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Polymers in 3D Bioprinting: Progress and Challenges
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(College of Materials Science and Engineering, Nanjing Tech University, Nanjing 211816, China)

Abstract: As an important branch of 3D printing, 3D bioprinting showed great petential in the field of health care. Print-
ing materials are currently the research hotspots in this field, and they are also the key factors for the further development
and application of 3D bioprinting. Materials currently used in the field of 3D bioprinting are predominantly based on either
synthetic molecules or naturally derived polymers. In view of this, this paper introduced the technology and principles in 3D
bioprinting firstly, and then described the application of 3D bioprinting in the field of health care. Meanwhile, the require-
ments on bioprinting materials were reviewed, and the recent progress of typical synthetic polymers and natural polymers

used in 3D bioprinting was introduced in detail. Finally, the future development trend and research direction of polymer ma-
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terials in 3D bioprinting were proposed.
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Fig. 1 Main technologies used for polymer 3D printing[n’]ﬂ
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Fig. 2 Main technologies used for cell biology 3D bioprinting! '*2*]
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Table 1 Different features of the technologies used in 3D bioprinting

Inkjet

Microextrusion

Laser assisted

Material viscosity/mPa - s™'  3.5~12

Gelation method Chemical, photo-crosslinking

Preparation time Low

Print speed Fast (1~10 000 droplets per second)
Resolution or droplet size <1~>300 pL droplets, 50 wm wide
Cell viability >85%
Cell density Low, <10° cells/mL
Material waste Low

Printer cost Low

30

Chemical, photo-crosslinking, sheer

1~300

Chemical, photo-crosslinking

thinning, temperature

Low to medium

Slow (10~50 pm/s)

5 pm to millimeters wide
40% ~ 80%

High, cell spheroids
Medium

Medium

Medium to high
Medium ~ fast (200~1600 mm/s)
Microscale resolution

>95%

Medium, 10® cells/mL

High

High
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Fig. 3 Typical examples of the applications of 3D bioprinting in biomedical field; (a) 3D printed anatomy from Monash University, (b) 3D

printed exo-prosthetic from Adam Root, (¢) 3D printed denture from School of Stomatology of Peking University, (d) 3D printed Or-

gan-on-a-Chip from Harvard University and (e) developed by experts in Wake Forest Institute for Regenerative Medicine
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TF R Al SE AR A, TP — A ARRR AR BRIk
Z4h, PLA S HA B et buissItE, DAL
SEHOEPRRE . BV I B BT

HH AR PERE, PLA 85 2 F T B 414 TR A
SEMFFEH . Ritz %R 3D FTEDHE ARGl 45 1 PLA
DI ZALIE ., PRI 40 ( OB M 2T 4k 20 A
PR 4 ) 7 PLA FTED A B 4 ¥ R B KA B 179 |
PR A, BEEA SDF-1 IR Y PLA 267 NI B8
ARG Ml S A7 PN R A B 1 26 R DR 0 I A I, Y
ARGFHUER] T PLA 2 4R7E- B A1 T AR P N W 1, 7
THM—FERIE S, AFFEE R FDM BRI & B B A A
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BRBIGE . W) 3D FTEN R TR A R BURS #a 4 955

FIFLARM PLA 228, JEHTRAL TR kM
3D FTENE AR 2 51 PLA 3 i B A L2 IO B AR, (1
WAHBUEREGYN LA Mt WE, PHREf i
LA (hBMSC) E2 b BT ER Y 28 v, 43 il 5 5% 3 d
7 dJEUEE, hBMSC ¥ SR LM, RIMRE
BIETE, HSFETER, Foh—fFas /AN M 3 F A
SR IE)FE 5T T4 il (hGMSC) & 4 3D #TE0 PLA 28K 1L
SR ULV A BRI R B PRI PEAL T 3D
FTED PLA 242 (3D PLA) . hGMSC 40 g . 4 i & 4% ¥
(EV) . RBZMW ¥ (PET) Pl K& PEI £ 4 EV(PEI-EV) 4%
BRIEH BRI A P E R, SRR E LT T 6
ANSEE 4. 3D-PLA, 3D-PLA + hGMSCs, 3D-PLA +EVs,
3D-PLA+EVs+hGMSCs . 3D-PLA+PEI-EVs, 3D-PLA+PEI-
EVs+hGMSCs, W54 R%E W], 3D-PLA+EVs+hGMSCs I
3D-PLA+PEI-EVs+hGMSCs ¥ B 4 g4, H 3D-
PLA+PEI-EVs+hGMSCs &8 5 & A i 0k, eak,
PRSI S R, A R IO P 5 B A S 05 R BR b Y
3D-PLA+PEI-EVs+hGMSCs F1 3D-PLA+PEI-EVs 3 28 7R
AR B R E R A O, T, EE AR AR A
LU SE R T BB 2 VA YT B AN BT AR B 5 1 A ORI
Wang %5 i A KA B PR (CAP) 27E 3D 4T ED S48
FET AN K SRS FE T AL~ 4, SHFTE R PLA 32
BUEATARRE, % CAP ZbHS, IEH 3D §TED PLA 4R H
IKIEA A (T0£2) (°) SURITFRER](24£2) (°), X Bk
JEHL T RERE (XPS) 20 Mr £ W, CAP Kb H 5 4055 B A4 L 9]
WEEREIN, B CAP AbFERAUAS T S 4R 4 K Ok b
B, I ESCE T AR R, kxR A0 R MSC 1 B
BRI S EEEH,

