moltes de les proteines que
conformen el cartilag, aixi com molts col-lagens, proteoglicans i altres molécules,
juntament amb alguns dels seus processos basics. !

Es distingeixen quatre zones:

La zona superficial (tangencial), representa del 10-20% del gruix de cartilag, limita amb la
cavitat sinovial, la major composicié és de lubricin i de proteines de superficie.3? Les
cél-lules ubicades en aquesta zona sintetitzen col-lagen I. Posseeix pocs proteoglicans ja
gue se sintetitzen poc i es degraden amb facilitat. Les fibres col-lagenes es troben
orientades paral-lelament a la superficie articular. La zona superficial compte un gran
nombre de condrocits aplanats i més petits. La integritat d'aquesta capa determina la
proteccio de les zones més profundes. Aquesta zona, a I'estar en contacte amb el liquid
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sinovial, és responsable de les propietats mecaniques del cartilag, com la seva
resisténcia a les forces verticals de tensid i compressid.33

Una zona intermeédia (de transicid), que representa del 40% al 60% de gruix de la zona.
Les cel-lules son més arrodonides, s'observa la presencia de col-lagen tipus VI i el
proteoglica més abundant és la decorina.?! En aquesta zona les fibres col-lagenes es
troben distribuides obliquament i els condrocits sén esferics i es troben en menor
quantitat. Es la primera linia per a la resisténcia a forces compressives.33

La zona profunda (radial) és la responsable de la resistéencia a la compressié i
representa aproximadament el 30% del volum articular. Les fibres col-lagenes tipus Il
estan distribuides de manera perpendicular a la superficie articular. La zona profunda
posseeix fibres col-lagenes de gran diametre en disposicid radial.>* En aquesta zona els
condrocits estan més escampats i ubicats en forma de columnes paral-lels a les fibres
col-lagenes, i les proteines més abundants sén el col-lagen tipus Il i I'agreca.3® També
posseeix un alt contingut de proteoglicans i una baixa concentracié d’aigua. L'orientacio
vertical d’aquesta xarxa comenca a l'interval cartilag-os i continua a través de la zona
de cartilag calcificat i la zona radial. Aquestes fibres comencen a corbar-se ja en la zona
de transicio, assumint una orientacid tangencial respecte a la superficie del cartilag
articular.

La zona calcificada es troba en contacte amb la zona subcondral on el cartilag comencga
a mineralitzar-se, a més conté col-lagen X.?! En aquesta zona es troben diposits
d’hidroxiapatita i els condrocits adopten una disposicié en columnes verticals cap a la
superficie articular. Aquesta capa també té la funcié de fixar el cartilag a l'os
subcondral.

Per comprendre el comportament biomecanic del cartilag cal observar-lo com un teixit
bifasic, compost d'una fase fluida aquosa i una fase solida composta per MEC, la qual és
permeable i presenta porositats.3°

Quan el cartilag és sotmes a una carrega rapida es produeix un increment de la pressio
del liquid intersticial, causant que el liquid surti de la MEC, el que déna origen a una
gran resisténcia a la friccié per part del teixit.?® La baixa permeabilitat del cartilag
articular evita que el liquid que ha sortit de la matriu quedi fora d'aquesta.

Al llarg de la vida, el teixit esta sotmés a una remodelacié interna continua, ja que les
cel-lules reemplacen les macromoléecules de la matriu perdudes com a conseqiiencia de
la degradacié.
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Fig. 7. Esquema de les capes del cartilag articular

La regulacié de la biologia del cartilag depen de:

- Factors de creixement: que son de sintesi extra cartilaginosa i augmenten la
produccié de la MEC i d’inhibidors tissulars de les metalproteasas de la matriu
(TMPs).

- Interleucines: sintetitzades pels condrocits, cel-lules sinovials i cel-lules
inflamatories, disminueixen la sintesi de la MEC i augmenten la sintesi de les
proteases.

1.2.1. Nutricio i funcio

Com a teixit avascular, el cartilag es nodreix fonamentalment a partir del liquid sinovial,
procés en el qual esta molt implicat el mecanisme de lubricacié articular, encara que la
capa més profunda (1/3 aproximadament pel que fa a gruix) es pot nodrir a partir de la
vascularitzacié epifisaria®’.

Cal dir que en aquests moments, malgrat les nombroses investigacions realitzades, la
nutricié del cartilag articular continua sent objecte de discussio. Algunes de les qliestions
que es debaten son les seglients:

Considerant la via de la nutricid sinovial:

- L'efecte de bombeig, provocat pel moviment i la carrega articular alternativa amb
fases de repos; i la gran superficie de cartilag articular en contacte amb la
membrana sinovial.

- La supervivencia dels cossos lliures d’origen cartilaginds en I'articulacio.

- La impossibilitat de pas de diferents substancies a través de I'os subcondral, quan
s’ha assolit la maduracio esquelética, per ’accié de barrera de la capa calcificada.3®

Pel que fa a la nutricio per difusié a partir de I'os subcondral:

36



- Quan es realitzen sinoviectomies el cartilag continua viu.

- La persisténcia de canals vasculars en grans mamifers després de la maduracié i
gue, per tant, nodreixen capes més profundes del cartilag.

- L’aparicid de canvis artrosics quan es perd la vascularitzacié de 'os subcondral.?®

Es possible que ambdues teories siguin valides i complementaries, considerant en primer
lloc la via sinovial com a principal medi d’aportacié de nutrients al cartilag hiali i acceptant
I’existéncia de la via vascular amb una funcié secundaria.

Les propietats mecaniques compressives s'atribueixen principalment al contingut de
proteoglicans,*® perd la xarxa de col-lagen també pot tenir un paper essencial en la definicié
de les propietats de compressio del cartilag.*
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Fig. 8. Esquema que resumeix l'organitzacié macromolecular del cartilag articular madur. El teixit consta de quatre
zones diferents: superficial (SZ); mitja (MZ), profunda (DZ), i una zona de matriu de cartilag calcificada (CZ), per sota del
qual es troba I'os subcondral (SB). Cada zona és diferent en termes de la seva morfologia cel-lular (panell esquerre),
l'organitzacid de la fibra de col-lagen (panell central) i la composicié bioquimica de la seva matriu extracel-lular (MEC)
(panell dret). Els components de matriu de cada zona del cartilag es presenten com a esquemes moleculars. Imatge
extreta de Hayes A, et als. Macromolecular Organization and In Vitro Growth Characteristics of Scaffold-free
Neocartilage Grafts. J Histochem Cytochem, 2007. 55(8): p. 853-66.
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1.2.2. Comportament mecanic

L'entorn mecanic del condrocit és un factor important que influeix en la salut i la funcid
de les articulacions. Els condrocits del cartilag articular utilitzen senyals mecanics en
relacié amb altres factors mediambientals, genétics, extrinsecs i intrinsecs hormonalsi/ o
paracrins o autocrins per regular la seva activitat metabolica. Aquesta capacitat
proporciona els mitjans pels quals el cartilag articular pot alterar la seva estructura i
composicié per satisfer les demandes fisiques del cos.*?

Les propietats mecaniques inclouen la resposta del cartilag en carregues de friccig,
compressio, cisallament i traccid. El cartilag és resistent i mostra propietats
viscoelastiques. Durant la marxa, el cartilag articular es veu sotmes a pressions que
oscil-len de 0 a 10 vegades respecte a les del pes corporal. L'aplicacié d’aquestes
pressions es déna en petites arees que es van desplagant al llarg de tota la superficie
articular, a mesura que l'articulacid es mou, provocant un considerable estrés. Les fibres
de col-lagen i els proteoglicans donen al cartilag una ultraestructura que li confereix la
consistencia elastica. Els cisallaments i friccions als que esta sotmes sén absorbits per les
fibres de col-lagen, mentre que les sol-licitacions verticals, de compressid, ho sén pels
proteoglicans.*3

2. Tractaments quirurgics en Us pels defectes focals

L’aparicié de dolors articulars després de traumatismes directes sobre les articulacions ha
estat motiu constant de consulta per part dels pacients. Paradoxalment es va menysprear
la situacidé en abséncia d’una fractura visible en I'estudi radiologic i no va provocar



historicament gran interes entre els metges i investigadors en la recerca d’una explicacid
per a aquesta problematica. L’estudi de Ficat C.**va ser un dels primers a relacionar el
traumatisme per impacte articular i I'aparicié posterior d’un procés degeneratiu.

Els traumatismes per impacte simple o repetitiu, amb una forga suficient, sdn capacos de
produir una degeneracid del cartilag articular, que pot arribar fins a la capa calcificada i
I’os subcondral igual que s’observa a I'artrosi, si bé la mobilitat articular preco¢ de forma
controlada pot tenir un efecte reparador.*

El cartilag articular distribueix la carrega entre els ossos que la formen l'articulacio, per
evitar altes tensions en les arees del punt de suport de carrega dins de l'articulacio i
proporcionar una superficie de baixa friccid, irrigada tota ella pel liquid sinovial.

En la maduresa esquelética, el cartilag articular no cicatritza ni es regenera
espontaniament si esta danyat, independentment de si aquest dany ve originat per un
traumatisme agut o per una degeneracid progressiva mecanica. El cartilag madur no
disposa d’una capacitat de reparacio intrinseca.

Les lesions del cartilag de les grans articulacions de carrega es poden produir a causa
d’un elevat nombre de situacions: des de petites lesions agudes, que poden ser
actualment diagnosticades per artroscopia, i no sén necessariament simptomatiques,
fins a lesions més grans, problemes degeneratius cronics simptomatics, o desalineacions
articulars en varo o valgo.

Fig. 10. Telemetria: tragat de la linia de Mikulicz (linia maluc-genoll-turmell), que
connecta el centre del cap femoral amb el centre de la cupula astragalina. En una
extremitat normo alineada aquesta linia es troba entre els dos mal-léols. En aquest
cas es tracta d’un genoll en desviacio en varo.

L'etiologia de L'osteoartritis (OA) esta ben definida, i el concepte primari implica una
homeostasi desequilibrada, és a dir, la secrecié i la degradacid de components de la
MEC.

2.1.Tipus de lesions

Es descriuran les superficials o condrals i les profundes o osteocondrals. No es fara
esmena de les lesions degeneratives ni d’aquelles degudes a malalties reumatiques, les
de desalineaments dels eixos de carrega articular, o les d’etiologia genética. Les lesions
profundes o osteocondrals estan relacionades amb malalties tipus osteocondritis
dissecant.
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La incidencia exacta de les lesions condrals simptomatiques en la poblacié general és
desconeguda. En alguns estudis epidemiologics a gran escala les lesions del cartilag
s’observen en el 5-11% de les artroscopies diagnostiques, en les poblacions d'adults
predominantment joves amb dolor articular.*® No obstant aixo, les lesions condrals focals
son sovint resultats coincidents a altres lesions, per exemple, en el genoll amb les
ruptures de menisc o de lligaments encreuats.

2.1.1. Graus de lesions condrals

Hi ha diverses classificacions per valorar la gravetat de les lesions del cartilag articular. Es
basen principalment en la visualitzacié del defecte, de manera que pot existir gran
variabilitat entre observadors. De les classificacions existents a la literatura, |'establerta
per Outerbridge el 1961 és la més emprada. S'estableixen quatre graus:

- @Grau l: Inflamacié i reblaniment del cartilag articular.
- Grau ll: Grau | amb fissuracié en zones < 1,25 cm de diametre.
- Grau lll: Grau | amb fragmentacié en zones > de 1,25 cm de diametre.

- Grau lV: Erosid del cartilag que arriba fins a I’os subcondral.

Fig. 11. Imatges d’artroscopia de lesions del cartilag articular que il-lustren la classificacid per graus d’Outerbridge

Recentment, I'International Cartilage Repair Society (ICRS) ha proposat una nova escala
de valoracio i descripcié del dany de la superficie del cartilag articular, en la qual s'inclou
la osteocondritis dissecant, amb la finalitat de crear un llenguatge més universal per a la
comunicacid i difusié dels avencos en patologia del cartilag.

2.2. Técniques quirargiques

Hi ha un gran nombre de procediments quirurgics que s'han estat utilitzant pel tractament
de lesions condrals.

Técniques reparadores

Les tecniques de reparacio inclouen I'estimulacid ossia, com l'artroplastia d'abrasio, les
perforacions fins a os subcondral, i les microfractures. Totes elles indueixen la formacid de
teixit de reparacido de tipus fibrocartilaginds. Si bé els resultats clinics a curt termini
mostren bons resultats, la durabilitat clinica de la medul-la 0ssia estimulada per reparar el
teixit ha mostrat una disminucid funcional progressiva en els seguiments posteriors
realitzats.

a. Amb I'abrasié*’ s’elimina el teixit del cartilag i de 'os subcondral esclerotic,
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exposant la vascularitzacio i refrescant el llit de la lesié per potenciar I'organitzacid
de coaguls de sang i afavorir la formacié de teixit fibros.

b. L'estimulacido medul-lar, descrita per K.H. Pridie el 1959 i posteriorment
millorada per Steadman,*® es fonamenta en la reparacié del cartilag lesionat gracies
al sagnat local que es produeix al perforar la placa ossia subcondral amb una agulla
de Kirchner o amb un punxd, permetent la formacié d’un coagul ric en factors de
creixement i poblat per algunes cel-les pluripotencials procedents de la medul-la
ossia que, juntament amb els fibroblast, formaran un nou teixit de tipus
fibrocartilaginds. Tot i el temps transcorregut, aquest procediment encara s’utilitza
per la seva disponibilitat, técnica senzilla, i poc cost.

Twist drill bit Kirschner wire

Bony fragment Peri-hole Gﬂmpactu}n

2

Fig. 12. Perforacions fins a I'0s subcondral amb broca o kischner. Gao et dl. Disease Mode/s & Mechanisms
2018; 11.

Tot i el temps transcorregut, aquest procediment encara s’utilitza per la seva
disponibilitat, tecnica senzilla, i poc cost.

C. Les microfractures,*® procediment semblant al Pridie, perd amb broca i
perforacions molt més precises i petites, es realitza practicant entre 4 i 6
perforacions per cm?2. Implica la penetracié fins a I'os subcondral per causar sagnat
gue al seu moment forma un coagul de sang ple de cel-lules mare de la medul-la
ossia. L'objectiu és que aquestes cel-lules estimulin la reparacid, pero aquest
procediment sovint déna lloc a fibrocartilag inferior.*® Tot i aixi, és la técnica de
referencia pel tractament de les lesions condrals i el control amb el que es
comparen totes les altres.

Actualment es practiquen microfractures podent-hi afegir:

- Chitosan: BST-CarGel® és una solucié basada en biopolimers que es barregen
amb la sang del pacient i s'implanten en el llit de la lesié6 després d’un
procediment de microfractura. Millora I'adhesié i I'estabilitzacié del coagul.
Millora la composicid bioquimica i I'organitzacié del teixit a reparar (col-lagen
tipus Il,glicosaminoglicans).

- CartiFill™, mesclat amb fibrina (Tissucol).

En la bibliografia analitzada es constata que les microfractures sén efectives en lesions



menors i acostumen a associar-se a una major proporcié de produccié de fibrocartilag,
que pot tenir un efecte sobre la durabilitat i el possible fracas.>°

Técniques reconstructives

Alguna de les tecniques de reconstruccié utilitzades son I'autoempelt osteocondral, la
mosaicoplastia®i 'al-loempelt osteocondral per substituir el defecte de cartilag, ja sigui
amb el del propi pacient, pero d’una altra localitzacid, o de donant en una sola
intervencio.

a. L'autoempelt osteocondral autoleg: ja en els anys 60 del passat segle, Wagner va
preconitzar els autoempelts per I'osteocondritis dissecant.

Fig.13. Técnica de Wagner. Wagner, H.
Traitement opératoire de I'ostéochondrite
disséquante cause de I'arthrite déformante
du genou Rev. Chir. Orthop.,50, 335-352,
1964

b. Actualment, la mosaicoplastia®? és una técnica semblant, no Gnicament per la osteocondritis,
que recull petits empelts circulars de la mateixa articulacié pero d’altres zones i el seu
trasplantament posterior en un patré de mosaic, dins del defecte osteocondral existent, fins
gue queda totalment recobert. En el genoll, habitualment els empelts s'obtenen de la
periferia de la troclea. Les indicacions classiques inclouen pacients menors de 45 anys, amb
defectes osteocondrals de grandaria moderada, generalment de 3 a 5 cm.

Fig. 14. Tecnica de Mosaicoplastia. Imatge del servei de COT
Hospital Plato.

Fig. 15. Autogreffe osteo-cartilagineuse rotule-condyle. Navés J. 12° Congreés International de Chirurgie Orthopédique
Tel Aviv, pag.980, 197254
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¢ Al-loempelt osteocondral procedent de banc és un tractament eficag pels defectes
en zones de carrega, ja que no s’ha d’extreure d’altres llocs de I'articulacié, pero el
procediment esta limitat per I'escassetat d’empelts de banc.
La substitucié completa d'una articulacié danyada representa una possible solucié.
Els al-loempelts s'han utilitzat en la cirurgia de recat de les extremitats després
d’un traumatisme greu o de la reseccid de tumors ossis malignes, sols o en
associacid amb una protesi.>3 Els inconvenients d’aquests al-loempelts inclouen
I’'abséncia de supervivencia del condrocits, i per tant el seu potencial curatiu es
redueix, i al mateix temps s’ha de tenir en compte el risc de possibles fractures.

d. Com a substitut de I'empelt ossi en les mosaicoplasties estan els cilindres
sintétics,>*>°> com ara el comercialitzat amb la marca TruFit® fabricat a partir d’'una
barreja de poli DL-lactida-co-glicélide, sulfat de calci, fibres de poliglicolida i
tensioactius, que es reabsorbeix i es transforma en os, durant el procés de curacio.

= e — r'l' L |

Fig. 16. Imatge dos anys
després de la col-locacio del

cilindre sintétic Trufit. Paul
Hindle P.et al. Autologous

osteochondral mosaicplasty or
TruFitTM plugs for cartilage
repair. Knee Surg Sports
Traumatol Arthrosc
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e. Recobriments metal-lics:*®també s’han utilitzat materials no reabsorbibles com a

recobriment metal-lic del focus lesionat, amb material tipus alumini o titani,
impactat directament. Aquesta técnica es va abandonar molt aviat, per un
problema de fixacid del material metal-lic.

Fig. 17. Mini-hemi-artroplastia.
Navés J, Puig M, Salvador A. 1976

Técniques regeneratives

La técnica d’implantacié de condrocits autdlegs®’ consisteix en un procediment en dos
passos: un primer pas que consisteix en una cirurgia per extreure una mostra de
condrocits i poder expandir-la in vitro, i un segon per implantar-ho després del seu cultiu.



a. El procés pel trasplantament de condrocits autolegs o ACl es va publicar per primera
vegada el 1994. Amb aquesta técnica es tracten els defectes del cartilag d’'un gruix
d’entre 1.6 a 6.5 cm. Els condrocits obtinguts a partir d'una area no afectada per la
lesid s’aillen i cultiven al laboratori entre 14 i 21 dies. Els condrocits cultivats sén
implantats posteriorment a |'area del defecte i es cobreixen amb un penjoll de
periosti i es segellen amb fibrina.>”>8

- ChondroCelect® és una suspensido per implantacid que conté cel-lules de cartilag
derivades del mateix pacient, es troba actualment en el mercat a Belgica, Paisos
Baixos, Espanya, Regne Unit i Finlandia.

b. El trasplantament de condrocits autdlegs amb matriu o MACI®® consta de condrocits
autolegs, sembrats sobre una membrana de col-lagen d'origen porci (tipus | / Il ACI-
Maix) i utilitza fibrina com a segellant.

Els principals problemes derivats de I'Us d’aquestes tecniques son: la necessitat de dues
intervencions quirurgiques i la forma d’assegurar els condrocits a I'interior del defecte.
Estudis experimentals en gossos han observat que la sutura del penjoll periostic en el
defecte presenta efectes nocius en el cartilag adjacent, com ara fissures, perdua de
proteoglicans i augment de la clonacié de condrocits.®°

Fig. 18. Descripcié esquematica de MACI de: (1) Artroscopia inicial amb avaluacio del cartilag lesionat i de la collita d'una biopsia de
cartilag de gruix complet; (2) la biopsia s'envia en un recipient estéril i refredat al laboratori de cultiu cel-lular; (3) el cartilag és digerit
enzimaticament (4) I'expansié dels condrocits en el cultiu mono capa durant aproximadament quatre setmanes; (5) les cel-lules se
sembren a la bastida uns dies abans de la implantacié; (6) I'implant d'enginyeria es torna al cirurgia en un recipient esteéril, (7) una
cirurgia definitiva amb desbridament del cartilag lesionat seguit d'una implantacié MACI, que s'ajusta a la mida del defecte i s'encola
amb una capa fina de fibrina. Imatge de Jacobi et al. Sports Medicine, arthroscopy, rehabilitation, therapy & technology 2011, 3:10.
(1)

Actualment, amb aqueste técnica®!s’ha demostrat que la capacitat d’orientacié espaial
dels condrocits és limitada. Es per aixd que, al transplantar els condrocits en monocapa

mitjancant la técnica MACI, els condrocits no s’organitzen amb les caracteristiques
tridimensionals del cartilag hiali sa i finalment es diferencien en un teixit de
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caracteristiques fibrocartilaginoses.

El trasplantament de condrocits autolegs amb periosti s'ha vist associada amb
hipertrofia de cartilag simptomatic amb més freqiiencia que la implantacié de condrocits
autolegs amb matriu de col-lagen.

La implantacié de condrocits autolegs associats a matrius és técnicament menys
desafiant que les altres técniques disponibles, i en lesions de més de 4 cm?s'ha intentat
demostrar que és més eficag¢ que la microfractura.b?

o

- Vil

ng. 19. Tecnica de MACI, des del defecte irregular del cartilag es col-loca la matriu sense sutura. Autologous Chondrocyte implantation,
simplified. Imatge de: Gursoy S, et als. Factors Influencing the Results in Matrix-Associated Autologous Chondrocyte Implantation: A 2 - 5
Year Follow-Up Study. J Clin Med Res. 2019;11(2):137-44.
Comparar de manera directa les diverses tecniques aqui descrites suposa un repte
metodologic, atesa la gran varietat de técniques, I'absencia de seguiment a llarg termini
d’algunes d’elles, i I’heterogeneitat de les mesures del resultat que aporten els

cirurgians. 45
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Fig . 20. /l-lustracid dels enfocaments clinicament provats per a la restauracio del teixit cartilaginds. Medvedeva, E. V
et als. Repair of Damaged Articular Cartilage: Current Approaches and Future Directions. International journal of
molecular sciences. 2018; 19(8), 2366.



3. Enginyeria tissular

El terme "enginyeria de teixits" indica un camp interdisciplinari que té com a objectiu
cultivar teixits o organs directament des d'una cél-lula extreta d'un individu.®3

La primera aparicié del terme impres trobada a través d’una recerca PubMed va ser una
publicacid de 1984 que descrivia I'organitzacié d’'una membrana semblant a I'endoteli a la
superficie d’'una protesi oftalmologica sintética de llarga implantacio.

L’origen del terme,®>tal com es coneix avui dia, es pot atribuir a un individu concret. El
1985, YC Fung, pioner en el camp de la biomecanica i, de manera més amplia, de la
bioenginyeria, va presentar "Una proposta a la National Science Foundation per a un
centre d'investigacid en enginyeria a UCSD, Centre per a 'enginyeria de teixits vius”.%° El
concepte de Fung es basava en la definicié tradicional de "teixit" com a estructura
fonamental en 'analisi d’organismes vius, entre cel-lules i organs. La seva proposta no va
ser acceptada en aquell moment, pero el 1987 ja es va comencar a utilitzar.®’

L'enfocament tipic implica tres focus: les cel-lules, els biomaterials i els senyals o factors
d’estimulaciéo que han de rebre les cel-lules per tal de fer la seva funcid. Aixo sovint
s’anomena com la triada de I’enginyeria de teixits.

Enginyeria de
teixits

Bastides
biomaterials

Factors de
creixament/
Senyals

Fig. 21. Triada de I'enginyeria de teixits

Les cel-lules sén les encarregades de sintetitzar la matriu extracel-lular del nou teixit i
restaurar la funcié dels teixits lesionats, mentre que la bastida ha de proporcionar un
ambient favorable per a I'adhesio, proliferacié i diferenciacié cel-lular. Juntament amb les
moléecules bioactives han de facilitar i promoure la regeneracié del nou teixit.

