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Abstract

Agarose, a naturally derived marine polysaccharide extracted from red algae, has evolved
from a conventional electrophoretic matrix into a multifunctional biomaterial platform
for biomedical engineering. Its thermoreversible gelation, tunable pore structure, opti-
cal transparency, generally low immunogenicity under tested conditions, and chemical
modifiability enable applications in tissue engineering, drug delivery, molecular diagnos-
tics, immunomodulation, and cell preservation. This review critically examines recent
advances in agarose-based biomaterials, with emphasis on structure—property relation-
ships, stimulus-responsive delivery systems, regenerative scaffolds, immune-material
interactions, agarose-enabled diagnostic microdevices, and DMSO-free cryopreservation.
Representative developments include proof-of-concept microfluidic detection of a cfDNA
surrogate and histones in spiked plasma, agarose composite hydrogels for controlled re-
lease and osteochondral repair, agarose-containing composite hydrogels investigated for
macrophage modulation, and agarose/trehalose systems that provide immediate post-thaw
viability comparable to conventional DMSO-based preservation in the reported cell model,
although post-thaw proliferation remained lower. Agarose is commercially established in
electrophoresis and bioseparation, whereas therapeutic delivery and implantable regenera-
tive systems remain predominantly preclinical. Remaining barriers include limited in vivo
degradability, insufficient intrinsic cell adhesiveness and bioactivity, trade-offs among
mechanical strength, injectability and printability, and incomplete manufacturing and regu-
latory standardization. Future work should prioritize well-defined degradation pathways,
reproducible composition—property relationships, application-specific benchmarking, and
clinically relevant validation.

Keywords: agarose biomaterials; tissue engineering; drug delivery; immunomodulation;
diagnostics; cryopreservation; translational applications

1. Introduction

Tissue engineering integrates cells, biomaterial scaffolds, and instructive microen-
vironments, with formats ranging from thin films to three-dimensional constructs [1,2].
Natural and synthetic polymers provide tunable platforms for this purpose [3]. Among
them, carbohydrate-derived polymers are valued for their structural diversity, generally
favorable biocompatibility, and potential for chemical functionalization [4-6]. These fea-
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tures have stimulated their use in tissue engineering, drug delivery, diagnostics, and other
healthcare technologies.

Among carbohydrate polymers, alginate and chitosan are widely investigated; agarose
is another important marine polysaccharide platform with distinctive thermoreversible
gelation. Agarose can be fabricated as bulk or injectable hydrogels [7-14], self-healing ad-
hesive systems [15], fibers [16,17], and 3D-printed scaffolds [18,19]. It has been investigated
for controlled delivery [20-22], cartilage and bone repair [14,23-25], wound repair [15,26],
diagnostic platforms [27,28], and cryopreservation [29].

Agarose has considerable potential in molecular diagnostics and nucleic-acid analysis
because its pore structure, optical properties, and thermoreversible processing can be tuned
for separation and sensing [27,28]. Recent work includes integrated amplification and
point-of-care devices [27,28] as well as RNA enrichment and detection strategies [30].

Recent reviews have discussed agarose-based biomaterials from complementary per-
spectives. Zarrintaj et al. summarized tissue-engineering applications [31]; Jiang et al.
reviewed agarose degradation and valorization pathways [32]; Najihah et al. surveyed
reinforced polysaccharide nanocomposite hydrogels [33]; and Huang et al. focused on
agarose hydrogels for bone tissue engineering and bioprinting [34].

However, despite these important contributions, several critical gaps remain insuf-
ficiently addressed. First, previous reviews largely focused on conventional scaffold en-
gineering or material preparation strategies, while emerging applications of agarose in
immunomodulation [35,36], biosensing [37], molecular diagnostics [38], cryopreserva-
tion [29], and intelligent biofabrication [39] have not been systematically discussed. Second,
the structure-property—function relationship of agarose across diverse biomedical scenarios
remains fragmented, particularly regarding how gelation behavior, mechanical tunabil-
ity, porosity, and biointerface characteristics govern translational performance. Third,
limited attention has been paid to the clinical translation potential of agarose biomate-
rials, including sterilization, large-scale manufacturing, regulatory considerations, and
long-term biosafety.

