Research
3D Printing—Review

Engineering 2015, 1(1): 89-109
DOI 10.156302/J-ENG-2015015

(A TIEMA L RARPH =LIEH)E

, . 1234 . 1,5,6
Ruben F. Pereira and Paulo J. Bartolo"™™

BE: ARIBRPEFISKNGEMEFEDME. ARME
YEED FERMANTRRIAFE, FLUERMIEINA KA
REEWR, HRBARBENBLE., XNMMEBLATTARRK
TARRE R E LRI RATsE L R E AR SN B E B 45,
QEXFWGZA ZEMRKEAE LB, AHERAEIZE
TZ, N AHMBYREX A REKRN, WRESBHEN
MZEMEAGRIR, BRENET D FAIUBEESEMRKE
RAETARARF, HINI=4 (3D) 4. 3K, HHLEH
B R ARDSET KRR, MRzt San
MEWEEMRE RS, AXRETHAA D AFIERANA
LBEMBARREF FELEWHEXMT, RENET B
RAHAHISRA, ERBEEHAREYEERF BT
XN TREREMNEMHNS S E L AHhSR AR T ZRE.
H=Ehl. SoMENSRESRE, WEESERM 3D 514
RitHEEEEAB. IMEARFEBANENBENEE
SRR, HEHETIETT 5 AR KR,

KPR ZHERHIE, EMME, ARIRE, 48

1 &l

o

Il —AAEE], AT RIIEAERZ SR TE
KL CUnBe e A M RO | s BED5 AR 0 etk A= W bf
BB B LB SRR ), XL
ARG BE T B BLIG RS FIE R A R, (4 U e 52 P A
IRE] T B IG ARITAL [1-7] HRTE R TR AR R

FF IR TT A KRBT 43 = K2 DR T AT
i QTCHH A MR D SR T s DEANNESHE) / LT
AL (E1) .

TEARREY T b, AURAY L R S A A S P 1 2
M AR sidamgss (RS, 2f) 515, 5%
G it — RV PR (A sk . RSN ) JE
ABGEBAL [8] A X R AR R B, (HRAE AL
J&, TEARREARAN TS PE RIS OL T, A B ) Py 447
Y M AE R S B AR R R, 53, HAETRAY
FAR b, AL MR BTG RS, AT T 40 i AE H
PR PRI ], $ e 1 Im AR (9], M EZH 2L
ROBEFNHAY) 1245k, FH A SCEE ] R 2 fe I e
Ko e AR gt 7 — I 345, FH LS | SR A 20 i
e RANMEABE . . BE DL S, R
BB AN E R A K [1, 1010 4 T3S 400 s 2 ol fE
SCHRWH e — RYME SR B 2 | DUBRIAE ) 2K
AR AHAEYE L AR AT et . e R L S S
MIRE . s A e [1, 10, 117, S804 32 5 by fr ok
FER AR FARFR I AL R T e . RARDUI KA
B R A YR Ew R AR, R R 0 SO BLAy
Tz WS YE . D AR A R A DA K A i L B
PE[12]0 FERRSE TG SCE B HA TR, BEGY
SCHEH R A YGRS (AN A AN - R AT )
e, DAK A0 AL R AR [13, 14]. BR T4
POEHE B SR FEVE, ARG BR M E T SO
TOULLA B A R b ) 2450 CnfLsy R/ . TR AR

" Centre for Rapid and Sustainable Product Development (CDRsp), Polytechnic Institute of Leiria, Marinha Grande 2430-028, Portugal; * Instituto de Investigagdo e
Inovacéo em Saude (I3S), Universidade do Porto, Porto 4200-393, Portugal; % Instituto Nacional de Engenharia Biomédica (INEB), Universidade do Porto, Porto 4150-180,
Portugal; “ Instituto de Ciéncias Biomédicas Abel Salazar (ICBAS), Universidade do Porto, Porto 4050-313, Portugal; ° School of Mechanical, Aerospace and Civil
Engineering, University of Manchester, Manchester M13 9PL, UK; ® Manchester Institute of Biotechnology, University of Manchester, Manchester M1 7DN, UK

