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Hydrogels have garnered significant attention in the biomedical field due to their high-water absorption
capacity, flexibility, and biocompatibility. However, the translation of laboratory achievements related to
hydrogels into clinical applications remains slow. Core reasons for this phenomenon lies in the persistent
gap between key design elements—such as material selection, manufacturing techniques, and
rheological properties—and the practical requirements of clinical applications. Rheology, by investigating
the deformation and flow characteristics of hydrogels, provides a critical tool for understanding their
mechanical properties and dynamic behaviors. Consequently, the rheological properties of hydrogels
serve as a vital "bridge” connecting laboratory research with clinical practice. This study highlights the
pivotal role of rheology in the clinical translation of hydrogels. Initially, it analyzes the influence of
rheological parameters, including storage modulus, compressive modulus, and viscosity on hydrogel
performance, which respectively reflect elasticity, resistance to compression, and flow behavior.

Additionally, the article summarizes biomedical applications of hydrogels, such as drug delivery systems,
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hydrogel rheological properties, ensuring their efficacy, stability, and controllability through systematic

DOI: 10.1039/d5ra09160h studies to meet diverse clinical demands. By integrating advanced biofabrication technologies, the
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1. Introduction

Rheology, as a scientific discipline, is dedicated to elucidating
the deformation and flow characteristics of materials when
subjected to applied forces.™” Specifically, the alterations in
tissue viscoelasticity have become a consensus criterion for
early lesions (such as metabolic dysfunction-associated stea-
totic liver disease,® tumor,* etc.). Meanwhile, shear viscosity has
emerged as a biomarker for the detection of chronic kidney
disease.® The application of rheology within the biomedical
field necessitates the interdisciplinary integration of various
domains, including physics, chemistry, biology, and materials
science. However, in practical research settings, the collabora-
tion among these disciplines is insufficiently robust, and there
is a notable absence of effective mechanisms for collaborative
innovation. This deficiency has constrained advancements in
certain critical technologies and methodologies, thereby
impeding the full realization of rheology's potential in
biomedical research.®
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Hydrogels are three-dimensional polymer network struc-
tures consisting of polymer chains, wherein hydrophilic poly-
mer moieties undergo hydration driven by thermodynamic
forces, resulting in the absorption of substantial quantities of
water.” These permanent covalent crosslinks restrict the free
movement of the polymer chains while still permitting local
movement of chain segments to a certain extent.® In contrast,
reversible links (e.g., supramolecular interactions) can be
deliberately designed to relax such constraints and enable
significant chain mobility.>'* Due to their high-water content,
hydrogels exhibit significant flexibility and biomimetic
properties."*™ Consequently, hydrogels possess exceptional
rheological properties, rendering them a focal point in
biomedical applications.

Initially, rheological characteristics describe the viscoelastic
response of hydrogels under polymer network deformation.
Both rheological behavior and mechanical performance/
stability are governed by the underlying network structure.'*
By tailoring the crosslinking density (chemically or physically)
and specifying the type of molecular weight (polymer chain
molecular weight or molecular weight between crosslinks), the
storage modulus (linear viscoelastic response under small-
amplitude deformations) and mechanical strength (dependent
on network heterogeneity and failure modes) of hydrogels can
be modulated, respectively. Secondly, the viscoelastic properties
of hydrogels could be modulated through the design of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Hydrogels approved for clinical application

View Article Online

RSC Advances

Product name

Clinical indications

Core rheological properties

Relationship between
rheological mechanisms and
clinical outcomes Ref.

Plenity® (Gelesis)

ReSure® Sealant (ocular
Therapeutix)

Embrace™ HES (Instylla)

Weight management: used
to enhance satiety and assist
in controlling dietary intake

Ophthalmic surgery: used
post-cataract surgery to seal
clear corneal incisions and
prevent aqueous humor
leakage

Vascular intervention:

a liquid embolization system
for occluding peripheral
hypervascular tumors

A solid gel structure that
forms and maintains a high
elastic modulus (G') under
the low-shear environment
of the stomach

The storage modulus (G')
reaches a peak within a short
time; the material exhibits

a loss modulus (G”) and
adhesive force, and the
moduli decrease in a time-
controllable manner

Prior to injection it behaves
as a low-viscosity Newtonian
fluid; upon co-injection
rapid crosslinking occurs,
the elastic modulus (G)
increases, and a solid-like
gel is formed

Within the stomach, the gel 20 and 21
forms numerous units
exhibiting mechanical
strength and hardness
comparable to those of food.
Its high G’ value ensures that
the gel occupies volume
effectively and resists
deformation induced by
gastric peristalsis, thereby
triggering satiety through
physical filling

Rapid gelation (a rapid
increase in G') enables
clinicians to achieve
immediate and precise
intraoperative wound
closure, forming a physical
barrier. Appropriate
viscoelasticity (a balance
between G’ and G”) ensures
that the gel conforms to
irregular wound surfaces
and resists shear forces
induced by blinking
Ultra-low viscosity ensures 24
that the two precursor

liquids can easily traverse
microcatheters and

penetrate deeply into the

terminal microvasculature

of tumors. A rapid liquid-to-

solid transition (a sudden

increase in G') enables the

gel to form in situ within

target vessels

instantaneously, fully filling

the lumen and achieving
immediate, complete

occlusion of blood flow

22 and 23

crosslinking dynamics and engineering of network topology.
Viscoelastic behavior arises from the combined elastic response
of polymer networks and time-dependent viscous dissipation
associated with chain mobility, bond dynamics, and solvent-
polymer interactions.* It is also possible to reducing the poly-
mer molecular weight decreases chain entanglement and thus
accelerates stress relaxation,'® whereas employing ultra-high-
molecular-weight polymers can produce topologically entan-
gled “knotted” colloids that serve as highly elastic scaffolds."”
Lastly, viscoelasticity of hydrogel not only provides physical
support but also functions as a dynamic mechanical signal that
cells sense and transduce into biochemical responses. Visco-
elastic hydrogels with high loss modulus significantly promote
the expression of osteogenic and chondrogenic genes in
BMSCs, facilitating the proliferation and spreading of bone