La bastida® ha de proporcionar I'estructura tridimensional temporal on es formara el
nou teixit, i alhora pot ser el vehicle que controli I'alliberament de substancies
biologicament actives que afavoreixin el creixement o la diferenciacid cel-lular. Aquesta
bastida o matriu, per a poder dur a terme aquesta funcid, ha de complir alguns
requeriments: ha de ser biocompatible amb els teixits; ha de ser biodegradable,
permetent aixi que el teixit nou que va sorgint substitueixi la matriu; no ha d’induir cap
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resposta adversa a l'organisme; ha de tenir unes propietats mecaniques adequades
segons el tipus d’aplicacio;®°i ha de tenir una porositat i una morfologia pertinent per
afavorir el transport de cél-lules, gasos, metabolits, nutrients i molécules bioactives tant
dintre de la matriu com entre aquesta i el medi circumdant.

Els senyals que han de rebre les cél-lules poden ser mecanics, quimics o biolodgics i sén
triats i adaptats depenent del teixit que ha de ser regenerat.

Els enfocaments actuals de la regeneraciéd del cartilag articular inclouen I'Us de
condrocits, cél-lules mare, bastides i factors de creixement.

Bastides

—_— —_—

— f—

— pA— .

& i
I e '
Construccions d’enginyeria de teixits By 8

Estimulacié mecanica i Factors de creixement, citocines
altres métodes harmones, etc..

Substituir teixits/drgans del cos danyats

Fig. 22. L'enginyeria de teixits incorpora molts factors critics que inclouen cél-lules, bastides, factors bioactius i estimuls
fisics per reunir construccions biomimetiques dissenyades per teixits per reemplagar els teixits danyats en humans.
Imatge de: Zhang, L., et al’s. The role of tissue engineering in articular cartilage repair and regeneration. Critical
reviews in biomedical engineering,2009; 37(1-2), 1-57.

El cartilag continua sent un dels teixits més dificils de reconstruir o reemplacar, a causa
de la seva complexa geometria estructural i la forga mecanica que han de suportar les
superficies articulars.

Aixd ha suposat un repte per als avencos en l'enginyeria de teixits’®. La varietat de
polimersitecniques de fabricacié disponibles continua expandint-se. La mida dels porus, la
porositat, la biocompatibilitat, I'especificitat de la forma, la integracié amb el teixit natiu,
la degradaci6é adaptada a la velocitat de formacié del nou cartilag i I'eficiencia de costos
son factors importants que cal tenir en compte en el desenvolupament d'una bastida
ideal per a I'aplicacid clinica.

3.1. Fonts d’obtencio cel-lular

Condrocits

L'eleccid dels condrocits sembla que hauria de ser una decisio obvia pel que fa a la
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regeneracid de les lesions del cartilag articular, ja que son cel-lules natives del teixit.
Formen teixit cartilaginds tan in vitro com in vivo’' i es fan servir clinicament en el
procediment d'ACl. Pero en els tractaments tradicionals basats en condrocits es van
identificar diversos inconvenients:

- Només un nombre limitat dels condrocits es pot aillar d'una articulacié.”?

- Lextraccio del cartilag de les arees no danyades pot causar morbiditat del lloc
d’extraccio i d’altres lesions addicionals com ara la degradacio del lloc.

- El nombre de condrocits per gram de teixit disminueix amb I'edat.”?
- Els condrocits perden gradualment el seu fenotip i es diferencien quan es passen
ain vitro.”*
A causa de les limitacions relacionades amb les fonts de condrocits, s’estan fent molts
esforcos per explorar altres fonts cel-lulars. Les caracteristiques desitjables per a
aquestes fonts inclouen accessibilitat, disponibilitat i capacitat condrogénica.

Cel-lules mare mesenquimals (MSCs)

Les MSC autologues procedents d'una varietat de teixits sé6n una font de cel-lules
multipotents amb la capacitat de proliferar extensivament i diferenciar-se al llarg d'una
serie de llinatges. La ruta de diferenciacié d'una MSC depen de la font, la quimica, i de
senyals ambientals i fisics. Han estat investigades en medicina regenerativa per a la
reparacio de defectes de cartilag.

Les cél-lules mare mesenquimals son cel-lules multipotents que es poden trobar a la
medul-la Ossia i s6n importants per a fabricar i reparar teixit esquelétic. No s'han de
confondre amb les cél-lules mare hematopoétiques (de la sang) que també es troben a
la medul-la 0ssia i sén les precursores de les cel-lules sanguinies.

Destacar que s'han realitzat nombrosos estudis que demostren que les MSC en
condicions concretes son possibles si es sotmeten a la condrogénesi en preséncia de
factors de creixement transformadors (TGF-B3), i en condicions de baix oxigen.”>

Cél-lules mare embrionaries (CME)

Les cel-lules mare embrionaries procedeixen de la massa cel-lular interna de blastocists.
Es tracta de pre-embrions de 5-6 dies amb aproximadament 150-200 cel-lules. La massa
cel-lular interna, origen de les CME en condicions de cultiu in vitro, és la que donaria lloc
al fetus en condicions in vivo, si el pre-embrid s'implantés i la gestaciod arribés a terme.

El cultiu d’aquesta estructura dona lloc al creixement de les CME. Aquesta mena de
cél-lules posseeixen unes caracteristiques especifiques a causa de la capacitat d’auto
renovacio indefinida i de la pluripotencialitat de qué gaudeixen. Les CME poden donar
lloc a noves cél-lules mare indiferenciades o convertir-se en distints tipus cel-lulars dels
més de 200 que hi ha en un individu adult de I'espécie humana.

Sén cel-lules pluri o multipotents (en alguns casos totipotents) que poden donar lloc a
distints tipus cel-lulars, depenent del seu origen i plasticitat.”®

48



Cel-lules mare obtingudes de teixit adult

S'han identificat cel-lules mare adultes en molts teixits animals i humans. En general, es
fan servir varis metodes per determinar si les cel-lules mare candidates adultes donen
lloc a cel-lules especialitzades. Les cel-lules mare adultes es poden etiquetar in vivo i
poden ser rastrejades.

A diferencia de les cél-lules mare embrionaries, que es defineixen pel seu origen, les
cel-lules mare adultes no comparteixen cap mitja definitiu de caracteritzacié. Les
definicions de cel-lules mare adultes varien en la literatura cientifica, des d'una simple
descripcid de les cel-lules fins a un rigords conjunt de criteris experimentals que s'han de
complir abans de caracteritzar una cél-lula determinada com a cél-lula mare adulta.”’ La
llista de teixits adults que se sap que contenen cél-lules mare esta creixent i inclou
medul-la ssia, sang periférica, cervell, medul-la espinal, polpa dental,’® vasos sanguinis,
muscul esquelétic,”® greix, epiteli de la pell i sistema digestiu, cornia, retina, fetge i
pancrees.

Dels diferents tipus de cel-lules mare, les cel-lules mare derivades de medul-la 0ssia
(BMSCs) i les cel-lules mare adiposes (ADSc) tenen molts avantatges per a les aplicacions
cliniques pel seu potencial condrogeénic.8’ Es més facil separar i proliferar BMSCs i ADSc
que els condrocits primaris. Aquestes cel-lules mare poden diferenciar-se en 0ssos i
cartilags i per tant regeneren el cartilag in vitro i in vivo. &

En I'Gltima decada, el teixit adipds s'ha convertit en una font molt interessant de cel-lules
mare adultes per a cirurgia plastica i medicina regenerativa.

Les cel-lules mare derivades del greix infrapatel-lar (ADSc) son aillades en el coixinet
adipds que es troba darrere de la rotula de I'articulacié del genoll.®? Les cél-lules
adiposes han demostrat expressar marcadors condrogénics (SGAG) i col-lagen de tipus Il
utilitzant cel-lules de porci quan el cultiu es complementa amb factor de creixement TGF-
B3. Resulta cabdal per a la condrogenesi el senyal que deriva del factor de creixement
TGF-B3. Cal, per tant, estandarditzar processos i fonts cel-lulars que incrementin el
potencial condrogenic.

No obstant aix0, és dificil obtenir un gran nombre de BMSCs i ADSc mitjangant un cultiu in
vitro, ja que I'expansid extensa pot alterar els seus fenotips.®3

Per aquests motius, es necessita una nova font de cel-lules per a la regeneracié del
cartilag. En aquest sentit, son interessants les cél-lules mare pluripotents induides (iPSCs),
que poden proliferar indefinidament i que es produeixen en grans quantitats.

Cel-lules mare pluripotents induides (iPSCs)

La primera cél-lula pluripotencial induida va ser creada al inserir quatre gens a I'ADN de
les cel-lules. Les iPSc es van generar per primera vegada per la transduccid de fibroblasts
de ratoli amb quatre factors de transcripcié (c-Myc, KLF4, oct3/4 i Sox2) el 2006, per
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Yamanaka.?* Aquests factors s'anomenen factors de reprogramacio, ja que poden re-
programar els nuclis de cél-lules somatiques perque siguin pluripotents, i per tant pot
revertir el nivell de diferenciaciéd de les cél-lules somatiques. Aquesta combinacié de
quatre factors de reprogramacié va ser identificada a partir d’anar provant diverses
combinacions de 24 factors que s'expressen abundantment en les CE de manera

endogena.
Reprogramming
fact f B — -
e = @
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Blood cell /
Hematopoietic
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Fig. 23. Les iPSC es poden generar artificialment reprogramant les cel-lules propies del pacient i també es poden
diferenciar en diversos llinatges. Nam Y, Rim YA, Lee J, Ju JH. Current Therapeutic Strategies for Stem Cell-Based
Cartilage Regeneration. Stem Cells Int 2018:1-20.

Aquestes cel-lules sén una eina de recerca interessant i valuosa, pero les cel-lules iPS
s'enfronten a alguns obstacles abans que puguin avancar cap als assajos clinics. Per
exemple, les primeres versions de la tecnica van utilitzar un virus per introduir els gens a
la cél-lula de la pell Aquest virus podria integrar-se a I'ADN de la cél-lula i, possiblement,
causar mutacions perilloses.

Al 2007, les iPSCs es van generar a partir de cel-lules somatiques humanes mitjancant la
introduccid de la mateixa combinacié de factors (c-MYC, KLF4, oct3 / 4 i Sox2) [15] i
també amb I'Gs d'una combinacié diferent de factors (oct3 / 4, Sox2, Nanog i Lin28).8>

Les iPSC humanes es poden generar a partir d'un ampli espectre de cel-lules somatiques,
incloent-hi fibroblasts, queratocits i cél-lules del teixit adipds.8® A més a més, els bancs
de sang del cordd umbilical ja han recollit grans repositoris d’al-lotips antigénics de
leucocits humans, que poden esdevenir una font d'existencies histo-compatiblesd'iPSCs.

Les iPSc sén una gran promesa per al desenvolupament de les terapies especifiques pel
pacient per restaurar teixits danyats que tenen una deficient capacitat de regeneracio,
com el cartilag articular.?’
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Tanmateix, s'han d'abordar diversos aspectes importants abans que les cél-lules iPSc
humanes puguin ser utilitzades per a la regeneracié del cartilag, el principal d'ells és la
capacitat per activar les vies de senyalitzacié i programes de transcripcid, pas
indispensable per tal de dirigir i restringir la diferenciacié de cel-lules mare pluripotents
en condrocits funcionals de maneraeficient. Els resultats dels estudis®® que utilitzen tant
cél-lules humanes com de ratoli van recolzar la hipotesi que les cel-lules iPSCs no son
iguals i que les diferéncies en les seves tendéncies de diferenciacié poden atribuir-se,
almenys en part, al tipus de cél-lula d'origen.

Les iPSCs tenen pluripoténcia i potencial d’auto renovacid similars a les cel-lules mare
embrionaries (CE), perd no desperten tantes gliestions etiques com les embrionaries. Els
recents progressos han fet possible la generacié de cel-lules iPS i la posterior
diferenciacié en condrocits.

S'esta desenvolupant una biblioteca®?iPSCs formada a partir de donants homozigots per
a tipus d'HLA comuns, que sera capac de proporcionar els condrocits al-logenics derivats
d’iPSCs a baix cost per poder cobrir la majoria de la poblacid, sempre i quan les
técniques de produccid arribin al nivell d’exigéncia i seguretat requerits per laclinica.*®

3.2. Biomaterials

Els biomaterials han de permetre a les cel-lules proliferar, migrar, diferenciar-se i poder-
se integrar in vivo,®? amb diversos polimers naturals i sintétics emprats per al cultiu de
condrocits.”® No obstant aixd, aquests biomaterials no sén biomimétics, i poden
desprendre metabolits toxics durant la seva degradacio, causant la mort cel-lular.

Les bastides 3D s’utilitzen en el camp de I'enginyeria de teixits per a I'encapsulacio de
cél-lules com a matriu extracel-lular temporal fins que les cél-lules poden secretar la seva
propia matriu.

Les bastides es poden formar a partir de teixits descel-luritzads o polimers, sintetics o
naturals. Hi ha diverses consideracions a |I'hora de triar un biomaterial per a I'enginyeria
de teixits del cartilag.

La biocompatibilitat és la caracteristica primordial, és a dir, el biomaterial no ha de
produir una reaccié immune adversa ni una resposta inflamatoria.>* També ha de tenir
una elasticitat i unes propietats mecaniques semblants al teixit natiu per ajudar a
mantenir el fenotip de condrocit o permetre que les cél-lules mare llargues vagin
diferenciant al llarg del llinatge condrogénic. Aixo també pot impedir que es produeixi una
fallada de la bastida quan s’implanta al lloc. El cartilag ha de suportar carrega, per tant,
bastides de propietats mecaniques inferiors poden desnaturalitzar-se o danyar-se. També
ha de poder suportar la caracteristica morfologia de les cel-lules rodones del condrocit.

Estudis ex vivo han demostrat que la regeneracio del cartilag depéen tant de la taxa de
proliferacié de condrocits com de la capacitat de diferenciacié de cél-lules dins d'una matriu
tridimensional, una estructura que actua com a operador cel-lular per mantenir i donar
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suport a les caracteristiques especifiques del teixit.
Matrius naturals

Les matrius naturals se subdivideixen en bases de proteines (col-lagen, fibrina, seda) i
materials basats en hidrats de carboni (hialuronat, alginat, agarosa, quitosa, goma de
gellan). No son toxiques, i s'integren perfectament a 'ambient creat.

Matrius sintétiques

Aquestes tenen diversos avantatges sobre les naturals, com ara que posseeixen un major
grau d'adaptabilitat i facilitat de fabricacid. Els seus desavantatges son la rapida pérdua
de propietats mecaniques després de la implantacio i la toxicitat potencial. Els materials
sintétics també mostren un menor grau de biocompatibilitat que els naturals.®® Els més
comunament utilitzats en la regeneracié de cartilag sén, poly (ethylene glycol) (PEG) i els
seus derivats poly (Lactide-co- glycolide) (PLGA), i poly (L-lactic acid) (PLLA).

3.3. Factors de creixement

Els factors de creixement son polipéptids biologics que activen/estimulen el creixement,
la diferenciacié o la proliferacié de cél-lules actives. S'uneixen a receptors especifics en la
superficie cel-lular, alguns sén versatils i alguns sén de tipus cel-lular especific. Molts
factors de creixement estan presents en el cartilag articular i treballen sinérgicament per
regular i promoure el creixement del cartilag i el metabolisme.?® Només les cél-lules mare

no sén suficients per induir la condrogénesi en un model 3D.°’

4. Bioimpressio

La bioimpressié és basicament una tecnologia per fabricar construccions complexes
de teixits a través d'un procés de construccid capa a capa i utilitzant cél-lules
hidrogels i factors d’estimulacido de manera especifica.

A través d’'una série de processos tecnologics, les imatges mediques DICOM
(Digital Imaging and Communications in Medicine) traduides al format STL (Standard
Triangle Language) imprimeixen / creen els teixits.

Un requisit essencial per a la reproduccié de l'arquitectura complexa i heterogenia
dels teixits o organs funcionals és una comprensidé integral de la composicid i
I'organitzacié dels seus components.

La bioimpressio 3D per a enginyeria de teixits es pot dividir en dues formes, amb i
sense cel-lules vives incorporades impreses directament a les construccions. En el primer
cas, es dipositen bioinks amb ceél-lules viables per formar una estructura viva
tridimensional, mentre que en el segon només es produeix I'estructura acel-lular

Té una importancia crucial el software, ja que les impressores es poden comprar
al mercat, pero el resultat final és tan delicat que els retocs del software es fan
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imprescindibles i Unics per cada grup de treball.

La impressié 3D va ser descrita per primera vegada el 1984 per Charles W. Hull. En el seu
metode, el que va anomenar “estereolitografia”, capes primes de material operable amb
llum ultraviolada s’imprimien seqlencialment per formar una estructura solida
tridimensional.

L’any 1999, 3D Systems Inc® va patentar un metode i un aparell per fabricar un objecte
tridimensional per estereolitografia. Des de lIlavors, s’han anat aprovant una serie de
patents amb millores per a la impressié 3D, pero també s'han desenvolupat altres
tecnologies de bioimpressid, com ara el modelat per deposicid fosa, la sinteritzacié
selectiva per laser, la fusié de filaments, el Polyjet®® (aquesta bioimpressora funciona de
manera similar a la d'injeccio de tinta, perd en comptes de raig de gotes de tinta, les
impressores de raig de Polyjet 3D imprimeixen capes de fotopolimers liquids operables
sobre una bastida).

Entre les estrategies de bioimpressid, es troba una linia especifica anomenada
biofabricacid, que és un pas imprescindible per a la traducciéo comercial de la tecnologia
d'impressid de teixits i organs. En la biofabricacio de cartilag, el repte principal és
reproduir el complex micro arquitectonic dels components de la matriu extracel-lular, i
els multiples tipus de cel-lules, en una resolucid suficient per aconseguir la funcié
biologica.

Actualment, també s’esta fen servir per a la investigacié de farmacs i pindoles de
medicaments individualitzades.

Any

1984 Charles Hull inventa "I'aparell per fer objectes tridimensionals per estereolitografia".

1996 Aplicacié clinica de biomaterials per a la regeneracio de teixits.

1999 El Dr. L. Massella rep una de les primeres bufetes impreses en 3D gracies a “Institute Forest
Wake for Regenerative Medicine”. Es tracta d'una combinacio de biomaterials impresos en 3D i
de les seves propies cel-lules.

2002 Prototip del ronyé d'etapa precog fabricat amb bioimpressié a I'Institut Wake Forest per a la
Medicina Regenerativa.

2003 La primera patent de bioimpressores va ser presentada als Estats Units per 3D Systems Inc®.

2005 El Dr. Bowyer (Universitat de Bath) funda RepRap, una iniciativa de codi obert per construir una
impressora 3D que pot imprimir la major part dels seus propis components.

2007 Hi ha disponibles maquines selectives de sinteritzat laser, crea peces impreses en 3D a partir
de metall / plastic fusionat. Obre la porta a la personalitzacié massiva i a la fabricacié sota
demanda de peces industrials.

2007 RepRap Aquest any Darwin presnta, la primera impressora que es pot reproduir
automaticament, capag d'imprimir la majoria dels seus propis components, que permeten la
millora dels usuaris.

2009 La patent de modelacid de deposicié fosa expira, encenen la innovacio en la industria grafica 3D.

2009 MakerBot comenga a vendre kits per fer una impressora 3D. El primer kit per construir una
impressora es ven per S 750.

2010 Organovo, Inc., va anunciar I'alliberament de dades sobre els primers vasos sanguinis totalment
bioimpresos.

2012 Bioimpressid basada en extrusio (xeringa) per a un fetge artificial.

2014 Implantacié d'una bioimpressora multi brag per integrar la fabricacié de teixits amb vasos impresos
3D, artificial.

Fig. 24. Taula de I’evolucid de la impressio 3D en el temps.
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Per entendre les técniques de bioimpressid, cal fixar-se en les formulacions dels bioinks i
en la modalitat o tipus d’'impressio.

4.1. Bioinks i imprimibilitat

El terme "bioink" fa referencia als materials que imiten una matriu extracel-lular per
recolzar I'adhesié, la proliferacid i la diferenciacio de les cél-lules vives en un entorn 3D.

Imprimibilitat és un terme generic que incorpora la resolucié i I'estabilitat de la forma
gue esta influenciada per la reologia de la bioink, la concentracié i el mecanisme de
reticulacid. 1

El material del qual esta compost el bioink és crucial perque ha de proporcionar
I'espectre bioquimic (és a dir, quimioquinas, factors de creixement, factors d'adhesié o
proteines de senyalitzacid) i fisic (és a dir, fluxos intersticials, mecanics i estructurals de
la matriu extracel-lular) que promouen un entorn favorable per a la supervivencia
cel-lular, la motilitat i la diferenciaci6.1%?

S'ha definit el bioink ideal com:192

- Gel solid abans d'imprimir amb una dilucié i viscositat que permeti la impressié
amb la tecnologia seleccionada.

- Gelificacid rapida després de la impressid per obtenir una alta fidelitat.
- Augment minim o nul de la mida durant o després de I'extrusio.

En general, els broquets de la impressora d'injeccid de tinta sén més adequats per
dipositar materials de baixa viscositat que no obstrueixen el capcal d'impressi6.19 54

Els parametres que poden alterar la viscositat d’'un bioink inclouen la concentracié de

biomaterial, %% la temperatura o el nombre de cél-lules encapsulades.®®

S'han utilitzat diversos metodes senzills per avaluar la capacitat de la bioimpressora, com
per exemple comparar la geometria impresa amb la geometria obtinguda de les
exploracions originals del TAC, tant després de la bioimpressidé com a les 24 hores.1%

En la bioimpressido complexa de teixits, el procés post-impressid o el procés de regenerar
teixits inclou tres fases.

La viabilitat cel-lular

El temps del procés d'impressié i la sensibilitat de les cel-lules poden afectar la viabilitat
de les cel-lules. Si el temps és llarg i les cel-lules sén fragils, sense cap suplement de
nutricié addicional, la viabilitat de les cel-lules disminuira considerablement.

La incorporacié de mitjans de cultiu durant el procés pot millorar significativament la
viabilitat cel-lular.

L’estimulacio mecanica

Les cél-lules es troben directament encapsulades en els bioinks en el procés d'impressio, o



son sembrades a les bastides impreses; és fonamental complementar-los amb nutrients i
oxigen durant el periode de cultiu. Després de la fabricacid, les construccions amb
cel-lules viables no només hauran de mantenir-se viables per al llarg periode de cultiu,
sind que també han de ser capaces de funcionar de la manera prevista.

Els bioreactors, que normalment utilitzen perfusid, carrega de traccié o compressio,
rotacié o altres condicionaments, poden proporcionar una estimulaci® mecanica i
envoltar de forma dinamica els cultius de ceél-lules in vitro, imitant el medi natiu i les
forces fisiques in vivo.?’

Maduracio

En aquesta etapa, les cél-lules han de proliferar per formar les connexions de cél-lula-
cél-lula adequades per comunicar-se entre elles, han de ser capaces de segregar els seus
propis components de la matriu i de realitzar funcions biologiques naturals, per poder
integrant-se en el teixit hoste.

Les construccions poden proporcionar un entorn adequat per al desenvolupament de les
cél-lules, tant biomecaniques com biologiques, i també poder ser substituides per una
MEC nativa.

4.2. Tipus de bioimpressores

En general, les bioimpressores utilitzen un dispositiu d'impressio, controlat per
ordinador, per dipositar amb precisié les cel-lules i biomaterials en geometries precises,
i crear estructures biologiques anatomicament correctes. Les caracteristiques principals
d'aquesta tecnologia inclouen I'Us d’hidrogels sense productes quimics i una tecnologia
de dosificacid que és respectuosa amb les cél-lules.

Basant-se en les estratégies de treball de cada grup investigador, es podrien classificar
principalment en tres categories, les basades en gotes, les basades en extrusio i la
bioimpressid assistida per laser.

Basat en gotes

La bioimpressid basada en gotes es fonamenta en diverses fonts d’energia (mecanismes
termics, eléctrics, laser, acustics o pneumatics) per modelar les micro-gotes dels bioink
amb cel-lules vives i altres productes biologics de manera rendible. Ofereix majors
avantatges per la seva senzillesa i agilitat amb un control precis sobre la deposicio de
productes biologics incloent cél-lules, factors de creixement i gens per a la regeneracié
de teixits / organs.1%®

Com a tecnica, proporciona un métode de rendiment elevat per dipositar multiples

cél-lules o productes biologics en petites gotetes sobre una posicid espacial dirigida.'®

Basat en extrusio

La bioimpressié basada en I'extrusid té origen en la impressié de modelatge de deposicid
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fusionada (FDM). Utilitza sistemes pneumatics, mecanics o electromagnetics per
dipositar cel-lules basant-se en una mena de "xeringa". Durant la bioimpressid, el bioink
dispensat per un sistema de deposicid imprimeix amb precisio filaments carregats de
cél-lules, formant les estructures 3D desitjades.'*?