Bl 2 T AR Y B ASTIR A, TR 7 M i 4
1T AR E P (R O B AZ 2 B AL, Senatov 257 FI| 152
SEWE I AT (hydroxyapatite, HAP ) ORLAT Sy 5 i 5] of 5 55
3D FTER PLA Z L3RI J12 kg, [RIBT 5428 T SR
TRABEA AT SO T BRI, R 22851 3D 4TENE AR
WFE 45 T PLA-HAP (15%, 0% 235, K
SRR FIFLBRZE 3504 700 mm H130% , TEAGER 8 it
v, S0 HAP JSURLRE 5 B AR S 42 P4 B 1) 28 R
oM e AR, R AR RPLA M, PLA-
HAP SCZRRERSEARFR N ER 21 MPa I3 J1 5945 B0 T K 1 i)
Hefs H MR RE N & A A8k, PR, @ik 3D T ED 3R A5 1
PLA-HAP ZfL 3247 BRI 8w A FH 0 A% 00~ FAE B
INEREAY)

3.1.3 PCL

P TN ( polycaprolactone, PCL) XFRE e-C NEH,

AT e-C IR SRR 4 I8 B B8 7 4 6 f Ak R i Ak T

IRAM N, S — Fha] A= 4y B ik i 2f i R0 SR B A4 RE)
PCL C#, NETK, Gin TR ILER, Bf
AR EARSE | R0 P R AR 21 DL & R A
BV R, HARRIET 6~ 12 4~ A Bl o] 58 & %
fit > Iksh, PCL iR AT RAF MR AR I IZ TR 0 I
FEMBAE T, FB B Ar (ks sfobE fg AsdE, nl 3l
FDM $ARSEAT 3D FTERANT !, Rk, el R B 2 5%
W, PCL B 8 AR S Mk, T iz N 10 41 20 T F
At

3D #TE) PCL FAYEHZ TR S 20, AL e Je 2
FaFREPEAZ PCL AR 73— 0ttt RS2 48 FL Bt UL A 4 28 11 5
W WFSTEE SRR, MR TR 3D 4TER PCL 3
DR PR 4R I Aok B A S s, LR, AR
ST 45 000 Y PCL & il 1 R sk | 28 M FR &
PCL SZHR M TE AT AT R RE RS, LA, 3D 4TERRY PCL SZ 420
FLBRAFIHLIR I R Z M AF AR S e R . WA B
AR, TP ETTED I & & 8RR =45 (TCP) 1Y PCL £ 1L
SCARIE TR0 18] 78 5T 40 ( ADSCs ) 13 3%, 2550
FH, STREEIRE) ADSCs B Z4E (2D) B35 ADSCs B
A Y AR SR, TCP 1 A B FRAE e h
ADSCs i L&A B sTlk, 13D FTEIA EE Y 2 1L
TR BT W 7E ADSCs 9 0% & 2 b b & 5 8 22 1E .
Hollander 25"/ U3 13 FDM 4T ENE AR A4 # H 35T PCL 1
TIEEZGE N T B RS RS (1US) o AIFSEE L8| 35 5 g fbi
RiZhy, 44 20 PCL K2, SRJG4TERH 25 1US,
SEREW AR TITENRT PCL K22, FTERMAL TUS (24
YIREHCE R, HY BOR R R 2R FEZALH L X
R, 3D FTENR LI B R Re i i AUk B 1
il PR BT B AR

PRI SR TG BB KR A B R S5k, &
AT E BT AU ARG EMC Rtk b T 90X
— 5, Wang 25" i 5 51 A AT SR S PCL AR %
TS A Wit 54l PCL W 2RMIEL, A B a s
B3 B R R A, T 5 mol/L NaOH Ab 3 253
— RN S R SR K M, R A0 A L T A 1 B A
TR BLAR L 2R TR

[, S T4 96 PCL #E2EW) 3D 4TERh R, A
WS HEME TR A, Peng %7 i 3 Rl R[H] L
Bl PCL 5 R AMR-HH LR ILR Y (PLGA ) IR A Yl &
3D FTERSCAR, IR PRANPEAN T 242 (1% 3 1 45 AF I f vk
B, AKAF AT 400 (hPDLSCs ) % 37 B (4 F 17, 4%
AR, BN PLGA L5 23 7 4 ek 5P ) o8 fie 8 132
TSP A AT R A AR, e A, PLGA B A ]
20 hPDLSC 76 348 RGP R 4, DL SR
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W RE ST, Goncalves %' UK HAP R 44K % (CNT)
AR PCLILF H, It 3D FTEIHI & 2 A L%, 3k
BB IR EA 450~700 wm JEEIN A IEBGESL, & 2%
CNT(Joi i 50 50) SR MR BB BE AN Tl M i fe A L
HPUEBRE LN 4 MPa, 585 /NEEA R A AH M,
LRI () 20 M R R ARG BRI AT R
3.1.4 PEEK