* Correspondence author. E-mail: paulojorge.dasilvabartolo@manchester.ac.uk

Received 5 March 2015; received in revised form 25 March 2015; accepted 25 March 2015

© The Author(s) 2015. Published by Engineering Sciences Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

5|f4s3Z: Raben F. Pereira and Paulo J. Bartolo. 3D Photo-Fabrication for Tissue Engineering and Drug Delivery. Engineering, DOI 15302/J-ENG-2015015

www.engineering.org.cn Volume 1 - Issue 1 - March 2015 Engineering

089



090

LT 1] 3D Printing—Review

(a)
— @ — ezp —
Healthy donor Harvested cells Cell isolation
(b) Additive biofabrication techniques

for 3D scaffold fabrication

=
&
SLA FDM

r"‘-x_i !
SLS 3DP

Bioprinting processes for the fabrication of cell-laden constructs

Porous 3D scaffold

(c)

| =0 o

Inkjet Laser bioprinting Extrusion

- @ -

2D in vitro cell
culture isolation

Cell injection in vitro

Strategy 2

X//\

L
: a Strategy 3

Cell seeding In vitro culture in bioreactor

Strategy 1

Biomaterial 1
Cell type A

i =

N

- -~
e,

=_)° =_D° ="l

\—)

Cell-laden
3D construct
Biomaterial 2

Cell type B

B 1 AR TREMBEETPNEERTAZ. () AR7E (b) 22897% (o) A= HEMIBNT E, ETET, AR LIEAREAN (5

%1, EMAREEN 5742 , RAREIMEFEEN (57%3)

HEMTE . PIERALR . GO WA FLER R . R ETE A
PR ALRZS B 5345 ), 3K SRRk 5 205 1) 25 AR S 41 i 7
3 R FARNHLITE E [15-17]. &4 M1k, A ZRE
YRR ] U S B P E 7= 4k (2D ) Fl=4E (3D)
Fek, AEGREDRIEROR, WERIDeEE . Wik TR
AR R W, A9R N T 2 R AE Wi Rk i) 2L S 2R
il o Rk ST R B | BUANIR HOR TR ZE A2 R AR,
AR TSN A, 2R, eI S 2L R
Fy CInFLBRR . FLAE . FLIOZS R A A ) 4 il
AR, EBRE T A ORE A S AR 2 8] 434 10,
18]o JiAh—"EHEMBRE, T AT AT
B A B 1] DA K™ I B AR A5 1, TR L RN 5 23
RAE R L AR AENE (18] XSRS, AW At
s A, ek (SLA). X EOtEssE (SLS). 1%
Bl s B TR (FDM ) D) R 0 BB 4T ENER 3D 47
El (3DP), i sZ B A0 HA T m ARG FE . A3 B nm
EEME (1, 19], XA, Z4E 70— 2

Engineering Volume 1 - Issue 1 - March 20156 www.engineering.org.cn

FEEREN, AXABNBERER ZE RN EYHIER A,

it S RN T R S5 A B A AR A
HRE 2 AR E T LB T s AR RS, JFRE

U HbAR T SRR o SR, X BEHARIRAFEF AL,
WAL RN ARSI M L A AN JE DA R R A K
SRR [20], RSN, AN M AR RE AT I AR R D40
JHLT Y R S BT i R 5 AR A T S, BB T A
PN B RN B v 2 RR AL = 43R 5% [21].
FERXEIRIT ik, —RENS A BRITAR AL YA KL Al
FIE5 431 A W Tl el g AR A S ) 3 e 19 D 2 200
HMILFIREE, X EEABENAESE M T, e AR A TR
HRARFEIT H RS B9AEE [20, 22], XS REFR N A
PIHTED, RALUT P ES T H, e @l e (A
WK ) FJZ VTR . IR AN . i A
AR AW R 47 (CHE oK) St il &2 2 44 [18,
221 AEWAT BN A (R 2 R A B 5 R 1 i e P A 3]
BTN, X 2 Ah) [ i 78 XY S B IR YT o TR ik
UL [23].