© 2026 The Author(s). Published by the Royal Society of Chemistry

marrow mesenchymal stem cells,” and hydrogels with rapid
stress-relaxation characteristics effectively recruit endogenous
neural stem cells to migrate to injury sites, thereby supporting
neural functional recovery.*

Currently, several hydrogel products with have been
approved for clinical applications (Table 1). E.g., Plenity®
(Gelesis) was applied to weight management due to solid gel
structure that forms and maintains a high elastic modulus
under the low-shear environment of the stomach.?*** ReSure®
Sealant (Ocular Therapeutix) was used in ophthalmic surgery
because of the storage modulus (G’) and loss modulus (G”) can
rapidly elevate at the ocular site to undergo in situ solidifica-
tion.>*** Moreover, Embrace™ HES (Instylla) was applied in
vascular intervention due to upon co-injection rapid cross-
linking occurs and a solid-like gel is formed.>*
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Table 2 Summary of hydrogel rheological characterization methods
Application-oriented
Test method Core test parameters Physical significance insights Reference
Stress relaxation Relaxation time (), residual 7 reflects bond Predicts long-term stability 16, 39 and 40
stress ratio recombination rate; residual post-implantation (e.g., anti-
stress ratio indicates adhesion barriers)
irreversible plastic
deformation
Creep test Steady-state creep rate, Reflects molecular chain Optimizes anti-collapse 41-44
recovery rate (%) slippage or elastic recovery: tailored mechanical
high recovery rate (>80%) properties and scaffolds
indicates elasticity
dominance
Oscillatory shear Storage modulus (G'), loss G'/G" ratio determines solid/ Filters 3D bioinks (e.g., G’ > 45 and 46

modulus (G”), loss tangent
(tan 6)

liquid state (G'>G” means gel
status); tan 6 = G"/G’

2500 Pa & tan ¢ < 0.2 ensure
shape retention)

quantifies energy dissipation

In this study, we commenced by investigating the rheological
properties of hydrogels. Following this, we delineated a range of
applications for hydrogels within the biomedical field, such as
drug delivery systems, corneal and lens repair, and smart sensor
technologies. Finally, we provided innovative insights into the
potential developmental pathways for hydrogels in the
biomedical sector. We suggest that the integration of rheolog-
ical properties with insights gained from successful trans-
lational experiences in other hydrogel applications constitutes
a promising approach to advancing the clinical translation of
hydrogels.

2. Rheological characteristics of
hydrogels
2.1 Definition of rheological characteristics for hydrogel

Rheological properties of hydrogels can be broadly categorized
into viscosity and modulus, both of which are intrinsic physical

attributes of the material.*® Viscosity refers to the internal fric-
tional resistance encountered by the fluid during flow.>® At
a specified rotational shear rate, the apparent shear viscosity is
quantified as the ratio of shear stress to shear rate. Typically, the
viscosity of the hydrogel is measured under controlled condi-
tions of time and temperature, in a specified direction (or at
a particular angular frequency), and at a regulated shear
rate.>”®

Modulus of a material is defined as the ratio of stress to
strain when the material is subjected to stress. The term
“modulus” encompasses various types, including tensile
modulus,” compression modulus,® shear modulus* and
torsional modulus.** Theoretically, the equivalence between
tensile and compressive modulus, as well as between shear and
torsional modulus, strictly holds only for linear, isotropic,
elastic materials under small deformations. Soft hydrogels,
whereas, typically exhibit pronounced viscoelasticity, nonline-
arity, and time - dependent behavior, which cause significant
deviations from these idealized assumptions. Concurrently,

Table 3 Hydrogel properties evaluated through rheology testing methods

Hydrogel properties Rheological testing procedures

Characterization of hydrogel
properties

Key parameters and reference

Shear thinning Shear measurement

Self-healing Oscillatory time sweep

Photosensitivity Oscillatory time sweep (with
concurrent light irradiation at
specific wavelengths)

Thermosensitivity Dynamic temperature ramp

16196 | RSC Adv, 2026, 16, 16194-16210

Manifested by a decrease in
viscosity with increasing shear rate

By periodically applying high and
low strains, the process of material
damage and subsequent repair is
simulated

Simultaneously activating or
deactivating light sources of specific
wavelengths while monitoring the
temporal evolution of the storage
modulus G’

Change the temperature and
monitoring variations in G’ and G”.
The abrupt changes in G’ and G”
signaling a sol-gel/gel-sol phase
transition

Hydrogels exhibit shear-thinning
behavior (a critical property for
extrusion-based 3D printing)*’
Rapid recovery of G’ indicates
network reconstruction*®

Under illumination the storage
modulus (G') increases, and
gelation occurs.*’

Correlation with material's
thermosensitive swelling
behavior.>®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Schematic of a stress-relaxation test. Hydrogel was emplaced between two impermeable rigid plates, and a strain is suddenly applied

to the hydrogel. The figure was draw by Figdraw. (B) (i) Stress relaxation tests of a collagen gel and other tissue. Adapted with permission from
Nature Portfolio,*® copyright 2016. (ii) Stress relaxation tests of hydrogels composed of two different components. The intersection of the red and
black curves indicates the formation of hydrogen bonds. Adapted with permission from Elsevier,** copyright 2025.