Therefore, this review aims to provide a comprehensive and critical overview of
agarose-based biomaterials, covering their structural characteristics, rheological proper-
ties, modification strategies, and emerging biomedical applications. Particular emphasis
is placed on recent advances in immunomodulation, tissue repair, diagnostics, cryop-
reservation, and translational medicine. In addition, current clinical status, regulatory
considerations, translational barriers, and future perspectives are critically discussed to
clarify the opportunities and remaining challenges for the clinical development of agarose-
based systems. To enable a critical comparison across these application areas, this review
examines not only the reported performance of agarose-containing systems but also the
specific function of agarose within each formulation, the contribution of additional com-
ponents, the maturity of the supporting evidence, and the barriers to translation. Where
component-matched controls are unavailable, effects observed in multicomponent systems
are interpreted as formulation-level outcomes rather than as intrinsic properties of agarose.

A qualitative survey of studies published during the past five years highlights
several active themes, including immunomodulatory hydrogels [40,41], 3D biofabri-
cation [39,42-44], microphysiological systems [45,46], and cryopreservation and cell-
protection strategies [29,47—-49]. Single-cell methods are also beginning to provide higher-
resolution assessment of cell-material responses [50].

To identify recent research trends, 2910 research articles published between 2021 and
2025 were retrieved from the Web of Science Core Collection on 31 August 2026. The
search combined “agarose” with terms related to biomaterials, tissue engineering, drug
delivery, diagnostics, immunomodulation, and cryopreservation. A co-occurrence analysis
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of author keywords was performed using VOSviewer 1.6.20 with full counting. After
synonymous terms were merged and general terms were removed, 59 keywords occurring
at least 11 times were grouped into eight clusters (Figure 1). “Hydrogel” formed the central
node, linking major topics in tissue engineering, drug delivery, biofabrication, biological
evaluation, and diagnostic applications.
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Figure 1. Co-occurrence network of author keywords in agarose-related biomedical research pub-
lished between 2021 and 2025. Node size represents the frequency of keyword occurrence, node color
indicates the corresponding thematic cluster, and connecting lines show co-occurrence relationships
between keywords.

2. Agarose Chemistry and Properties

Agarose gelation is commonly described in three phases: induction, gelation, and
pseudo-equilibrium. On cooling, agarose chains undergo coil-to-helix transition, followed
by aggregation of helical domains into junction zones; hydrogen-bond-mediated physical
association is central to network formation [51,52]. In contrast to polysaccharides that
often require purpose-designed chemical crosslinking [53], agarose can form a network by
physical gelation without covalent crosslinkers [51,52,54].

Agarose gel is an elastic and turbid material formed by the natural non-ionic polysac-
charide agarose in aqueous solution. Fibrous micelles formed by agarose molecules
act as crystalline junction zones, interconnected by polymer chains to construct a three-
dimensional network. The resulting gel can stably retain water in its structure and maintain
a specific morphology. Its elasticity originates from the entropic elasticity of agarose molecu-
lar chains connecting the crystalline junction zones. Its three-dimensional network structure
resembles the extracellular matrix (ECM), providing a simulated microenvironment for
biology-related research [55].
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These properties support applications that bridge research and industry, including
native and analytical electrophoresis [56-59], affinity chromatography and protein purifica-
tion [60,61], microbial-cell encapsulation [62,63], diagnostic biosensors [64,65], controlled
drug delivery [20-22], organoid and microphysiological platforms [45,66], cosmetic rhe-
ology modification [67], and bone-scaffold fabrication [68]. Additional uses illustrate the
breadth of the platform: agarose fibers and humidity sensors [16,69], protein-crystallization
media [70], spheroid enrichment [71], exosome-related affinity workflows [61,72], light-
and humidity-responsive actuation [73], transparent tissue phantoms for electrode inser-
tion [74,75], and agarose supports for enzyme immobilization [76,77]. The microscopic
evolution of the agarose network during cooling and gel formation is schematically illus-
trated in Figure 2.
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Figure 2. Schematic illustration of the microscopic environment evolution of an encapsulated

L

guest during the three-stage sol-gel transition of agarose upon cooling (induction, gelation, and
pseudo-equilibrium). Lines represent agarose polymer chains, and the closed sphere represents the
encapsulated guest. Reprinted with permission from [52].

3. Agarose in Biomedicine
3.1. Separation and Detection of Nucleic Acids and Proteins

Disease diagnosis, therapeutic-response assessment, and prognosis increasingly rely
on the combined measurement of protein and nucleic-acid biomarkers [78-80]. Because het-
erogeneous diseases are not always captured by a single marker, multiplex and multimodal
assays are an important direction for in vitro diagnostics and point-of-care testing, span-
ning conventional immunoassays, chemiluminescent formats, and nucleic-acid /hydrogel
systems [79-82].