FURI, P 3 il s A 0 I 00 P ) = A 45 ) 1) 2 0y
TR, Saiil AR P 1 70 B R B e
TE=EIREE XA IRORL . ARILANIAYT 4 RS B s
M B R [24]. fEOLHIEE AT, WeRE . Ot
I JCREMR S A2 T SN T R K B3 I
OEIRA) T/ BB KBEE W 2% 14 A= 0 A 2 s LA P R
OCHEEADERERE ) o JelilE SR SR, ot
HOR G W AN A A= 8 R > TR LR, FI7E it
PEREAT AR, A R 8l 1 7K B M A ik 1] s 1)
MBI RE [25, 26] X EEH AR S| T1iAE T EA 1Al LA
TEROR G I3 B AT SEI i AR RSP (Initk A8 e 52
HRHEERE | R RO e, AR S RErE) , Bt
— R AN T R (AT RS RN GE RN A AL LA e [24,
27, 28] PA_LME T I I A SUR A R 2R 25 BoR B 3D Sl
HER ARG, PHEA ARG RN R,
HAEC TG T2 e RGN A P sE b 5| AP
REMTRY 7k b, s H S G T3 3 AR W B 2
P = 4L B G E R o

2 MBS HRRGRET

BRG] LIE SCHEETREW I HIR, #it— R
1L 7B N A 2 o A O G N P i 5 o 1 o L T
JGIRAE OGRS F T 51 B0 R G n 284k I T 4=
Ji e

HREGRATWRERRN T EZ —, BTEEIL
(200~400 nm ) 7] WOt (400~800 nm) T, i i Mg
FANLFI SRR W . e | 300 A H A ) o an 240 R AG ST 40
FHBAPOCHRSE, KGRI SCHOKEERE [25, 29]. F

Free radical photopolymerization

RO
( K UVNVis Y\(\
+ — OR
R R Photoinitiator

R R

v/ Spatiotemporal
control

x Random chain
polymerization

x Heterogeneous ) ‘b"\
~
network / [
—

Chain-growth mechanism

E 2. BFARTRENESKERNAN SRS R,

3D Printing—Review [{{Zo11(H 1)

FAYCRE T LALEAE WA 25 SO A Bl R A SR 4 R
AP T K EERE (7R JLAPEL A8t Rl A4 ) o
AR TR A A DG RUBE T e A 1) U 4 7
TN R [25, 30, 31], HAAFRRAXS AR EEH], A
AXHEE K BRSSP o, AR B2, i L7 f il Jole gk
MIWTTT [32], [l =4e s | AR AR AL B REIT [27], LA
K B AR A= a5 KA TED [33] B ARE L,

2.1 HBERM

FAVEA M 28K BE R A 6 A g, FT LAy
FI LT | % (R4 3R A S0 A 0 TE 22 o5 o S [34]

BT (HIL) WIRREERImTRAY, Al
FERA SO L BERE R AMLE KB O, (B 2) , e
IKEER IR H AR ) AGHERE O6T) Bloes | &Rk,
fik e T A mMBEAIER, Al SAE T RRY P L0
FERE, ARt T RAYIEEZ R AL 2RSS [35]. EERA
FIV AT LA Z 0 RARFN G R A A BUOKBEIRE, AT i
IKBE I HAT TR 12 BEAR A PR . Kt Tl
VA — ik %o 7 B R ] B A B vk, R A0 AR RS 43 A
Mefin e, #E—A B REfL (36, 371, SR, HHEESIER
HERRIRA RN AT LA PR, g AR 22 158 K
Sl AL, AF7E T RE AN A P 5L 5 S (1) A S
ILBUEE, DA K T ORI EE RS SN TTAETE I R A A
P53k [30, 34, 38, 39], 75—, AEWIIESE sl SO
FRIEAE T RS SO M AR A SN 328 5 B KL,
IR (i 3 DA Foe /N R B ZE S5 A S — 1 [30, 34,
38,39], 1fiH, sdifb SO KA AN B, AT AR
F R 20 F 1T, 5 A BRGSOV, R 5,
VRS R, s8R [27, 39, 40],