rheological characterization of hydrogels is predominantly
based on shear deformations, while tensile/compressive and
shear/torsional modulus constitute commonly used metrics for
describing deformation performance in hydrogel studies.
Rheological properties of hydrogels are primarily character-
ized by the loss modulus and storage modulus.** The loss
modulus (G”), also known as the viscous modulus, measures
the energy dissipated due to viscous (irreversible) deformation,
thus reflecting the material's viscosity. Conversely, the storage
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modulus (G'), also referred to as the elastic modulus, quantifies
the energy stored in a material as a result of elastic deformation,
thereby indicating the material's elasticity. The ratio of the loss
modulus (G”) to the storage modulus (G'), denoted as tan 6 =
G'|G, is referred to as the loss tangent.* It serves as a funda-
mental concept in rheology, quantifying the proportion of
energy dissipation to energy storage in materials subjected to
cyclic deformation. The variation in the loss tangent can reflect
changes in the internal structure of hydrogels, particularly
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(A) Schem of creep testing procedure. This figure was drawn by Figdraw. (B) Strain as a function of time during creep recovery test.

Adapted with permission from Elsevier,** copyright 2025. (C) Hydrogel with different creep times under 0.5 Mpa. Scale bar = 5 mm. (D) Creep
strain rate with respect to creep strain at various applied stress. Adapted with permission from ACS publications,®® copyright 2025.
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(A) Schem of oscillatory shear testing procedure. This figure was drawn by Figdraw. (B) The influence of different components on the

oscillatory shear properties of polymers (indirectly reflecting the viscoelastic characteristics of polymers with varying components). Adapted with
permission from Elsevier,>* copyright 2025. (C) Small-angle oscillatory shear measurements with varying frequency at a strain of 1% and (D) strain
at a frequency of 0.1 Hz across four decades of values. Adapted with permission from Elsevier,** copyright 2024.

during the sol-gel transition, where this characteristic becomes
especially pronounced.®

2.2 The significance of rheological parameters for hydrogels

Rheology specifically characterizes a material's viscoelastic
response under shear deformation, where key parameters
(storage modulus G/, loss modulus G”, dynamic viscosity 7, etc.)
exhibit time-and frequency dependent viscoelastic behavior.
These parameters reflect the balance between elasticity and
viscosity, as well as the dynamic response of the internal
structure (such as network relaxation and crosslinking density).

Among rheological descriptors, the storage modulus (G') is
of great importance. It measures a hydrogel's ability to store
elastic energy during shear deformation, and is directly related
to its elastic recovery behavior. A higher G’ indicates a stronger
elastic response and better resilience to cyclic mechanical
loading.*® This time - frequency viscoelasticity ensures that the
hydrogel can maintain structural stability under dynamic
mechanical stimuli, which is a crucial feature for applications
that require repeated deformation.

In contrast, the compression modulus, measured through
quasi- static compression tests, describes a hydrogel's resis-
tance to axial compressive deformation. Although the testing
method of the compression modulus is different from

16198 | RSC Adv, 2026, 16, 16194-16210

rheological shear analysis, rheological parameters like G’ can
provide microscopic insights into the network stiffness (such as
crosslinking density and chain entanglement), which underlie
macroscopic mechanical behaviors. For instance, hydrogels
with a high G’ often have a higher compression modulus
because of a more robust internal network. This is very impor-
tant for applications such as cell encapsulation or creating
cellular microenvironments.*”-*

2.3 Experiment methods for rheological characteristics of
hydrogel
As a window for observing the internal structure of materials,
rheological properties play an important role in the research of
hydrogels. The rheological properties of hydrogels can be
characterized through experiments such as stress relaxation,
creep testing, and oscillatory shear. The differences and
significance of testing various rheological properties are briefly
summarized in Table 2. Moreover, hydrogel properties (self-
healing, shear-thinning, photo/thermo- responsiveness) that
could be evaluated using rheology testing methods. The detail
information is summarized in Table 3.

2.3.1 Stress relaxation. Stress relaxation arises from the
time-dependent reorganization of the internal network struc-
ture, such as polymer chain rearrangement, bond exchange, or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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copyright 2025.

fluid redistribution in response to an imposed deformation,
rather than from deformation alone. During stress relaxation
testing, hydrogel sample was placed in a rheometer, subjected
to an instantaneous step strain, and recorded shear deforma-
tion.' Normally, the time-dependent decay curve of the shear
stress was measured, thereby obtaining the stress relaxation
characteristics. Fig. 1A illustrate the testing progress. Biological
tissues exhibit time-dependent decay of internal stress when
subjected to external strain, which is critical for dispersing
mechanical loads and accommodating deformation.*® Tissues
can actively adapt to changes in mechanical environment
through cellular processes such as extracellular matrix secretion
and network remodeling. In contrast, the relaxation behavior of
hydrogels is largely fixed once the network is formed, unless the
network chemistry is specifically engineered to respond to
environmental stimuli (Fig. 1B). Therefore, replicating biolog-
ical stress-relaxation behavior requires the incorporation of
controllable, reversible interactions and precise tuning of their
kinetics so that the material network acquires dynamic dissi-
pative properties analogous to those of biological tissues.**>
2.3.2 Creep test. Creep test can evaluate the deformation
recovery capability of hydrogels under prolonged load. The
specific testing procedure involves mounting the hydrogel
sample on a rheometer, applying a constant shear stress to the
sample, and recording the variation in strain over time.* Fig. 2A

© 2026 The Author(s). Published by the Royal Society of Chemistry

manifested the testing procedure. An elastic stress associated
range within the creep test where material shear stress
increases with increase in the shear rate till the flow point from
yield point within the yield zone (Fig. 2B).** Creep behavior of
hydrogels is influenced by their chemical composition and
crosslinking density, which can be precisely controlled by
adjusting the type and ratio of crosslinking agents (Fig. 2C and
D).* In practice, creep testing provides insights into the elastic
stress associated range within the creep test," and long-term
deformation behavior and flow characteristics of hydrogels,*
both of them playing a critical role in the development of
clinical hydrogel products with tailored mechanical properties.