La bioimpressid basada en I'extrusid és una técnica integrada que consisteix en un
sistema de dispensaciéo de fluids per al control d'extrusid i un sistema robotitzat
automatitzat per a la bioimpressio. El bioink s'extrudeix en forma de filaments cilindrics
carregats de ceél-lules, que es poden dipositar amb precisio a les estructures 3D.11!

La deposicié continua proporciona una millor integritat estructural durant la fabricacio
rapida. Els sistemes de dispensacié es poden classificar en tres tipus: microextrusio
pneumatica, mecanica (de pistd o de cargol) i de solenoide

Basat en estereolitografia

L’esterelitografia (SLA) ofereix una técnica de fabricacié additiva amb una alta resolucid i
precisié. Utilitza la irradiacié controlada espacial de la llum o el laser per solidificar un
patré6 geometricament 2D a través de fotopolimeritzacié selectiva al diposit dels
bioinks.'!? ’estructura 3D es pot construir de manera consecutiva “capa per capa”. La
fotopolimeritzacié de capes amb patrons 2D és el pas més crucial en la bioimpressio
basada en SLA. Les tecniques d'esterelitografia també es poden aplicar per a la fabricacio

de bastides acel-lulars.
Impressora integrada d'organs de teixits (IOP)

Probablement una de les aportacions més interessants i innovadores en el camp de la
biofabricacié ha sigut l'estudi de Hyun-Wook Kang et al.''3® que va presentar una
impressora integrada d'organs de teixits (Integrated Tissue Organ Printer- ITOP), per
fabricar construccions de teixits de diverses formes a escala humana a partir de la
traduccio6 d'arxius CAD que representaven dades d'imatge clinica.

En aquesta estrategia, la integritat mecanica proporcionada per polimers termoplastics
biodegradables (poli-e-caprolactona [PCL]) es va combinar amb el rendiment biologic
superior i la capacitat de modelatge cel-lular d'hidrogels carregats de cél-lules en una
construccio perfusible mitjangant I'ds d'un multi-capgal d’impressora 3D. Els autors van
mostrar la viabilitat de tots els passos incrementals d'una estratégia d’enginyeria de

14 que abasta des de la fabricacio de la construccid en 3D, i el seu pre-

teixits integrada,
cultiu in vitro amb condicions inductives per a diferents teixits (ossos, cartilags i muscul
esqueletic), fins al trasplantament i la maduracio in vivo. La incorporacié de microcanals
a les construccions de teixits va afavorir la difusié de nutrients i I'oxigen a les cel-lules

impreses, que no van mostrar signes de necrosi.
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Fig. 25 . (a) Un diagrama de I'arbre de les diferents técniques de bioimpressio en 3D i (b) ll-lustracions simplificades de 57
técniques tipiques de bioimpressié per a la regeneracié de teixits/organs. Extret de: Cui, H., et als. (2017). 3D
Bioprinting for Organ Regeneration. Advanced healthcare materials, 6 (1), 10.1002/adhm.201601118.

4.3. Estandards essencials per garantir qualitat
Reptes de la traduccio clinica

Alguns dels desafiaments importants que enfronta I'aplicacié clinica de la terapia basada
en cel-lules pel cartilag bioimpreés inclouen la fabricacié de céel-lules, el lliurament cel-lular,
la supervivencia cel-lular, el comportament cel-lular fisiologic, la resposta immune i un risc
potencial de desenvolupament de cancer.'?®

Els estandards guien les caracteristiques de biocompatibilitat, d’esterilitat en el procés de
biofabricacid, de rigidesa i de resistencia mecanica. La validacié dels resultats requereix
garanties per poder permetre la implantacié en éssers humans.!1®

Les regulacions actuals estableixen que les terapies avancades basades en cél-lules han de
complir amb les directrius i principis del manual de GMPs (Good Manufacturing
Practices). Els temes clau inclouen la reproductibilitat de la produccid, el manteniment, el
lliurament, la tragabilitat i labio-vigilancia.'’



El reglament en assajos clinics relacionats amb terapies avancades ha de tenir en compte

una série de factors clau:11®

- La biologia de les cel-lules utilitzades, ja que la composicid dels productes
bioactius difereix substancialment en funcié de les qualitats especifiques dels tipus
cel-lulars utilitzats en la seva produccio.

- El mecanisme d'accid i objectiu terapéutic de les terapies individuals.

- Els metodes i tecniques necessaries per a l'alliberament i lliurament de productes
bioactius basats en la manipulacié de teixits (per exemple: expansid cel-lular ex
vivo, creixement en bastides i manipulacié minima de processament).

L’Us de terapies cel-lulars utilitzant cel-lules mare adultes humanes requereix el continu
desenvolupament i implementacié de mesures cada vegada més estrictes de control de
gualitat per a garantir la seguretat del pacient. Per tant, és essencial que el GMPs
estableixi un control optim del procés de fabricacid de cel-lules, centrant-se en diferents
etapes de desenvolupament del producte cel-lular/tissular, com I'aillament, I'expansié i el
lliurament d'un producte segur i eficag per a 'usuari final.

Cal una revisio critica de les diferents etapes en els processos de fabricacidé (des de la
seleccio de donants fins el lliurament del producte cel-lular acabat), que ha d'incloure la
validacié apropiada dels procediments técnics i els metodes utilitzats per garantir que
son segurs i reproduibles.

Altres procediments que s'han de revisar inclouen:

- Els metodes utilitzats per obtenir i aillar les cél-lules, el sistema de cultiu cel-lular
amb la definicid correcta del medi de cultiu.

- Les estrategies d'expansié exviu, la seleccid dels mitjans de crio-preservacio.

- Les estrategies per a la criopreservacié i 'emmagatzematge a llarg termini.

- Estratégies d'enviament dels productes cel-lulars obtinguts pels centres de
trasplantament, procediments de descongelacio i rentat efectiu per a l'eliminacio
d'agents crioprotectors.

A més a més, els processos han d'assegurar que les poblacions cel-lulars obtingudes
siguin suficients en el menor numero de cultius en el laboratori, per tal de disminuir el
risc de qualsevol possible variacié genotipica i fenotipica que es pugui observar quan les
cél-lules cultivades primaries es mantenen durant periodes de temps prolongats.'*?

Bones practiques de fabricacio

Per complir els criteris del GMPs per a l'elegibilitat dels donants i mantenir el
compliment de control de qualitat, hi ha controls d'envasat i etiquetatge que s'apliquen
a la utilitzacié de materials, als assaigs i examens periodics, al manteniment de la
temperatura, i a 'emmagatzematge del producte.

La garantia de qualitat per al control microbiologic dels materials i ambients, del
personal tecnic, i de la bioseguretat s'ha d'aconseguir mitjancant el desenvolupament de
procediments operatius estandard, que requereixen que els usuaris defineixin
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adequadament, comprovin i documentin els detalls de tots els procediments i les

mesures adoptades amb ells.12°

El GMPs també cobreix la tracabilitat dels materials i reactius utilitzats durant els
procediments. Totes les activitats de fabricacié han de ser realitzades per personal
qualificat i en instal-lacions degudament dissenyades (sales netes i esterils) i controlades
regularment. Tant les eines emprades com les tecniques han de ser analitzades per al
control i mesurament de qualitat de manera independent. Abans d'adoptar un nou
protocol o estrategia, els processos han de ser degudament validats. El sistema de gestio
de la documentacio i el control de qualitat ha de ser complet, i s’ha d’anar actualitzat
constantment.

Pel costat clinic, es va informar I'agost de 2016 que hi havia 546 assaigs clinics registrats
que utilitzaven cél-lules mare mesenquimals humanes (hMSC) soles, que consisteix un
increment substancial en relacié als assajos registrats el 2011.*21 Per un ampli marge, les
hMSC sén el tipus cel-lulars més utilitzat en la investigacié actual. Les hMSC resulten
atractives per al seu Us en terapies cel-lulars a causa de la seva disponibilitat, versatilitat i
capacitat de diferenciar i respondre a entorns amb efectes trofics, immuno-moduladors i
antiinflamatoris beneficiosos. Els usos de les cel-lules mare per al tractament inclouen
les injeccions cel-lulars per a la substitucid del teixit deteriorat i la injeccidé per ala
regulacié de factors bioactius amb efectes terapeutics, els quals requereixen altes dosis

cel-lulars que van des de 10° a 107 cél-lules per tractament.

Per tal de mantenir la linia d'innovacidé en aquesta industria en creixement, es va crear el
2014 un consorci industrial-academic que va establir el full de ruta tecnologic per a la
fabricacid de productes cel-lulars a gran escala, que sera rendible a partir de I'any 2025.
L'objectiu d'aquest consorci és desenvolupar i promoure, a través de |'Institut Nacional
d'Estandards i Tecnologia, I'avang de les tecnologies de fabricacié cel-lular mitjangant
associacions entre la industria publica, la privada i els académics.'?? Aixd ha promogut la
creacié de diverses agencies per al financament de projectes innovadors de fabricacio
cel-lular, que es podrien calcular en desenes o centenars de milions de dolars, en els
proxims anys.

Un altre punt de gran importancia és la gestio d'errors, que requereix accions correctives
gue s'han de prendre i reportar en conseqliencia. Per fer front a la prevencié i al control
de la contaminacid, cal validar tecniques aséptiques ben definides per implementar-les en
tot el procés de fabricacid.'>® En les instal-lacions de produccid a gran escala, a més dels
tecnics especificament formats i qualificats, també sera necessari un assessor medic i
cientific, que les aconsellara en aquests procediments. També hi haura un gestor de
qualitat que asseguri I'exactitud i adequacié del sistema de gestié de qualitat (SGC) que
s'implementa.

5. Consideracions normatives

Un rapid desenvolupament en els camps de la biologia cel-lular i molecular, la
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biotecnologia, la bioenginyeria i la medicina han aportat nous tractaments innovadors i
productes medics, que contenen cel-lules i teixits associats amb bastides o productes
biotecnologics.

Aquestes noves estrategies terapeutiques basades en cel-lules aplicades a la medicina
regenerativa tenen un gran potencial per al seu Us en el tractament d'una serie de
malalties que en l'actualitat no es poden tractar amb total satisfaccid. Tenint en compte
els desafiaments associats a aquest desenvolupament, es requereix una gran cura en
I'elaboracié de procediments i practiques, aixi com també cal posar especial atencié en
la regulacio.'?

Per estudiar la regulacid en el camp de la bioimpressio és util observar i sintetitzar-la a
partir dels fonaments de les tecnologies similars existents. Cal ser conscients que les
investigacions sobre productes bioimpresos dins d'un cos huma poden implicar
problemes de bioseguretat i plantejar qliestions sobre si s'ha violat la dignitat humana
(Varkey i Atala al 2015). Altres preocupacions éetiques inclouen les fonts qlestionables
dels biomaterials, aixi com la manera d'eliminar els seus residus (Akar et al’s al 2006).

5.1. Marc legal de I’Gs de cel-lules per bioimpressid

Les terapies cel-lulars sén intervencions cliniques dissenyades per al tractament de
malalties, mitjancant la modificacid dels processos biologics, en subjectes humans.

L'objectiu de la supervisié normativa és protegir els subjectes del tractament i ajudar a
assegurar a tots els interessats, i al public en general, que els processos utilitzats per
adquirir, processar i administrar les cel-lules compleixen els estandards apropiats.

Les regulacions per a I'Us huma de productes médics de terapia avancada, com la
terapia genica i cel-lular, han evolucionat d'acord amb |'avang de I'experiéncia clinica, el
coneixement cientific i I'acceptacio social d'aquestes tecnologies.

El Parlament Europeu, a finals del 2003, es va interessar en financar amb fons
comunitaris la investigaciéo amb cel-lules mare derivades d’embrions.

El Regne Unit,'?° el 2004, va obrir el seu primer banc de cél-lules mare embrionaries, i les
autoritats van aprovar el protocol de recerca de la Universitat de Newcastle per a la
clonacié d'embrions humans en la investigacié per a tractaments per a la diabetis i les
malalties de Parkinson i Alzheimer.

Tots aquests esforgos legislatius han hagut de ser revisats a mesura que els cientifics han
sigut capacos de crear cél-lules mare per curar malalties, fins ara incurables, sense la
necessitat de I’Us d'embrions humans.

El 2007, a Canada,'?® va entrar en vigor el reglament de la CTO aplicat als organs i
cél-lules minimament manipulats i teixits destinats al seu Us al-logen i homoleg. El Centre
per a I'Avaluacié de Productes Biologics (CBE)'?” té la responsabilitat de controlar els
productes incloent cel-lules i teixits per a trasplantament (reparacid i substitucid),
incloent-hi també les estrategies amb cel-lules mare, tant les tradicionals com les noves,
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i I’Us de vectors recombinats, incloses les cél-lules, dissenyades per mostrar epitops per a
la generacid d'una resposta immune profilactica.

128 s van promulgar dues lleis el novembre de 2014: la llei dels productes

Al Japd
farmaceutics i dispositius médics (PMD) i la Llei sobre la Seguretat de la Medicina
Regenerativa (ASRM). La PMD inclou definicions de productes medics regeneratius
per primera vegada i introdueix un sistema per a l'autoritzacié de comercialitzacié

condicional i limitada en el temps dels productes medics regeneratius.

La FDA, el 2016, va aprovar els condrocits autodlegs conreats en membrana de col-lagen
porci (MACI, Vericel Corp®) per a la reparacié dels defectes del cartilag de gruix complet,
simptomatics en genoll en adults. Aquest producte va ser el primer en que, mitjangant la
tecnica MACI, s’aplicava el procés d'enginyeria de teixits per fer créixer cel-lules sobre
les bastides amb el cartilag a teixit del genoll del mateix pacient.?®

La llei Europea

130 e|s assajos clinics de medicaments de terapia avancada estan

A la Unid Europea,
regulats en I'ambit nacional, en contrast amb la situacié d'una sol-licitud d'autoritzacié
de comercialitzacio, en qué es preveu un procediment centralitzat d'aquests

medicaments. L'aprovacié d'una sol-licitud d'assaig clinic és diferent entre els estats
membres de la Unié Europea, com ara a Franca,*3' a Alemanya,*3? o a Suissa.'33

L'Agencia Europea de Medicaments (EMA), juntament amb el seu Comité de Terapies
Avancades, el Comité de Medicaments d'Us Huma i la xarxa d'agéncies nacionals, és
responsable de I'avaluacié cientifica de les sol-licituds d'autoritzacié de comercialitzacio

A Europa, les terapies basades en cel-lules per a fins clinics es classifiquen com a
medicaments de terapia avangada (ATMPs) a menys que es transformin en una escala
molt petita i que estiguin destinats per a Us autoleg. A causa de la complexitat dels
medicaments de terapia avancada, hi ha una organitzacioé reguladora dedicada a ells,
anomenada el Comité de Terapies Avancades (CAT), que va ser establert per I'EMA i esta
autoritzat a revisar les sol-licituds per a la comercialitzacio de productes cel-lulars
mitjancant I'avaluacio de la seva qualitat, seguretat i eficacia per al seu us clinic .134

Un nou marc regulador (1394/2007/CE)** es va introduir el 2004. Entre les seves més de
30 consideracions, destaca la seglent: “Los nuevos progresos cientificos en
biotecnologia celular y molecular han conducido al desarrollo de terapias avanzadas
como la terapia génica, la terapia celular somatica y la ingenieria tisular. Este campo
emergente de las ciencias biomédicas ofrece nuevas oportunidades para el tratamiento
de enfermedades o disfunciones corporales humanas”

També existeix un protocol addicional per a la convencio sobre els drets humans i
biomedicina sobre trasplantament d’drgans i teixits d’origen huma (ETS niim. 186).136

La llei Espanyola3”

Espanya es regeix per la “Ley 14/2007, de 3 de julio, de Investigacién biomédica” 138
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S'espera que els nous marcs legislatius promoguin el desenvolupament de nous
productes i tecnologies, per aconseguir que les terapies regeneratives siguin més
segures i eficaces.

Un nivell adequat de regulacio té el potencial de protegir als pacients i al mateix temps
ser un facilitador de I'avang cientific, reduint al minim el risc d'esdeveniments adversos
amb el seu impacte negatiu i mantenint la suficient flexibilitat per donar suport a la
innovacio.

5.2. Validacio i control de processos’*®

La mateixa naturalesa dels productes bioimpresos significa que és fonamental construir
una estrategia de control que no només es basi en les proves dels productes finals, sind
també en el control de les materies primeres, el control del disseny i la validacid dels
processos de fabricacid (i programari de control associat). Aixdo probablement requeriria
enfocaments multi parametrics basats en riscos per avaluar les fonts d'error o fracas i les
relacions entre els parametres de procés i generacid i el producte final i que, quan es
validessin, proporcionarien una garantia del disseny i I'especificacié de la construccio del
producte a |'entrega del destinatari.

Coordinacion, Gestion y Soporte Técnico

!
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Fig.26. Procés d'obtencid de teixits humans per a Us clinic/investigacid. Imatge de : B. Miranda et al .Med. Clin (Barc.)2012;138(8):338-34

Seleccid de fonts donants

Les cél-lules i teixits d'origen autoleg i al-logenic s'han d'avaluar per optimitzar el conjunt
normalitzat de proves i per establir els criteris apropiats necessaris per a 'aprovacid.*°

Obtencio

Els medicaments basats en cél-lules humanes (CBMPs) son heterogenis pel que fa al seu
origen cel-lulari el tipus i la complexitat del producte. Les cel-lules poden ser autdlogues o
al-logéniques. A més a més, les cel-lules poden també ser modificades genéticament. Es
poden usar soles, associades amb biomolécules o altres substancies quimiques, o
combinades amb materials estructurals classificats com a dispositius medics, el que
permet la creacié d’ATMPs (medicaments de terapia avancada).#

Processament i emmagatzemament



La fabricaci6 de CBMPs ha d'estar efectuada amb els principis de la bona practica de
fabricacié. La substancia activa de CBMPs es compon principalment de cel-lules
modificades (substancialment manipulades) i/o teixits. Les substancies addicionals (per
exemple, bastides, matrius, dispositius, biomaterials, biomolécules i/o altres components)
guan es combinen com una part integral amb les cel-lules manipulades es consideren part
de la substancia activa i, per tant, es consideren com a materials de partida, encara que
no siguin d'origen biologic.14?

Envasament i etiquetatge

El proposit de les operacions d'envasat i d’etiquetatge és protegir el producte i
proporcionar la identificacié i la informacié suficient per a l'usuari. L'empaquetatge i
I'etiquetatge son elements clau per assegurar que les normes apropiades es mantenen
durant el cicle de vida d'un producte, aixi com per garantir una informacid util i aplicada a
I'usuari.t43

Distribucio

Els productes han de ser distribuits directament per professionals sanitaris o institucions
autoritzades, els quals han de tenir certificats professionals i instal-lacions apropiades
abans de rebre els productes. Els sistemes de transport han de ser verificats per assegurar
gue les condicions adequades es mantenen en tot moment. Un sistema per a I'Us de
recipients tancats utilitzats per a l'emmagatzematge, l'envasat, i la distribucié de
productes finals per a I'Gs clinic huma s’ha de desenvolupar i validar per garantir que
s'evitin riscos de contaminacio, creuada entre mostres, i al mateix temps per protegir al
personal i al medi ambient del risc potencial de patogens.'** Els sistemes de contenidors
han de ser adequats per a I’'ds amb productes de terapia basada en cel-lules a baixes
temperatures, i han de complir els requisits farmaceéutics de qualitat dissenyats per
mantenir la viabilitat cel-lular durant el temps de conservacid previst.14>146

Tracabilitat

Tota la cadena, des de I'obtencié de les cel-lules fins a I'Gs en el pacient, i en concret
cadascuna de les seves fases, ha d’estar documentada i clarificada. S'han de tenir en
compte les reaccions especials dels reactius que entraran en contacte amb els teixits i les
cél-lules i els que els acompanyaran durant la seva aplicacio al receptor. Un sistema que
permet la tracabilitat total del pacient, aixi com del producte i dels seus materials de
partida, és essencial per al monitoratge de la seguretat i I'eficacia de les CBMPs.

5.3. Garantir la biocompatibilitat i I’esterilitat

Les complexes geometries 3D i les microestructures d'accés obert habilitades per a la
impressio 3D creen reptes tant per a la biocompatibilitat com per a l'esterilitat. Fins i tot
si el material d'impressié 3D seleccionat és "aprovat clinicament" com a part d'un
dispositiu autoritzat per un mercat o un dispositiu marcat per la CE, el fabricant ha
d'establir la seva compatibilitat amb materials biologics i el procés d'impressid.*” Aixo
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requereix una comprensié de l'efecte del procés de bioimpressid sobre el material, ja
que fins i tot petits canvis en la propietat quimica, fisica (estructura i degradacid) i
mecanica poden afectar la integritat i la biocompatibilitat del component estructural i,
en definitiva, el rendiment del producte final un cop implantat.14®

L'estrategia de control té com a finalitat mostrar la reproductibilitat del procés de
fabricacid d'un producte, aixi com assegurar que és esteéril i lliure de contaminants no
desitjats.

6. Qiiestions bioetiques

Els problemes i dilemes de la bioética'* han sigut una constant en els avancos tecnologics
de la medicina i si bé pot semblar que sén nous, les qliestions morals que plantegen son
“de les més antigues que els éssers humans s’han preguntat”.

La bioimpressié d’organs i teixits planteja un problema etic important que esta vinculat
amb la justicia. En 'ambit de la societat, qui tindra accés a les noves tecnologies? Tots els
pacients, o les persones amb suficient disponibilitat econdmica o que hagin contractat
una asseguranca adequada?

La bioimpressidé podria ser una font de desigualtat entre els diferents paisos, perque
podria avancar sense parar en els paisos amb supervisions de govern menys restrictius,
mentre que els assaigs clinics i les proves d'organs per a trasplantament en els Estats

Units podrien trigar, segons Jasper L. Tran, fins a una decada en ser aprovats per la FDA.

Entre els reptes futurs es troba la necessitat de regular la bioimpressio, especialment per
evitar que es produeixi un mercat negre de teixits i organs, com succeeix a vegades.
També cal evitar a tota costa el turisme cel-lular en aquells paisos amb les lleis més
permissives. Aixi, una cooperacio internacional es demostra clau per intentar abordar els
reptes etics d’aquesta nova tecnologia.

No Unicament aix0, sind que altres debats guanyaran importancia: segons Nancy King,**°

la linia entre el tractament i la prevencié es veura cada cop més desdibuixada. Decidir
guan un organ ha deixat de ser funcional per passar a ser malalt sera un tema de relleu
per abordar la urgencia o necessitat de cada operacié o tractament. Qui decidira. ?

Pel que fa al cartilag articular aquesta qliestié esdevé important ja que alguns cirurgians
ortopedics podrien usar el cartilag bioimprés per prevenir |'artrosi, anticipant-se al
desgast simptomatic i a la incapacitat que genera la malaltia.

Aquestes questions i d’altres sorgiran evidentment quan les técniques estiguin a punt per
ser utilitzades directament en els pacients. En aquest sentit, entendre el posicionament
dels clinics és important perquée sén els qui acabaran recomanant en quines situacions
emprar les noves tecniques i en quines altres esperar perd, a la vegada, cal una
coordinacié amb altres organs que ajudin a definir unes linies que assegurin el correcte
funcionament del procés.
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Abstract

Background: Satisfactory therapeutic strategies for cartilaginous lesion repair do not yet exist. This creates a challenge for
surgeons and biomedical engineers and leads them to investigate the role of bioprinting and tissue engineering as viable 67
treatments through orthopedic surgery, plastic surgery, and otorhinolaryngology. Recent increases in related scientific literature
suggest that bioprinted cartilage may develop into a viable solution.

Objective: The objectives of this review were to (1) synthesize the scientific advances published to date, (2) identify unresolved
technical problems regarding human application, and (3) identify more effective ways for the scientific community to transfer
their findings to clinicians.

Methods: This scoping review considered articles published between 2009 and 2019 that were identified through searching
PubMed, Scopus, Web of Science, and Google Scholar. Arksey and O'Malley’s five-step framework was used to delimit and
direct the initial search results, from which we established the following research questions: (1) What do authors of current
research say about human application? (2) What necessary technical improvements are identified in the research? (3) On which
issues do the authors agree? and (4) What future research priorities emerge in the studies? We used the Cohen kappa statistic to
validate the interrater reliability.

