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3D Bioprinting Hydrogel: From Printing Technology to
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Abstract: 3D bioprinting has the ability to convert a three-dimensional virtual model into a tissue/
organ-like structure. Hydrogels are the most prevalently used ink materials in 3D printing. The disparity
between the rapidly advancing 3D printing technology and the restricted printable hydrogel systems has
rendered the development of hydrogel inks a focal point of research. This review centers on 3D bioprinting
technology and the compatibility design of hydrogels. It encompasses various 3D bioprinting techniques,
such as extrusion bioprinting, lithography-based bioprinting, inkjet bioprinting, and 4D printing, along
with the targeted design strategies for their respective hydrogel inks. A comprehensive exploration of the
customizable design of the physical and chemical properties of ink materials is presented. Furthermore,
this review briefly delineates the applications of 3D bioprinting hydrogel in tissue engineering, organoids,
soft robots, and flexible wearable electronic devices. It also offers insights into the future development
trajectories of 3D bioprinting hydrogel. With the primary aim of systematically summarizing 3D printing
hydrogel technology and the compatibility design of its ink materials, this review aims to provide theoretical
guidance for the design of hydrogel inks and facilitate the research and development of novel ink materials.
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Figure 1 The adaptability design of hydrogel inks. The innermost layer presents four common types of 3D printing; the middle

layer depicts the performance requirements for inks under different printing methods; the outermost layer illustrates the design

elements of ink materials
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Figure 2 Classification of extrusion printing: (a) traditional
extrusion printing, encompassing pneumatic extrusion and
mechanical extrusion; (b) embedded printing; (c) coaxial printing;

(d) multi-material printing
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Figure 3 Adaptability design of hydrogel inks for extrusion printing: (a) ink properties; (b) design elements of inks
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Figure 4 Hydrogel ink incorporated with reduced graphene oxide (Reprinted with permission from Ref. [S0]; Copyright 2016

John Wiley and Sons)
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Figure 5 Types of inkjet printing and the adaptability design
of ink: (a) classification of inkjet printing; (b) ink performance;

(c) design elements of ink
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Figure 6 Hydrogel ink materials for photolithography-based bioprinting. (a) Ioxaglate enhances the light scattering of

photosensitive inks, thereby improving the printing accuracy (Reprinted with permission from Ref. [78]; Copyright 2023 The

American Association for the Advancement of Science); (b) Synthetic polymer inks are employed for DLP printing (Reprinted

with permission from Ref. [85]; Copyright 2018 The American Association for the Advancement of Science)



12 3] ¥ KEEE3D AT BN 3T ENEOR S KBRS Re Pk it 1731

GG JE PR A AL . TR S
IR AZ BB 7 5 A A AR UK, DRI A R ) 22
e T EM DGR EE B E A2 G R A R,
KRG T RIRBEVHIN . MEEZ T, AR
WER AW, R O 1. R OIGEERRE N IR
W%, BA m FERT M, B 5 SEROGZI AT EL, H
AL N2 R R (2 K PR A ) TR
2 LRI B L AR RN A 54T A I 6b)
232 SLIIRA

691 R e i W ST E K O, PR AR H
B LGl R AR N, 72 S 2 BT BN rh i) 50 S 1l 70
(Bl 5¢). bk, TEREATAHBRFT BV, St 5] &Rk 24
INEA KIEYE A 1, DL S e e e, B
AR M EA mE 7% gl Kl
SRS B FOETIR T B — o 4, G
ARS8 A BORT IO R P R AR R, AT 9 i
BOSR RS, MR =R B . feE TR 5] R
fi$5 Irgacure 2959 . LAP.2,2'- B % X [2- FF 3 -N-(2-
$2 238 ) AR ] (VA-086). 2- I3 -1-[4-(FF AR 3k )
R FE ]-2-(4- " gk 3L )-1- P R (Irgacure 907) 1 2,4,6-
= IR PR R A B g ok - O, T
SIRA GG R S I 5 KA H SR ERT I
JEIE B N A RS ) 51 R, B R AR ALY A
INKE EAET () = (2,2'- BEnkng ), PLA L] &
U, B0 B R B L B R B . AR AT L
ST, SIS SO, T R 3 5] KR
R WM A . 6T RGBS N Be 2 2
PRI R A, (H A 2 P AR — EAR R 2,
BLHE T H B B X 8 2 A 2 B i
JEAZHR, BT H R 2 s i 3RS M AR
DA R T il 5 S50 B AR FE /N 2 7
2.3.3 Jed AR A