Thiol-ene photoclick reaction

$—8H+/_§

UV/Vis

—>
Photoinitiator
v Spatiotemporal i i i
control """i"'”"'l"""“" 1}_,_,.,
v/ Minimal network e e e
defects
v Fast and efficient jws + - 1L-n- 'TL -
reaction e # #
% Cross-reactivity =~ "= ']L-M- '8--"— 1L -
with thiols ] ] ]

Step-growth mechanism

www.engineering.org.cn Volume 1 - Issue 1 - March 2015 Engineering



092

LT 1] 3D Printing—Review

FERZ A AWIESE sl b, Bk - Bk R
I COREENE ) s RN 2B — s ki FBL, HLL
il 25 A WA A P K BEIG o BB I S A 6B | R 4504
I AR R O ATTNES = Ay NG e e R N T g e S
BF 2 (B A6 R IEAS RV [34, 39411, 4N (UV)
ST GRS R, fEERRALI TR Y (WK A M RE
TR VIR IR 20 (£ %) (PEG)) Hh, B S bRk
FEE A A AT I (R e 2R ORI — i 5
B ) BBt AU P BN, A3 BBk g, (R B AS X
MM s B EEEE (1 2) [27, 42, 43], FTH ARG
FENEZEARL, B SO ek 2 s il Rl T R Ao B
SJRENH (MMP ) B AT / 3500 B 2 K0T 51 JR 3
IEMEES, TR 7 X KR A | 20 5 i R 240 i R o
FHEAE RS [27]. B h3EA S50 - Bk o
At mT LAAE JC A M RN 220 MK BRI b AT, Rl dE
BEHE N B R 12 A 2R I [44]

2.2 RRMEERIFS| KT

FIEROET R B PR AR IE L 05 RS R B 2%
{4, T i X 1L 4 L AR D ] 2 ) A0 B A T
BERRET AR, %% & H ORI, AR
T PE . WOLIE . BRI R B ™ A [ B AL
AR [25, 430 TR HEET AR 0 R2E: A Ak
s BHE T [45]0 A EOLT IEFIHA T R A EDAR AL,
Jed e T VR R . J—Jr i, I E 65 k5
ST IR, A B8 G| KR TG A A ) I 2 U
T2 N (2510 MRE Bl R AR LB, A RS
SRRl Lhte— 2207 R e SRR A e 51 AR (T8 ) o
S es G () o il T, TADES IR (an
FAIRATAEY . KW R0 . R MR, R b
FEANEIE ALY ) WO A S IO, 0 M P b
AHY H R, RJE T A Ak i ARG | A0 CAnR i |
T AR ASE MR ) I —SFE5] K50 AP 4G 2 — =R T,
IRJG NSRRI F S [43, 45]0 BUR T 5| AR5
FORAYS, B LR — U [39], AR T AT
WA H G B RIS R R R 2 B 560 (R 1) .
JeA T G VR IR 40 M 5 P A T SRl T, HOES|
SRR F R A TR AR . DRGSR
e T L0 o M T R P AR A A8
B CUnAnsE . R R ), Xl e fE KA
HEAgTE T, FL 2 530 DNA $if) [26, 46]. © A WFFEIEAN
YA T LRG| 500 0 S A QAR A 240 i 3% g w4
PP PEA T 5 SRR T 65 AR IR AL | Ik

Engineering Volume 1 - Issue 1 - March 20156 www.engineering.org.cn

G E] A KGR [26, 46—49], Irgacure 2959 (11— [4—( 2—
FROEIL) - KA ] 2- BRI 2 HIIE 1 ke —1- )
St PR R, P4 38 o K R A i a1
SR, & IR JR I D6 R AE UV-A IS RN, DA
HBARR 51 kA%, RE T HABSEE] & FIMIE R R R,
W T A A YERN S B RRGE, 2,20 — A [2-
I —N=( 2- F2 20k ) NI 1( VA-086 ) FIER RS -2, 4, 6-
=R R BERRER (LAP) [47, 50-52], FIXIFHSE
FHZEL, R T I R A b 2 A B Vs 1 A A
WFFE N AR FPRIFSE T R 5 6 ] IRl 51 &
(anRsfilie . B R . WL -Y) MRE RS [43-53],

2.3 AXRNSREIGITEYE

RPN TR KB R, AFERA . R
fEFPEHERIBEIT, FIB TV 2 KBRS IN T ERER
YRRk . 1S RAEREE il 3 FR [29, 59].