Results: The 13 articles included in the review demonstrated the feasibility of cartilage bioprinting in live animal studies. Some
investigators are already considering short-term human experimentation, although technical limitations still need to be resolved.
Both the use and manufacturing process of stem cells need to be standardized, and a consensus is needed regarding the composition
of hydrogels. Using on-site printing strategies and predesigned implants may allow techniques to adapt to multiple situations. In
addition, the predictive capacity of implant behavior may lead to optimal results.

Conclusions: Cartilage bioprinting for surgical applications is nearing its initial use in humans. Current research suggests that
surgeons will soon be able to replace damaged tissue with bioprinted material.

(JMIR Form Res 2019;3(3):e15017) doi:10.2196/15017
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Introduction

Cartilage is a specialized connective tissue devoid of nerves,

blood, and lymph vessels. It has flexible characteristics and
consists of an abundant extracellular matrix and chondrocytes.
Articular cartilage lesions do not heal spontaneously and lead
to impaired function, progressive disability, and decreased
quality of life [1]. Traumatic and degenerative cartilage injuries
represent one of the most challenging and frustrating clinical
scenarios.

Medical specialties have a long history of adopting new
solutions for patient problems, including new techniques to
repair or replace damaged tissue, such as total joint replacement
by orthopedic surgeons, cornea replacement in ophthalmology,
and repairing malformations or congenital absence of the ear
(ie, microtia) [2]. Repairing or replacing damaged or absent
cartilage structures, such as the ear or nose, presents a significant
challenge in reconstructive plastic surgery; in these cases, a
clinically conceivable procedure needs to be created, because
current procedures often involve multiple surgeries [3] and
complications, such as infections, tissue necrosis, pain, and the
risk of an undesirable result [4].

Bioprinting technology (ie, three-dimensional [3D]) is a new
approach that allows the regeneration of cartilaginous structures
using cartilaginous cells in a biocompatible environment. The
3D shape of the bioprinting product can be exact, which is very
important in nasal septum or external ear reconstruction [5].

Tissue engineering and regenerative medicine are life science
fields that use the principles of tissue engineering to regenerate
damaged structures or create new ones [6]. Better understanding
of how to optimize patient care can improve outcomes and
quality of life, allowing more efficient use of health resources.
Results of previous research [7,8] suggest that the most logical
next step is to examine surgeons’ responses to this new
therapeutic possibility. Reviewing, analyzing, and categorizing
the different research activities in this new field [9] will help
define the scope and depth of future research and identify gaps
in critical knowledge [10]. This review synthesizes published
studies on bioprinted cartilage to accomplish the following: (1)
identify the current state of cartilage bioprinting, (2) identify
the technical issues associated with human application, and (3)
highlight the need to extend the advanced knowledge to
clinicians.

Methods

Overview

Previous literature in this field lacks specificity; therefore, a
scoping study methodology was chosen to correctly identify
information gaps and precisely illustrate future research needs.
The scoping review system creates a map of the published
literature to explore the methodological and empirical
differences in various knowledge areas.

http://formative.jmir.org/2019/3/e15017/
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Study Design

Overview

A scoping review methodology was chosen because it is more
exploratory and less methodological than systematic reviews;
this was essential to meet the study objectives. The research
strategy was modified according to Arksey and O'Malley’s [11]
methodological framework, which proposes a five-stage
transparent process for replicating research strategies to increase
the reliability of the results. The first stage clarifies and links
the study purpose and the research questions; stage two balances
feasibility with the breadth of the research process; stage three
includes study selection; stage four involves mapping the data;
and stage five summarizes the findings.

Clarifying and Linking the Purpose to Research
Questions

This study aimed to identify the current status of cartilage
bioprinting and the associated influence on clinical use, as well
as to subsequently improve the information that reaches
surgeons. The following research questions guided the search:

1. What do authors of current research say about human
application?

2. What necessary technical improvements are identified in
the research?

3. On which issues do authors agree?

4. What future research priorities emerge in the studies?

After determining the research questions, we developed a
conceptual framework to define and map the key concepts of
bioprinted cartilage and to identify research gaps that may
hinder using bioprinting techniques in human applications (see
Figure 1). The conceptual framework guided both the analysis
and the systematic presentation of the summarized data.
The four research questions comprised the main
branches of the framework, and the extracted data were
categorized into four blocks, which answer our research
questions.

Balancing Viability With the Breadth of the Process

The bibliographic search was conducted between January and
March 2019 and included Scopus, Web of Science, and PubMed
databases. Choosing the correct key terms was critical
to facilitating maximum coverage of the related research
literature [12]. We used Medical Subject Headings (MeSH)
terminology to increase search sensitivity: “bioprinting”
AND “surgery” AND “cartilage” OR “surgical procedures.”
We also examined each article’s reference list and conducted
additional Google Scholar searches on research terms
available in the gray literature. This expanded the search
by adding the following terms: #bioprinting, #articular

cartilage, #tissue engineering, #cartilage, #stem cells,
#scaffolding, #biofabrication, #cartilage  regeneration,
#surgery, #transplantation, #cartilage tissue engineering,

and #clinical translation.
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Figure 1. Conceptual framework of the scoping review.
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Among the issues upon which the authors agree, we
examined what the future research priorities could be.

Study Selection

Bioprinted cartilage technology has changed in recent years;
consequently, only a limited number of articles, some of which
were already in the authors' bibliography archives, were
included. Scoping reviews [13] are used to map underlying
concepts; therefore, as in other types of knowledge synthesis
[14], it is essential to define the methods. In 2015, the Joanna
Briggs Institute published the methodological guidelines [15]
for presenting a broad view of the evidence, regardless of study
quality; clarifying key concepts; and identifying gaps [16]. This
methodology involves incorporating a checklist to increase
method transparency, judge validity and reliability, and
adequately handle the search [17]. Among the existing forms
of presentation, we focused on the revised and expanded
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses-Rapid Reviews (PRISMA-RR) [18]. Figure 2
illustrates the transparency of the article selection.

The electronic database search, the Internet hand search, and
the archive database search identified 418 articles; 275 were
excluded because the main concepts of our search were only
cited in the context of this work. A total of 81 duplicates were
also excluded as well as 31 articles due to exclusion criteria
(see Table 1). Interrater agreement was analyzed for the
remaining 31 articles using the Cohen kappa statistic [19-21],
which indicated a moderate level of agreement among our
evaluators and yielded a total of 13 articles for analysis.

http://formative.jmir.org/2019/3/e15017/

Extracting and Charting the Results

Kok and Schuit [22] proposed a method to map research
contributions to improve the impact of research on the
population’s health. The method focuses on producing
anticipatory processes and extending, disseminating, and using
knowledge. The articles selected for analysis through evaluator

agreement were all published between 2016 and 2019. 69

The collected articles were organized by author, title, year,
country, and type of article (see Table 2). The selected articles
originated from the United States (4/13, 31%) [23-26], China
(2/13, 15%) [27,28], Korea (2/13, 15%) [29,30], S weden (2/13,
15%) [31,32], Australia (2/13, 15%) [33,34], and Canada (1/13,
8%) [35].

Reporting the Findings
The articles were classified by following types of study design:

Live research (ie, carried out on animals).

Literature reviews.

Surgical applications.

Clinical translation (ie, a review methodology focused on
clinical application).

Ea i S e

We also referenced the summarized information of each article
for future interpretations.

Availability of Data and Materials

The data used and analyzed in this study are available from the
primary author upon reasonable request.
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Figure 2. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for the scoping review process.
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Table 2. Selected articles.
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Authors Title Year Country Type of article

Di Bella et al [34] Insitu handheld three-dimensional bioprinting for cartilage regener- 2018 Australia Live research
ation

Onofrillo et al [33] Biofabrication of human articular cartilage: A path towards the de- 2018 Australia Live research
velopment of a clinical treatment

You et al [35] Homogeneous hydroxyapatite/alginatecompositehydrogel promotes 2019 Canada Live research
calcified cartilage matrix deposition with potential for three-dimen-
sional bioprinting

Apelgren et al [31] Skin grafting on 3D bioprinted cartilage constructs in vivo 2018 Sweden Live research

Wu et al [25] Three-dimensional bioprinting of articular cartilage: A systematic 2018 United States Literature review
review

Dhawan et al [26] Three-dimensional bioprinting for bone and cartilage restoration in 2019 United States Literature review
orthopaedic surgery

Leberfinger et al [24] Concise review: Bioprinting of stem cells for transplantable tissue 2017 United States Literature review
fabrication

Apelgren et al [30] Chondrocytes and stem cells in 3D-bioprinted structures create hu- 2017 Korea Surgical application
man cartilage in vivo

Yi et al [29] Three-dimensional printing of a patient- specific engineered nasal 2019 Korea Surgical application
cartilage for augmentative rhinoplasty

Kaye [32] A 3-dimensional bioprinted tracheal segment implant pilot study: 2019 Sweden Surgical application
Rabbit tracheal resection with graft implantation

Li [27] In situ repair of bone and cartilage defects using 3D scanning and 2017 China Surgical application
3D printing

Boushell [23] Current strategies for integrative cartilage repair 2017 United States Surgical application

Liu et al [28]
future directions

Recent progress in cartilage tissue engineering: Our experience and 2017

China Clinical translation

Results

Overview

Table 2 lists the articles included in this review. All reviewed
studies contributed to understanding the complexity of applying
cartilage bioprinting in humans. Table 3 summarizes the authors’
contributions regarding the first research question. This grouping
allowed us to identify the approach according to the lines of
research. The articles included in the group of in vivo studies
emphasized the applied aspects of technology development,
such as the elements that constituted the process (eg, bioink and
its composition, replicability and cell viability, and the
bioprinter), as well as bioprinting intervention strategies that
included the use of a Biopen (ie, a manual bioprinter) with
preclinical results in large animals. This is the strategy closest
to human experimentation, according to the authors who used
it.

Clinical Translation

Questions that arise from the studies cover a wide range of
possibilities. Key elements for clinical translation included
scalability and lesion characteristics, such as different lesion
geometries and measurements. Insights from surgical application

http://formative.jmir.org/2019/3/e15017/

studies included problems specific to orthopedic, plastic, and
otorhinolaryngology surgery. To progress toward human
application, each surgical strategy must overcome these
application-specific challenges. In addition, Boushell et al [23]
opened debate on the scaffold versus cellular approaches. Li et
al’s [27] translational study provided specific reading aimed at
clinical professionals to establish synergies with basic research.
Its goal was to reach surgical professionals not directly involved
in the research.

Table 4 details the technical improvements identified in the
studies that were necessary to continue progressing toward
human application. In general, they involve two concepts:
cellular sources and biomaterials, including scaffolds and
hydrogels. Onofrillo [33], Apelgren et al [31], and Leberfinger
[24] prioritized the need to develop protocols for obtaining cells;
they also recognized that, despite variable sources, all cells must
maintain chondrogenic capacity, not cause morbidity at the
donor site, expand easily in the culture without losing phenotype,
and support the mechanical load in the joint case. Di Bella et
al [34], You et al [35], and Wu et al [25] presented disparate
technical aspects that should be improved, since they followed
different research paths. However, they all identified necessary
biomaterial and scaffolding improvements, although the types
of recommended improvements did not coincide.
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Table 3. Authors’ perspectives about current research for human application.

Type of article, authors, year

Details and authors’ perspectives

Live research

Di Bella et al, 2018 [34]

Onofrillo et al, 2018 [33]

You et al, 2019 [35]

Apelgren et al, 2018 [31]

Literature reviews

Wu et al, 2018 [25]

Dhawan et al, 2019 [26]

Leberfinger et al, 2017 [24]

Surgical applications

Apelgren et al, 2017 [30]

Yi et al, 2019 [29]

Kaye et al, 2019 [32]

Li et al, 2017 [27]

Boushell et al, 2016 [23]

Clinical translation

Liu et al, 2017 [28]

Authors used the Biopen manual printing system in the operating room for implanting cartilage directly into the
bed of alesion. They suggested that this system would improve the possibility of use in humans because it facilitates
in situ implant creation, and they have demonstrated clinical efficacy and safety in large animals. They have not
detected intraoperative or perioperative complications. The preliminary data obtained on the safety and stability
of the in vivo characteristics of the implanted cartilage suggest that use of the technique in humans may not be far
off.

Authors used the Biopen system and contributed to defining a possible clinical bioprinting protocol for application
in humans. They studied the cell viability and characteristics of bioinks to ensure that the created cartilaginous
tissue was similar to native tissue. They concluded that their discoveries allow customized repair of cartilaginous
lesions in humans.

Authors studied hydrogel composition to improve the printing and dispersion of particles in situ. They reported
that their investigations represent a step toward implantation in humans because they improved the mimesis with
the osteochondral junction.

Authors in this mouse study investigated implanting skin-coated chondrocytes for application in auricular recon-
structive surgeries. They suggested that for human surgery applications, it is necessary to show that the reconstruction
procedure is clinically conceivable and replicable. The results increased the clinical potential in humans.

Authors demonstrated that articular cartilage bioprinting is a tissue engineering strategy that has potential transla-
tional value.

Authors reported scalability, geometric, and lesion measurement problems that may pose barriers to human appli-
cation. They suggested the use of tomographic images for the design of the implant and its accuracy.

Authors analyzed the essential elements of the bioprinting process, the different cellular sources, the bioink, and
the implants with and without scaffolding. They conducted a cost-effectiveness study to evaluate the feasibility of
clinical translation.

Authors studied the creation of cartilage with human chondrocytes in vivo; they also quantified the chondrogenic
potential in combination with mesenchymal stem cells in bioprinting constructions implanted in mice for their ap-
plication in plastic surgery.

Authors established a procedure based on a 3D computer-aided model to generate a customized nasal implant design.
They reported that computer design is necessary for creating human implants.

In their pilot study, authors investigated the feasibility of introducing a functional in vivo tracheal replacement in
rabbits.

Authors conducted a study to improve the cartilage defect imaging in orthopedic surgery for implementation in
humans; they concluded that it is necessary to optimize the imaging process.

Authors defended the use of scaffolding versus the cellular approach in human applications for orthopedic surgery.
They noted that scaffolding requires fewer chondrocytes and that the functional mechanical properties of the tissue
are more easily achieved by scaffolding.

Authors identified key aspects in clinical translation for human use in orthopedic surgery: (1) integration with
subchondral bone for correct load distribution, (2) ensure the coincidence in the mechanical properties between
the native cartilage and the implant to avoid the degradation caused by the tensional disparity, (3) guarantee resistance
under deformations and movements, and (4) recapitulate different zonal architecture to achieve the structure-
function relationship of the native cartilage.
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Table 4. Needed improvements in the technical aspects.

Type of article, authors, year

Needed improvements

Live research

Di Bella et al, 2018 [34]

Onoffrillo et al, 2018 [33]

You et al, 2019 [35]

Apelgren et al, 2018 [31]

Literature reviews

Wu et al, 2018 [25]

Dhawan et al, 2019 [26]

Leberfinger et al, 2017 [24]

Surgical applications

Apelgren et al, 2017 [30]

Yi et al, 2019 [29]

Kaye et al, 2019 [32]

Li et al, 2017 [27]

Boushell et al, 2016 [23]

Clinical translation

Liu et al, 2017 [28]

The chemical characteristics of the biomaterial need to be improved to ensure adhesion of the implant in depth and
thickness at the site of the injury.

The ideal cell type for cartilage regeneration is still a matter of debate, as it has to be ensured that the cells obtained
have a proven chondrogenic capacity, do not cause morbidity in the donor site, and are easily expandable in the
culture without losing their phenotype.

The properties of hydrogels must be improved. The authors’ findings show the promise of alginate/hydroxyapatite
hydrogel printed on 3D scaffolds with a porous structure for calcified and bioprinted cartilage formation.

A model of bioprinted cartilage for an atrium has the potential to have a very elaborate form; however, authors
state that they still need to obtain an adequate skin coverage that allows for highlighting of these high-resolution
forms in the in vivo application.

The mechanical strength in bioprinting without scaffolding should be further investigated, along with the toxicity
in the implanted cells. For the authors, bioprinting without scaffolding offers many possibilities for the future since
it reaches a relatively high initial cell density without the inclusion of biomaterials; this translates into more space
for extracellular matrix deposition as well as facilitating better cell-cell interaction, generating biomimetics, pre-

serving cellular functionality, and eliminating tissue biodegradation.

The protocolization of technological manufacturing strategies of bioprinted cartilage needs improvement in order
to allow its scalability. This technology would have the ability to manufacture tissues in clinically relevant volumes
and address defects of different sizes and geometries.

To ensure the clinical safety of obtained cells, necessary manufacturing facilities must be created for processing,
including isolation facilities in hospitals, to facilitate the transition toward clinical use. Among the cellular sources
that could be used, the authors point out embryonic stem cells, induced pluripotent cells, and adult stem cells from
bone marrow and adipose tissue.

A significant challenge in reconstructive plastic surgery is the approach that allows the regeneration of cartilage
structures using autologous cells dispersed in biocompatible scaffolds. Several problems associated with this method

have not yet been investigated or resolved, including load-bearing capacities, shear strength, elastic characteristics,
and resistance to degeneration.

In patients who require a nasal implant, the postoperative characteristics of the skin that will cover the implant
must be improved to ensure that it is not affected by the external pressure generated later, nor by the degradation
of the biomaterials in the long term. The authors propose a pre- and postoperative control algorithm that calculates
all the variables.

In their in vivo study of the implantation of a trachea seeded with cells, authors detected the need to cover the implant
with a membrane to avoid inflammatory reactions and stenosis of the light when applied in humans. These findings
are essential for the future of reconstruction and implantation of tracheal grafts.

It is necessary to visualize the cartilaginous defect with computed tomography, synthesize suitable biomaterials,
and print hydrogels in a personalized way in a short time. The use of a specific bioprinter to carry out this process
is necessary to achieve the objective of personalized implants in situ through bioprinting.

The characterization, optimization, and standardization of models in large animals will be critical for the next phase
of the investigation for cartilage repair. In addition to the development of better culture models, more research is
needed to fully understand the long-term maintenance and homeostasis interface of the integration strategies to
ensure the success of the procedure.

Improving collaboration between materials scientists and experts from other fields related to tissue engineering is
of vital importance to obtain hydrogels with balanced mechanical properties, electrical conductivity, degradation
rate, biocompatibility, and chondro-inducing properties.

The surgical application studies focused on certain surgical
approaches and identified specific technical improvements
needed to obtain better results; improvements included an
algorithm to ensure that the nasal implant is not degraded or
subjected to excessive long-term pressure [29]; a process to
guarantee the characteristics of the skin of the ear in plastic
surgery [31]; and in otorhinolaryngology, the use of a membrane

http://formative.jmir.org/2019/3/e15017/

trachea coating and image processing to optimize surgical results
[36].

Table 5 reflects those aspects that were identified as recurrent
among the different groups. An elaborate synthesis of the
elements shared across the studies was completed. Analyzing
these recurring elements allowed us to understand the group
positions and identify the main shared aspects.
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Table 5. Issues upon which the authors agreed.

Type of article, authors, year

Issues

Live research

Di Bella et al, 2018 [34]

Onoffrillo et al, 2018 [33]

You et al, 2019 [35]

Apelgren et al, 2018 [31]

All authors

Literature reviews

Wu et al, 2018 [25]

Dhawan et al, 2019 [26]

Leberfinger et al, 2017 [24]

All authors

Surgical applications

Apelgren et al, 2017 [30]

Yi et al, 2019 [29]

Kaye et al, 2019 [32]

Lietal, 2017 [27]

Boushell et al, 2016 [23]

All authors

Once tested on animals, it is necessary to design a strategy to detect whether the implant has been kept in situ in
order to move on to human trials.

To guarantee stability in situ, a gradient of osteogenic and chondrogenic growth factors should be added to the
hydrogel to promote selective tissue differentiation that would allow the formation of bone and cartilage, acquiring
the complete osteochondral unit.

To ensure that the skin regeneration characteristics obtained in mice can be extrapolated to humans, they will need
to perform the same experiment on large animals with regenerative capacities more similar to humans.

To ensure cell viability and optimal measurement of the implant to preserve atrial features, large animals must be
investigated.

Common opinion: the next steps are to expand the research on large animals and to prolong the monitoring time
to confirm the preliminary results of cell viability, in situ conservation of the implanted tissue, maintenance of the
mechanical characteristics, and long-term lateral integration.

Advances so far have allowed the replication of the anatomical structures, the biological function, and the mechan-
ical properties of the implant; however, it is necessary to continue analyzing the viability and the autoimmune re-
sponse of the implanted cells before the various stimuli to which they are subjected in the living organism are acti-
vated.

These specific designs for the patient must be protocolized, not only concerning the geometry of the implant but
also at the anatomical level of defect.

The authors have found that the lack of standardized and efficient differentiation protocols of stem cells leads to
variable results among groups of researchers.

Common opinion: the authors consider it essential to protocolize cell differentiation and to ensure viability, chon-
drogenic differentiation, scalability, and control of autoimmune reactions for implantation in humans.

It is necessary to extend the control period in experimental animals to assess stability and long-term integration
in order to ensure the absence of malignancy.

It is necessary to ensure the long-term maintenance of the implant shape in large constructions and to control the
central hypoxia of the implant; this would avoid an insufficient supply of oxygen and nutrients to the cells through
the hydrogel that allows its diffusion.

When an ideal tracheal replacement graft is constructed, the ability to fully integrate in vivo depends on its immuno-
genicity and its ability to promote revascularization. Also, any tracheal replacement graft must be a mechanical
and functional complement similar to the native trachea.

It is necessary to establish a methodology for in situ printing mediated by images for personalized implants. The
proportion of balanced hydrogel between the speed of printing and the maintenance of cell viability must be con-
sidered as an indispensable part of the bioprinting. The structural characteristics and zonal organization of normal
articular cartilage should be considered.

Further exploration of appropriate culture models is required to obtain tissue integrity and prevent ectopic calcifi-
cations. A long-term solution for the treatment of full-thickness cartilage defects must be developed.

Common opinion: long-term evaluation is essential to ensure the maintenance of the form, the mechanical and
functional resistance of the implant, as well as vascularization. A clinically relevant methodology must be established.

Table 6 reflects the lines that suggest prioritizing diverse groups.  the role of scaffolding and accelerate integration of native and
These were derived from the specific research studies, and newly formed cartilage is required. Finally, when the technology
therefore there was no shared opinion. At a general level, is available to humans, the results obtained from bioprinted
however, more research on manufacturing strategies to establish  cartilage should be compared to the traditional gold standard.
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Table 6. Future research priorities proposed by the authors.

Type of article, authors, year

Future research priorities

Live research

Di Bella et al, 2018 [34]

Onoffrillo et al, 2018 [33]

You et al, 2019 [35]

Apelgren et al, 2018 [31]

Literature reviews

Wu et al, 2018 [25]

Dhawan et al, 2019 [26]

Leberfinger et al, 2017 [24]

Surgical applications

Apelgren et al, 2017 [30]

Yi et al, 2019 [29]

Kaye et al, 2019 [32]

Li et al, 2017 [27]

Boushell et al, 2016 [23]

Clinical translation

Liu et al, 2017 [28]

Authors propose the use of the Biopen for its ease of use, which does not require prior training by the surgeon.
They highlight the need for more trials to evaluate the biomechanical characteristics of cartilage.

Authors propose studying the phenotype, cell migration, matrix deposition, proteolytic activity, and the rate of
degradation of the construct; they propose this in order to evaluate and correlate with the formation of new cartilage
and to better understand the interaction between human adipose-derived stem cells and the gelatin methacry- late/
hyaluronic methacrylate cross-linked hydrogel.

Authors propose that the combination of alginate/hydroxyapatite should be considered a critical component for the
regeneration of the osteochondral interface of the skeletal joints.

Authors propose a methodology capable of evaluating the in vivo proliferation of chondrocytes, alone and in a
combination with mesenchymal cells. They suggest that their technique is viable in that it maintains the proliferative
capacity of cartilage over time.

Authors propose studying the mechanical forces that are applied to the knee and that a semiconfined compression
is a good way to mimic the native mechanical environment in future studies. Thus, it will be possible to study
how the mechanical stimuli regulate the cell activities in the bioprinted constructs.

Authors propose that when the technology is available for humans and once bioprinted cartilage implants are obtained,
they can be compared with the traditional gold standard.

Authors recommend carefully studying the growth factors that are part of the biomaterials before proceeding to
standardize the bioprinting and implantation of the graft.