Most in vitro diagnostic workflows rely on nucleic-acid amplification or immunoas-
says, while multiplex analysis is increasingly important for improving diagnostic speci-
ficity [79,80,82]. Combined detection of protein and nucleic-acid biomarkers may be
especially useful for complex conditions such as sepsis [83,84].

By changing agarose concentration and processing conditions, pore size can be tuned
for biomolecular separation. Agarose also provides an optically compatible, porous matrix
for fluorescence and colorimetric readout, and can be integrated into electrophoretic and
sensing platforms [56,57,65].

Sepsis is a life-threatening syndrome involving systemic and microcirculatory dys-
function and a major global health burden [85-87]. Circulating cell-free DNA (cfDNA) and
histones are increasingly investigated as complementary biomarkers of host injury, severity,
and outcome [83,84,88].

Shahriari and Selvaganapathy [89] developed an agarose-gated microfluidic device
for the simultaneous fluorescence detection of a 150 bp DNA fragment used as a cfDNA
surrogate and histones in plasma. Dehydrated agarose gates containing immobilized dyes
rehydrate on sample loading, enabling on-chip staining and spatial separation in less than
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20 min using 30 pL of plasma. The assay was evaluated using DNA and histones spiked
into plasma at concentrations selected to represent healthy individuals, sepsis survivors,
and non-survivors; clinical patient samples were not tested.

Compared with LC-MS/MS-based histone analysis [88], the agarose-gated device [89]
offers a faster workflow, smaller sample requirement, and simpler instrumentation. How-
ever, the fluorescence assay does not distinguish individual histone species and was eval-
uated using spiked rather than clinical plasma, whereas the LC-MS/MS method was
applied to plasma samples from critically ill patients [88]. The agarose-gated device should
therefore be regarded as an analytical proof of concept rather than a clinically validated
diagnostic platform. Testing with patient samples and broader analytical validation are still
required before point-of-care use. Paper-based microfluidic fabrication methods provide
alternative low-cost device-manufacturing routes [90,91], but do not replace the analytical
and clinical validation required for the agarose-gated assay.Representative proof-of-concept
results obtained with this integrated microfluidic device are shown in Figure 3.

Agarose rehydration Agarose rehydration Agarose rehydration

(b)

o
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Healthy person Survivor
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Figure 3. Proof-of-concept detection of a cell-free DNA (cfDNA) surrogate and histones in spiked
plasma using the fully integrated microfluidic device. (a) Fluorescence images obtained from plasma
samples prepared to represent biomarker concentrations associated with healthy individuals, sepsis
survivors, and non-survivors; these conditions did not correspond to actual clinical patient groups
(top row: 150-base-pair (bp) DNA used as a cfDNA surrogate; bottom row: histones). (b) Quantitative
fluorescence intensities of DNA (green bars) and histones (orange bars) under the three simulated
conditions. Dashed circles indicate the agarose-gate regions used for fluorescence visualization.
Statistical significance was calculated using a two-tailed t-test (* p < 0.05, ** p < 0.01, and # p < 0.1;
N = 3). Reprinted with permission from [89].

3.2. Controlled Drug Release and Delivery

Unlike ionic polysaccharides, agarose forms a salt-independent, thermoreversible
physical network. Its pore architecture and diffusion behavior can be adjusted through
concentration, thermal history, and formulation; however, limited intrinsic bioactivity often
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necessitates blending or functionalization for therapeutic applications [31,92]. In unmod-
ified agarose gels, drug release is governed mainly by diffusion through the hydrated
network. Agarose therefore generally acts as a structural matrix or diffusion barrier rather
than as an intrinsically stimulus-responsive release regulator.

Agarose-based materials have been investigated as biocarriers because of their biocom-
patibility, tunable porous structure, gelation behavior, and formulation flexibility [20-22,92].
Reported release strategies include passive sustained release and pH-, magnetic-, or
acoustic-responsive delivery. These two modes should be distinguished: passive sus-
tained release generally reflects diffusion through the agarose network, whereas stimulus-
responsive behavior in agarose-containing composites is usually introduced by an added
polymer, nanoparticle, or functional group. The wider polysaccharide-carrier literature
includes chitosan, cellulose, hydroxypropyl methylcellulose, and marine-polysaccharide
systems [93-102]; these provide useful comparators but should not be used as direct evi-
dence for agarose-specific performance. Likewise, general pH-, redox-, and mechanically
active hydrogel platforms illustrate the wider stimuli-responsive design space [103-106].