W EE AR ( polyetheretherketone, PEEK) f& — ffi 2= 4%
EAY), TR B R AR stk ag ., [
i, PPEK BB T4 R 0 1241 RE, 5 K88 E ML,
SE— Rl AR B AR B A BAR ARG 3D FTERRORE O
[, PEEK L C 8 H FAMEFF AR E G, il A 51 45 A
aURE R A

Kang %™ i FIFDM T BN A 36 4 52 1 /L 89 PEEK
BBk, Bz HLARAT A 5 K AR BB AL AT
P, DARSRAD B B TR0 B6E e S, vl Lo
AR R TR DR T 5 3 85 A 2 R s A e B . R
ZT B R B ORI R E R, RS T
RAFIIG R R, Basgul 557 F M il PEEK K 22 (1 )7
2, 3D FTEN I BEMERRL A 2R bR . FTENRL& 2% A R 46 0
YIRS G G AU T RlA #5100 63% ~ 71% , T HH 5% 58
&4 92% , FTEDEEE J& 3D $TE) PEEK W EE S, 7
3000 mm/min 1) 55 5 T T3R5 5 20% 1 FL B %
INTREAR 7 AT ERY B 38 BE . PEEK FTENPR A 45 54 E 5 40
BRI T8 PEEK X204 I 255

Wu 25D FDM HAR $i 4% (9 PEEK K & 5 10
WE-T 22K 206 (ABS) BEGRHEAT T HRANA LR, 2553
B, B4R PEEK A1 ABS A9 K 4 A5 A S ph B i 2 (e 380
Wl 255, {H 3D §TE) PEEK A 5 AOHLIRPE RE (Hidom B |
J 407 5 B R — A il s B ) T R 3D AT ERAILAT ER Y
ABS BEf . HLKT 3, PEEK #F 5 B B00 08 B | JE 4550
JIE RS R S A ABS BEGR Y 108%, 114% A1 115%
R PEEK T EQ {4 i MUK BEAE T ABS 19 3D #TER .,
E— 4 5 PEEK BUPLBPERE, Rk M58 v] R A2 1 41
155 3D FTEN R G0 R4 DG B2 A SRS B, TR
FEHFLATE B A B 4T ED 2 [ RGA

PEEK fEN— Rl 25 R G W, il ik i 72 b i 44
S T 252 TT LA 4 D ) 4 M o G o B ROHL AR RE 4R
SN, Yang 27 FIHI AT 4208 19 3D 4T ED R G 45 PEEK
FES, DAFSE A AL S A5 (PRI EE | W I B A
AP ) #E FDM L2, Xt PEEK (945 5 B FHLAR
G (PLAsRAE | SRR AW KR BRI, SCE6 4
W], St 3D FTEDIR A AT LA 4 AT AN RIS
FERPUAMGR B2 () PEEK FE&L, B FRBEIR B M 25 CHH

) 200 °C, PEEK Ff 5 (045 it BN 17% 38 F) 31% ., W
W B ) 25 52 ) PEEK bR Ms Ak 45 Sk A . FrdTEnZk
ez 1 B DA KR A MR 5 Ak, T BB S
PEEK A i iy #0 ik 23 00) 7T B S B 4h b B AN &5 b 2 B2 110 22
S MR Lk B AR T, A E R kAT AR AR
RIS S EE (36% 1 38% ) Rl AT B ML ME RE

Halift) PEEK W AEY e R, HARENEL S
PERE, BT PEEK A AW S5HHAE B A RB S, BHATH
TENG PR SE B v B R FH . o8 T o505 B - e R [ 1 L T 3
N, SR T A A G R v R A T b R IR R
PEEK Y5 . Roskies %7 i 13K PEEK 4T EN ) P984
FAAE IR /NG I 246 I FH T) 7 5 41 2 35t PEEK 11 7 75
KikzE PEEK EBE, Z5R 2%, 3D FTENHI v AY S22 FLER
A (36.38+6.66) %, FPEAT BMSC Fl ADSC AYJE &2
LF Bk T 7 B3 T AN FL A T35 BT ZE 4R A, R 40
WRIM MR TEYE, H ADSCs FILH H BMSCs B Y
HEE,

FES Sh—TiRE g, WFgE T I LA B R Ak R
MTFR T —Fgr BB 92k Ag JH0RL ( AgNPs ) 1846 3D $TE!
PEEK, SEM [ 5 i/~ AgNPs Y457 i 4 5 7¢ PEEK F i
b, R P B AR 2% G B PR Al B s S P
e, [RE, 546 PEEK 2840 EE, FH AgNPs &0 1) %
BT DAAR S Ml SR MG-63 201 i 1) 348 B LA B B v 1) i
(4R SN A e M= N S i = R R D I
3D 4TE PEEK/ Ag #EHE I R B 41 8UE & h B G 1R 4 1
TRAE N FHANMA
3.1.5 Pluronic