TEJCZIFEFT B e, St 40 ) 35100 S B WA 5% 1
BHDCR A R AR ICEE, el R
1 H ARG, &b IEfE A KRG YEE, A
M IERE R P SRR 55651 K54
W', AT AR B 4036 14) 77 TR 3R B S IR )
JA 3l (B 5¢) . JEIIRIR e IS/ 2 sk b o'
()2 DR BE , 3G Ik ) e R Ak e 75 R I L R
55651 AL, HHAR R 6 R SR B 5 A R 41
BV MEOGTR B KA B A = R R, I HAE K&
Jiz 1l £ 52 W REAE 78 3 el . A OGRS
27K B GG AL Z2 2 BT B B2 1R 164 o v s ik

VR A T4 L JBE DA T 4T B 23 9 4 T A4 2K
PUBMGREE . AP — Mt HaR, H&K
MRSLIB K 405 nim, & FH 4 BT B K& G
WS 2 — %0 SR ] 3 R R AR kL
WRAR L AR Z TR AEH REa L B £
Koy 1B A2 PE LKL T, g
SEACER, W RE T SR KOG TR, (H T E 2= 7
PR BB A R A R .
2.3.4 AN

AP PR SR I R R BRSO R G
AR SR /A B AR B S R A RN,
BOE AR K AR REEE R L. X
BELAG T ENJZ A Ak, MRS $T ENAA AR A BE AN
PR AR WG nEE R AR R
PEFRIE b S BB L AT B A SR 7K AT i Ak 2 A
FE AR A7) (a4 2 38 CL 28 B H B B 2 5% e
AL/ R NN & R Hid i TRV S P
I NI A R A S B SR KO R
AR YT IO R AT O, A B TN AN [R] SR K
AT 9 P,

3 WA MIATED R E B ARG

W% SR AR T B, AR PR A e O AR A T BN
(DBB), AL BE ] 5 S s 28, 4T BN RS s — A
S WK CELS ARV BRI 20 R R S ) 1
BHE LU s AR SR e IS S P p g O
WG LASZ 45 77 S, IR UTRRAE RS b, TR
TIE XTI ZE, MTTTAL EE H I 7R B 64 o i 4 )
T 2 (A1 PR [D B DA S 1% T3 R, v DAAE I I Rk
FH 247 5 S 45 AR T 2L A e 2 — el = e PR 2 P,
31 %

TEWTSBAEYATEN R AR, 1 AW 8K AE T
W 11 4k DRI 2 T 5K g 4 1 3, A8 5 i m — A A2 BA
o IR TR 5K 7 B KA R ) Ik, BT T A ARk
AT B T AR P TR g Mkt AT i A
JE FEL R B A AR, AR B T A 5
TR B RS R0 BT 7 BV R R Y R ) Bk R s 52
A7 VRO 1 2 BGEE R L KNRaLRE, B S T AR
AR D, mERBITE R R N 32k iR
(TID). s i 5 (PIT). i R 55 A2 M0 4T BD DA Ak
1B P 5 AR 4T B (B Ta) o
3.1 FAmEER AT ER

TIV A W)HT BN Fe AR F B B BELAE 9 i # e



1732

o
SN

Eind 2025 4

5

B 7 WEET B SR CGE R BT - ()3T BISE Y ; (b) VR —JE BUAH ELAE T 5 (o) 22 1Bk
Figure 7 Inkjet printing and the adaptability design of ink: (a) printing categories; (b) droplet-substrate interactions; (c) droplet

cross-linking
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Figure 8 Hydrogel bioinks for inkjet bioprinting. (a) The alginate-CaCl, system is utilized for fabricating “hollow-core”
structures (Reprinted with permission from Ref. [109]; Copyright 2007 Elsevier); (b) Alternately depositing ink materials and
cross-linkers to accomplish inkjet bioprinting (Reprinted with permission from Ref. [115]; Copyright 2021 John Wiley and Sons)
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B9 HIT 4D 4T Bl o N 7K BRI B K : (a) I BME MEO,MA 7K eI B 7K 2% (2019 John Wiley and Sons FALZ T );
(b) pH i 2 S0 13 7K et s 27k 1231 (2014 American Chemical Society BRA AT )s () &1 Wi S 14 7K e 82 7k 1241 (2017 John
Wiley and Sons AL 1T ); (d) HE 7K Bk 82 7K 12T (2018 American Chemical Society BT TIT); () M 57 P4 7K ki 52 7k [127)
(2013 The Royal Society of Chemistry KA ¥ 7); (£) B 7 % 7K Bt s 8 K 128 (2019 John Wiley and Sons AL 7T