F KB AT B2 107 20 2 DL R 5 R AR 40
AN (ECM ) F-Sehetk (AU, EfE4 8 TR A
PR E RN [31, 601, PIA AU AR 2R K
RS P LA R AR sl i SR G A R 48 [60]. R AR
HIRAPIRERS LR ER ECM A AR, R £
ALl 2 KRR RS CR AR SR, TATTIEAEAE LA Il
RIA 4R et 17 S5tz 22 5k . A BRI 12
PEREFIETE O B [35). — i, MTAMES
P PERE aT i, BB R i bERE, Rl iR nT g £
PEREFT IR Z W REKBERE, BAEBREESF 7 kg i ds
OLE [61]. [HIE, H—MA MRS YEH LRI H AR
B A DA S | A A T R A0 AR B L (351, R
ETF L SR B, R G BUR A W — AR R (A
I — B 1K ARIURN / SRR ) TR REAL,
X AT AT il K O e | A 7 A2 2L R 4 [27]
BARTCIE R KRR BB R EY, Tl fb2ess
oy b # A — 26 BEH (40 COOH, NH, il OH) , {H&
ENTRZ AL E RN I, XS T e 5 R h
M RA [62]0 B, At Abay R TR BE I i A
FERX T SOV AL (AN TRER . L N AR R TR
SRV M ) TR A2 ek, X S b R
SRR IR C IR A L AL N FE A A EE P . O DA R A
VIR fR MR T B . AR AW S BE i O S5 H R
AR RSZAT A AL, AT B 1 3R A 9 0 o Sl ek
S CANZR KPR FAr . KM . Bk L A R R L
P, TR Rk B i AT R AR 2 1) 55 7K VR I A AT B AR 25
SRR R AE DT . DU IRAT R A — T i W



3D Printing—Review [{{Zo11(H 1)

“VH jo @uasaid pue awp uonerpert ayj uo Surpuada(y, "uonensdedus
[19> Jo peajsur ‘suonnyos 3oenxe rewijodojoyd jo soussard oy ur s[ed Surmimod Aq passesse sem KIqeIA [[2D,, ‘sejel uonezLowA[od sje[doe s[qrs8au pue uonoear sus-[oNy Jo dueurwopaid e
ajejs stoyiny, ‘uondiosqe 331y uodn sejeis pajroxa-3o[dixy 10 JDIUIS IOY}IS ULIOJ UED UTARHOTY,, AN[IqR UOHRIUSISHIP UIE}d1 pUe PIAIAINS S[[3D Jey} pajiodar sioyne ng ‘a[qe[ree jou st Aiqera
1[99 1noqe eyep aanejueng), (dur (@0 ewournredoyeday) goday ([ortaronrp) LI (S[[90 wes [ewdyouasawr uewny) sDSNY ‘(auourprjorrdd g-[Aura-1) JAN ‘(purarejoueyiamn) yvOdL ‘(poe
sruoaneAy) yH ‘(arejdmoer( (j0o4[8 susdyya)A1od) vaDH ‘((J0oA[S ausidyye)Ajod) HF ] ‘(susuroqiou-ena)-(j0o4[3 sus[y3a)Ajod) gNFOHJ ‘(suousydojeoejfuayd-g-Axoypawip-g‘g) 169 2Inoedi :s9J0N