2.3.3 Oscillatory shear. Oscillatory shear testing primarily
reveals the viscoelastic and structural responses of hydrogels.
The testing procedure, as shown in Fig. 3A. Oscillatory shear
involves placing the hydrogel sample into the rheometer's
testing fixture, applying periodic oscillatory shear forces, and
measuring the variations in its storage modulus and loss
modulus over time (Fig. 3B), frequency (Fig. 3C), or strain
amplitude (Fig. 3D).* Oscillatory shear performance reflects the
network fracture threshold and dynamic bond reorganization
capability, which are closely associated with the internal
network structure (e.g., hydrogen bonds) of hydrogels and
external solvents,*® and serves as a critical evaluation metric for

RSC Adv, 2026, 16, 16194-16210 | 16199
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Fig. 5

(A) Schema of self-healing mechanism. Adapted with permission from Royal Society of Chemistry,®* copyright 2025. (B) Self-healing

capacity of the hydrogel. Scale bar = 1 cm. Adapted with permission from Wiley-VCH GmbH,° copyright 2022. (C) Digital photographs of the
healing gel. Adapted with permission from Royal Society of Chemistry,* copyright 2025.

clinically applicable products such as injectable and self-
healing materials.>

2.3.4 Shear thinning. Shear thinning in hydrogels corre-
sponds to a decrease in viscosity with increasing shear rate due
to reversible changes in the polymer network or crosslinking

interactions, rather than solely particle-level effects.”® This
procedure involves incrementally increasing the shear rate or
shear strain in a specified direction and assessing its impact on
viscosity. Fig. 4A specifies the process of shear thinning. A
gradual decrease in viscosity or modulus with increasing shear
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(A) Schem of photosensitive. Adapted with permission from Elsevier,%2 copyright 2024. (B) (i) Storage modulus (G') of photo-dimerized

anth-chitosan-MA hydrogels were measured for 1.5 and 2.5 wt%, respectively within 2000 s. Adapted with permission from Elsevier,*® copyright
2021. (i) Storage (G') and loss (G”) modulus for MC: CHI hydrogels at heating. Adapted with permission from Elsevier,* copyright 2022.

16200 | RSC Adv, 2026, 16, 16194-16210

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09160h

View Article Online
RSC Advances

Review

UOBIYISSB[O UOIIOWD

18 paseq-DIF 10j pueqpeay a[qerrod v
Zurpuoq Ted1sAyd a[qrsianal

08 1197} UO Paseq Pa[okdal aq ueD
souepadur mo[ pue Arfiqeswriad

6L -ssewr Y31y Jo sa1medj fensnun
EYsiiel

8§/ [eal Ul sjusawpAOW uewIny IOITUON

Apoq SN02I)1A dAIIEU ) JO SUOTIdUNJ

£/ PUE 2INONIS Y} SIS A[9S0[D
a[qels

SUTBWI PUB AJIABD SNOIIA S

9/ 31qqer ur [2301pAy pawioy A[prdey

90UD1INJ3I JoWN) JIqIYUT 03 309139
S/ IOWNIIUE ONSIIISUAS B dAIYIY
P212A0221 [[oM 2Tk Sa4d pajerado

¥, Jo suonounj diseq pue £3ojoydioN
Soun|0340 do110IqY pue

¢/ AI0jeUIWIRQUI JO XNJUI 3} PAIWIT
%66~ Aq eaIR

Amfur rerpayaida paonpar ajeurdfe

TL Jo Junowre 3unjerd WNWIXeN

UOUIAT WI)-3UO] YIIM

1/ Paq eBWONS Y3 03 PaIdype [930IpAH
s1sojdode 3urssaxddns

0, pue fudsyur feunar Jururejurey

69 A1940001 Jurieay jo Aifiqe Suons y
Aquedwos

A)1O0[oA pUEB SSOUAISIYPY
(,0) sninpour ade103s ‘FurUUIY) TBAYS

AofA
9jel 1eays

(,) sninpouu sso[ pue (,9) snnpow 23e101§

(,2) sninpouwu ssof pue (,9) snnpow 23eI0IS

onei 3uljams pue (,9) sninpouw ssoj ‘(,9) snnpow 23eI01§
(,0) snnpouw sso pue (,9) snnpow 93e103S ‘INPON

(,0) sninpowr a3e103s ‘eI SUI[[ams ‘I[NPON

A10070A IR3YS 213 ulseardur uodn paonpal SANISOISIA

(,0 snnpowr

SSO[ > ,» snnpou 93e103s) 21els [edI30[0AYI PAJLUTWOP
-MOTJ ® Ul SISIXd [2301pAY ay) ‘UonBUTWIN][T 0} I0IId OIUI PAWIO} pue JuIUUL3aq dY) I8 PI[[eD

syuswaINseaw urens-dels pue uordar SNSE0ISIA TBIUTT

ssa1duiod pue s} “AIS0dSIA JUI[RIXT
K1S00S1A
aarsuodsar-ainjeradwa) pooS sassassod