Agarose-specific examples extend to photocontrolled double networks [107], porous
calcium-phosphate/agarose composites [108], electrically switchable deep-eutectic-solvent/
agarose gels [109], RGD-modified agarose microcapsules [110], and sulfated or phosphory-
lated agarose for FGF-2 release [111]. In these systems, the observed function may arise
from modification of the agarose phase itself or from the incorporated functional compo-
nent. Accordingly, the contribution of agarose should be distinguished from that of the
responsive polymer, ligand, or nanoparticle. Encapsulation and release performance vary
substantially with the drug, formulation, loading method, and test conditions; therefore,
formulation-specific metrics are more reliable than a single generalized efficiency range.
Table 1 summarizes these systems at the formulation level and identifies the specific role
attributed to agarose.

Philip et al. [112] developed an agarose—poly(acrylic acid) hybrid hydrogel as a
pressure-sensitive adhesive platform for gastrointestinal ibuprofen delivery. Agarose
formed the thermoreversible structural phase, whereas poly(acrylic acid) provided most of
the pH-dependent swelling response. The study evaluated swelling, mechanical properties,
and in vitro drug release under different pH conditions.

As shown in Figure 4, the hydrogel exhibited pH-dependent swelling, mechanical
properties, and ibuprofen release. The swelling ratio increased from 1.58 £ 0.09 at pH 1.2
to 3.29 & 0.12 at pH 7.4, while both compressive strength and Young’s modulus decreased
as the pH increased. After 24 h, approximately 15% of the incorporated ibuprofen was
released at pH 1.2, compared with approximately 65% at pH 7.4 [112]. These results
demonstrate pH-dependent release from the agarose—poly(acrylic acid) formulation under
in vitro conditions, but they do not directly establish gastric retention, reduced gastric
irritation, or in vivo intestinal targeting.

Table 1. Agarose-containing drug-delivery systems: formulation, experimental model, release
behavior, and the specific contribution of agarose.