Pluronic % Poloxamer B —Fh, R A LB AN
ik itk BE LI (5 6 44 o Pluronic J& 23 B 171 55 43 1
FMIEVER], 7R W4T B b 2% ol AR A1 R, 2 3
VIR E FT ENAL A U5 B LA (TR S A 45 ) 1
VERT(IE 4) 4™ B BLA BB Al AT B L i 7 25
ek e M, B AE B & A B ZE W 3D AT Ep BR K
Pluronic A7 4 C S EARAIR T & A Wifk, Wik, Plu-
ronic BERE AT LATE 06 LIS AR 25 5y I FT ED A £ 4 P9 o vk
0 BAR Pluronic TL4% )12 FHAEA ¥ 3D $7 B b (4 4
PEREE, R B AR A 28 RS JE DL SRR A0 B 4
AN, LB T AR B AT ED A R B T Al
fadsgt, FERGER—TIHFsEd, Miller 55 JRIE T —Fh
PG K S5 ¥4 Pluronic 7K &E B 1 5w, 7T DL W 35 42 5
Pluronic BAEMIARZME . ZWFFEA, AR P4 FR TR AR
MR Pluronic F127 184, BETT MR HAREF Pluronic
BT HTERPE RT3 3 UV 32 B R A5 a2 1) 3D BEIL 4544
B J 280 J8 44 A BB 1) Pluronic M SZHE W 2% Hhr [ 22, 48
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TR Y 3D ATEI R TR R R BUIR 5 a3 957

14 d WG FRIE, T he 330400 B 200 I 1 A7 1% 36 DN Sl TN 95 TR Ak
Pluronic 7K B 2 H Y 62% 42 5 R G5 K BERE H Y
86% , VENibR 29K 45 K EE I 1A 2R R 2 i Y Pluronic
233 E03D SRR ALI RGN, MUAGREEAR, (HUR AT LA

Al AR Y I 35 W1 BT (HAMA) SREAT S8 st
455 % W Pluronic 7T LIS EM SR ER WL SIFHT
AL SRR AT ED

A
a d

O

s NG

&l 4 Pluronic VENAEHEA R ALELSH . FIH Pluronic M ID(A) . 2D(B) F 3D(C) fLIEZEM MR | b RO A;
JEVE HUVECs 41 J5 1) 2D LI S5 IOG4 IR (D) BOEILR IR A (B ) 13+ 7]

Fig. 4 Vasculature developed by using Pluronic as sacrificial material : schematic illustrations, optical images and fluorescent images of printed 1D

(A), 2D (B) and 3D (C) vascular networks; Optical image of representative micro-channel within a 2D vascular network perfused with a

HUVEC suspension (D) and confocal image of live HUVEC cells lining the microchannel walls (E) [3 7]

3.2 RABHTFHM
3.2.1 IR

JBE TR ( collagen ) J2& sl ) 2H 21 e 5 25 B9 A0 3 ME B 1 I,
AR ECM s B2 AH BN . B T e B TR AR Y
et . RIFE AR WA T R T A A, iR
T AL TR F A 2R A4, Koch 451 fifi i T
TR SR A7 AR O B2 M A S AR i 4 e, 9 IR oGl
A 3D ATER (LaBP ) BOAR MU 1 11 22 )22 = 4E B IR 21
21, WEGT B, FTENRLEY S P 0 i 2 8] 47 A6 i [ 3 o
FrS SR R E Y B A U R ohie, X o dE—
R SR Z MM H G5 BEE T 2Rl 760 — It
ge, WEFTE S R AL B R 5 I £ 28 A O I 4
JRUFI R ZT A 20, 38 2o 320 )2 4T B 7 =Xk 0 28 e A
FLRZSERN 22 2 K TR 040 R AT BN M 1Y = 4 B kA A 1R

FERE SRR FR IS, KRR R TR A Ak D
PRHEFTEN R BR AL S LRI 43 )22, A2 TN G g 6 245
R, 3D FTENAY IR ST S 2 R 2 5 K8k
AR R AL ZUAR AL, T AR g b AR Rz i s A 31 2 1F 5%
A

Rhee %5 7] FH w8 25 B Mg B 7K 468 e 8 2o 7 Il 3D T ER
HUBTIITER AR A 2 A AR 2548, R iEan %48 THTENY)
MILERPRSHERE | 2R oE tE RN s k. 5 %W, X
FTENUUBL AR M A T35 24 i A4 m] 4 K 42 25 4T B = 1 JL
KGR . MK BRI e B2 ol 15 F1 17,5 mg/mlL B 7] 15
AR ARG by, HL e 26 B o 5 e vk B vk
S, SRTET B2 B T P 0 R D R v T G, AT ER
BURL P H RS F AE RSG5 b, w] ORI LA IR IR
YRS MR 10 do
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KIRBALY f ' A IRy R ALa5 ), DI T 40
Ji s BE R SR A ERE . (BRI R ZHORIRA LY/ e B /Y7y
JZZ AU IR A AT SR AR B A PR, i, Ng
SR T MO TR AE (DOD ) AR BT B SR A il 3k
SR AU R R BEIE , DA ik i i I i 4 4E T i
RV 2 )R BB K BE RN LB, SEIR A5 SR, |
TS TENTE B2 b 0 e D AR ) B K ) K, B AT LA
ST 2 AU A K R R s, 3o o T e Y B0 AR 4T
EIVJ5 ¥ D 2% T 2 20T AR I D /A O M 235 4 T A A At T
Hrigte