A11qeyd3213S pUE UOISIYPE 3[qeIS V
S9SBOIOUL 931

M £1509s14 ‘(,0) snnpowt ssof ‘(,0) snnpowr 93e101§ 1eaYS ) Sk A[[enpeld Sasea1ddp AISOdSIA

soniadoid
9[qUUASSE-J[9S PUB AI9A0D91 UIYI-18aYS

Kouanbaiy

Y31y e ye A1odoad [eor3ojoayr a[qeIs v
ed 0T~

e 3doy A[qeas snnpowr 23e103S PAIIIYXD
pue 472 yos juaredsuen se pareaddy

A1iqerasodar pidel pue 1o1aeyaq Jurauryy

-Teays ‘Yrduans [esrueyoaw 3uons

y33uaI)s [edIUBYOdW J[qeUN],

SIMISOISIA

Y311 03 pasodxa 113e [9301pAY

£19A0001 pue UOTIBWLIO(J
£1aed

SSOUSAISOUPY I1Bd o[pprul Je sanzadord aAISaype JUS[[90XT

[9301pAYy
IaAe[1q 21qoydoIpAy pue SAISIYPY

unePs ‘vd ‘vad
(aprurefioe)Ajod

91eI0qRIIN) WNIPOS
/sIaqyoueu 3SO[N[[39/DTV/VAd

(so8xeyd

2A1IB39U :XO-A€ "So31eyd 2anisod
:XO-E) s[ed01pAy apnidad omy,
[oaLIIOIIP

pue aurelaqixoqIedLjod

DHJ PowLIe-end,

[9801pAy renodsjowreidns yNd

unepad-utredoy

(81v-aD) erraooueu paddes-areurd[y

VINVH ‘Wsoad

Ddd/dvDVd
udfesqg-odr
® vad ®sa1oydsoIoru unepn

JIOSuoasS
Jrews
pue J[qIXaLd

aredar akd
pue [eau1o)

89 POO[Q dI0W UMOYS JUISSIIP PUNOM 9NSST} PUNOM PIJe[NUWIS UT o1kl SUI[[oms pIng anssn ur 3urjoms VAd
sanssp owny A12A1[9p
£9  O0JUI UONBNYUI [[90 )N pajouwioid (,0) snnpouu ssof pue (,9) snnpow 23eI101S uonisueI) snyels o3 03 [0S, Z0d/qewD/(VO1d-9dd-VO'1d) 3niq
‘194 aandadsoid uoneorddy 1xowrered [eordojoayi feoygroads santadoid Tesrdojooyy S[EII2)BW JUININSU0D [930IpAH  S21103338D

uonedndde jedipawiolq Yym 1960J4pAY 1ed1b0j0ayl aAneuasaldal jo Alewwing ¢ a1qe]

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV TE:€0:0T 9202/S /7 U0 papeo|umod "920Z Yo N £Z UO pausIand B0y sseooy usdO

RSC Adv, 2026, 16, 16194-16210 | 16201

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09160h

Open Access Article. Published on 23 March 2026. Downloaded on 4/5/2026 10:03:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

A

f\:;y

View Article Online

Review

PLAG-PEG-PLGA = \m(/ I,
+ heating § )
—_— _l._ Cetuximab (Cmab) > =
~—
cooling
-— Prochlorperazine (PCZ)
Water Sol Gel@Cmab/PCZ
B
i
1000+ =
T 100 -G
55 | Heating
o 101 :
4
O 14
Cooling
0.1 —T T J
15 20 25 30 35 40
Temperature (°C)
Co ..
1 11 iii
§100 - PCZ ?120
9 80 = 1gG 100
S 60 2 0
o 40 s 60
2 g 40
.é 20 ﬁ 28
8% s n R
Time (days) Time (days)

Fig. 7

(A) Schematic illustration of the preparation of Gel@Cmab/PCZ. (B) (i) The storage modulus (G') and loss (G”) modulus of gel. (ii)

Photographs of the sol-to-gel transition with the increasing temperature. (iii) Representative TEM images of thermo-sensitive sol—gel translation
(10 wt%). (C) (i) Cumulative release profiles of PCZ and Cmab from hydrogels incubated with PBS at pH 7.4 (n = 3). (ii) Representative photographs
of gel at different time points after subcutaneous injection in mice. (iii) Quantitative analysis for gel's degradation. Adapted with permission from

Wiley-VCH GmbH,*” copyright 2024.

rate or shear strain indicates that the hydrogel under investi-
gation exhibits shear thinning properties (Fig. 4B and C).*>*®
The variation of viscosity relative to yield stress can be used to
indirectly assess changes in the chemical bonds within the
hydrogel. A decrease in viscosity following its surpassing the
yield stress indicates the rupture of hydrogen bonds inside the
hydrogel (Fig. 4D).** Shear thinning endows hydrogels with
excellent fluidity and processability during, making it a crucial
performance parameter that must be evaluated for clinical
products like “injectable formulations” and “dressings”.?’
2.3.5 Self-healing. The reparative capability of self-healing
hydrogels originates from their internally constructed
networks of dynamic reversible bonds. Their healing mecha-
nisms are primarily divided into chemical repair mechanisms
(where covalent bonds break at damage sites but can reform
under specific conditions) and physical repair mechanisms
(where noncovalent interactions rupture under applied force
and rapidly reassemble once the force is removed),*® respec-
tively. Fig. 5A illustrates the specific self-healing mechanism. In
practical applications, oscillatory shear time-sweep testing can
be employed to characterize self-healing behavior.*® Typically,

16202 | RSC Adv, 2026, 16, 16194-16210

a large-amplitude oscillatory shear is first applied to disrupt the
gel network (resulting in a decrease in the storage modulus G’ or
a drop below the loss modulus G”, such that the material
behaves as a fluid). Thereafter, the deformation is switched to
small-amplitude oscillatory shear and the temporal evolution of
G' and G" is monitored. If the moduli recover to values
comparable to those at small strain, this indicates that the
hydrogel possesses self-healing capability (Fig. 5B and C).*
2.3.6 Photosensitivity or thermosensitive. The photosensi-
tive properties of hydrogels originate from the reversible
structural changes of photoresponsive moieties (chromo-
phores) introduced into the material upon absorption of light at
specific wavelengths, while thermosensitivity is typically related
to temperature-dependent changes in the hydrophilic-hydro-
phobic balance of the polymer chains.®® Fig. 6A specifies the
process of photosensitivity and thermosensitive. For photoc-
urable gels, the process in which G’ increases from zero or a low
value upon illumination and ultimately reaches a plateau
reflects the kinetics of the photochemical crosslinking reaction,
as shown in Fig. 6B i.** For thermosensitive hydrogels, the
temperature at which G’ exhibits a sudden increase during