Formulation and

Release Behavior and

Release Test and Study Specific Role of

Reported Agarose Cargo Model Controlling Agarose
Content Component
In vitro release: PBS, pH 7.4, .
37 °C, 100 rpm; cell model: Sustained release
CHAp/AG; 1wt AMX; 5-FU MG-63; antibacterial model: governed by porosity .Coa.t ns anc!
AG [113] . and drug—carrier diffusion barrier
E. coli, S. aureus, and S. 0.
: g affinity
epidermidis
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Table 1. Cont.
Formulation and Release Test and Study Release BehaYlor and Specific Role of
Reported Agarose Cargo Controlling
Model Agarose
Content Component
AG/Carbomer In vitro gastrointestinal <15% at pH 1.2 and
(crosslinked PAA); 1 g b ‘ release: pH 1.2, 6.8, and 7.4, 64.9% at pH 7.4 after Thermoreversible
AGand2g uproten 37 °C, 72 h; no cell or 24 h; PAA controlled scaffold
Carbomer/100 mL [112] animal model the pH response
CMC/AG/CeOy; 04 g . In v1£ro release: pH 5.4/7.4, 98%/ ?4 %o; controlled Mechanical
AG/40 mL [114] Quercetin 37 °C, 96 h; cell models: mainly by CMC ot
HepG2 and 1.929 and CeO, Suppo
. . Rapid BSA release;
-CD-functionalized AG; In v1§ro release: PB, pH 7.4, sustained DOX release Gel-forming
2% w/o [115] BSA; DOX 37 °C, 24 h; cell models: th h B-CD tri
° HEK-293 and HeLa rough b fatx
complexation
In vitro release: pH 5.4/7.4, pH-dependent release;
AG/CXS /il\/;o[Slzl(g]o uble Curcumin 96 h; cell models: A549 controlled mainly by Structural matrix
emuisio and 1929 CMC/MoS,
In vitro release: 3 h; ex vivo
AG/Carbopol 934P; buccal-mucosa testing; Approximately 99% .
. . . . 1 Gel-forming and
optimized formulation F9 Benzocaine; mucoadhesive release within 3 h; mucoadhesive
contained 0.3% w/v tibezonium iodide residence-time and Carbopol improved matrix
AG[117] local-tolerance evaluation in mucoadhesion a
healthy volunteers
PDA/Py-CNC/AG; In vitro release: pH 5.5/7.4, 86.3%/10.2%;
0 i . . Component of
DA/AG 8%, Paclitaxel 8 days; cell models: MCF-7 controlled by PDA and PN
Py-CNC/AG 12.5% [118] and BMEC the IPN
In vitro gastrointestinal H-dependent release
Pluronic/PMAA/AG; Cvclophosphamide release: pH 1.2/7.4,37 °C, 24 p ntr(ﬁl d mainly b Supporting
AG 0.4-1.2 wt% [119] yclophosp h; in vivo safety model: 0 PeM AA y oy network
rabbits
. o In vitro release: pH 5.4/7.4, Higher acidic release;
CS/AGZ{)%;}C[B’S%]’ AG1% Curcumin 37 °C, 96 h; cell model: controlled by CS and Matrix stabilizer
MCE-7 g-C3N4
. In vitro release: pH 5.4/7 4, 94%/49% at 48 h;
Ci/(?/ci(/)g_A]lf[?;ﬁ & 5-FU 37 °C, 96 h; cell model: controlled by CS and nydrogelk
m MCE-7 the double emulsion ramewor
AG/PVA-B-CD; 14 mg . In vitro rele.ase: P'BS, pH7.4, Fickian diffusion; 3-CD Physical gel
AG/2.5 mL [122] IBU-Na; IBU 37 °C, static, 7 h; no cell or controlled network
’ animal model hydrophobic IBU
) o In vitro release: pH 5.4/7.4, 96.0%/78.9%; .
CS/AS //UG[?ZIE? G1% 5-FU 37 °C, 96 h; cell model: controlled mainly by Suppct)r.t ng
: MCE-7 CS/GO matnx
CS/Pluronic/AG with In vitro release: pH 5.8-7 4, Sustained release
alginate beads; AG 1% Tetracycline 37 °C, 48 h; cell model: HFF2; controlled mainly by Semi-IPN matrix
w/v [124] hemocompatibility test alginate beads
. In vitro gastrointestinal RL-PO produced
Freeze-dried . .
o . release: sequential pH 1.5 — sustained, Rehydratable
AG/Eudragit; 30 mg Theophylline o . .
- 4.0 — 6.8,37°C,8h; no cell pH-independent porous matrix
AG /unit [20] .
or animal model release
AG/GQDs/a-FeyOs; ' In VIEI'O relea.se: pHb54/ 7:4, 96 {o/ 56%; controlled ' .
0.5 ¢ AG/25 mL [125] Quercetin 37 °C, 96 h; cell models: mainly by GQDs and Carrier matrix
8 HepG2 and L929 matrix interactions
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Table 1. Cont.
Formulation and Release Test and Study Release BehaYlor and Specific Role of
Reported Agarose Cargo Controlling
Model Agarose
Content Component
In vitro release: >120 h; . .
L Sustained release; Drug reservoir
Nanoassembled AG .. application model: . .
. DOX; irinotecan . . nanoparticles used and embolic
microspheres [126] TACE-oriented embolic . . .
. mainly for imaging scaffold
microspheres
AG/CS/MNPs-OA; In vitro release: pH 4.5/7.4, Higher acidic release; Porous
optimized AG/CS DOX 20 rpm, 4 days; cell model: controlled mainly by mechanical
80:20 [127] MCE-7 CS scaffold
A B
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Figure 4. pH-dependent swelling, mechanical properties, and in vitro ibuprofen release of the
agarose—poly(acrylic acid) hybrid hydrogel. (A) Swelling ratios in simulated gastric fluid (SGF,
pH 1.2), simulated intestinal fluid (SIF, pH 6.8), and phosphate-buffered saline (PBS, pH 7.4) over
24 h. (B) Cumulative ibuprofen release at pH 1.2, 4.5, 7.4, and 9.0 over 72 h. (C) Compressive strength
and Young’s modulus measured from pH 1.2 to 9.0. (D) Comparison of cumulative release at pH 1.2
and 7.4 over 24 h. Reprinted with permission from [112].