Authors propose exploring other cellular sources from in vivo studies to compare before standardizing the bioprinting
process. Stem cells derived from adipose tissue that could support chondrogenesis are proposed. They propose
lengthening the study time in vivo to confirm the stability of the cartilage shape, elastic characteristics, and integrity.

Authors propose investigating algorithms for implant applications in other types of tissues, since they argue for
the high versatility of the technology; the availability of various extracellular matrix materials of the tissue; and
the pluripotency of the human adipose-derived stem cells. This contributes to the structural accuracy of the
nas75al cartilage, and the hydrogel provides a favorable environment for chondrogenic differentiation and the
formation of neocartilage

Authors propose that for uses of cartilage bioprinting where the implant should not be integrated (eg, the trachea),
the study of separating membranes that allow the implanted organ to remain isolated is recommended.

Authors propose the use of bioprinting with assistance from a scanned image for significant segmental defects of
long bones and open chondral lesions. The technique allows a dual approach to cartilage and bone.

Authors propose new strategies of clinical management based on research with personalized scaffolds combined
with chemotactic factors; these would give rise to a stable, functional repair with good long-term results.

Authors propose elaboration of a guide of Good Manufacturing Practice that allows the complete production of
cartilaginous grafts on a large scale. Most of the new developments in engineering of cartilage tissue have not yet
translated into measurable improvements for clinicians.

Discussion

based on research characteristics allowed us to establish
synergies, understand confluences across studies, and highlight

Principal Findings

specific problems that surfaced as well as potential problems
that may emerge as the field advances.

In recent years, there has been an increase in the annual
publication of articles on cartilage bioprinting, contributing to
the knowledge and management of this process. The
methodology adopted in this review allowed us to analyze 13
articles and present systematically summarized data. No clinical
trials in humans have been identified to date. Tests with large
animals presented some challenges and suggested possible
strategies [37]. In this context, the reviewed articles provided
polyhedral visions to the problem and proposed lines of research
to progress toward human application. Identifying four groups

http://formative.jmir.org/2019/3/e15017/

The Biopen [33,34] is the technique most likely to be applied
in humans in the short term. The Biopen arose out of a
collaboration between researchers at the University of
Wollongong-based Australian Research Council Centre of
Excellence for Electromaterials Science and orthopedic surgeons
at St. Vincent’s Hospital in Melbourne. The Biopen technique
is based on a small bioprinter that is easy to handle and is loaded
with biological inks composed of stem cells inside a biopolymer,
which in turn is protected by a second layer of hydrogel. The
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exchange of injectors allows different cells to be deposited at
different concentrations on the surface to be repaired and, thus,
recreates the zonal anatomy of native cartilage. It is then
solidified by an ultraviolet light embedded in the pen. It is an
attractive proposition for surgeons since its use does not require
a long learning curve. The Biopen allows precise positioning
of cells and biomaterials, rapid placement at the defect site, and
minimal manipulation by the surgeon. Other authors advocate
the predesign rather than in situ design of the implant: Yi et al
[29], Apelgren et al [31], Li et al [36], Kaye et al [32], and
Boushell et al [23]. These five studies focus on surgical
applications in plastic surgery, otorhinolaryngology, and
orthopedics.

The characteristics of these approaches make it difficult to use
on-site technologies, while the preoperative design of the
implants is necessary. In Kaye et al’s study [32], tracheal
substitution started from a decellularized extracellular matrix
trachea and subsequently seeded cells. Currently, in situ
application of the technique appears to be restricted to joint
injuries, despite being in a more advanced state of research. The
image-mediated design, with algorithms such as those proposed
by Yietal [29], allows an implant, as similar as possible, while
allowing for preoperative assessment of pressure and skin
growth effects in plastic surgery implants. For Li et al [36] and
Yi et al [29], the use of images is a line that must be exploited
to ensure functional transplants with preservation capacity in
both nasal and orthopedic applications. The Biopen technique
would make it possible to ignore image studies, which contain
a certain margin of error. This is evident in both Li et al’s [36]
and Yi et al’s [29] studies, where they recommended technical
improvements for obtaining and processing previous images to
guarantee the implant design and facilitate optimal implantation.

Both impression approaches face a series of challenges,
including maintenance of the implant form, cell viability, and
mechanical resistance. The interface between the implant and
adjoining native tissues also needs to be addressed. Form
maintenance encompasses different strategies, such as the use
of desacralized structures, as described by Kaye et al [32] with
tracheal implants.

Scaffolds can contribute rigidity and mechanical resistance to
the implant. In scaffolding, a structure with synthetic
biopolymers provides mechanical support to maintain shape
and load, while hydrogel provides a biological environment for
regeneration of bioprinted cartilage [5]. Boushell et al [23]
advocated the use of scaffolds insofar as they require a lower
cellular concentration and facilitate the mechanical properties
of the implant, which seems to adopt better mechanical-
functional behaviors. On the other hand, Biopen techniques
do not require a classic scaffold; however, they should
guarantee both peri- and postoperative safety, functionality,
and nondegradation of the construct, while scaffolds must
ensure lateral integration of the implant. There is debate about
the usefulness of scaffolds in orthopedic surgery. To date, lateral
integration of the implant has not been confirmed with enough
clarity.

Implant integration and fixation are aspects that can affect all
the analyzed proposals. Correct integration and fixation of the
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neocartilage requires geometric measures of the osteochondral
lesion’s total volume. Resistance to implanted cartilage
degradation should be guaranteed in the long term, whether or
not scaffolding is used. Wu et al [25] proposed semiconfined
compression as an excellent way to mimic the native mechanical
environment in future studies, facilitating research on how
mechanical stimuli regulate cell activities in bioprinted
constructs.

The risk of inflammation or the contraction or deformation of
the implanted tissue, either with or without a scaffold, affecting
the end result should not be overlooked. Kaye et al’s [32] work
highlighted this difficulty in tracheal surgery; Yi et al [29]
advocated greater precision in the algorithm to ensure that there
is no modification of the postoperative nasal implant related to
external causes. Postoperative cellular viability, such as
maintaining cellular replication over time, must be analyzed by
methods such as those proposed by Apelgren et al [30]. To date,
the Biopen technique has not provided long-term viability results
in large animals.

The hydrogels used must respond to a variety of biological
needs, ensuring balanced mechanical properties, electrical
conductivity, degradation rate, biocompatibility, and chondro-
inducing properties [27]. Specific equilibria can be found in
the speed of printing and the maintenance of cell viability
[36]. In plastic surgery and otorhinolaryngology, they must
also allow the correct irrigation of the tissue to avoid
situations of hypoxia. The combination of biomaterials, such
as alginate/hydroxyapatite [35] or a cross-linked gelatin
methacrylate/hyaluronic  methacrylate  [33], should be
considered a critical component for regeneration of the
osteochondral interface in orthopedic surgery.

The cellular source of the implants is the last element of
debate. There are two issues: cellular origin and cell
treatment. The cells can be obtained from adult tissue-
derived stem cells (ie, fat cells, bone marrow, and others),
mesenchymal stem cells, autologous chondrocytes, and
induced pluripotent cells. Researchers used two types of
cells in the reviewed works: mesenchymal stem cells and
stem cells derived from adipocytes. Cells extracted from the
patient encounter extraction problems, but the chondrogenic
capacity facilitates cellular processing and regulatory
requirements, which are much higher with stem cells.
Standardizing all steps in the process (eg, cell differentiation,
the composition of the hydrogels, and the speed of printing)
is necessary to enable translation to humans [27].

Identified Gaps

Although approaches differ depending on the study type and

the application, a series of gaps and challenges were identified

that were shared across studies, although there are differences

in the ease of resolution, functional technique, and surgical

strategies: . ) .

L ngtlmum integration with the host subchondral bone and
cartilage must be achieved.

2. The biological, biomechanical, and degradationproperties
of the bioprinted cartilage must be ensured.
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3. A systematic manufacturing process must be developed
and implant preservation, cellular sources, and the role of
scaffolds must be optimized.

4. Clinical safety related to the effects of implants on native
tissues must be examined.

Challenges

Overview

Surgical challenges similar to allogeneic organ transplants,
including cellular ischemia and size adjustment, will persist.
According to Li et al [36], the size match can be planned before
surgery with computed tomography and computer-aided design
images [38]. The implanted tissue must be composed of
biocompatible materials that are integrated into the native cells,
allowing growth and preventing an immune response. Ethical
dilemmas and regulatory problems are also likely to arise as
this technology advances.

Ethical Dilemmas

Toavoid an immune response in current transplants and lifelong
treatment, adult stem cells offer the ability to produce autologous
tissue that prevents the need for immunosuppressive therapy
[24]. Support and biocompatible biological components must
have a low inflammatory response to prevent the appearance
of macrophages [39]. Even small changes in the chemical,
physical (ie, structure and degradation), and mechanical
properties of bioprinting materials can affect the integrity and
biocompatibility of the structural component and, ultimately,
the performance after it is implanted [40].

Two crucial nonclinical challenges will also affect
implementation of this technology: regulation and costs. The
reviewed studies focused primarily on specific technical aspects,
except for the Leberfinger et al study [24], which investigated
cost relationships. In addition, Liu et al [27] suggested a need
for useful practice manuals to facilitate both the translation and
regulation of the techniques.

Regulation

Currently, when cells are modified and combined with a scaffold
that provides physical support for the growth of new tissue, they
are regulated as biological products in the United States and as
advanced therapy drugs in the European Union (EU) [41]. The
regulatory aspects that align development of these combined
products lack clarity, both in the EU and in the United States.
There is also uncertainty regarding the potential impact of
current proposals to amend the EU directive on medical products
[42].

Costs

One concern associated with personalized regenerative medicine
is the uncertainty regarding the cost of obtained tissues [40].
Costs associated with cell acquisition and processing, scaffold
manufacturing, bioreactor maturation, surgical implantation,
and postoperative care are also likely to be substantial, but it is
not clear how they will compare with the current cost of
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transplants [43]. As with any new scientific advance, costs will
probably decrease as technology evolves and becomes more
efficient.

Implications for Future Research

Bioprinting technologies are unique in that they allow a certain
pattern of multiple cell types and materials to recreate the native
structure of cartilage [44]. Future studies should evaluate other
sources of multipotent stem cells, such as stem cells derived
from adipose tissue or from mesenchymal or other cells, to
support chondrogenesis. These stem cells can be easy to collect,
and some studies report that they have substantial proliferative
potential [30].

Collectively, the analyzed studies demonstrate the feasibility
of cartilage engineering and underscore the need for a
continuous biological barrier between the neo-cartilage and the
bone region. It is likely that the biphasic design alone is not
sufficient to achieve consistent and functional cartilage, as well
as formation and integration into the subchondral bone [30].
Peripheral distribution in the matrix formation, as well as correct
orientation of the collagen fibers and mechanical resistance to
tension, are vital elements in cartilage tissue engineering [33].
Although in vivo testing has been conducted in large animals,
before progressing to human trials it is necessary to specify and
resolve the detected gaps to establish the necessary physical
and biomechanical characteristics, address potential implant
degradation, and ensure transverse integration of the graft in
the host.

Strengths and Limitations

One limitation is the heterogeneity of the selected articles.
Evaluating the methodological quality of the included studies
was not within the scope of this review, which aimed to identify
and synthesize the key concepts in cartilage bioprinting research.
There may be additional relevant works that were not identified
by the search strategy used in this review.

This concise review presented the evolving technology of
cartilage bioprinting and its main components, with a particular
focus on clinical translation. This work contributes a summary
and update of current research in this area, which can be made
available to clinicians to facilitate a better understanding of this
new technology.

Conclusions

Human applications for bioprinted cartilage are likely to emerge
in the near future. Advanced research on bioprinted cartilage
can become a spearhead for adapting the technology to bioprint
other types of tissue. On-site printing strategies and predesigned
models can adapt to different situations. In addition, as imaging
technology advances, processing implants and identifying the
predictive capacity of implant behavior will allow better results.
Regulation of the technology across different countries and
cost-effectiveness of the technique will also need to be addressed
in future studies.
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Abstract

Background: Over the past 60 years, no technique used for treating cartilage disorders has been completely successful. Bioprinting
provides a highly anticipated, novel alternative solution to this problem. However, identifying barriers to this new technology is
crucial in order to overcome them when bioprinting reaches the implementation stage. This kind of research has been declared
essential because clinical efficacy and safety studies alone do not always lead to successful implementation.

Objective: This qualitative study aimed to explore the stance of orthopedic surgeons on the use of bioprinted cartilage grafts
for cartilaginous lesions. The study sought to summarize and classify the barriers and facilitators of this technique and to identify
the key factors for successful implementation of bioprinted cartilage in routine clinical practice.

Methods: A qualitative thematic analysis method was used to evaluate data obtained from semistructured interviews and from
focus groups. Data were collected between June 2017 and February 2018. Interviews focused on the collection of expert opinions
on bioprinted cartilage.

Results: The perceived barriers to the adoption of this technology were (1) awareness of a lack of information on the status and
possibilities of this technology, (2) uncertainty regarding compliance with current health care regulations and policies, and (3)
demands for clinical evidence. The facilitators were (1) lack of surgical alternatives, (2) the perception that research is the basis
of the current health system, and (3) the hope of offering a better quality of life to patients.

Conclusions: The results of this study are preliminary in nature and cannot be generalized without a broader group of participants.
However, the key factors identified provide a frame of reference to help understand the challenges of bioprinted cartilage and
help facilitate the transition toward its clinical use. These findings will also provide information for use at multidisciplinary
meetings in scientific societies; create bridges between researchers, orthopedic surgeons, and regulators; and open a debate on
the funding of this technique and the business model that needs to be developed.

(JMIR Biomed Eng 2019;4(1):e12148) doi: 10.2196/12148
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Introduction

Background

Traumatic cartilage lesions and arthritis are two of the most
prevalent chronic diseases worldwide. According to data from
the Global Burden of Disease Study [1], the number of people
suffering from disorders caused by such diseases has increased
from 140 million in 1990 to 242 million in 2013. Cartilage isa
highly hydrated and specialized tissue providing a low-friction
surface and resistance to erosion and diarthrodial joint load,
allowing for effective articular movements. Unfortunately, the
function and structure of cartilage are often damaged by trauma
or ageing, adding to the fact that cartilage has a low capacity to
self-heal.

Treatment of these diseases is still a challenge, and an effective
solution remains to be found. These defects or lesions can last
for years and can lead to arthritis [2]. Current repair techniques
for cartilage lesions can be divided into two main groups: bone
marrow stimulation and transplantation techniques [3,4].

The potential of regenerative medicine and tissue engineering
is now recognized worldwide. These new techniques are
responsible for “shifting the paradigm in health care from
symptomatic treatment in the 20th century to curative treatment
in the 21st century” [5-7]. Currently, three-dimensional (3D)
printing is used for several applications in the medical field, for
example, in the printing of patient-specific osteotomy guides.
Other surgical specialties use 3D printing to study the disease
pathology in a patient and practice with a 3D-printed model
before surgery [8].

Bioprinting refers to the use of 3D printing to combine cells,
growth factors, and biomaterials to create tissues and organs
mimicking the features of their natural counterparts [9].
Bioprinting generally uses the extrusion-based method, which
consists of the layer-by-layer deposition of cells through bio-ink,
creating a structure similar to the natural tissue that can be used
in tissue engineering and medicine. Bioprinting, which emerged
in 2004 with the use of additive manufacturing, combines cells,
gels, and several biocompatible elements in a single scaffold,
which can replace injured issue with a complex structure that
contains several components, including structural and cellular
constituents. The external shape and internal architecture can
be modeled based on clinical images. Ideally, cartilage creations
aimed to fill cartilage defects should be similar to the
extracellular matrix to keep cells in their place and preserve a
space for the tissue that will grow there [10]. Levato et al
published that although the most suitable types of cells for
bioprinting are well known, more research needs to be conducted
regarding zonal organization of cartilage [11]. There is also the
need to study the complex mechanical behavior of cartilage
under compression, as a result of sliding and shear [12].

However, barriers and challenges for implementing a new
technology must not be underestimated, and it is essential that
they are addressed in advance to guarantee the widespread
application of bioprinting once it has reached its maturity.

http://biomedeng.jmir.org/2019/1/e12148/
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Research focused on this has been highlighted as crucial, since
clinical efficiency and safety do not always lead to successful
implementation. A recent editorial [13] encouraged
implementation research at the beginning of development.

Objectives

This qualitative study aimed to explore the stance of orthopedic
surgeons on the use of bioprinted cartilage grafts for
cartilaginous lesions. We sought to classify the barriers and
facilitators of this new technology and identify key factors that
need to be considered for successfully implementation of
bioprinted cartilage in routine clinical practice.

Methods
Study Design

The applied design consisted of a hybrid inductive and deductive
thematic analysis, which allowed for interpreting gross data
extracted from in-depth, semistructured interviews with
orthopedic surgeons. This methodology was chosen to best
reflect the perspective of interviewees.

Inclusion Criteria

For inclusion, orthopedic surgeons had to (1) have more than
5 years of experience in the field, (2) be currently working in a
hospital, and (3) be actively performing surgery. No contacted
participants were excluded.

Ethical Compliance

All participants were volunteers and agreed to participate in
the interview or focus group. All were provided with the
Ethics Research Committee document and signed the informed
consent form. Authorization by the University Research
Committee of University of Vic — Central of Catalonia (Spain)
was granted (record number 28/2017).

All participants were informed in advance about the nature of
the project, risks, advantages, and alternatives and their rights
as research subjects. Measures were taken to ensure the data
collected remained confidential; participants’ safety and privacy
were protected during and after the study.

Participant Selection

All participants were contacted via email, signed the informed
consent form, and authorized the recording of the interview.
Participants consisted of 18 orthopedic surgeons, ages 35-67.
The group included 15 men and 3 women. Six were heads of
units and 12 were specialists.

Interview Structure for Data Generation

In 2001, Patton [14] created a list of 6 question types that could
be formulated based on behavior or experience, opinion or
values, feelings, knowledge, and perception; those questions
aimed to obtain demographic or background data. Our guideline
included the following themes: 3D printing, bioprinted cartilage,
cell origin, current needs, rejection, expectations, and
suggestions.
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Figure 1. Flowchart of the interview process. IC: informed consent.
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The interviews began by exploring the participants’ knowledge
regarding the medical applications of 3D printing and bioprinted
cartilage. Questions on the use of stem cells were an important
element of the interview, as much research is currently being
conducted on mesenchymal cells obtained from umbilical cord
tissue, adipose tissue, and bone marrow. The use of induced
pluripotent stem (iPS) cells was also explored.

Questions related to current needs were aimed to corroborate
the lack of efficiency in existing surgical techniques and the
importance of research to find new practices. Questions on the
expectations and reluctance of surgeons regarding the use of
bioprinted cartilage sought to understand reasons for and against
usage if the opportunity arose. The final section of the interview
allowed for them to analyze the current situation and talk about
future possibilities.

The interviews were always done with the same system (see
the flowchart in Figure 1).

Recording the Interviews

The interviews and focus group discussions were conducted
between June 2017 and February 2018. To protect the identity
of all participants, each participant was codified to a randomly
generated number that was then used in all study documentation.
Their information was kept in a password-protected virtual
folder of the university. Interviews were recorded digitally and
transferred to the computer, where they were saved with the
interviewee number and date of the recording. Informed consent
forms were also stored at the university.

A single interview was conducted for each of the 18 participants,
with the introduction providing context for the interview. The
shortest and longest interviews were 25 minutes, 7 seconds and
43 minutes, 11 seconds, respectively. In total, we recorded 10
hours and 18 minutes of interviews.

Most interviews were conducted in the workplace of the
interviewee, except for 4 participants who chose to have the
interview in a coffee shop.

Recording the Focus Groups

Two focus groups were put together, and participant privacy
was guaranteed in the same way as for the interviews. The first
group consisted of § people, and the recording lasted 45 minutes,

http://biomedeng.jmir.org/2019/1/e12148/

23 seconds. The second group consisted of 5 people, and the
recording lasted 74 minutes, 49 seconds.

Global Data Analysis

To ensure thematic integrity, this study used only data obtained
from orthopedic surgeons. This analysis aimed to generate a
list of relevant concepts that could be extrapolated and
categorized. This leads to an inductive approach where topics
have been identified by contextual information.

The integrity of the analysis was ensured by the directives
established by Shenton [15], which included iterative
questioning in data collection dialogues and the construction
of an “audit trial,” among others. The iterative process of
grouping and subgrouping questions and answers led to a series
of abstract constructions that were used to create a model to
understand the context.

Inductive and Deductive Analysis of the Data

The analysis used mixed elements of inductive and deductive
methods to interpret the gross data [16] and explore the attitude
and experiences of the orthopedic surgeons interviewed. The
flexibility of the approach helped analyze qualitative data from
the interviews. The approach was useful in this study due to its
large quantity of data.

Codification was reached through discussion and consent. Three
researchers continued their discussion until consensus was
reached regarding categorization and subcategorization of topics.

Braun and Clarke’s [17] methodology, which identifies,
analyzes, and describes reporting patterns, was used as a basis
for thematic analysis. Due to the exploratory approach, this
practical method was thought to fit the needs of the study
perfectly. The process of thematic analysis is developed through
6 phases [18]. Phase 1 is becoming familiar with the data; Phase
2 is generating initial codes; Phase 3 is searching for themes
and depuration of codes; Phase 4 is reviewing themes and
finding those that are important either for reiteration or relevance
to the research question; Phase 5 is defining and naming themes;
and Phase 6 is producing the report.

Issues regarding trustworthiness were approached as described
by Shenton [15], who provides a description of research,
collection, and analysis design. The strategies used to ensure
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honesty in the interviews include encouragement to be candid
and the assurance of the voluntary nature of the interview and
the right to withdraw at any chosen moment. Transferability
was accomplished by providing contextual in-depth information
on the study and the role of the researcher. The researcher
guaranteed confidentiality [19]. For data analysis and figure
generation, ATLAS.ti version 8.2.34 was used.

Results

The analysis of the interviews and focus groups is presented in
Table 1 with the aim of describing the current stance of
orthopedic surgeons on cartilage grafting. The Table 1 list is
what ATLAS.ti denominates as a “frequency count.” It
represents the number of times these concepts were identified
in the texts. Each point was given a code denoting different
levels of classification and abstraction, which were later linked
to the established categories.

Within the discursive pattern of clinicians, two argumentative
groups were identified, which were classified as facilitators and
barriers. From these two groups of codes, the most relevant
were selected to establish the key factors that will provide a
general perspective on the stance of orthopedic surgeons.

Table 1. Collected concepts and translation to numbers and codes.

Salvador Verges et al

Barriers

The barriers consist of the arguments and opinions put forward
by the orthopedic surgeons that reflect the perceived challenges
or the lack of information with regards to adopting the
technology. Figure 2 shows the links between several
components generated by ATLAS.ti. It shows the groupings
and connections between the codes.

Lack of Information

The first barrier to be identified, which was coded as “lack of
information,” had an impact on the following aspects.

Cell Therapy

Orthopedic surgeons admitted their lack of knowledge regarding
the acquisition and cell origin of chondrocytes. The participants
showed great reluctance regarding the origin of the cells.
Furthermore, if cell therapy implied the manipulation of
unknown-origin cells, their stance was of total rejection.
However, the level of acceptance was considerably higher if
they knew the cells originated from the patient, even if they
knew that they had to be manipulated (numbers in parentheses
after quotes correspond to interviewee identity).

These constructors imply cell manipulation. [#D 13]

We don 't know if bone marrow or adipocyte is better,
it seems like bone marrow could be useful, but it’s
not so clear. [#23]

Concepts

Need for clinical trials

Implantation techniques

Viability and traceability of the graft
Characteristics of the cartilaginous tissue
Small lesions (focal defects and osteochondritis)
Durability

Safety

It’s the future

Costs

Cell therapies

Need to wait for clinical results

Cell types

Current techniques

Uncertainty regarding the future
Regulation

Stem cells

Technical difficulties in some articulations
Cell viability

Teratogenesis

Biocompatibility

34
28
27
25
24
14
14
13
13
12
12
12
11
10

~N 3 0 0o ©
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Figure 2. Diagram of the links between several study components.
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The better-known stem cell origins were mesenchymal, adipose,
umbilical cord, and bone marrow as they are currently being
used in other types of therapies.

1 think mesenchymal cells are the way to go. [#23]

There is a huge quantity of umbilical cord stored at
the blood and tissue bank...Of umbilical cord cells,
of adipose cells, cells of peripheral blood, from the
skin; we can obtain cells from many places. [#5181]

However, when trying to get the participants to discuss the topic
in more detail, they appeared confused, especially when
discussing iPS cells, which they were not aware of or did not
fully understand.