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) (i) Photocrosslinked HAMA. (ii) Physically crosslinked pDCSM-G without CMC/NHS. (iii) CMC/NHS crosslinked pDCSM-G. (iv) Pho-
tocrosslinked C3H1 hybrid hydrogel without CMC/NHS. (v) Dual-crosslinked C3H1 hydrogel. (B) (i) Rheological characterization of the photo-
crosslinked 1% HAMA, CMC/NHS crosslinked pDCSM-G, and dual-crosslinked C3H1 hydrogel. (ii) Storage modulus of the HAMA, pDCSM-G, and
C3H1 hydrogels. (iii) (iv) Compressive modulus and shear strength of the hydrogels with different compositions of HAMA and pDCSM-G,
respectively. (C) Histological analysis of the hydrogel treated rabbit corneas eight weeks post-operation. (i) Native corneas without defect. (ii)
Corneas with untreated defect, and the defected corneas filled with (ii) HAMA hydrogel, (iv) pDCSM-G, and (v) C3H1 hydrogel. Adapted with
permission from Elsevier,”* copyright 2023. (D) (i) Evaluation of corneal wound healing by fluorescein staining. The green area indicated the
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heating can be regarded as the gel phase transition tempera-
ture, as shown in Fig. 6B ii.*° The photo/thermal responsiveness
enables hydrogels to alter their structure and properties under
illumination, thereby achieving responsiveness to external
stimuli, which constitutes a crucial characteristic in applica-
tions of smart materials and sensors.*

3. Rheological hydrogel applied in
biomedical area

The rheological characteristics of hydrogels are crucial in
biomedical applications due to their mechanical properties and
biocompatibility, rendering them optimal materials for tissue
engineering, drug delivery, and biosensor applications. Rheo-
logical analysis offers quantitative insights into the assembly of
hydrogel networks.®* Furthermore, these properties signifi-
cantly influence the behavior of hydrogels during injection and
implantation processes. Specifically, in the case of injectable
hydrogels, rheological properties dictate their fluidity and
stability in vivo.*®* Moreover, the rheological properties of
hydrogels can be augmented through the incorporation of dual
network structures or nanocomposites, thereby enhancing their
mechanical properties and functionality.***® The main appli-
cation of rheological hydrogel was summarized in Table 4.

3.1 Drug delivery

The three-dimensional network structure of hydrogels facili-
tates the encapsulation and protection of drug molecules,
thereby preventing their degradation or inactivation during
delivery and ensuring their effective release upon reaching the
target site.®”®* By modulating the cross-linking density and
structure of the hydrogel, it is possible to design smart hydro-
gels that release drugs under specific conditions.*>*® In drug
delivery, the rheological properties determine the injectability
of hydrogels and the performance of drug release. In this
context, the rheological properties, such as viscosity and
modulus, are the primary parameters influencing the rate and
duration of drug release.?”**

Wu, C., et al. constructed an injectable thermoresponsive
hydrogel (Gel@Cmab/PCZ) to codeliver cetuximab (Cmab) and
prochlorperazine (PCZ) for colorectal cancer treatment.®” The
gel was made through PLGA-PEG-PLGA and can transition from
via ring-opening polymerization (Fig. 7A). Rheological testing
shows that the storage modulus (G') and loss modulus (G”")
remain consistently low and stable from 15 °C to 30 °C, sug-
gesting that the material behaves more fluidly within this
temperature range. As the temperature approaches 30 °C, ¢
and G” begin to increase sharply, with the rate of increase for G’
surpassing that of G”. This behavior is indicative of a gelation or
cross-linking reaction within the hydrogel, resulting in a more
solid and elastic structure, characteristic of a “sol-gel” transi-
tion (Fig. 7B i). Upon heating the PLGA-PEG-PLGA gel solution

View Article Online
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to 37 °C for 2 min, a sol-to-gel transition occurred, resulting in
a stable, milky white hydrogel named Gel@Cmab/PCZ (Fig. 7B
ii, iii). Besides, this hydrogel can serve as a sustained release
reservoir for the active ingredients PCZ and Cmab (Fig. 7C i).
Meanwhile, a white hydrogel formed within 30 min post-

Additionally, an innovative hydrogel, polyvinyl alcohol (PVA),
has been identified as a promising candidate for mucoadhesive
and drug delivery applications. Singh et al. discovered PVA
hydrogel crosslinked with sterculia gum exhibited strong
adhesive strength with the mucous membrane.®® This finding
indicates that PVA hydrogel films could effectively adhere to
wound sites, providing a protective barrier against pathogens
and positioning them as viable candidates for drug delivery
systems. Furthermore, Chen et al. grafted polydopamine (PDA)
onto the surface gelatin microspheres (GM) and loaded drug
ebselen liposomes (Lipo-ebselen) to develop a drug-releasing
hydrogel GM@PDA®@Lipo.*® The GM@PDA hydrogel could
firmly adhere to the round window membrane, which provided
conditions for the hydrogel to release drugs at a fixed point and
prolonged the release time. Chen, M., et al. developed pituitary
adenylate cyclase-activating polypeptide (PACAP)/PEG hydrogel
to promote the recovery of retinal function.” The linear visco-
elastic region for Gel-PEG and PACAP@Gel-PEG hydrogels was
9.9% and 6.3%, respectively, indicating both hydrogels can
withstand relatively large deformations without being
destroyed. In the step-strain measurements, when the strain
was switched from a high magnitude strain (1000%) to a low
magnitude strain (1%), both Gel-PEG and PACAP®@Gel-PEG
hydrogels recovered completely in a few seconds, showing
both hydrogels having good structural recovery ability. Such
rheological properties indicated that hydrogel has good fluidity
and structural recovery ability and can reduce cell apoptosis and
microglial activation in the retina. This shows that it has a good
therapeutic effect on retinal ischemia.