Table 1 should be interpreted at the formulation level rather than as evidence that
each response arises from agarose alone. Study models are identified as in vitro, ex vivo,
in vivo, or analytical/device, and unavailable experimental details were not inferred. In
responsive composites, agarose generally provides the hydrated matrix, pore structure,
or mechanical support, whereas pH-, magnetic-, or electrically responsive behavior may
originate primarily from the added functional component. The wireless SAW study [128]
was excluded because agarose served as a synthetic skin surrogate rather than as the
drug-delivery carrier.

Abbreviations: 5-FU, 5-fluorouracil; AG, agarose; AMX, amoxicillin; BSA, bovine
serum albumin; 3-CD, -cyclodextrin; CeO,, cerium dioxide; CHAp, carbonated hydrox-
yapatite; CMC, carboxymethyl cellulose; CS, chitosan; DA, dopamine; DOX, doxoru-
bicin; GO, graphene oxide; GQDs, graphene quantum dots; g-C3Ny, graphitic carbon
nitride; IBU, ibuprofen; IBU-Na, sodium ibuprofen; IPN, interpenetrating polymer net-
work; MNPs-OA, oleic-acid-coated magnetic nanoparticles; MoS,, molybdenum disul-
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fide; PAA, poly(acrylic acid); PB, phosphate buffer; PBS, phosphate-buffered saline; PDA,
polydopamine; PMAA, poly(methacrylic acid); PVA, poly(vinyl alcohol); Py-CNC, pyrene-
labeled cellulose nanocrystals; RL-PO, Eudragit RL PO; semi-IPN, semi-interpenetrating
polymer network; TACE, transarterial chemoembolization; x-Fe,Os, alpha-iron(IIl) oxide;
v-Al,O3, gamma-alumina. “pH-responsive” describes the complete formulation and does
not imply intrinsic pH responsiveness of agarose. Magnetic particles were considered
targeting or imaging components unless field-triggered release was demonstrated.

3.3. Tissue Repair

Agarose-based systems have been explored for bone, cartilage, skin, neural, osteo-
chondral, and infected-bone repair [14,18,68,129-133]. In most cases, agarose serves as
a hydrated structural matrix and is combined with gelatin or GelMA, hyaluronic acid,
hydroxyapatite, conductive polymers, growth factors, or antimicrobial components to
compensate for its limited intrinsic cell adhesiveness and bioactivity. Agarose-hyaluronan
wound scaffolds and BCP-CSD-agarose microspheres provide further examples of soft- and
hard-tissue formulations [134,135]. The available evidence ranges from physicochemical
characterization and in vitro cell assays to a smaller number of animal studies; therefore,
the reported outcomes should be interpreted in relation to the complete formulation and
the model used rather than as general repair functions of agarose. These studies sit within
a wider cartilage-engineering literature that includes scaffold-free printing, injectable
gelatin hydrogels, and scaffold-degradation effects on matrix development [2,42,136,137].
Representative agarose formulations, research models, and their proposed functions are
summarized in Table 2.

Table 2. Representative agarose-based hydrogels and composite scaffolds for tissue engineering and
regenerative medicine.

Formulation Intended Research Key Outcome/ Specific Role of
Application Model/Evidence Level Controlling Component Agarose
Performance depends on Hydrated
Agarose hydrogels and Bone tissue Review synthesis; no P thermogelling matrix;

modification or added

composites [34] engineering single model bioactive components limited 1ntr.1n51c cell
adhesion
Printable structural
Agarose/PEGDA/ Cartilage L929 cells in vitro;no ~ nHA improved mechanics network; PEGDA
nHA [138] engineering animal model and cell viability crosslinks and nHA
reinforces
. . Encapsulated
PMP/Fe30,@APNs/ Infected Bacterial tests, rat Viljt/r giggoﬁﬁfa};f;gg VAN-PLGA
VAN-PLGA/ bone-defect repair BMSCs and rabbit tibial activity: phosphate cement microspheres and
agarose [130] p defects Y, Phosp integrated the delivery

supported osteogenesis

phase
Agarose/hydroxyapatite Material and HA supplied .the mineral Formed the porous
Bone scaffold : phase and increased .
aerogel [68] mechanical tests only stiffness aerogel matrix
. Adjusted viscosity,
GelMA /agarose gradient Osteochondral hADMSC cytotoxicity GelMA /agarose ratio gelation and mechanics;
. . . ’ controlled layer-dependent )
scaffold [14] engineering assay; no animal model roperti GelMA provided
propethies photocrosslinking

Activated Growth-factor Human dermal Immobilized EGF retained  Immobilization carrier;
agarose-EGF [139] presentation fibroblasts in vitro proliferative activity EGF drove proliferation
DEX-PLGA /agarose Osteochondral In vitro cartﬂage DEX_PLGA. provided Retained microspheres
implant [140] repair models and canine sustained at the repair site
p P model chondroprotection P
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Table 2. Cont.

