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Research Progress and Tissue Engineering Applications of
Stimuli-responsive Polymer Hydrogel Microspheres
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Abstract: Stimuli-responsive polymer hydrogel microspheres, as functional materials with tunable
structures and dynamic regulatory capabilities, have demonstrated significant potential in bone tissue
engineering, including applications in bone defect repair, osteoporosis treatment, anti-infection therapy
for osteomyelitis, and osteoarthritis regulation. This review focuses on the material systems and structural
design of stimuli-responsive polymer hydrogel microspheres. The main categories, including temperature-,
pH-, light-, and multi-responsive systems, and their underlying mechanisms are systematically
summarized. Particular emphasis is placed on microsphere fabrication strategies, such as emulsion, spray,
and microfluidic methods, and their structural regulation approaches. On this basis, recent advances in
their biomedical engineering applications, including bone defect repair, anti-infection regulation, and
osteogenesis promotion, are comprehensively reviewed and classified from the perspectives of functional
integration and mechanisms of action. Furthermore, the current challenges are discussed, including limited
response precision, insufficient adaptability to complex in vivo environments, and trade-offs between
structural stability and functional performance. Finally, future perspectives are proposed, highlighting
multi-stimuli synergistic systems, refined structural designs, and clinical translation.
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Scheme 1 Application of stimulus-responsive hydrogel
microspheres in bone tissue therapy
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Figure 1 (a) Schematic illustration of sol-gel transition mechanism of thermos-responsive hydrogels[25] (Reprinted under
the terms of CC-BY Creative Commons Attribution 4.0 International License, Copyright (2025) the Authors, published by
Multidisciplinary Digital Publishing Institute); (b) Thermosensitive injectable CNC-g-PNIPAM hydrogel demonstrating sol-gel
transition and application for local drug delivery (Reprinted with permission from Ref. [27]; Copyright (2024) Elsevier)



8 14 RIS - TR 52 1 7 /RSB R 1 ) 95 S 2L 3 TR I Rk et e 1295

) 26 &35 R 7E il BE 5 5 U R v AN S 5 AR,
M XHEE IR J5 1 7 25 PR RE A OWL AL &5 0 7 AR B
AU

B R, B — W B AR T R U
JE K e E K B AT B 0 I 858 Tl g R LS 1
P oty . KX — R PR, 3T A SR L AR
N\ % A8 B SR W DL e iR UK B i I 25 M AR e
o Simpson 4 PPl g o F L LT 4R R AA R IR S
WHE, 87 1 IR — e e AR R R L B 1A W4T
N5 R S R 1 2 1] N 7E DK, SR I
JSL 7K B I (0 0] AN R T 2 T R AR AR AR, 3
T AHAR BT i I 25 11 7 3 2 B FH 75 5K
X A TRA IR i 7 7K I 1) £ PR RE VT AN $ 1t
THEEMA.
1.2 pH Rk EERR

pH i 7 7K 5% J52 At — b R 18 o A 58 IR il A%
Al 45 R B R e IS P RE K B AR R . L
AT R S BERIR T S G  I 24% Hh RT H R R AT Y
JR A B2 AR, BB R AR T
A2 WG AE S A pH 254 T i R 286 0%,
Bl 2(a) FlT 7k, M 3R5E pH SR I, 19X 4 mp o B
T PR A | B A1 HE 7 7 DL RV ARG TR B B 2 AR 4k,
NI 51 R IR B B IRAT s 772 1 R B ik
(i) &% i B0,

018 2(b) Fif 7, Shi B Ky i 17— Fl 2k T 3

@

AFLY BRI pH W RLKBER A 2 5 383 51N JE I
SR ST I 2% AR BRAE 2 AF R B TR S B . % E AT
RGN 1 AR Bl 715 5 R T A R RE IR
Il 2 B PR 2% 28, ANCUE B 1 e 5 3 2 B 2 5
A DAE M 7T P32 5 8 4 R 1 2 TR AR 1, 3
K pH i LA B Al R I SR 3 Jee 9 S IR A 41 RO
1A 0 24 TR I R, D A S T 9% A A K A B A4
TR B