Figure 9  Stimuli-responsive hydrogel inks for 4D printing: (a) thermosensitive MEO,MA hydrogel ink (Reprinted with permission
from Ref. [120]; Copyright 2019 John Wiley and Sons); (b) hydrogel scaffold with dual responsiveness to pH and temperature (Reprinted
with permission from Ref. [123]; Copyright 2014 American Chemical Society); (c) ion-responsive hydrogel scaffold (Reprinted with

permission from Ref. [124]; Copyright 2017 John Wiley and Sons); (d) electroactive hydrogel scaffold (Reprinted with permission

from Ref. [125]; Copyright 2018 American Chemical Society); (¢) photo-responsive hydrogel scaffold (Reprinted with permission from
Ref. [127]; Copyright 2013 The Royal Society of Chemistry); (f) Magneto-responsive hydrogel scaffold (Reprinted with permission

from Ref. [128]; Copyright 2019 John Wiley and Sons)
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10 3D T EI/KBEAE PR AR B2 B R o ()3 T WA/ 2T 4 R 1 AR B A/ H I RN S KRR 4R N 2L R ) AR 25
IR T A 420 T A% 32 2421120 (2016 Springer Nature FRBUYFAT ) (b)) GelMA /KRG “ B 412145449131 (2019 John
Wiley and Sons R AT (c)iid 55 th 20 2 AHRHT ENFY 2 TR A 85412113 (2018 John Wiley and Sons fiRLZF 1T ); (d)FE T
B B PEG-£F4k 8 11 J5/K b 887K 3D 4T ELRAT BUR 25 WL L4151 (2017 Elsevier ALY T); ()21
ST B 5 2B 15 /K U8 e S B ok T 24 400 LA £ 57 TR o 40 L P il = 24 2 1T 31, DSk 22 4 B2 AR S A4 2%) (2017 Elsevier
FRSLYF AT ); (F) 3D 4T EI55 1A 37 400 £ 7K T8 e S8 7, 440 2 Ty gk % b /4 1370 (2017 Springer Nature i BUEF 7T); () T Ji
AR (B IR O IE RS RT3 (2019 The American Association for the Advancement of Science ALY A

Figure 10 Application of 3D printed hydrogels in regenerative medicine. (a) Construction of jawbone tissue engineering
scaffold (Reprinted with permission from Ref. [129]; Copyright 2016 Springer Nature); (b) Construction of living cartilage
tissue structures based on GelMA ink (Reprinted with permission from Ref. [131]; Copyright 2019 John Wiley and Sons);
(c) Construction of engineered spinal cord tissue by extrusion multi-material printing (Reprinted with permission from Ref. [132];
Copyright 2018 John Wiley and Sons); (d) 3D printing of muscle-like tissue structures with oriented structures based on PEG-
fibrinogen hydrogel ink containing myoblasts (Reprinted with permission from Ref. [134]; Copyright 2017 Elsevier); (e) Printing
of collagen hydrogels for precise three-dimensional spatial arrangement of fibroblasts and keratinocytes for the production
of multicellular skin grafts (Reprinted with permission from Ref. [135]; Copyright 2017 Elsevier); (f) Printing hydrogel inks
containing endothelial cells to construct functional vascular patches (Reprinted with permission from Ref. [137]; Copyright 2017
Springer Nature); (g) Heart grafts based on collagen hydrogels (Reprinted with permission from Ref. [138]; Copyright 2019 The
American Association for the Advancement of Science) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001)
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Figure 11 3D bioprinted hydrogels for organoid construction. (a) DLP printing organoids with precise cells and extracellular

matrix (Reprinted with permission from Ref. [140]; Copyright 2023 John Wiley and Sons); (b) 3D printing tumor chips with

blood vessels and lymphatic vessels (Reprinted with permission from Ref. [143]; Copyright 2019 John Wiley and Sons); (¢) 3D

printed glioblastoma chip (Reprinted with permission from Ref. [144]; Copyright 2019 Springer Nature); (d) 3D printed tumor

cell metastasis model (Reprinted with permission from Ref. [145]; Copyright 2019 John Wiley and Sons)
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Figure 12 Applications of 3D-bioprinted hydrogels in soft robotics and bioelectronics. (a) Construction of a magnetic starfish-
shaped soft robot using a composite hydrogel ink composed of GeIMA and orderly-arranged iron oxide nanoparticles, which
induces the directional myogenic differentiation of C2C12 skeletal myoblasts (Reprinted with permission from Ref. [147];
Copyright 2018 John Wiley and Sons); (b) 3D printing is employed to fabricate an asymmetric-structured hydrogel “biobot” that
enables directional movement underwater (Reprinted with permission from Ref. [148]; Copyright 2018 John Wiley and Sons);
(c) A novel bioactive system consisting of hydrogels and programmed bacteria realizes programmable signal communication
and processing (Reprinted with permission from Ref. [150]; Copyright 2017 John Wiley and Sons); (d) Construction of a bionic
ear based on hydrogels loaded with chondrocytes enhances the auditory perception ability for radio frequency and stereo music

(Reprinted with permission from Ref. [151]; Copyright 2013 American Chemical Society)
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