Formulation Intended Research Key Outcome/ Specific Role of
Application Model/Evidence Level Controlling Component Agarose
Agarose/hyaluronic acid ~ Photoaged-skin Flbroble}sts, zebraﬁ?h Hyaluror.uc acid enhanced Crosslinker-free
. and murine photoaging hydration and dermal .
hydrogel [132] repair . thermogelling network
models restoration
Carboxylated Tibial bone repair MGE3 cells and rat minerI:lliAz;:E(};r}:'oglgesc,llowed Reacstlllve gi%iimcHnll%atnx
agarose/SF/HA [141] P tibial defects i pp S
degradation formation
Agarose/gelatin/ . . Neural stem cells and PPy supplied conductivity  Stabilized the injectable
Spinal-cord repair and supported neuronal network and tuned
PPy [131] rat SCI model . i
differentiation modulus

Abbreviations: APNs, phytic acid dodecasodium-modified black phosphorus nanosheets; BMSCs,
bone marrow-derived mesenchymal stem cells; DEX, dexamethasone; EGF, epidermal growth factor;
Fe304, magnetite; GeIMA, gelatin methacryloyl; HA, hydroxyapatite; hADMSC, human adipose-
derived mesenchymal stem cell; nHA, nanohydroxyapatite; PEGDA, poly(ethylene glycol) diacrylate;
PLGA, poly(lactic-co-glycolic acid); PMP, Fe3O4@APNs-loaded magnesium phosphate cement scaf-
fold (sample designation used in Ref. [130]); PPy, polypyrrole; SCI, spinal cord injury; SE, silk fibroin;
VAN, vancomycin.

One reported agarose-gelatine-hydroxyapatite-minocycline nanocomposite exhibited
a compressive modulus in the range of approximately 15-25 MPa under the study’s test
conditions [142]. This mechanical response reflects the complete mineralized composite
rather than agarose alone, because gelatin and hydroxyapatite also contribute to network
reinforcement and load transfer. This range overlaps values reported for articular cartilage
and some osteochondral scaffolds [143-145], but direct comparisons should be interpreted
cautiously because specimen geometry, strain rate, hydration, and testing protocol differ
among studies. The result supports further mechanical evaluation; it does not by itself
establish equivalence to native cartilage or demonstrate functional tissue repair.

Mokhtarzade et al. [14] developed a four-layer injectable GelMA /agarose gradient
hydrogel scaffold, in which the agarose content was gradually increased to achieve a
continuous transition from the subchondral bone layer to the cartilage layer (Figure 5A). In
this system, GelMA mainly provided photocrosslinking capability and cell-adhesive motifs,
whereas agarose contributed to the formation of a cartilage-like microenvironment and
enhanced structural stability through its thermogelation properties. Moreover, the scaffold
could be sequentially injected and photocrosslinked in situ, supporting the fabrication of a
spatially graded construct. However, injectability and in situ gelation were demonstrated
as material-processing properties, whereas minimally invasive repair of an osteochondral
defect was not evaluated in an animal model.

Further investigations demonstrated that the incorporation of agarose was associated
with changes in the microstructural characteristics of the scaffold but also significantly
enhanced its mechanical properties. As the agarose content increased, the compressive
modulus of the hydrogel was markedly elevated (Figure 5B), indicating that agarose effec-
tively reinforced the hydrogel network under the reported test conditions. However, these
measurements do not establish equivalence to the load-bearing properties of native carti-
lage tissue. In addition, SEM images revealed interconnected porous architectures within
all scaffold layers (Figure 5C). Gradient variations in pore morphology were observed with
increasing agarose content, which may be relevant to cell infiltration, nutrient transport,
and extracellular matrix deposition. However, these biological functions were not directly
demonstrated by the SEM observations. The reported short-term cell-viability results
support cytocompatibility, but longer-term cell-distribution and in vivo osteochondral-
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defect studies are required to determine whether the gradient architecture improves tissue
integration and functional repair.
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Figure 5. Gradient gelatin methacryloyl (GelMA)/agarose hydrogel scaffold for osteochondral
tissue engineering and its structural and mechanical characteristics. (A) Schematic illustration of
the four-layer injectable GelMA /agarose scaffold for osteochondral defect repair through sequential
injection and in situ photocrosslinking. (B) Compressive modulus of different hydrogel layers,
demonstrating enhanced mechanical strength with increasing agarose content. (C) Scanning electron
microscopy (SEM) images of scaffold layers 1-4 (L1-L4) showing interconnected porous architectures
and gradient microstructural variations associated with the different GelMA /agarose compositions.
Reprinted with permission from [14].