AR T A o b, B9 R I 50 A DA L AE AN R pH
SEAT TN AT R AR AT A T a2 A pH iR 7K
B A . LIS PARIE 1 — R I T AR e 5
IR IKI KRR 1A 2% WE TR WA R A [F] pH 254
AT S EIL I 2% A BRI EEA, DR R I B
FHVEIK SREUT A . WA Sh s AcHez) /)
ST pH WE R 5 5 R AR TR R, 9
B HRE T N 28 SR 1A RO EAE R A,
9iE pH M AR A A A 0 25 A VE R R B BE X
33— 1 5, Yang %5 BV o pH i S KI5 R (X
IR 1) 7 B A R PRI ZE R 2 v, AT S B i
BT E WS BT o 1% T 43 2 W 2 3
SR, R EIRTT T pH Wi N A FR A2 B 2R A o Y 4
P ORFFRE T, XoF pH Wi 27K I ) TR A BT AT
HE R

AR AL & 1 Flal v 5 00 IR 7
PR o B 5IN ZEZ IRGK -2

(b)

Eharac(eristic‘

ut Self-healing Chopped
— —
 Self-healing

Self-healing
N

Btructurd

>

ln

Chemical crosslinking

3
A

/‘\/.;k‘\,,o%/\l\“\ e — Injectability
33 Wol H\ A

R N iSOl pH-responsiveness

< Y
/&:; s 3 v pH=4

Physical crosslinking \J

(Hydrogen bonds) pH=9.2

B2 (a) pHI K A TE AN 7 BB A 58 o 11 4% 0 248 e 8 BB (2017 Ellsevier BOBCYFAT); (b) pHI R 1 7] 3 4 CS-CAF
16 KGR 2 PR o 46 B A i e a2 i BY (2024 Elsevier AV D)

Figure 2 (a) Structural evolution of pH-responsive hydrogels under different pH conditions (Reprinted with permission from
Ref. [30]; Copyright (2017) Elsevier); (b) Preparation of a pH-responsive injectable and self-healing CS-CA hydrogel and its pH-
dependent controlled release application (Reprinted with permission from Ref. [31]; Copyright (2024) Elsevier)
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Figure 3 Schematic illustration of the design and cancer therapy mechanisms of PNFMA/GelMA hydrogels (Reprinted with

permission from Ref. [8]; Copyright (2025) Elsevier)
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Figure 4 Schematic diagram of the process for preparing hydrogel microspheres using the emulsion method ®® (Reprinted

under the terms of CC-BY Creative Commons Attribution 4.0 International License, Copyright (2021) the Authors, published

by Elsevier)
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Figure 6 (a) Schematic diagram of a stop-flow lithography apparatus; (b) Curing of hydrogel microspheres under ultraviolet
Iight[76] (Reprinted under the terms of CC-BY Creative Commons Attribution 4.0 International License, Copyright (2022) the

Authors, published by Multidisciplinary Digital Publishing Institute)
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Figure 10 Synthesis of CAL@PDA@GM using microfluidic technology and its application in the treatment of skull and
femoral defects in rats!*'“l (Reprinted under the terms of CC-BY Creative Commons Attribution 4.0 International License,

Copyright (2025) the Authors, published by Elsevier)
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Figure 11  Schematic diagram of the synthesis of injectable hydrogel microspheres and its osteogenic enhancement mechanism

(Reprinted with permission from Ref. [119]; Copyright (2026) Elsevier)
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Figure 12 Schematic diagram of the preparation of vancomycin-loaded microspheres for treating osteomyelitis and their
therapeutic mechanism 2% (Reprinted under the terms of CC-BY Creative Commons Attribution 4.0 International License,
Copyright (2023) the Authors, published by The Royal Society of Chemistry)
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Figure 13 Schematic diagram of the construction of hypoxia-pretreated hydrogel microspheres and their therapeutic mechanism
on osteoarthritis cartilagems] (Reprinted under the terms of CC-BY Creative Commons Attribution 4.0 International License,
Copyright (2023) the Authors, published by Elsevier)
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