The safety of iPS is not clear; there is an infinite
number of complications—you can ask Yamanaka or
Arnold Caplan. [#23]

Patient Safety

All interviewees raised concerns regarding issues related to
patient security, the graft, and associated diseases. With regards
to the patient and the graft, the concerns focused on teratogenesis
and the genetic predisposition of the cells in the graft, as well
as the long-term behavior of the graft. Participants also showed
a concern regarding graft implantation in patients with severe
associated diseases, even though this fear does not have
scientific merit.

Two types of safety: Safety for the patients’ lives, of
course, and safety in knowing that the graft will grow
into cartilage, that you know for certain that this thing
will create cartilage. [#2341]

Three certainties: One, that these cells behave as we
expect them to behave, like cartilaginous cells with

http://biomedeng.jmir.org/2019/1/e12148/

no marginalization at all; two, that these cells are
viable in the long term; and third, durability. If [ am
to implant cartilage, I'll want it to last. [#204]

Difficulties With the Surgical Technique

Participants anticipated difficulties with regards to the shape of
the graft, as they were unsure if the printing process could
comply with the exact measurements provided by doctors. They
also cited the place of injury as a possible difficulty.

Again, there’s the problem of the three-dimensional
structure of the cartilage. [#2341]

Not all places are the same. For example, the knee:
1 think it’s viable to insert it on the articular surface
of the tibial plateau...Another thing is how it would
anchor to the bone, right? But technically I don’t see
a difficulty here. Now then, it’s another thing to insert
it on the hip bone, between the cotyloid cavity and
the femoral head. [#6]

The lack of knowledge regarding the shape and manipulation
of the graft, together with its characteristics led to a third kind
of uncertainty, which we see as a barrier related to the surgical
difficulties. Similarly, not being able to visualize the graft as
part of cartilage that would adapt to the host left participants
doubtful as to whether the graft would be able to anchor itself
and stay in place.

Ideally, this graft would reproduce the defect exactly.
[#D 13]

I would use it now, for young people with
osteochondritis of the talus or the knee, where you
have a two- or three-millimeter. [#5690]
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The size is a factor with the cartilage will it stay in
place? [#2901]

How will you fix it there? How? How does it stay
there? [#2341]

Another thing I worry about is that this tissue that we
insert stays anchored. [#6]

Graft Characteristics

Regarding graft characteristics, the main factors mentioned were
viability, durability, integration with the host, and mechanical
characteristics of cartilage. For example, participants doubted
that the graft would become functional cartilage or develop
chondrogenic hypertrophy, which is what happens with current
techniques such as the matrix-induced autologous chondrocyte
implantation (MACI) procedure.

Needs to have all the characteristics of the original
cartilage. [#6]

We need proof that long term there will still be
cartilage and not fibrous tissue. [#2901]

Needs to behave biologically like the host’s cartilage.
We're talking about live cells, right? [#204]

Orthopedic surgeons also questioned the viability and durability
of the graft. They were unaware that the aim of the graft is to
become integrated to the native cartilage and that the graft’s
behavior would mimic the patient’s native cartilage.

How long will it last? [#6099]

And the viability of these cells, and their possible side
effects. [#1753]

Then, what I understand that these cells are viable
themselves, it’s not that they need to be invaded by
the periphery, but that they are viable and live by
themselves. [#5181]

Figure 3. Diagram of the codes obtained as facilitators.
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Health Policies and Regulation

Bioprinting, like any other product of tissue engineering will
have to comply with the current Good Manufacturing Practice
regulations enforced by the Food and Drug Administration
and/or the European Medicines Agency.

The clinicians stated that they felt there would be a timeframe
in which health policies will not be able to provide an effective
answer to their questions, which would be problematic for all
practitioners using them.

Who will guarantee the manufacturing process until
its arrival in the operating room? [#2083]

1t’s a legal aspect within the framework of drugs,
implants, of techniques. We need to see this technique,

legally the European guidelines on the use of tissues
and cells. [#4821]

Need for Clinical Evidence

As with any scientific innovation, orthopedic surgeons
demanded hard clinical evidence be available before they would
use bioprinted cartilage. In most cases, this demand materializes
as clinical trials and independent clinical research. However,
this may be a barrier since clinical trials are not scheduled to
take place in the imminent future.

I'want more evidence, that is to say, scientific studies
that support their efficacy; independent scientific
studies. [#2901]

Basically, that there are appropriate clinical trials.
[#204]

Facilitators

Facilitators include all entities that encouraged orthopedic
surgeons to be more open to new surgical possibilities to
improve the lives of patients. In this group, three themes were
identified that were essential to the clinicians to catalyze
implementation of cartilage grafts (Figure 3).
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Clinical Need

Given that current surgical techniques are not able to provide
a definitive solution, orthopedic surgeons are open to innovative
techniques that can fill a surgical need. However, as they were
not aware of the possibilities bioprinting would bring to field,
most of the interviewees stated that research into finding new
solutions was critical. Several arguments emphasize thisneed:

Especially as we don’t have anything that works for
these patients right now...if it lasts, say, 40 years, I’d
say it’s marvelous. [#2901]

Nowadays this is something that doesn’t have any
solution, so of all the things I've heard about maybe
this very innovative technique works since no other
offer is effective. [#2083]

If this works, it’s very promising. [#23]

In this way, the main facilitator identified was the lack of current
alternatives, as was to be expected.

Taking this into consideration, orthopedic surgeons, despite the
barriers mentioned, are open to this new technology.

We also identified the type of patients that surgeons would be
willing to consider treating with bioprinted cartilage
implementations. Younger patients were perceived to be better
candidates, as they are susceptible to high-risk sports injuries,
which often become chronic and difficult to solve in the long
term.

That is, with young people with partial cartilage

lesions, I see it very clearly; with bigger lesions, I am

less optimistic [#23]

I see it as a solution to young people’s pathologies,

athletes, that have damage due to chondral lesions

and which can happen at any age, but they hinder

young people’s activity. [#06]
Additionally, we identified the specific characteristic within
this population that significantly improved the acceptance of
bioprinting technology, namely the size of the lesion. Orthopedic
surgeons were distinctly in favor of using grafts in small lesions
(1 or 2 cm at most), in order to accelerate integration with the
host. However, they did not show the same certainty with larger
lesions.

1 can see it being used with partial cartilage lesions.
[#2901]

If the lesions are small, and the joints are not loaded.
[#6356]

Perception of Bioprinting as a Future Treatment

Clinicians agreed that medicine depends on constant research
to find solutions to unresolved problems. In other words, they

http://biomedeng.jmir.org/2019/1/e12148/
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perceived scientific research as a positive entity. Another
argument identified the perception of bioprinting as a future
solution, with participants being optimistic about graft
bioprinting.

It is a future solution to important problems for
orthopedic surgeons. [#6346]

When we talk about the medicine of the future, which
is not so far away now, to be able to reproduce the
tissue of the patient. [#204]

Expectations

Faced with an unresolved clinical need and the perception that
bioprinting could be a solution in the future, orthopedic surgeons
expect to hear about the benefits of this technique.
Biocompatibility is not only a favorable factor but is essential
to surgical practice. Many current techniques already have these
characteristics, and therefore clinicians demand that future
solutions meet or exceed these standards.

To find a three-dimensional structure that holds the
cells, that holds what they must have, and that this
three-dimensional  structure is biocompatible,
degradable, and easy to manipulate. [#2341]

At the same time, participants emphasized that this technique
had the ability to improve patients’ quality of life significantly,
either by alleviating their pain, improving their mobility, or by
preventing lesions from developing into arthritis in younger
patients. If these were to be accomplished with the new
technology, surgeons expect the need for total prosthesis to
diminish significantly.

Key Factors

Where barriers and facilitators meet, key factors emerge. Key
factors function as the theoretical framework for the perspectives
of orthopedic surgeons on bioprinted cartilage. In general, their
belief is grounded on clinical need and expectations for effective
solutions. Despite this, a reluctance to adopt the technology was
detected among the interviewees, with reasons ranging from
(conscious and unconscious) lack of information to clinical
demands. Figure 4 offers a complex concept map, which is the
first attempt to represent the stance of clinicians with an aim to
help direct future research.

Apart from the elements present in both barriers and facilitators,
two more factors were considered key factors and coded as
such. They included costs and the identity of companies that
would manage the product. It is impossible to address these
uncertainties now; hence, they could not be labeled as either
facilitators or barriers, only as relevant factors that need to be
addressed.
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Figure 4. Where barriers and facilitators meet, key factors emerge.
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Discussion

Principal Considerations

As has been proven in a previous bibliographical review [20,21],
the research and acquisition of bioprinted cartilage is still in a
premature state. Other researchers have already highlighted that
despite the growing number of solutions coming from tissue
engineering that are being transitioned to clinical use, the
success of considerably sized scaffoldings with personalized
geometries is still a significant challenge. Therapies based on
mesenchymal stem cells (MSC), despite having been successful
in renovating the cartilage and alleviating pain, have not
provided enough evidence on original hyaline -cartilage
restoration that would improve osteoarthritis in the long term.

The goal of this research is to understand how trauma surgeons
perceive this situation and define main barriers and facilitators
to develop strategies favoring the future implementation of
bioprinted cartilage. The data collected and organized into either
barriers or facilitators as detailed in our results will help future
discussions focus on the most fundamental aspects of this
technology.

One of the main needs identified is improving communication
with orthopedic surgeons, particularly regarding 3D printing.
The lack of knowledge was evident in two ways: conscious and
unconscious. Of the two, the latter will be more difficult to
address, as it requires further research to better identify the
knowledge gaps. When conscious of their lack of knowledge,
clinicians have no problem asking questions. However, the lack
of knowledge was unconsciously displayed when assumptions
were made regarding terms, techniques, or solutions leading to

http://biomedeng.jmir.org/2019/1/e12148/

misinterpretation and confusion. To lead and conduct successful
translational research, it is necessary to study and solve problems
transversally. An unconscious deficit of knowledge was driven
by reading publications or listening to conversations that dea
It with cell therapy in a generic and unscientific manner.
Thus, the lack of background knowledge was significant,
resulting in misperceptions and unfounded reluctance in
adopting the technology.

Furthermore, we discovered a lack of knowledge on current
applications of 3D printing in medicine, with many of the
interviewees having no knowledge of this facet. To address this
issue, organization of specific multidisciplinary seminars to
discuss the current applications of 3D printing in medicine
should be undertaken. This could contribute to orthopedic
surgeons becoming more proactive in the implementation of
bioprinted cartilage grafts.

In parallel, efforts should be made to help promote an
understanding of the fundamentals of cell therapy. This issue
was identified as an unconscious knowledge gap. This was also
observed in the case of gene therapy for cancer treatment [22];
participants were aware of the treatment but had no deep
understanding of it. This was evident from the fact that they
used cartilaginous cells provided by laboratories [23] but were
reluctant to consider using bioprinted cartilage made of
unknown-origin cells, or other cell therapies.

These findings highlight the evident need to develop formative
strategies. These strategies would need to be based initially on
the fundamentals of cell therapy, escalating toward the future
possibilities this technology could offer. Thus, new channels
of communication could be created in the medical community.
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While it is important for surgeons to have basic knowledge
regarding the future applications of cartilage grafting, it is
equally important for researchers to recognize and acknowledge
the practical needs of clinicians and strive to meet their
expectations. Some of the factors that caused the orthopedic
surgeons concern included issues such as viability, traceability,
and durability. Tissue and skin banks for allografts have
established their reliability by ensuring traceability and
establishing manipulation standards. Orthopedic surgeons now
demand the same degree of reliability from bioprinted cartilage
[24].

In addition to the characteristics of the graft, this study has
identified important factors that would help direct research in
the initial stages. First, by focusing research on specific lesions,
such as 1 or 2 c¢m lesions found in the knee or the ankle,
clinicians would have access to a site that is easier to access
and operate on. Second, younger patients should be established
as the primary recipients of the graft, with the aim of avoiding
long-term joint deterioration.

Another issue detected during this study was concern regarding
the business model for producing bioprinted grafts. Orthopedic
surgeons feared it may not align with current production models.
This situation, coded as a key factor, is one of the main issues
identified as a barrier in the implementation of this technique.

By analyzing the stance of orthopedic surgeons, at least two
possible lines of action can be suggested. If production was
handled by private companies, the main demands from surgeons
would be for the pieces to be individually customized, with a
short production-delivery timeframe. In this instance, the
biosafety and tissue traceability could be controlled. Another
issue that would need addressing is the cost of the graft. This
model would also need to address the patent issue and comply
with the ethical requirements and, more importantly, with the
current regulations and legislation. The Spanish company
Regemat is an example of this. They use Hoffa’s fat pad and
chondrocytes as described by Lopez Ruiz [25] and induced
differentiation of autologous MSC to develop and commercialize
cartilage.

Another possibility would be to establish public centers, possibly
in a public-private collaboration model, that would have the
human and technical resources necessary to produce their own
3D bioprinted pieces. The foundations for such a model already
exist in hospitals where 3D printers are already in use. As
mentioned above, these hospitals have trained staff who are
already competent in the use of 3D printers for a wide variety
ofuses ranging from the printing of fractures, surgical planning,
and creating customized guides for the patient. This system,
which would be integrated into hospitals, would allow for
constant communication between the medical and technical
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teams. The hospital as a meeting point ensures that as the
technology becomes widely used, more potential applications
will be detected, thereby improving the learning curve for both
sides—the medical team exploring new and better applications
for the technique and the engineering team designing context-
specific solutions. This solution would mean bioprinting is the
next logical step, born from the growing needs of all medical
specialties.

Cell therapy has stirred a debate within the scientific community.
Cell therapy can be individually customized, is expensive and
innovative, and might help bring a change in health regulation
and health care policies. Our research has shown that the
demands for scientific evidence for bioprinting will be more
stringent than what was required for previous techniques. This
is the case of platelet-rich plasma, which has been used by
doctors for more than 20 years despite the lack of evidence for
its effectiveness [26], with information on clinical trial outcomes
having only recently been published [27].

Communication, not only among medical professionals, but
among policy makers and health care authorities, is essential to
start a debate to define the level and form of evidence required.
In this manner, one of the main barriers highlighted by
orthopedic surgeons, namely the need for clinical trials, could
be surmounted.

Limitations

This study needs to be interpreted in the context of its
limitations. There are inherent limitations to the number of
participants and the number of focus groups. Only the
data extracted  from  the orthopedic surgeons’
interaction it is legitimate; however, it is their opinion that
focuses the research in this context.

Conclusions

These study results are preliminary in nature and therefore they
cannot be generalized without a broader demographic. However,
the preliminary literature review confirms the lack of research
on clinical applications of bioprinted cartilage. Orthopedic
surgeons are willing to accept that this new technology has the
potential to solve a clinical need and to recognize bioprinting
as the technology of the future. However, clear scientific
evidence is required before bioprinted cartilage can be used and
a debate regarding the optimal business model will be necessary.

We also believe it is necessary to develop a communication
strategy and a forum for multidisciplinary discussion to discuss
the need for regulation and define the necessary scientific
evidence that is required to promote the acceptance of grafts as
a viable therapeutic option. From our perspective, this study
serves as a first step in the clinical translation of bioprinting
cartilage research.
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Abstract

Background: Traumatic and degenerative lesions in the cartilage are one of the most difficult and frustrating types of injuries
for orthopedic surgeons and patients. Future developments in medical science, regenerative medicine, and materials science may
allow the repair of human body parts using 3D bioprinting techniques and serve as a basis for new therapies for tissue and organ
regeneration. One future possibility is the treatment of joint cartilage defects with in vivo 3D printing from biological/biocompatible
materials to produce a suitable cell attachment and proliferation environment in the damaged site and employ the natural recovery
potential of the body. This study focuses on the perspectives of orthopedic surgeons regarding the key factors/determinants and
perceived clinical value of a new therapeutic option.

Objective: This study aimed to determine the knowledge and expectations of orthopedic surgeons regarding the clinical use of
bioprinted cartilage.

Methods: The survey, conducted anonymously and self-managed, was sent to orthopedic surgeons from the Catalan Society
of Orthopedic and Traumatology Surgery. In accordance with the method devised by Eysenbach, the Checklist for Reporting
Results of Internet E-Surveys was used to analyze the results. The following factors were taken into consideration: the type and
origin of the information received; its relevance; the level of acceptance of new technologies; and how the technology is related
to age, years, and place of experience in the field.

Results: Of the 86 orthopedic surgeons included, 36 believed the age of the patient was a restriction, 53 believed the size of the
lesion should be between 1 and 2 cm to be considered for this type of technology, and 51 believed that the graft should last more
than 5 years. Surgeons over 50 years of age (38/86, 44%) gave more importance to clinical evidence as compared to surgeons
from the other age groups.

Conclusions: The perspective of orthopedic surgeons depends highly on the information they receive and whether it is specialized
and consistent, as this will condition their acceptance and implementation of the bioprinted cartilage.

(Interact J Med Res 2019;8(2):e14028) doi:10.2196/14028
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Introduction

Background

The cartilage is a specialized connective tissue that does not
contain nerves, blood, or lymphatic vessels and is formed by
the differentiation of mesenchymal cells. It is flexible and
composed mainly of extracellular matrix that contains
chondrocytes. Defects on the articular cartilage do not heal
spontaneously and tend to develop into osteoarthritis, which in
turn alters the articular function and can cause disability and
progressive loss of quality of life [1]. The exact incidence of
symptomatic lesions of cartilage in the general population is
unknown. In some large epidemiological studies, cartilage
lesions have been observed in 5%-11% of diagnostic
arthroscopies in predominantly young adults with joint pain [2].
However, injuries are often focal chondropathies, resulting in
matching injuries on the opposing surface such as in meniscus
or ligament injuries to the knee. They are also related to
misalignments of the axis articulating load. Two types of
techniques are used for the treatment of symptomatic lesions
of cartilage: the reconstructive techniques have been in use since
the 1950s and the regenerative techniques are newly introduced
in tissue engineering [3]. Current surgical procedures [4] such
as microfracture surgery, mosaicplasty, and allografting have
limited efficacy [5], and none of them are significantly more
successful than the others [6]. More innovative surgical
treatments from the past few years, including autologous
chondrocyte implantation and matrix-induced autologous
chondrocyte implantation [ 7], which require a previous surgery
to obtain the cells, have markedly improved the outcomes of
chondral defect treatments [8] but often, the resulting repairing
tissue is of low performance, and surgery only delays the onset
of degeneration and osteoarthritis [8].

The development of regenerative medicine and tissue
engineering—oriented techniques may contribute to the
knowledge of the field of joint injuries. This, in turn, could lead
to better articular disease treatment techniques and resolve the
clinical problem of healing critical size articular osteochondral
defects [9].

The key elements of tissue engineering are tissue-forming cells,
structural scaffolds, and signaling molecules, the combination
and application of which result in a functional tissue construct
to promote tissue healing and regeneration [10]. Tissue
engineering strategies typically aim to homogenously distribute
biological factors such as cells and growth factors throughout
a biomaterial matrix [11].

Autologous chondrocytes could be an obvious choice for
regeneration of articular cartilage injuries. However, traditional
treatments based on chondrocytes have identified several
drawbacks of such chondrocytes: (1) they have a low rate of
proliferation; (2) although it is easy to isolate them, the number
of obtainable cartilage cells is limited; and (3) there are
implications for morbidity of the donor site. Consequently, the
use of other cell types for different tissue engineering
applications such as stem cells [12] (embryonic, mesenchymal,
cord blood stem cells, obtained from adult tissue, or induced
pluripotent stem cells [13]) are the future for treatment.
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Regenerative medicine [14] and tissue engineering [15] are
current approaches aimed to solve these problems. These new
possibilities could drive the paradigm shift from symptomatic
treatment [16] in the 20th century to healing treatment of the
21st century [17,18].

Bioprinting [19], defined as a real-time disposition of structural
biomaterials and live cells to create tissues and organs that
imitate the characteristics of the injured tissue/organ, is moving
forward very quickly, but because the process of obtaining
tissues by using this technique depends on many factors, several
technological needs must be met beforehand.

In an animal study, Di Bella and collaborators [20] used a 3D
printer of a hand in sifu. 3D printing, an innovative bioprinting
technology, allowed the surgeon to use tissue engineering
techniques at the time and place of need, using the hand-held
printer Biopen. This instrument, with separate cartridges for
each biomaterial, allows the surgeon to set the different layers
right on the cartilage. Furthermore, it does not require a
computed tomography scan, as the surgeon can use the Biopen
directly where it is needed [21]. No studies in humans have
been published, but according to the authors, it will not take
long for the results to be obtained. As researchers develop
bioprinted grafts, the knowledge of clinician priorities will
facilitate their refinement and implementation.

Implementation research [22] seeks to resolve a wide range of
issues found in the process of clinical application. The goal is
to understand how and why the researchers’ new suggestions
are understood in the clinical sphere and find the best approaches
to develop them [23]. In previous research [24] focusing on
orthopedic surgeons, the information aspect was highlighted.
Therefore, this study will focus on the information received,
with the aim of understanding the surgeons’ process of
decision-making and to identify their expectations regarding
the ideal bioprinted cartilage graft.

Aim
This study aims to understand how orthopedic surgeons make
clinical decisions and to assess their knowledge and opinion on

this topic as well as their needs concerning the bioprinted
cartilage graft.

Two main goals were set: (1) to obtain a better understanding
of the orthopedic surgeons’ decision-making process, and, by
using this knowledge, to understand which factors would drive
surgeons to use the graft on the treatment of cartilage lesions
and (2) to identify surgeons’ expectations regarding the use of
grafts and the key factors to be addressed for surgeons to
consider implantation of such grafts on a patient. Hence, the
overall purpose was to define the ideal scenario and
characteristics of the graft for successful implantation.

Methods

Contextualization of Research and Ethical Approval

This survey and its questions were defined in the context of
both a previous qualitative study [24] about the barriers and
facilitators in the clinical use of bioprinted cartilage, which had
derived conclusions from semistructured interviews and focus
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groups with orthopedic surgeons, and a literature review. Both
these approaches helped identify the most pressing issues, on
which this survey was focused.

Approval was obtained from the Committee of University
Research from a University of Vic - University Central of
Catalonia (registration number 28/2017).

Participants of the study were informed that the survey was
anonymous and notified about the average completion time,
and all information mentioned in the survey was credited to its
source. The results were stored on a university-owned website,
with private access for the authors.

Survey Design

Before the final version of the survey was sent, a trial version
was sent to 17 orthopedic surgeons to ensure that both the
subject and the instructions were understood and to measure
the average time for completion. After the results were obtained,
some changes were introduced in the survey: questions that
asked to rate agreement were scored on 10 possible scores
instead of 5 possible scores, adding more options; the writing
of the questions and answers was edited; and more specific
questions were added.

The final questionnaire, with 25 self-managed questions, allowed
identification of the decision-making patterns of orthopedic
surgeons. The constituent elements of the questionnaire are
configured in five domains: (1) demographic questions, (2)
information and knowledge of 3D printing, (3) knowledge about
the graft’s qualities, (4) knowledge about the expectations for
this new technology, and (5) scientific evidence and clinical
trials.

Sample Population

The Col-legi de Metges de Barcelona (the Medical Association
of Barcelona) has 1081 currently active orthopedic surgeons
registered, including 906 men (83.8%) and 175 women (16.2%).
Of'the members, a total of 849 also belong to the Catalan Society
of Orthopedic and Traumatology Surgery (SCCOT), which is
anonmandatory affiliation. An email was written to all SCCOT
surgeons, asking them to participate in the study, with a survey
link. Of these, 72 emails were returned to the sender (the email
address was wrong), and 777 orthopedic surgeons received the
email.

In Spain, orthopedic surgeons can develop their work in the
public and private sector at the same time. The specialization
in sports orthopedics is not separately regulated. Because the
survey was anonymous, we could not determine how many of
the respondents were from the academic field.

The survey was voluntary, had no incentives, consisted of only
one page, and allowed for review of the answers before sending.
Answers could be easily obtained and homogenized, as they
were in the same order, level, and presentation within all
instances, which reduced the error margin and facilitated data
retrieval.

http://www.i-jmr.org/2019/2/e14028/
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The response rate was 11% (86/777). The average time to
completion was 15.43 minutes. The survey was kept active until
a sufficient number of answers were collected.

The calculation of the size of the finite sample was obtained
using the Murray and Larry [25] formula. Configured with a
margin of error of 10%, a confidence level of 95%, and a
population of 777, the resulting sample size was 85.57 people.