utaeoqry HO
uonjernsdeoua-jsod _urs[ed s — 4 WL MW
[gq] JUORe[ . |ao mm&u%w A:o _uﬂa %% M:Nv Llowr 9 ‘i /uesogd Aﬁmww%lﬂw N“ w:?w ﬁww\m uonezrwA[od [edrper-aar] on
UC ‘%06-%09 puoyp te[naLny [0o413 porelAoegol ¥ 3S1 d[qrst RN
(8 o IM N o =l  uraegjoqry
WS wu J\ x
‘o (L TuTS[2 0T x T) ST° UIAR[OqI (4G 1 UI T Aq PamOToJ N HWﬁ
[e] ss!1 VT 19HP 7506< [erPyjopud dIoe dutaog | T-owr 00z ‘VOHL ‘VADId “I9Se] PUOIISOIWDY uonezpowidlod eorper-2a1 N *HO
wu 0g/) 311 SQISIA 0
(- Tus[ed 0T x 6) . .
[ep] ) mMMﬁESmMmu:m S[[00 WId)s [ewAyouasaur >.~\:mom _\HZOE mbﬁ x 10 , AEH_E wv N‘Mﬁu.w\fﬂm? Ansruwayd oI aua-[ory [, 18 19
¥ UL “%S6~ uewnyg JdAN 'VOd.L ‘ANYOdd G1LG) ISI SqISIA HO o oH
5 O O 5 I A-uisog
A-utsog (unu g'7) | wd- U 001 Q O
Jus[[ad , ) z suonoeal Ymoid
[9¢] %96< ﬂm«.w_ehw . %Mmﬁm %10°0 “VOHLL utreday / (U z) o pua g -dors pue :ﬂm@ %055_852 g
: PRIRIONL ‘VADH ‘(wur 6z6) 181 SqIsIA i ’
(gl uonensdeoua (L Tws[Po 01 x 1) 980-VA%IOW 07, wd- [W 08T “, Wd- MW F onezuswiAod [eatpei-oig
Asod 4 ¢ ‘9% G6< s[EagHdeH  ‘eprueldneyiow uneen ‘(wu g9¢) WSt AN
Iofofoxz/ fw mxw \zzofofoI
POTN=N=O=T I 980-VA
uonensdesus (L TwsIP2 0T x 08) 980-VA U G /W MW g 0 ‘HO ‘WO O
%] as0d v sapfooIpuod  (A/M)9G T-( DIe[ADEUIIA (wu NV ar uonezrwA[od [edrper-aar]
1s0d 4 8% “%06< re[one suraog sreuiSry 59¢) W81 AN
<uonensdeoua-jsod dVT %M G0°0 uIu g/, wo- AW g ~
[oel P ¥T ‘A1AINS S[[2D (w2 0T x €) SOSINY AUaUIOQIOU-HF ] ‘(wa g9¢) WS AN ABSTRR I U TONL \\o
d
A v J V\ I avi
- TUWLS[[99 (0T x T, . U G 7, Wd- MW O] K
[1¢] ~ mMMﬁmeM@ucw jse[qoiqy njwqwq..ﬁoq:_b [ (wu gog) 1Sy uonjezrawAjod [edrper-aa1] noo
1OSHTC osos Tereuoau Urewmy] /ETVADE )\ u go) 48 slamsiA
uoneinsdeoua 696C1 %M G0°0 s 0¢€
[sq] asod (pg) %88 (L TWs[[d 01 x T) SOSINY PR o , , Anstwayp 1P dud-[ory L,
pue (b 1) %96 L1Q ‘2UaUI0qI0u-y WD MW 0T ST AN o W
OH
AN I 65621
o
e uone[nsdesus (- Turs[Ed 0T x G) 66T (A/M) %S0 S QL 7, WD MW 6°9 uonezuawALed [eatpes-ooL] 4
-3s0d Y 8 ‘9% 76-%SL sise[qoIqy €L HIN ‘aje[AIDeYIoW UReRD “(wu 08-09¢) S AN o ’
Ayngenn 199 s||99 pajejnsdesuy 10s1n9a.d [ahoapAy SUOIIPUOD uoHeIpeLl| uonoeas uonezuawijodojoyd a3Injon4}s [eajway9 adAL aweN
29ualaay

wa)shs ajqeziawijodojoyd

J0jenuiojoyd

166 % S LA IFTEZ) B 08 B Y2 | 5 HCCHE B ch B g T 22

ineering 093

- March 2015 Eng

- Issue 1

www.engineering.org.cn Volume 1



















