3.2 Corneal and eye repair

The rheological properties of hydrogels facilitate the emulation
of the mechanical attributes and structural features of the
natural ECM, thereby providing an optimal environment for
cellular growth.®»* Furthermore, these rheological properties
significantly influence the interactions between hydrogels and
biological cells and tissues. Concurrently, suitable rheological
characteristics enhance the integration of hydrogels with adja-
cent tissues, thereby promoting tissue regeneration and func-
tional recovery.”® Meanwhile, the rheological properties
influence the regulation of cellular behavior by hydrogels and
their own stability in vivo. In the context of corneal and ocular
repair, hydrogels are required to exhibit high optical trans-
parency, appropriate mechanical strength, and self-healing
capabilities.”>**

Shen, X., et al. utilized porcine decellularized corneal stroma
matrix (pDCSM) and methacrylated hyaluronic acid (HAMA)

epithelial defects. (ii) Quantification of corneal wound healing. Adapted with permission from Creative Commons Attribution License 4.0 (CC
BY),”® copyright 2024. (E) (i) (i) Ultrasound images of the retina and intraocular lens at 1 month and 2 months after surgery, respectively. Adapted

with permission from Wiley,”* copyright 2021.
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Fig. 9 (A) (i) SPBC hydrogels were used as monitoring sensors for finger and wrist electrical experiments, respectively. (i) The shear rate table for
SPBC hydrogels. Adapted with permission from Creative Commons Attribution (CC BY),”® copyright 2024. (B) (i) Image of a tcPO, sensor
composed of a hydrogel and a three-electrode electrochemical device. (ii) Image of a tcPO, sensor mounted on the foot using a flexible
medical-grade substrate. (iii) Linear correlation between oxygen concentration and reduction current measured by a tcPO, sensor with a liquid
electrolyte and hydrogel interface. (iv) In vivo tcPO, measurements under various leg positions. Adapted with permission from Commons
Attribution Non-Commercial License 4.0 (CC BY-NC),” copyright 2021. (C) An electrocardiogram electrode scheme. Adapt with permission
from Nature Portfolio,®® copyright 2022. (D) An electroencephalogram electrode scheme. Adapted with permission from Wiley-VCH GmbH,
copyright 2022.
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together to address tissue regeneration after corneal defect.”
Both chemically crosslinked hydrogels, including the photo-
crosslinked HAMA, CMC/NHS crosslinked pDCSMG, and the
dual-crosslinked hybrid hydrogel, exhibited excellent trans-
parency (Fig. 8A). It was evident that the HAMA was in a flow
dynamic state (storage modulus G'< loss modulus G”) before
light exposure. Once exposed to light, it rapidly formed into
a more robust hydrogel with double network structure (Fig. 8B
i), suggesting photo and the storage modulus was higher
enough (G’ = 4326 + 73 Pa). The compressive modulus was
significantly elevated from 30 to 316 kPa (Fig. 8B iii), and also
exhibits excellent shear strength (Fig. 8B iv). Two months after
surgery, the cornea treated with C3H1 hydrogel still had good
transparency and appropriate curvature, and histological char-
acterization also revealed that the C3H1 hydrogel filled corneal
stroma underwent highly ordered arrangement and regenera-
tion at the defected site (Fig. 8C). Meanwhile, Ger, T.-Y., et al.
coating ceria nanoparticles with a natural brown and enhanced
the ocular bioavailability of nanotherapeutics for corneal
epithelial injury recovery.”” Huang, J., et al. inspired by the
corneal epithelial basement membrane, proposed a bioactive
hydrogel designed.” They found that this hydrogel could
significantly accelerate the healing rate of corneal wounds. By
four weeks after surgery, HEP@GEL had almost completely
helped the cornea repair (Fig. 8D).

In recent decades, highly tunable gel substances have
garnered significant attention as potential vitreous substitutes,
aiming to replicate the natural vitreous in terms of morpho-
logical structure, mechanical function, physiological and
biochemical properties, and biocompatibility.**** Specifically,
synthetic hydrogel-based vitreous substitutes have emerged as
promising candidates due to their desirable attributes, such as
high-water content, excellent stability, and controllable visco-
elastic and mechanical properties.”>*” Jin, Y., et al. proposed
a novel DNA supramolecular hydrogel as a potential artificial
vitreous substitute.” The integrity of the retina and lens was
examined by ultrasound at 1 month and 2 months after surgery
(Fig. 8E i, ii). Two dark (hypoechoic) zones were observed, which
corresponded to the transparent lens and vitreous body,
respectively (labeled by dotted line biconvex and asterisk).
Chen, M., et al. designed poly (ethylene glycol) hydrogel controls
the recurrence of choroidal melanoma and preserve vision after
vitrectomy.” He, B., et al synthesized polycarboxybetaine
macromonomer hydrogel for vitreous substitute.” The
frequency sweep test was conducted to record storage modulus
change of and all the G’ values were almost constant, suggesting
they maintained a stable hydrogel state even after immersing
for 1 month. Cai, Y., et al. evaluated two peptide hydrogels and
introduced optical coherence tomography for retinal micro-
vascular detection in non-pigmented rabbits.”” Both two kind of
hydrogel (3E-OX and 3K-OX) underwent self-assembly within
the 60 min, with G’ values of approximately 1.0 x 10° and 1.5 x
10> Pa, respectively. Subsequently, a large strain (1000%) was
applied for 1 min to thin the hydrogel 3E-OX, which recovered
completely within a few minutes when the applied strain was
reduced to 0.2%, indicative of its shear-thin recovery properties.
A similar trend was observed in gel 3K-OX.
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3.3 Smart sensor