Statistical Analysis

IBM SPSS Statistics software for Windows, version 21.0 (IBM
Corp, Armonk, New York), was used to analyze the answers
of the survey. The Kolmogorov-Smirnov test was used to
evaluate the homogeneity of the data. A descriptive analysis
with the distribution of frequencies, averages, and SDs was
conducted. A comparative analysis was conducted using the
Kruskal-Wallis test, Mann-Whitney U test, and Chi-squared
distribution. The results have been presented following the
Checklist for Reporting Results of Internet E-Surveys [26].

Results

The results have been categorized into two blocks: the
information that affects the decision-making process of
orthopedic surgeons and the qualities that a graft should ideally
have, to be implanted in patients.

Demographic Data

Participants were first asked about their gender, age, experience,
and type of hospital where they practiced surgery (Table 1).

Hospitals in Spain can be classified as low, medium, or high
complexity depending on the type of technology they used
and the type of medical assistance they offer. Research and
teaching are conducted at medium- and high-complexity
hospitals.

Information Linked to the Decision-Making Process
of Surgeons

The main aspect of implementation research is evaluating and
determining the level of information specialists need to acquire
in order to implement the new technology. To obtain a better
understanding of the information orthopedic surgeons depend
upon to make decisions, answers have been classified by type
and origin of the information, relevance, level of acceptance of
new technologies, and how the technology is related to age,
place, and years of experience.

Information Received

Participants were asked if they had received any type of
information related to new medical applications and 3D printing
(Table 2).

Almost 70% of the surveyed participants reported that they have
received information related to new medical applications and
3D printing via any medium. They considered themselves
updated in the medical applications of new technologies as per
their own perception.
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Table 1. Demographic data of the participants (N=86).

Salvador Verges et al

Demographic Number of surgeons (%)
Gender
Women 32 (37)
Men 54 (63)
Age
<40 years 27 (31)
40-50 years 14 (16)
>50 years 45 (52)
Years practicing medicine
5-15 years 33 (38)
15-30 years 28 (33)
>30 years 25(29)
Performing surgical activity
Yes 80 (93)
No 6 (7)
Work placement
Hospital of low complexity 16 (19)
Hospital of medium complexity 34 (40)
Hospital of high complexity 36 (42)
Table 2. Information received and new technologies updates.
Source of information Value

Have you received any kind of information, through any means, about the latest progress on 3D printing? n (%)

Yes

No

60 (70)

26 (30)

Do you consider yourself up to date regarding new 3D printing technologies emerging in the medical field?

Reported scores (range)

Mean (SD) score

2-10
6.88 (1.66)

Information Relevance

From the previous question, the relevance of the information
was analyzed. Relevance was determined by the effect
information had in making surgeons feel more and better
informed.

To evaluate the relevance, the source of information was
analyzed. We analyzed whether those who had received
information (by any medium; n=60) considered themselves
better informed than the rest and whether those who had received
information from specialized companies (n=20) had more
knowledge than those who had not received any such
information (Table 3).

Crossing the two variables from the previous Table 3 showed
that participants who received information by any means
considered themselves more knowledgeable (P=.001) thanthose
who had not received any kind of information. Of the former,

http://www.i-jmr.org/2019/2/e14028/

those who had received information from companies who are
developing these technologies perceived their knowledge to be
higher than that of the rest (P=.006). In addition, participants
informed by specialized companies showed higher self-perceived
knowledge (mean 6.95, SD 1.76) than those who received
information via other sources (mean 6.27, SD 1.99).

Regarding the bioprinted cartilage graft specifically, participants
who received information on the medical application of 3D
printing (n=60) and considered themselves informed (mean
6.27, SD 1.99) were asked how specific and from which source
the information they had received on bioprinted cartilage was
(Table 4).

Of the 60 participants who received general information on 3D
printing, only 27 (45%) knew about bioprinted cartilage, and
the information had been acquired from their colleagues (18%)
or the scientific literature (27%).
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Table 3. Level of self-perceived knowledge on 3D printing in relation to the information received (N=86).

Source of information Number of surgeons (%) Mean (SD) za P value
Have you received any kind of information, through any means, about the latest -3.225 .001°
progress on 3D printing?

Yes 60 (70) 6.27 (1.99)

No 26 (30) 4.69 (1.73)
Have you been informed by a specialist company about 3D technology? -2.746 006

Yes 20 (23)

No 66 (77)

6.95 (1.76)
5.44(2)

*Mann-Whitney U Test.
bp<.o1.

Table 4. Means of learning about bioprinted cartilage among participants who received information on 3D printing (Question: If you have received
any 3D printing information regarding bioprinted cartilage, through which channel was it? N=60).

Means of learning

Number of surgeons (%)

Through other colleagues

I read a lot of new research

I read a little new research

I have no information about it

I’m not interested in it

11 (18)
16 (27)
2(3)
30 (50)
1(2)

Table 5. Surgeons’ acceptance of the use of bioprinted cartilage grafts for their patients, according to the source of information (Question: If the
researchers/biotech industry could give us a cartilage graft made with bioprinting, would you think about the convenience of using it in your patients?

N=86).
Source of information Number of surgeons (%) Mean (SD) VA P value
Have you been informed by a specialized company about 3D technology? -2.254 02P

Yes 20(23) 8.40 (1.53)

No 66 (77) 7.53 (1.69)
Have you received information, through any means, about the latest progress on 3D 2.736
printing?

Yes 60 (70) 7.65 (2.38)

No 26 (30) 7.92 (1.41)

750

“Mann-Whitney U test.
®p<.05.

Level of Acceptance of New Technologies

To determine if there was a relationship between the relevance
of the information received and the acceptance of new
technologies, we analyzed the acceptance level of the bioprinted
cartilage graftamong participants who had higher self-perceived
knowledge (20/86) and had received the information from
specialized 3D companies (Table 5).

Regarding the perception or ease of acceptance of the bioprinted
cartilage graft, there was a significant difference between
participants who were informed by specialized companies and
those who were not (P=.02). The more information the
participants had, the higher was the level of acceptance. Ofthose

http://www.i-jmr.org/2019/2/e14028/

who had not received any specific information, no significant
conclusion could be deducted (P=.08).

Relation to Demographic Data

To define if the process of decision-making by orthopedic
surgeons could be linked to their demographic data, three
variables were analyzed: age, years of experience, and place of
experience (Table 6).

Considering self-perceived knowledge, the only difference
identified was in the age of the participants. Participants aged
over 50 years (38/86) considered themselves to be significantly
more informed on new technologies than those of other age
groups (P=.05). No differences were observed regarding the
place and years of experience.
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Table 6. Influence of demographic data of orthopedic surgeons on the knowledge of new technologies (Do you consider yourself up to date regarding

new technologies emerging in the medical field? N=86).

Demographic Number of surgeons (%) Mean (SD) x2 P value
Age 3.6 0sP
<40 years 28 (33) 6.5 (1.79)
40-50 years 20(23) 7.2 (1.85)
>50 years 38 (44) 7 (1.45)
Years practicing medicine 35 18
5-15 years 33 (38) 6.42 (1.88)
15-30 years 28 (33) 7.14 (1.55)
>30 years 25(29) 7.2 (1.38)
Work placement 0.07 96
Hospital of low complexity 16 (19) 6.94 (1.48)
Hospital of medium complexity 34 (40) 6.91 (1.65)
Hospital of high complexity 36 (42) 6.83 (1.79)
#Kruskal Wallis test.
®p<.05.

Analysis of the Qualities of the Archetypal Bioprinted
Cartilage Graft

The second goal of this study was to identify the qualities of
the ideal cartilage graft for application by the orthopedic
surgeons in relation to patient characteristics, type of lesion,
and perceived difficulties of their use.

Factors Determining the Ideal Graft

The essential characteristics of the bioprinted graft that were
analyzed to identify the suitable age of the patient for the
implantation, ideal size of the lesion, and duration of the graft.
Participants were also asked to choose the most relevant of five
suggested qualities (Table 7).

Regarding the age of the patient, 50% of the participants would
not implant the graft on patients aged over 70 years, whereas
42% of them did not consider age to be a delimitating factor.
Most of them (62%) considered the ideal size of the injury to
be between 1 and 2 cm for implantation of a bioprinted cartilage
graft. However, 27 (31%) of participants would consider such
grafts for lesions over 3 cm. Almost all participants would reject
a graft that lasted less than a year. Moreover, 51 of them (59%)
said they would not recommend the graft to the patient unless
it lasted more than 5 years.

http://www.i-jmr.org/2019/2/e14028/

Of the suggested qualities, the two most often selected (78%)
were duration of the graft and patient safety (no side effects to
general health). One less-often selected quality was ease of
implantation, only considered by 50% of the participants.

Perceived Difficulties

The link between the perception in relation to the difficulties
and the type of hospital was examined to determine if
perceived difficulties were related to surgeons’ place of work
or whether it was the individual perception of the orthopedic
surgeon (Table 8).

Table 8 shows the number of answers depending on the type of
hospital and the percentage that each subpopulation represents
in relation to the type of hospital.

The main difficulties considered by orthopedics in low-
complexity hospitals were outcome uncertainty (ie, lack of
clinical trials that prove successful outcomes) and authorization
issues by the hospital management. In medium-complexity
hospitals, surgeons shared these worries, although to a lesser
extent. In high-complexity hospitals, however, the main issue
was patient safety, followed by outcome uncertainty.

Interact ] Med Res 2019 | vol. 8 | iss. 2 | €14028 |p.6
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Table 7. Determining factors of the archetype graft (N=86).

Factor Number of surgeons (%)

To what extent do you consider the patient's age to be a limitation in the use of bioprinted cartilage?

I do not see any age limitation 36 (42)
Under 20 years of age 7(8)
Over 70 years of age 43 (50)

To what extent do you consider the size of the cartilage injury to be a limitation?

<l cm 6(7)
1-2 cm 53 (62)
>3 cm 27 (31)

What minimum duration would the implant need to have for you to recommend it to your patients?

<1 year 6 (7)
1-5 years 29 (34)
>5 years 51(59)

What are the most significant variables that you ask for in a bioprinted cartilage, before deciding to use it on your patients? (multiple
choices possible)

Durability in time 67 (78)
Safety for the patient 67 (78)
Good clinical results 58 (67)
Affordable price 54 (63)
Reliable evidence 55 (64)
Ease of surgical implementation 43 (50)

Table 8. Perceived difficulties with bioprinted cartilage according to place of work (What problems/difficulties do you perceive for its use/work
placement? Multiple choices possible)

Difficulty Number of surgeons (%)  Number of surgeons in hos- Number of surgeons in hos- Number of surgeons in hos-
pitals of low complexity®  Pitals of medium complexi-  ita]s of high complexity®
%) ty° (%) %)

Uncertainty in results 61(71) 11 (18) 23 (38) 27 (44)

Authorization by the hospital 50 (58) 11(22) 16 (32) 23 (46)

Patient safety 46 (53) 10 (22) 16 (35) 30 (65)

Hard to handle 38 (44) 6 (16) 15 (39) 17 (45)

Waiting time 37 (43) 8(22) 13 (35) 16 (43)

Surgical difficulties 31(36) 7 (23) 9(29) 15 (48)

16 surgeons were from hospitals of low complexity (19% of the 86 participants).
b34 surgeons were from hospitals of medium complexity (40% of the 86 participants).
“36 surgeons were from hospitals of high complexity (42% of the 86 participants).

. Participants were also asked about the need for clinical trials.
Relevant Variables To Use . . . .

These data were crossed with the source of information, via any
Once the qualities of the graft were defined, their consequences  medium or specialized companies, and with the age of the
on the patient’s life were highlighted, from pain reduction to  surgeon, as it was previously observed that it was the only
improvement in the quality of life (everyday life satisfaction).  relevant demographic variable (Table 9) [23].
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Table 9. Correlation of variables for the use of a bioprinting cartilage, the need for clinical trials, and age of surgeons.

Variable Number of surgeons (%) Mean (SD) za P value
To what extent do you consider the alleviation of the patient's pain one of the main characteristics of the new implant?
Have you been informed by a specialized company about 3D technology?
Yes 20 (23) 8.9 (9.96) —0.435 .66
No 66 (77) 8.44 (1.83)

To what extent do you that this technology could have beneficial effects and/or a positive impact on the quality of life of patients?

Have you received information, through any means, on the latest progress in 3D printing?

Yes
No

60 (70)
26 (30)

Have you been informed by a specialized company about 3D technology?

Yes
No

20 (23)
66 (77)

7.53 (1.67) 2244 03P
8.27 (1.25)
8.45 (1.07) 2237 03b
7.60 (1.63)

To what extent do you think evidence of clinical trials is needed to be able to implement the bioprinting cartilage in daily clinical use?

Have you received information, through any means, about the latest progress in 3D printing?

Yes 60 (70)

No 26 (30)
Age

<40 years 28 (33)

40-50 years 20 (23)

>50 years 38 (44)

8.78 (1.71) 0.5 62
8.77 (1.53)

8.65 (1.87) 9.825 007
8.35(1.18)

9.16 (1.58)

*Mann-Whitney U test.
bp<.05.
°p<.01.

No significant differences were observed in terms of the
importance of pain reduction, which was considered by all
participants as a necessary requisite. Surgeons who had received
information via any medium were more pessimistic regarding
the positive effects or positive impact the bioprinted cartilage
graft could have on the patients’ quality of life (P=.03). Surgeons
who had received information via specialized companies were
more optimistic than the rest (P=.03).

Most of the participants highlighted the need for clinical trials,
irrespective of the source of information. When the need for
clinical trials and the age of the surgeons were crossed, it was
clear (P=.007) that the age group >50 years in surgeons
considered scientific evidence through clinical trials to be most
necessary.

Discussion

Recent Research

There are a few studies published on the perspective of
orthopedic surgeons on the bioprinting cartilage, since it is not
yet on the market, but there is research on 3D printed medical
implants [27]. This study presents an overview of the
characteristics that implants should have as well as surgeons’
knowledge of the decision-making process and their expectations
and requirements, a thorough understanding of which is
necessary to facilitate implementation of the new technology.

http://www.i-jmr.org/2019/2/e14028/

This technological adoption requires a proactive role, both from
the point of view of orthopedic surgeons and health policies,
since it will represent a change in the decision-making process
of surgeons and the coverage of health benefits [28].

Recent studies represent a significant advance in the clinical
translation of human cartilage and the appropriate surgical
procedure. The focus of the research is on the biofabrication of
biomaterials that maintain the biocompatibility and
biodegradability of the original cartilage while increasing the
efficiency of cell growth [29]. Mohanraj et al [30] suggested
that the presence of an inflammatory environment is more likely
to jeopardize the in vivo success of repairers of cartilage derived
from mesenchymal stem cells. Using these cells, Yamasaki et
al [31] examined the regeneration of articular cartilage and
subchondral bone in artificial corpses.

Although researchers are moving forward in all fields of
cartilage bioprinting, we have not been able to find working
groups publishing the issues of implementation, and therefore,
knowledge of orthopedic surgeons on this topic is scarce.

In our previous research [24], which identified the barriers and
facilitators for the bioprinted cartilage use and this new
approach, we validated the conclusion that orthopedic surgeons
should receive information of higher quality from reliable
sources, thus enabling the implementation of the bioprinted
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cartilage, and that researchers should consider what surgeons
believe the cartilage graft should be like.

Implications and Explanation of the Findings

The results of this study show that the information received
impacts the decision-making process of orthopedic surgeons in
a complex and diverse way, as it depends on several variables:
the type and origin of the information and its relevance to their
demographic data. Previous research [24] found that the amount
and quality of the information received was one of the main
barriers for the implementation of new technologies. The sample
analyzed here shows that orthopedic surgeons lack the specific
knowledge of 3D printing as applied to cartilage (Table 4),
where 50% of the survey participants who admit to being
informed in an unspecific way have almost zero knowledge
about it. In contrast, the 20 participants who had been informed
by specialized companies considered themselves both better
informed and more accepting of new technologies.

Therefore, it could be argued that specialized companies should
work closely with orthopedic surgeons to help them acquire
more specialized knowledge [32], as shown in Table 3. Another
interesting fact is that specifically informed surgeons are more
optimistic about the benefits and positive impact of the
bioprinted cartilage graft on the quality of life of patients. The
origin of the information impacts the level of acceptance and
expectations of new technologies, both of which are required
for ensuring a wider and easier implementation [33] and are
key factors in finding a possible solution to osteoarthritis and
improving the life of patients (Table 9). The only variable that
is significantly linked to the level of up-to-date knowledge
among surgeons is their age: Surgeons aged over 50 years
considered themselves better informed. Quite often, the
extrapolation of clinical studies to the real world is obstructed
by the lack of knowledge of a key factor—the people who will
have to implement it.

The second set of goals was to analyze the factors that would
provide the ideal context and qualities of an archetypal
bioprinted cartilage graft as well as factors perceived as
difficulties. The characteristics listed on the survey were size
of the lesion, duration of the graft, and age of the patient (Table
7), although more characteristics could possibly have been
added. The ideal lesion size preferred by most surgeons was
between 1 and 2 cm. A long durability was the most required
quality in a graft, which was at least 5 years by 59% of the
participants. It could be assumed that if the intervention were
proven to be simple and noninvasive, this requisite would not
be as important. Since this information is not available,
orthopedic surgeons expect a long duration for grafts, predicting
possible future reinterventions. The age of the patient presents
some debate, as 50% believe that age over 70 years in patients
is a limitation, whereas 42% do not consider age a factor. This
could be explained by the increased life expectancy of over 70
years in the population. Further research could determine if this
difference is a consequence of uncertainty or if it could change
with time and experience (Table 7). Surprisingly, 43 of the 86
surgeons believed that the ease of implantation of the graft was
not a decisive factor for its use.

http://www.i-jmr.org/2019/2/e14028/
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For the perceived difficulties in the use of the bioprinted
cartilage graft (Table 8), six options were provided, two of
which—outcome uncertainty and patient safety—were
emphasized by surgeons. Logically, surgeons need positive
results from clinical trials in patients before using this technique.
As the other answer suggested, issues regarding the implantation
and manipulation of the graft were less important, and although
they were mentioned in some cases (as the technique is not
known yet), they were rated well below the other issues. It is
important to highlight this difficulty from the surgeons’
viewpoint: They try to offer solutions to the perceived
difficulties but are not able to visualize the graft. Orthopedic
surgeons are constantly learning and using new surgical
techniques, and they are used to the learning curve. Therefore,
as long as there is clinical evidence of the effectiveness of a
technique, surgical difficulties are not a deterrent, because
surgeons believe they will learn the technique in time.

It was expected that other difficulties linked to practical
aspects, such as the hospital management’s authorization to use
the technique and the wait time for the graft, would be linked to
the type of hospital. Therefore, in medium-complexity
hospitals, authorization is less problematic than either of the
two abovementioned aspects: There is not as much bureaucracy
involved in medium-complexity hospitals as in a high-
complexity hospital, and new technologies are more easily
accepted than they are in smaller hospitals. Finally, the need for
clinical trials is one of the main difficulties for implementation
of the technique (Table 9), as almost all survey participants
required clinical evidence (the average, in every case, was
higher than 8 on a scale of 0-10). A significant finding was that
surgeons who asked for more evidence were aged over 50
years, probably ranked higher in the hospital structure, and had
both greater responsibility and more decision-making power.

Strengths and Limitations

The present study should be interpreted in the context of its
limitations. The initial proposal planned to cover the entirety
of the Spanish territory, through the Spanish Society of
Orthopedic and Traumatology Surgery and the Spanish Society
of the Knee, and English-speaking specialists through the
International Cartilage Research Society, but it was not possible
to receive authorization from these societies to send the survey.
Our coverage of only a small population is a big limitation, as
is the low response rate. In addition, there could be a bias, since
the participants who answered the survey were probably more
interested in the application of new technologies. Finally, the
Chi-squared test might provide inexact results when the values
input are small.

Conclusions, Recommendations, and Future Directions

The process of decision-making is based on precise information
of quality, provided by companies specializing in the medical
application of 3D printing. This variable seems essential to the
acceptance of new technologies. The ideal graft, as described
by surgeons, could provide important insight to researchers, at
least in the initial stages of development, to satisfy the
expectations of surgeons. Implementation research should focus
on two variables: ensuring communication flows from
researchers to surgeons and ensuring that the opinions of
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orthopedic surgeons regarding the qualities and issues of the bioprinted cartilage graft with success.
grafts reach researchers, which would help them implement the
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Capitol 6:







1. Respostes a les preguntes d’investigacio

Pregunta de recerca 1: RQ1: Quines son les publicacions que ajuden a entendre aquesta
possibilitat?

Resposta a la pregunta de recerca 1: RRQ1

Hem identificat tres tipus genéerics de publicacions a la literatura consultada:

- Les investigacions de cartilag articular realitzada en animals, molt propera a les
dels humans.

- Les que es fan per aclarir temes complementaris de cirurgia, com per exemple les
aplicacions de cartilags no articulars (traquea, orella, nas).

- Les que s’estan fent als laboratoris in vitro per trobar les millors caracteristiques
tant en tipus cel-lular com els hidrogels a utilitzar per a obtenir el producte
resultant de cartilag bioimpreés.

Totes elles aporten un punt de vista en la poliedrica qliestié de la bioimpressio del
cartilag, i diversos punts a tenir en compta per a I'aplicacio amb éxit de la técnica.

Pregunta de recerca 2: RQ2: Quins son els reptes de futur que tenen actualment els
investigadors?

Resposta a la pregunta de recerca 2: RRQ2

- Les caracteristiques quimiques del biomaterial, per assegurar una adheréencia de
I'implant en profunditat i espessor en el lloc de la lesio.

- La millora de la col-laboracié entre els cientifics de materials i experts d'altres camps
relacionats amb I'enginyeria de teixits és de vital importancia per obtenir hidrogels
amb propietats equilibrades mecaniques, conductivitat eléectrica, la velocitat de
degradacid, biocompatibilitat i propietats condro-inductores.

- La resistencia mecanica en bioimpressions sense bastides i la determinacid de les
millors concentracions cel-lulars.

- Seguir amb el debat sobre els tipus de cel-lula ideal per a la regeneracié del cartilag, ja
qgue cal assegurar-se que les cel-lules obtingudes tinguin una capacitat condrogénica
provada, que no causin morbiditat a la zona donant i que siguin facilment ampliables
en el cultiu sense perdre el fenotip.

- La protocol-litzacio de les estrategies de fabricacio, per permetre I'escalabilitat.

- Garantir la seguretat clinica del processament cel-lular.

Pregunta de recerca 3: RQ3: Que opinen i quines expectatives tenen els cirurgians
respecte al cartilag bioimpres?

Resposta a la pregunta de recerca 3: RRQ3

- Els cirurgians ortopéedics estan disposats a acceptar que aquesta nova tecnologia té el
potencial per resoldre una necessitat clinica i reconeixen la bioimpressi6 com una
tecnologia pel futur.
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- Perque aquesta possibilitat tingui futur creuen imprescindible tenir evidéncia cientifica
clara abans d’utilitzar-la en els seus pacients.

- L'empelt ideal, descrit pels cirurgians, podria proporcionar informacié important als
investigadors, almenys en les etapes inicials de desenvolupament, per satisfer les
expectatives dels cirurgians.

- Les expectatives respecte als empelts son en relacié a la mida de la lesié (no més de 3
cm.) i a I'edat del pacient (no abans dels 18 ni després dels 70 anys).

Pregunta de recerca 4: RQ4: Es suficient la informacié que tenen sobre aquesta nova

possibilitat?

Resposta a la pregunta de recerca 4: RRQ4

especialitzada i consistent, ja que aix0 condicionara la seva acceptacio i aplicacio del

cartilag bioimpres.

La perspectiva dels cirurgians ortopédics depéen de la informacié que reben i si és

Pregunta de recerca 5: RQ5: De quina qualitat és la informacié que reben els cirurgians

per poder prendre decisions informades?

Resposta a la pregunta de recerca 5: RRQ5

- El procés de presa de decisions es basa en informacié precisa i de qualitat.

2. Respostes als objectius

General

L’objectiu principal d’aquesta tesi és establir un punt
inicial del coneixement disponible sobre el cartilag
bioimpres i, alhora, aprofundir i intervenir en el
procés de translacié d’aquest coneixement als clinics,
tot aportant algunes possibilitats per a la correcta
implementacio.

El contingut d'aquesta recerca és un resum estructurat del
coneixement disponible, vist des de diferents perspectives, perque
els interessats en la bioimpressié del cartilag puguin obtenir una
visié general i puguin prendre decisions respecte a la seva
implementacid. La millor manera de fer la transferéncia, és abordar
el tema de com fer arribar la informacié als clinics de les
investigacions en curs.