KK ECM Hr 5ok, B4 73w 4 E Kk
BIFZIN, Park 55504 e 57 55 3 B TR HEA T T R 40 4 Xt
oo AR B PR ECM 2155, AHEL TR KRR RLKEE
JBE, FBRE S B Hb i 1k 20 0 1 G AN A0 B T RE, H 57 I B
PR T 200y 200 0 e B i BE e AR EAE T, T G D U B A
AT RUE AN A IR, P, e R Y 1Y K BE AT R
XA TER 2L/ A B B ORE

P53 — T b, s o) Jl T 2 4T B AIL g s
SRAGTEET 4 (K R (22£13) pm) 7, SR G S 45
BEIER (CBD) fREF LA L EEH (BMP2), JFRE
3] PP DA T fe £ W e PN R AT A ML AT B, S R SR,
FTERRE RIS CBD-BMP2-JiE AT AE/E 14 d 5=
DA LU B B R i B BB AT S 75 5 P £ 20 BMSC [
4.

Ak, BRIz AL M AT EN TR i A= Ak, D
ST ED 2T hR i B T2 P AR VR F IS RIS,
MH AR IEURBEIRE, SR 5K T 280 4N LAY A ) A K Ei R
2 %) 20 D S 20 Y 2R B AR A T BT S I I ) 2 T AT = A 2
LALFE S
3.2.2 MMk

PA K (gelatin) J2 8 JR 4B 40 K i A5 BN B — 2R A
Bi, SHEEA RN, BA RFMRENE, YR
fbE . AR RSP R R . T AR B AT U W)
PE, ATTEARR PR T B Ak (B A B TR B AROm )
BT, ASTRIHEE R B R S 5 B m e AR IR &
CHTEA Y 3D FTEN T [EIS, B Rkt , Wl
SN P F R TR 0 Tk Ak BH I ( gelatin methacryloyl, GelMA )
W BH T 4E ) 3D 4TER,

Zhang %5 ] F A - B ek 42 5 bRk 2 1S L4 L
FEOEFE T A ZRE A W0 3T B 2H 245 K AL PE BE
ZATEN R BTG W 2L S BR AR . 2R W T B A v B e 7R
IR T B A HER A W T BN 58 IS SRR 5 Ca™ I 5
TACI , WIFSE A WLEE B 7E 5 7 1 18] 280A 40 ML A9+ 1 1Y
BURR BE 2 RR ARG, (E 254 1) AR L B 3 R A B 8 LTI

RBESLAERFE AT ALBRIN A VE, TR, S 4B TG 1
TR MTEFTED 5 S vl LK 2R T /%, H Bl & B IR I
(G AN AT Ak S . 6 5y — T g, PRS- R
A AR T AEYATEN R 41 2 25 Fge
BT, AN IR R 40 B A S P 52 26 W R ot v 22 0 o IR
SRS o PR b AT T ) B W 5 A LT 4 T B Y
WIREZH UM AR, A, WFIE & AR R R P ism T 2 8%
fRh-Ca™ E G WU IF I 0 TR, ZE AR R D
FHOGE T AN R R B LA RE S 4N A B T

LaBP R HTWIE# )32 FF 3D A9 4TEp, SR
FIENJT i AT fp il — 25 3 5, Xiong 25 Il T W i 15
LaBP HJRBEMUZ (EAL) AL, HET HAEAY 3D T
ERrp i nl AT, fEizbigeh, BRI EAL Bt A £ 55 32
BERRIRHATER AR AR 2 (I BE IR ER ) Z B, i T W]
UGG S P WAL R B8 v, R S A TR B i AR T B 28 78/ o
WA, T AEOCRE A S R, 4R, FTED
S5 ARME TR T 10% , DNA XUk Wi 2400 17 50% , [7]
BF, B EAL 843 B T REARFTER AL B W R~ R
S

A fi LA A o7, R A v A Ak R I
BEAC LAERR T AT ENSS A AR, SR0MT, TRLEE 6 5 )
Ak R AR E R, b T ek — R, AR
FHO' 52 R R 6T s T 35 o BH i R A7 e, IR FE IR AN R
ZAE TR ARG & 7038 i 2R A B S g AT A0 58 Bk,
X FEPTIA BEAL B WA S, B GelMA, J&— AR A i ]
PrAE R EPIAERL, 7 T 3 R 94 R 3 76 1k 30 1|) 51065 &
KRR, RTLAAR 2 5 o i S 6 % 1, 0F 1 A 4% e
FT ED R A W B AL o RS
SO A T — P T B S A W AT ED AL ED 3R 40 i
GelMA A=Y 2Bk Y SREmE , BP0 38 1 R 45 Fl GelMA Fil
A Tk B DL RO TR A UV I8 B st ] >R DA 25 A 240 B Y
GelMA BRTFTENYE,, i 10% GelMA T 3R15 B &f A9 FTER
Moy, H UV BBSHIETE 15 ) 60 s 22 18] X 4 e G
EE, R, R i 5 A T B RE, 3D
FTENHIET GelMA B35 (ol T8 00 26 A b A, 76 2 BRiX
SCPE RS, T GRS TENA Y N Y T LR, 4R
AT P DL K GelMA 5 v sl 40 M 14 434