The rheological characteristics of hydrogels significantly influ-
ence their fixation capabilities and responsiveness to biomole-
cules. Hydrogels exhibiting optimal viscoelastic properties are
capable of rapidly reacting to external stimuli, such as varia-
tions in pressure and temperature, and converting these stimuli
into electrical signals, thereby enhancing the sensitivity and
stability of biosensors.”® Hydrogels with favorable rheological
properties can adapt to diverse environmental conditions,
allowing them to maintain consistent performance, which in
turn facilitates stable signal transmission in sensors.”®™**

Li, M. and his colleagues synthesized a printable intelligent
sensor.”® This sensor was based on PVA/ALG/cellulose nano-
fibers matrix material cross-linked with sodium tetraborate,
named as SPBC. The sensor can be attached to the fingers, wrist,
and other parts. The results manifested that different bending
angles result in different hydrogel strains and different resis-
tance changes (Fig. 9A i). Meanwhile, the graph of the shear rate
of each hydrogel sample is shown in Fig. 9A ii, and the viscosity
decreases gradually as the shear rate increases, which means
that SPBC hydrogel to be smoothly extruded from the printing
needle through the syringe under a certain pressure (Fig. 9A ii).
Lim, C., et al. developed a transcutaneous oxygen pressure
(tcPO2) sensor using an ultrathin functionalized hydrogel.” The
hydrogel was integrated into a three-electrode electrochemical
device contained platinum black nanostructure as the working
electrode, a platinum thin film as the counter electrode, and
a silver/silver chloride reference electrode (Fig. 9B i). The sensor
was encapsulated with a multilayer oxygen barrier film to
prevent oxygen exchange with the external environment and to
maintain the electrochemical performance of the hydrogel-
electrode interface (Fig. 9B ii). This diffused oxygen was elec-
trochemically reduced at the working electrode, allowing the
reduction current to be measured and correlated with the
oxygen concentration (Fig. 9B iii). The sensor demonstrated
reliable performance, with current readings varying with leg
position (Fig. 9B iv). Liu, W., et al. proposed a hydrogel
composed of PVA an electrocardiogram signals detection elec-
trode.*® The electrodes adhere to the skin when applied hot and
are easily and residue-free removed when applied cold (Fig. 9C).
Zhao, D., et al. synthesized device/skin interface based on an
adhesive and hydrophobic bilayer hydrogel.** This system is
capable of analyzing the results of the electroencephalogram
signals, showing the volunteer's emotional classification (posi-
tive, neutral, negative) (Fig. 9D).

4. Conclusion and future outlook

Rheology is integral to the application of hydrogels, as it
provides insights into their mechanical properties and dynamic
behavior. The rheological properties of hydrogels are influenced
by various factors, including chemical composition, cross-
linking density, degree of swelling, and environmental condi-
tions. Primarily, the chemical structure and crosslinking
density are crucial determinants of a hydrogel's rheological
properties. By modulating the crosslinking density of polymer

© 2026 The Author(s). Published by the Royal Society of Chemistry
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chains, the viscoelastic behavior of hydrogels can be tailored,
thereby enhancing their suitability for biomedical applica-
tions.'*>'® Moreover, the extent of swelling dictates the water
content within the hydrogel, subsequently influencing its flex-
ibility and mechanical strength, both of which are essential
considerations in the design of hydrogels for applications such
as drug delivery and tissue engineering.'** Additionally, varia-
tions in temperature or other external stimuli can significantly
impact the rheological properties of hydrogels, particularly in
thermoresponsive variants, which experience phase transitions
at specific temperatures, thereby altering their mechanical
characteristics.'” However, current research predominantly
focuses on material design, and there is an insufficient under-
standing of the coupling mechanisms between rheology and
critical aspects of clinical translation (such as biocompatibility,
degradation kinetics, and scalable manufacturing), which
impedes the clinical translation of high-performance rheolog-
ical hydrogels.

Future research should focus on the coupling mechanisms
between rheological behavior and the key challenges of clinical
translation (such as biocompatibility, in vivo degradation
kinetics, and the process adaptability required for scale-up
manufacture). Initially, it should systematically investigate the
quantitative effects of rheological control parameters (e.g,
crosslink density and radical generation) on cellular behavior,
and through optimization of photopolymerization kinetics and
incorporation of biodegradable crosslinking bonds, reduce
cytotoxicity while maintaining target rheological properties,
thereby addressing the “rheological performance-biocompati-
bility” challenge. Besides, developing dynamic rheological
monitoring and clinical adaptation technologies. Integrate in
situ rheological characterization (e.g., optical coherence
tomography combined with rheological imaging) with bi-
osensing techniques to track the in vivo mechanical evolution of
hydrogels in real time, thereby providing data support for
personalized therapeutic regimens. Moreover, mimicking the
dynamic rheological responses of native tissues (shear thinning
in muscle, viscoelastic hysteresis in cartilage, etc.), and devel-
oping hydrogel systems with adaptive mechanics that actively
generate rheological behaviors to enhance mechanical match-
ing with host tissues and reduce post-implantation foreign body
reactions.
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Abbreviation

HAMA Methacrylated hyaluronic acid
pDCSM- Porcine decellularized corneal stroma matrix
G hydrogel

CMC Carbodiimide metho-p-toluene sulfonate
NHS N-Hydroxy succinimide

PEG-PCL Polyethylene glycol-polycaprolactone
PDA Polydopamine

MC Methylcellulose

CHI Chitosan

PVA Polyvinyl alcohol

SEB Solid-state epidermal biomarker
tcPO, transcutaneous oxygen pressure
ECG Electrocardiogram

EEG Electroencephalogram
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