Especifics

1. Sintetitzar els avengos cientifics publicats fins a la
data.

S’ha obtingut la pauta del que s’esta publicant i els camps on s'esta
portant a terme més investigacio.

2. Identificar problemes técnics no resolts en relacio
amb I'aplicacié humana.

Estan identificats uns quants problemes que caldra solucionar-los
abans que es pugui aplicar els humans.

3. Resumir i classificar les barreres i els facilitadors
d’aquesta nova possibilitat i determinar els factors
clau que caldria tenir en compte per a la
implementacié reeixida del cartilag bioimprés en la
practica clinica habitual.

Enumerem les dubtes i les preguntes que es fan respecte al cartilag
bioimpres i com acceptarien la possible implementacié d'aquesta
alternativa a la seva practica clinica habitual.

4. Determinar els coneixements i les expectatives dels
cirurgians ortopedics sobre I'Us clinic del cartilag
bioimpres.

S'ha avaluat que els coneixements que tenen els cirurgians
ortopedics respecte a aquesta tecnologia seran determinants per a
la seva aplicacid, quan arribi el moment.

5. Explorar la postura dels cirurgians ortopedics sobre
I’'ts d’empelts de cartilags bioimpresos per les lesions
cartilaginoses.

Els cirurgians, conscients de la manca de técniques actuals per
solucionar les lesions de cartilag, estan expectants a noves
possibilitats.

6. Resumir les caracteristiques que hauria de tenir
I'empelt de cartilag bioimpres, sota la percepcié dels
clinics.

Amb la informacié disponible que tenen en aquests moments els
cirurgians ortopédics, donen la seva opinié sobre com voldrien que
fos, i en quines circumstancies el posarien.

7. Explorar les maneres més efectives per a la
transferéncia d’informacio als cirurgians.

La millor manera de fer la transferéncia és abordar el tema de, com
fer arribar la informacié als clinics de les investigacions en curs.
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3. Conclusions finals de la tesi

La impressié tridimensional és una tecnologia revolucionaria, que ja esta portant canvis

importants al mén. La bioimpressié permetra una innovacié disruptiva en |'enginyeria de

teixits.

Aguesta tesi ha analitzat de forma exhaustiva el procés de construccié d’empelts de

cartilag, posant I'accent en la translacié als clinics. El resultat de la recerca han sigut tres

articles publicats, que il-lustren aquest procés des de tres vessants: la recerca d’abast, la

qualitativa i la quantitativa, que s’han portat a terme per abordar-lo.

S’estableixen les segiients conclusions:

C1 Sobre la bioimpressio de cartilag :

A priori, presenta pocs riscos en comparacié amb els enormes beneficis potencials.
No esta encara disponible per I'aplicacid clinica, si bé s’estan portant a terme moltes
investigacions que proposen arribar-hi en un espai curt de temps.

Caldra protocol-litzar les estrategies de fabricacié per permetre I'escalabilitat.

Sera imprescindible garantir la seguretat clinica del processament cel-lular.

C2 Respecte els cirurgians ortopédics:

Es mostren oberts a aquesta tecnologia com a possible solucié a la seva necessitat
clinica, tot i que en general s’aprecia un desconeixement de les darreres
innovacions.

El posicionament dels cirurgians davant de I'empelt de cartilag depén de la
informacié que reben. Quan aquesta és especialitzada i consistent, es mostren més
proclius a acceptar aquesta tecnologia.

El procés de presa de decisions és excel-lent quan la informacidé és precisa i de
qualitat.

Requereixen evidéencia cientifica per la seva aplicacié en humans abans de poder ser
utilitzada en la practica clinica.

Pels cirurgians, I'empelt ideal ha de disposar de caracteristiques especifiques.

C3 Quines seran les necessitats legals, étiques dels investigadors:

Un altre problema detectat va ser la preocupacié pel model de negoci per
produirempelts bioimpresos. Els cirurgians ortopédics temen que no es pugui alinear amb
els models de produccid actuals. Aquesta situacio, codificada com a factor clau, és un dels
principals problemes identificats com a barrera en la implementacié d'aquesta técnica.

- Una altra possibilitat seria establir centres publics, possiblement en un model de

col-laboracid public-privat, que tinguessin els recursos humans i técnics necessaris
per produir les seves propies peces bioimpreses en 3D.

Les bases d’aquest model ja existeixen als hospitals on ja es fan servir les impressores 3D.
Com s’ha esmentat anteriorment, aquests hospitals disposen de personal format que ja té
competéncies en |'Us d'impressores 3D per a una amplia varietat d'aplicacions que van des
de la impressié de models de fractures, la planificacid quirurgica i la creacié de guies
personalitzades per al pacient.
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Aquest sistema, que seria integrat als hospitals, permetria una comunicacié constant
entre els equips medics i técnics. L’hospital com a punt de trobada garanteix que, a
mesura que s’utilitzi la tecnologia, es detectaran més aplicacions potencials.

Aix0 permetria una millora en la corba d’aprenentatge per a ambdues parts: I'equip medic
gue explora aplicacions noves i millors per a la técnica i I'’equip d’enginyeria que dissenya
solucions especifiques del context. Aquesta solucio significaria que la bioimpressid és el
seglient pas logic, nascut de les necessitats creixents de totes les especialitats mediques.

4. Limitacions

S’han de considerar les limitacions que conté aquesta tesi, pel context on ha estat
realitzada. Per tant, les conclusions extretes no es poden extrapolar a tots els paisos i/o
contextos, per alguns dels motius que s’esmenten a continuacié:

En I'analisi qualitativa, les limitacions sén inherents al nombre de participants i al nombre
de grups de discussid. Només les dades extretes de les interaccions dels cirurgians
ortopédics sén legitimes; no obstant aixd, és la seva opinid la que centra la recerca en
aquest context.

En I'estudi quantitatiu, encara que es va plantejar per utilitzar-lo en un context nacional i
internacional, no es va obtenir I'autoritzacid per fer-ho. Per tant, 'enquesta cobreix només
una petita poblacid, en part a causa de la baixa taxa de resposta. També s'ha de considerar
gue podria haver-hi biaixos, ja que els participants que van respondre eren probablement
els que estaven més interessats en |'aplicacié de les noves tecnologies.

5. Implicacions per a futures investigacions

A la vista dels resultats obtinguts de l'estat actual en aquest camp, els estudis futurs
haurien d'identificar les restriccions tecnologiques, les regulacions per paisos, els drets de
propietat intel-lectual i els aspectes étics relacionats amb la bioimpressid. Les tecnologies
de bioimpressio son uniques, ja que permeten un determinat patré de multiples tipus de
cel-lules i materials per recrear I'estructura nativa del cartilag. S’haurien d'avaluar altres
fonts de cel-lules mare multi potents per donar suport a la condrogenesi.

Un dels punts a tenir en compte és I'estabilitat de les cél-lules abans de I'Gs. Es important
destacar que els assajos clinics actuals han demostrat que la terapia de MSC és segura. La
seguretat ha estat demostrada a través d’una recent revisid sistematica i una metaanalisi
d’un total de 1012 participants que van rebre terapia MSC intravascular per a una varietat
de simptomes clinics, incloent l'ictus isquemic, la malaltia de Crohn, la miocardiopatia i la
cardiopatia isquémica.47/148

En el cas dels iPSCs, el risc de formacidé de teratomes és el problema més gran que no es
pot passar per alt. Per tant, sén necessaris esforcos (és a dir, una diferenciacié o
purificacié completa) per evitar aquest risc.
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Col-lectivament, els estudis analitzats demostren la viabilitat de I'enginyeria del cartilag i
subratllen la necessitat d’'una barrera biologica continua entre el neocartilag i la regid
ossia. Es probable que el disseny bifasic no sigui suficient per aconseguir un cartilag
consistent i funcional i la seva formacidé i integracido a I'os subcondral. La distribucié
periferica de la formacié de matrius, aixi com l|'orientacié correcta de les fibres de
col-lagen i la resisténcia mecanica a la tensid, son elements vitals en I'enginyeria de teixits
del cartilag. Tot i que s'han dut a terme proves en viu en animals de grans dimensions, cal
especificar i resoldre els buits detectats per establir les caracteristiques fisiques i
biomecaniques necessaries, fer front a la possible degradacié dels implants i assegurar la
integracio transversal de I'empelt en I'hoste.

Analitzant la postura dels cirurgians ortopedics, es poden suggerir almenys dues linies
d’accio possibles. La construccié de I'empelt en els mateixos hospitals o be, si la produccid
esta en mans d’empreses privades, les principals demandes dels cirurgians serien la
personalitzacié individualitzada dels implants, amb un termini de lliurament curt. En
aquest cas, es podrien controlar la bio-seguretat i la tracabilitat dels teixits. Aquest model
també hauria de tractar el tema de la patent i complir els requisits etics i, el que és més
important, amb la normativa i la legislacio vigents.

La companyia espanyola Regemat n'és un exemple. Utilitzen el greix de Hoffa, tal com el
descriu Lépez Ruiz'®! i inclouen la diferenciacid del MSC autodleg per desenvolupar i
comercialitzar el cartilag.
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DICTAMEN DEL COMITE D' ETICA DE RECERCA
UNIVERSITAT DE VIC - UNIVERSITAT CENTRAL DE CATALUNYA

El Comite d’ética de recerca de la Universitat de Vic - Universitat Central de Catalunya, en la
seva reunio del dia 9 de juny de 2017, després de I' avaluacié realitzada de la proposta amb
expedient 28/2017, titulada "Cartilag bioimprées: Estudi i abordatge del mare clinic, étic i
legislatiu per utilitzar-lo en I'ambit quirtrgic”, d’Angels Salvador Vergés i tenint en compte la
documentacio presentada i els aspectes que es detallen a continuacio:

Adequat Dubtdés | Incorrecte No s'escau

Justificacié de I' estudi X
Definicio de I'objecte de I'estudi X
Implicacions étiques en disseny, X

metodologia i finalment

Competéncia de I' investigador i del grup X

Explicitacié de les implicacions étiques X
del projecte

Disseny metodologic X
135
Financament X
| quan escaigui :
Adequat Dubtos | Incorrecte No s'escau
Obtencid del consentiment informat i X
altres informes necessaris
Informacioé sobre I'adequacié de les X
instal-lacions i instruments requerits
Compromis de confidencialitat X
Es resol emetre el seglient dictamen com a:!
Favorable? X

Favorable condicionat
Desfavorable

'Qualsevol modificacié o incidéncia que afecti al desenvolupament del projecte (finalitat, persones de
I'equip, etc.), s' haura de notificar al CER UVic-UCC per tal de tornar a valorar el projecte .

Tot s els membres del CER UVic-UCC es comprometen a garantir la confidencialitat de la informacié a la que tenen accés
en el desenvolupament de les seves funcions. Es garanteix aixi el tractament adequat de la documentaci6 rebuda per a la
avaluacio de protocols i de la identitat de /s subjectes que participen en /es propostes que s' avalui'n.



Observacions:

El projecte es correcte tant des del punt de vista étic com metodologic. Tanmateix es

recomana:
»  Especificar com es reclutara la mostra, i quins seran els criteris d'inclusi6 i exclusié.

« Explicar en el full d'informacioé de consentiment informat com es realitzara la gravacié
d'imatges dels grups focals, i informar que les dades es guardaran seguint els
requeriments de la llei de proteccio de dades, i que seran custodiades perla UVic-UCC,

per tal de garantir la seva seguretat.

*  Clarificar en el full dinformacié de consentiment informat si les dades de la recerca

seran codificades o anonimitzades.

+  Simplificar el redactat del full d'informaci6 del consentiment informat per fer-lo mes

comprensible.

Data: 12/06/2017 Firma
El president del pd'm'ité:

{ /
/
/
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Vicerectorat de Recerca i Professorat

2Un dictamen favorable comporta per l'investigador principal les seguients obligacions:
a) Presentar, si escau, el projecte a convocatories externes (competitives o no) amb els mateixos
elements essencials que han estat avaluats favorablement pel CER.
b) Desenvolupar, si escau, el projecte amb els mateixos elements | essencials que han estat
avaluats favorablement pel CER.
c) Presentar una memoria justificativa de complecio del projecte a la seva finalitzacio, incloent
un resum de maxim 5000 caracters i tots els documents que es consideri necessari fer

arribar al
CER. Aquest material es conservara als arxius de la UVIC-UCC per a futures revisions.

Tots els membres del CER UVIC-UCC es comprometen a garantir la confidencialitat de la informaci6 a la que
tenen accés en el desenvolupament de /es seves funcions. Es garanteix aixi el tractament adequat de la
documentacio rebuda per a la avaluacié de protocols i de la identitat dels subjectes que participen en /es
propostes que s' avaluin



Informacié pels participants UV| C

UNIVERSITAT DE VIC
UNIVERSITAT CENTRAL
DE CATALUNYA

La investigadora Dra. Angels Salvador Vergés dirigida pel Dr. Francesc Garcia Cuyas,
D. Luis Fernandez Luque i D. Raimon Mila Villarroel, estem duent a terme
el projecte d’investigacio: Cartilag bioimpreés: Estudi i abordatge del marc clinic,
étic i legislatiu per utilitzar-lo en I'ambit quirargic.

El projecte té com a finalitat conéixer l'estat de la bioimpressié del cartilag i
identificar aquells factors que ens permetin definir quins seran els requeriments dels
diferents usuaris, pel seu us clinic. Assenyalant criteris i estudiant amb exhaustivitat
totes les qlestions de seguretat, posar sobre la taula quins seran els factors que
podrien tenir un major impacte en el seu us, a la practica clinica diaria en els
serveis de COT segons les apreciacions obtingudes de tots els agents implicats en
les observacions.

La metodologia a emprar sera la investigacio qualitativa que és el
desenvolupament de conceptes que ens ajudin a comprendre els fenomens
socials, prestant la deguda atencié als significats i significants, experiéncies i
opinions de tots els participants. S'utilitzaran les enquestes en profunditat, els focus
grup (reunions d’experts per debatre els temes d’interés per la recerca) i les enquestes
on-line.

En aquest context li demanem col-laboracio per conéixer la seva opinio i quins
soén els pros i contres que hi posaria pel seu us clinic; ja que vosté compleix els
criteris d’inclusio: persona del mon sanitari, de l'empresa de bioimpressié o
especialistes en lleis sanitaries o en bioética.

Aquesta col-laboracié implica participar en una, o en les dues fases d'aquesta
investigacio, la primera entrevistes en profunditat i la segona en forma de focus grup.
| depenent de quina siqui la fase, les seves respostes seran enregistrades en un arxiu
de veu o gravades en video. Les enquestes on-line no estaran vinculades a cap nom
ni correu electronic.

Les dades que s’obtindran de la seva participacio, seguiran tots els requeriments de
la llei de protecci6é de dades, i no s'utilitzaran amb un altre fi diferent de I'explicitat en
aquesta investigacio. Aquestes dades quedaran protegides mitjancant la creacio de
dos fitxers desvinculats amb substitucioé dels noms per codis aleatoris, i tnicament
podran tenir-hi accés les persones que faran el tractament de les dades, i es
conservaran unicament durant el temps que sigui imprescindible.

Tots els participants tindran assignat un codi que no permetra vincular directament
al participant amb les respostes donades, com a garantia de confidencialitat. Les
dades seran custodiades per la Universitat en una base de dades amb accés restringit
nomeés als investigadors del projecte.

Ens posem a la seva disposicié per resoldre qualsevol dubte que la mateixa hagi
suscitat. angels.salvador@uvic.cat
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Consentiment informat

JO, , major d’edat, amb DNI ............................ ,
actuant en nom i interés propi

DECLARO QUE:

He rebut informacié sobre el projecte: Cartilag bioimprés: Estudi i abordatge del
marc clinic, étic i legislatiu per utilitzar-lo en I'ambit quirdrgic, del que se m’ha
lliurat el full informatiu annex a aquest consentiment i pel qual es sol-licita la meva
participacio. He entes el seu significat, se m’han aclarit els dubtes i m’han estat
exposades les accions que es deriven del mateix. Se m’ha informat de tots els
aspectes relacionats amb la confidencialitat i proteccié de les dades dels participants
en el projecte.

La meva col-laboracio en el projecte és totalment voluntaria i tinc dret a retirar-me del
mateix en qualsevol moment, revocant el present consentiment, sense que aquesta
retirada pugui influir negativament en la meva persona en cap cas. En cas de retirada,
tinc dret a que les meves dades identificatives siguin cancel-lades del fitxer de I'estudi.

Per tot aixo,
DONO EL MEU CONSENTIMENT A:

1. Participar en el projecte: Cartilag bioimpreés: Estudi i abordatge del marc
clinic, étic i legislatiu per utilitzar-lo en I'ambitquirudrgic

2. Que la Dra. Angels Salvador Vergés com la investigadora, pugui tractar les
meves dades en els termes i abast necessari per a la recerca, seguin tots els
requeriments de la llei de proteccié de dades, i que en cap cas es difondran de
manera que es puguin vincular a les meves dades identificatives i que
Unicament es conservaran durant el temps que sigui necessari per complir les
funcions del projecte.

Barcelona, a ..... de de 2017

[SIGNATURA PARTICIPANT] [SIGNATURA IP]
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Cartilag bioimpres : Factors clau
UVIC percebuts pels clinics per

UNIVERSITAT DE VIC
UNIVERSITAT CENTRAL

DE GATALUNYA utilitzar-lo en I'ambit quirurgic.

Aquest qlestionari anonim té com a objectiu analitzar la seva opinid sobre aquesta nova
possibilitat tecnoldgica, i esta dissenyat com a part important de la recerca inclosa a la meva
tesi doctoral.

Actualment, les lesions del cartilag articular no estan ben resoltes en cirurgia, i és per aixo
gue ens proposem explorar una nova possibilitat pel seu tractament.

El cartilag bioimpres és teixit cartilaginds impres a partir de cel-lules cartilaginoses amb la
distribucid de totes les capes, i les mateixes caracteristiques que el teixit natiu, obtingut amb
les mides exactes de la lesié mitjangant les mesures obtingudes per TAC.

Requereix 5'contestar-lo.

Angels Salvador Vergés. Traumatoleg. Doctorand en UVIC-UCC. angels.salvador@uvic.cat
Més informacio sobre el tema:
http://sahlgrenska.gu.se/english/research/news-events/news-article/success-in-the-3d-
bioprinting-of-cartilage.cid1438435
http://online.liebertpub.com/doi/pdfplus/10.1089/ten.TEB.2016.0316
http://www.sciencedirect.com/science/article/pii/S2095

1. Sexe
Dona

Home 139
2. Edat
menys de 35
entre 35i60

més de 60
3. Anys d'exercici

de 5-15
de 15-30

més de 30
. Realitza activitat quirurgica

Py

Si

RERS

No
5. Lloc d'exercici

Hospital 3r nivell
Hospital 2n nivell

Hospital 1r nivell
6. Li sembla que esta suficientment actualitzat en les noves tecnologies queestan
sorgint en medicina?
On 1 és gens i 10 suficientment


mailto:angels.salvador@uvic.cat
http://sahlgrenska.gu.se/english/research/news-events/news-article/success-in-the-3d-bioprinting-of-cartilage.cid1438435
http://sahlgrenska.gu.se/english/research/news-events/news-article/success-in-the-3d-bioprinting-of-cartilage.cid1438435
http://online.liebertpub.com/doi/pdfplus/10.1089/ten.TEB.2016.0316
http://www.sciencedirect.com/science/article/pii/S2095

1 2 3 4 5 6 7 8 9 10

. T T C C C T T . T

7. Ha rebut informacio per qualsevol mitja dels nous avencos sobre la impressié 3D?
On 1 éscapi10 molta
1 2 3 4 5 6 7 8 9 10

- - o - - - - - - -

8. Quin nivell de coneixement té de la impressié 3D?
On 1 és cap coneixement i 10 bon coneixement
1 2 3 4 5 6 7 8 9 10

. . o - - - - . . .

9. Alguna companyia farmacéutica o empresa d’aparells meédics li ha presentat aquesta

tecnologia?
C

Si
e No
10. Si ha rebut alguna informacid sobre la impressié 3D referint-se al cartilag

bioimpres, com li ha arribat?
Marcar solament una resposta

Llegeixo habitualment el que publiquen els investigadors
Segueixo poc les publicacions cientifiques
Per altres companys

No tinc informacié al respecte
140

YYD

No m’interessa
11. Es voste optimista en mateéria de recerca, innovacié i implementacid de noves

tecnologies?
On 1 és gens optimista i 10 és molt optimista

1 2 3 4 5 6 7 8 9 10

. . - f" f" f" T . . .

12. Actualment es fan servir moltes altres tecniques (entre elles, ACl i MACI) per la
reparacio del cartilag utilitzant cel-lules cartilaginoses, extretes préviament del mateix
pacient. Si existis una altra font de cel-lules sense haver de fer la cirurgia previa

d’extraccid, les tindria en compte?
On 1 és gens probable i 10 molt probablement

1 2 3 4 5 6 7 8 9 10

. . - f" f" f" T . . .

13. Quines expectatives cliniques té sobre un nou metode per obtenir cartilagimprés
amb tecnologia 3D (bioimpressores) per utilitzar en lesions de cartilag?
On 1 éscap i 10 és moltes

1 2 3 4 5 6 7 8 9 10



T - T T T T T - T -

14. La sang de cordd, les cel-lules adiposes o les cél-lules pluripotencials induides (iPSC)
provinents de terapia cel-lular poden ser font de condrocits. Creu que podrien ser

opcions adequades per a usar en les lesions condrals?
On 1 és gens adequat i 10 molt adequat

1 2 3 4 5 6 7 8 9 10

C o C C C C T o C T

15. Li veu aplicabilitat clinica al cartilag bioimprés en un futur?
On 1éscapil0és molta

1 2 3 4 5 6 7 8 9 10

C o C C C C T o C T

16. Davant aquesta nova possibilitat terapeutica, quin grau li atorgaria a la preservacio
de la seguretat del pacient com principal requisit?
On 1 és baix i 10 és molt alt

1 2 3 4 5 6 7 8 9 10

. T T C C C T T . T

17. Si I'implant tingués una durada limitada, quin temps consideraria vosté com minim

per recomanar-ho als seus pacients?
Escrigui amb la numeros durada minima d'anys

i
i o

18. En quin grau pensa que la mida de la lesid del cartilag és una limitacio?
On 1 és cap i 10 és totalment limitant

1 2 3 4 5 6 7 8 9 10

C o C C C C T o C T

19. Pensa que |'edat del pacient podria ser una limitacié per a la implantacio de cartilag
bioimpres?
Resposta multiple

r-

No li veig cap limitacid per edat

-

No li posaria a menors de 20 anys

-

No li posaria a majors de 70 anys
20. En quin grau pensa que el problema d'alleujar el dolor al pacient ha de ser unade

les caracteristiques del nou implant?
On 1 és poc important i 10 és molt important

1 2 3 4 5 6 7 8 9 10

C o C C C C T o C T

21. Quines serien les variables més significatives, que li demanaria a aquesta peca de

cartilag bioimpres per decidir-se a utilitzar-la amb els seus pacients?
Escollir 3 items. Marcar per ordre de preferéncia
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Durabilitat
Seguretat
Resultats clinics
Cost assequible
Equitat

Evidencia contrastada

[ [ R R R I R

Facilitat d'implantacio

22. En quin grau creu que aquesta tecnologia podria tenir efectes beneficiosos i/o un
impacte positiu en la qualitat de vida dels pacients?

On 1 és poc impacte i 10 és molt impacte

1 2 3 4 5 6 7 8 9 10
L L o L [ L o [ [ o
23. Quins problemes/dificultats percep vosteé pel seu Us?
r Que sigui dificil de manipular
r Relacionats amb I'autoritzacié de I'hospital
r Dificultats quirurgiques
r El temps d’espera de I'implant per part del subministrador
r Inseguretat en els resultats
r Totes
r Cap

24. En quin grau esta d'acord amb aquesta afirmacio? Per poder implementar enla
clinica diaria el cartilag bioimprés seria imprescindible comptar amb una evidéncia

clara en els resultats d’assajos clinics.
On 1 és gens d'acord i 10 és molt d'acord

1 2 3 4 5 6 7 8 9 10
o o 4 L L o L L L L

25. Li estic molt agraida, per haver completat aquest qliestionari. Si vol afegiralgun
comentari sobre el qliestionari o sobre el tema de la bioimpressié de cartilag, pot
escriure-ho a continuacio.

5
L o

26. Li agradaria compartir informacio sobre aquesta nova possibilitat?
Si'la resposta és si, pot enviar-me un correu electronic a: angels.salvador@uvic.cat

o
o«

Si
No
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