Liu 27 FIH GelMA R BF VI fL AN A 1 & MEBE, i
1 A PRV E AR ST T AR AN GelMA (144 HHBEE JE 4T B A
R, GelMA 7] LATEYBREENS J5 PRAFIEARIIE nL AR 2544,
I B R UV O IR S e S K AR e . %0 T AR
GelMA RESETEAIRT IR FE (K2 3% ) T ELHEATER 8 Ny
R ALK A M | (]IS B A 2k 200 B 4 s B B4
B,

Bertassoni
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Kolesky %™ JRI8 T —F LA GelMA > 3 B JE b} |
R ZBELPUR RS (MHDS ) 6] 25 11 BN 2 Rh 4 i i) 7 vk
FTER AR p, S T A A R4, BT & (i Pluronic
F127 VEA RPN A8, 7EHT B 58 180 38 2ok 5 106 30 8 97 Ak Ak
R HBR 25 % MHDS 1R R KR 1R 5 e 412
A W FTERRS ], I HAE i FF AL B HE GelMA £
PN S 1705 R

iAh, GelMA L8 FH T 4 I8 (Bl 4n 4 )& %k ) 2 i 15
i, BT HAD R PR F R A, &ET 2
W HTEAE BT R, SR, T ERRI AL 21 2 1] 4 A sk
N, BHIET B8 A A% 1 EAE A Y E B &, BEE
BRI RS, AR R A Y 2o TA8 3 -7 B AT F R B
&, WL, N THERAY S B A, McBeth 25
FIREF R EY) 3D FTERHLEI 48 GelMA S48, If H
FTED IR BRIl 45 R W], 188 A AT 41

7 1h,pH75,
00C 50 HOOC

GelVA Gelatin
- 5]
of o
X W oA o
l’ Photoinitiator | Photoinitiator,
GelAGE '
GelMA >, “ug S

AVa

(o]
o O OH

/ o] _—

AN Yoy | AN S LAY

/ . / /

/ \< ™ / \/ " \,[/ NH
J NH —_— \7/ NH, 1-2425;)0}-(1:8-13‘ . { o J

i 7//§ n-x 0°C n
[¢]

PEMERCE T RS BL T, IZ S AR fil & MG63 B E 41
JLREARIE H AR 4 A P LR, AT A R
UF I ERA AP RR AR

FHH LN IR B e A ot B e, IR 651 & A
LR O AT JE I T Ak, Ir 7 A K IR R K
AN FLASTT R (4 5 A5 0 B AC RN B, A T IR X — Bl
M, Bertlein 25 JF & T — Fhoa 9 3 Ak B R BB
(GelAGE) , W] i i i B4 ot of £k 2% — 3 Ak = W 1 [
b0 IRBE A R AR 0 2 T I 48 A R, TT R
HE L H S IR AL T A I O, RN
AR AS] B AR 2 4y, TR B TR 2 (BT AL
) 3D FTERH AR ANEF H LY 3D FTENH A, FIJH GelAGE
Al & B SR B S5k (| S), BBF Ut
Y1 3D FTEN Gel AGE W] 45 JIr 4T B A %K B 4 B 114 4 i [
2

ES FIHTENIIR AT . (o) FIETIGEBEIL A IS (GelMA ) BURTR ALK (Gel AGE) & /R E B ; (b) GelMA X (¢) GelAGE Yt [#

AEHLEE R 2 R %)

Fig. 5 Preparation of printable gelatin: (a) Scheme of the synthesis of GelMA and GelAGE, (b) the free radical polymerization of GelMA, and

(¢) the controlled dimerization with thiol-ene click chemistry for GelAGE ]

3.2.3 R

3 BE0R (alginate) , NFRCHIGEEEIRER, J& NGB
P 1 —Fh PRIk 20, 5 AR KIR ECM H 1A
BB, VP IR EL A I A M 751 R R 1 AR AR A
AR R 2 AR 2 Tz R RIS, i T
T TR A B AR DS BB AT AS 23 7 AR A R
Y, PR iz AR AT ERR R

EZM B F 51 RIY R KEER T, L Ca™ -
BEROKEEEIE TS 2, AN, Yu 20 B3t —Fh[H
WhwieE R ot B ES R, IR Tk
CaCLVAW, VAULFTERI A IRZEF, RS, b DR 4 40
AN B AR SRR ER v, I aE I [R] Al it AR S AT BN AL
A R AFHUIE RE RN AR 4 25 R ) 2R A0 B v 23 80 TR AL AR
(IR A, B Bl AR TR B2 DN 2% 35 N 2 6% (w/v) ],
F R0 B B0 T BB BT VIR g B, 1k AR T

PTEYE, 7659 —BFSEF, Zhang 25050 AR K OF
T WLAHML( (HUVSMCs ) %€ 20 A6 g s R b b, [RIRE (8 [)
FmSMETEN I IR R T PRERR T 5 A
LRI 1 e ECM TR, T TR AR iy K . 7 ik A
FEARRRAE . BFSESRIHAE A W4T BN 48 A9 WIS 3R 1T B
FE| ECM Bl BB Y R IR Eh & 5 SO IR 1 A B 3
PR BEfREDR | FLBURAB SN, 1 4% SRR E R M
AR AEYITEN R . [FIBE, Gao %51 i AR A9 [F]
Bl R G BRI R HLAE W SRR IEAT 3D AT R LA 3 25 0 A 2
(K 6), WL, TR BrBOZ WA CaCl,
WP T IR XS T B AL S AT — 2 AR, %k
X F SIS AE P 4T Bl R R A 4T e g LA
EEX,

BR T8 2 RS 1 A AT BN, Vg 358 R 38 1T LA
1R A Wy B K HAE LaBP s A b U — AN SR ST B 3k
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‘CﬁC]g
—» CaCl, flow
» Alginate flow
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Fig. 6 Fabrication process of a 3D alginate structure with built-in microchannels; (a) Scheme of the fabrication process; (b) Printed algi-

nate hollow filaments; (c) Printed 3D alginate hollow cylinder, grid, cuboid and hemispheroid!
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1% B R ( hyaluronic acid, HA) J& K4k ECM H ¥ —
FAEGT IR AL AR ISR, LRy 1) 237 45 g R B A 1 o
TENUAR P s i Z R S 2R A BT Re, aniE s o5&y, M
MG RE R A, T E AR, KRB s
EHEI A5, JUNEZENE, HA HAARRI oK AE
M, JE HETAR B B RS OB B A P BT, BN
AP FARRE T, BTG, HABBREA R, A
UK BE 23 BV BE FAR T 43 F- s M i 8 . [WIB, AR5
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RATENJE TR AR e, i o 3 A8 Tk 1) B I 4 1) 44 )35 i
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Robotic velocity

l Apphcdptmun:lzl ﬁ / /i
|
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7 BTSRRI A ST ENR . (a)3D STERELE B/R B (b) $TED L A5 R SR A IR S A0 SEM B 75 (e~e) 4T

[ 7 BRI W | T AR 45 0 5 e 1)

Fig. 7 3D printing of complicated microstructures using chitosan: (a) Schematic of the 3D printing process; (b) SEM image of a 3D chitosan scaffold

with square pore size with top and side views; (c~e) Fluorescent microscopy images of 3D printed starfish, leaf and spider structure
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CRANEHEARE AT, S5 MBEYIE K, 4%
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(DLP) (44 3D ATER, JIrifil £ (1% Sil-MA /K& B A R
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Silk fibroin GMA

K8 FeBEAMTAY D ITE: (a) WL HE T HEPIHRAALAL B (SiIl-MA) 7R (b, o) FIH Sil-MA $TEIR R AY )

OIE R A A U122

B2 REA SUIK . BMSC fr Mg MBS &, Hil & H
SEAFNTIREDE RS A L R VRI RS 45 G AR I b T
M5 T AR RE R e, DAVC RO R AR A, X
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CAD Printed images at various angles

S

CHLARE

=

Fig. 8 3D printing using silk fibroin; (a) Modification of silk fibroin molecule with GMA ; CAD and images of printed brain and ear (b), and tra-

chea, heart, lung and vessel at different conditions (¢) |/
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Fig. 9  Schematic elucidating the tissue printing process using decellularized heart (hdECM) , cartilage (cdECM) and adipose (adECM) ex-

tracellular matrix(**)

SERIT, AT ED AL I JF 20 2S5 b ELAR 5 v 1) A PR T
L2 AT DL A R B AT K B L RTR R

FERGI ) — i I8, Athirasala 551" 38 55 g 5
TR (3% ) ZKEEIRE 5 A A Bk o 1) ] v e AU Ve P il o R
G, RN T —RH BRIATATEN A W S KM R, R &
B, B A v R R T U S R T B o T 5 2R W AR K 1Y
TIN5 %5 e L A9 2 AR B AN VP Bk ot il 73 14 1=
Py sk AT 2 A AN ), Herh, TR ER A R
B e 1 1, ol A FHAEAEY) 3D FTENAR K, 1
S, FEHREE R 100 pg/mlL B, 33 S 0] M 2 A% 5T 56 0 A
3T A 2 B R T A 2 T AR ) A R Ak

TS (matrigel ) 1E S —Fh T 5 AL B9 ECM $2BUR &
Y, WUNELRJE ECM GRS, A /- 45— e w5
MEEYIEYE YT, WERGEREN . BRRE A RAERE T
TAMER KRR A ECM, A% B T E A7 IS8 Bk
HATE B 12 T 40 41285 3% . Poldervaart 2577 F|
FH Matrigel 58RI G Hil #5449 3D FTERSRIK, DIHIT
MAEHETE . 5HAMBEFEEE AL, B SR T Lok
L 5T RE Y T AT BN PR, At AT IR A N R AR K T
(VEGF) B DAMOBR A 22 1 7 O, DT S 30 H 458
HREL, [, AR A A KSR S R G A ) 3D 4T
ERHLXT 7 2R 2 Y 57 #H 21 ffd ( human endothelial progenitor
cells, EPC) IAE W) s K BEATHTEN, S5 3RM, B 1)
PIN] A AR SE K B R AT SR (EL [ A ) AR K

AR R AR AR, AR A R AT U AR A, X RR
PRI B R LA 2T K A A WA T ENAA B G B S 40
Matrigel i AT A AR A R GE 00— B0 70 T A 0T EN 254
S, LA A W AR TR R T U A AR B 5
FEATETED B 20 MUAE0E R S RE AR HL 2 12 gRimT, X
T Matrigel, Hofig FE M U2 E IR A B ECM, X0
PRI H BRI 5 I PR

4 % iE

HE) 3D ATEIE S 3D T BN A S5 i ¥4 O BF 5 G 2
—, AR AORERLAE R S SR A BT %
EUIEE PR OR 22 S/ % AN 1 ORI R G S B R S N
TR T o) 6 FAT KA 1) it S0 45 4 15 0 E 1) 2R )2 T RE A 4
QUAE, AEAMHLBYVIEHA WREZGIT ., WE
FoRL | 2B A S I 2 IO Pl o A (9 B8 A0 07 6 2
FIAT, A4 3D ITEIEOR AMTE A i J LA
I PR SR A DI REEZH 2R, E AT 35 12 U AT) Ak T 49
WrEe, UhsRmiGE F 2Pk, wtA ) 3D ITERAS RN
BEEBTTEAITRA , SCRF RS B PR i | B e S A
Yoz e HLS ATEPHLBAT BN AR B AT B 9 3 5 1 9
TUAA RN 2 AW BT A2 A

UNINARAS AAES eI N L O s PRy Y e M o 3 N
R Z A, MORTERIMTEN L SR B, &5
RGP SCHE | dERin . b 51 SR AR LA L e



F124

TR A=Y 3D FTEN R TR KBRS % 965

EIhREAE Z HINAE . KL, AE A8 — 20 70 BB R
AT REM A H L D RE T (0 A R . L, JT R
S5 3D FTENM BN — S SR i %, #1140, Kang
ST St — P AR B 4 SR AT EDHL (integrated tissue-
organ printer, ITOP), FUIBANE | SF4b AR &R
AHCA AP RHER 8 P A R 4L i be i, il 4
SR A PR BT EDRY A= AR K (I 10a F1
10b) , [, LA Pluronic F-127 AM2HIYE, LLPCL A%
SEMERRASRE, IR A R s (B A gL
(& 10c~10e) , Zhang 55 Khademhosseini %" 3 J¢ i

Main

3-axis stage Pressure
controller controller

Multi-
cartridge
:  module

3D
printed
construct
/ PCL (gray)
.~ A:cell A (red)

o Closed chamber B cell B (green)
S: sacrificial material

Cell B
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HATED, IR TRARE A, i O RE.
Bl H M K, BERE. RTSIAR SRR B,

PL GelMA IV 35 192 5 /K B e o0 35 5, 60 78 22 b 41
FECRBR AN I AF TR AT T, T M AT BN T 2800 R 25
My, AR TETE Fk T 90% UL b, 3% 7 d )5 SR i
B E B AR E , FiR Hoe 4141y i B AR K
W,

F 10 A% 3D $TEN KR RJER AR E . (a) PR EIF K04 “integrated tissue-organ printer (ITOP)” AUFTERHLAY R ZE; (b) FTENY
GEMREE; (c~e) 429 3D FTENREYAY FAUR . S0l (F) ALY

Fig. 10 Fabrication of stable, human-scale tissue constructs of any shape: Illustration of the integrated tissue-organ printer (ITOP) (a) and the basic

patterning of 3D architecture including multiple cell-laden hydrogels and supporting PCL polymer (b) ; Reconstruction of mandible bone (c) ,

ear cartilage (d) and skeletal muscle (e) [34]
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Fig. 11 Rapid continuous multimaterial extrusion bioprinting: (a) Schematic of the developed printer with seven-channel printhead; (b, ¢) Pho-

tographs showing the setup of the Festo valves and printhead; (d) Fluorescence images of the printed multi-component heart-like structure
and different junction regions; (e) Bioprinting of human organ-like constructs, including brain, lung, heart, liver, kidneys, pancreas,
stomach, small/large intestines, bladder and prostate, the organ-like constructs were individually printed, photographed and stitched to-

gether in the same image at relative locations as those in the human body''3*]
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Fig. 12 Three-dimensional vascularized tissue fabrication: (a) Schematic illustration of the tissue manufacturing process; (b, c¢) Photograph of printed

tissue construct housed within a perfusion chamber and the corresponding cross-sections; (d) Long-term perfusion of HUVEC-lined (red) vas-
cular network supporting HNDF-laden ( green) matrix shown by top-down (left) and cross-sectional confocal microscopy (right); (e) GFP-

HNDF distribution within the 3D matrix shown by fluorescent intensity as a function of distance from vasculature ']
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