3.4. Immunomodulation

Immune regulation is increasingly recognized as a determinant of tissue repair and
biomaterial integration [40,146]. Implanted materials can influence innate immune-cell
recruitment, macrophage polarization, foreign-body responses, angiogenesis, and remodel-
ing [146,147].

Agarose-based biomaterials offer a highly hydrated physical network, generally fa-
vorable biocompatibility, and low intrinsic cell adhesiveness [31,148,149]. Because agarose
networks can be formed by physical gelation rather than covalent crosslinking [51,52,54],
they can avoid residual chemical crosslinkers, although blended or chemically modified
formulations require separate cytocompatibility assessment.

Agarose-based hydrogels can influence immune-cell behavior through their physical
properties and incorporated cues [23,92,142]. In the zymosan/-carrageenan/agarose sys-
tem reported by Venkatachalam et al. [41], the changes in TNF-«, CXCL10, TLR2, and M2-
associated markers were measured after treating differentiated THP-1 macrophages with zy-
mosan rather than with the complete hydrogel. These antitumoral, macrophage-associated
effects should therefore be attributed primarily to zymosan. Agarose was used as a gelling
agent to stabilize the composite network, while t-carrageenan contributed to gel stability
and swelling. Macrophage activation is better understood as a dynamic spectrum rather
than a strict two-state system, although M1-like and M2-like labels remain useful shorthand
for predominantly inflammatory and reparative phenotypes, respectively [92,150].

The immunomodulatory behavior of agarose-based systems depends strongly on
physicochemical properties such as stiffness, pore size, surface chemistry, and incorporated
bioactive cues [146,151,152]. These parameters may influence macrophage adhesion and
polarization; however, responses are formulation- and tissue-dependent and should not be
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generalized across all agarose hydrogels. The corresponding immunomodulatory responses
and composite-hydrogel cell attachment are illustrated in Figure 6.

>
o

Fold of control
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(@)
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M1/M2-associated gene expression

Figure 6. Component-level immunomodulatory responses and composite-hydrogel cell attachment
relevant to agarose-containing systems. (A) Expression of classically activated (M1)-associated, al-
ternatively activated (M2)-associated, and Toll-like receptor 2 (TLR2) genes in differentiated human
THP-1 monocytic cells treated with zymosan; the complete hydrogel was not used in this assay.
(B) Porous morphology and attachment of murine L1929 fibroblasts observed for the zymosan/ -
carrageenan/agarose hydrogel. In the original panel labels, ZM denotes zymosan. Statistical signifi-
cance was calculated using a two-tailed f-test (**** p < 0.0001). Reprinted with permission from [41].

Agarose can also serve as a carrier for antibacterial agents and other bioactive compo-
nents [153-156]. Incorporation may enable local retention or controlled presentation, but
the release kinetics, dose, degradation behavior, and host response must be validated for
each composite.

3.5. Cryopreservation and Cell Protection

Conventional mammalian cell cryopreservation commonly relies on DMSO-based
freezing media, typically containing 5-10% DMSO with serum or serum-free basal me-
dia [157]. DMSO effectively penetrates cell membranes and reduces intracellular ice forma-
tion, thereby maintaining high post-thaw viability [157]. However, its cytotoxicity, osmotic
stress, and potential adverse effects in cell therapy products have stimulated the devel-
opment of DMSO-free cryopreservation strategies [158]. Commercial cryopreservation
media provide standardized formulations, but their performance depends on cell type,
DMSO concentration, and the post-thaw assessment time [159-161]. In contrast, trehalose
is a non-permeating cryoprotectant with low toxicity and strong water-replacement and
vitrification effects, although trehalose alone usually provides insufficient protection for
mammalian cells due to limited membrane permeability [158,162].

To reduce reliance on membrane-penetrating cryoprotectants, Wang et al. [29] in-
vestigated mammalian-cell encapsulation in 0.75% agarose hydrogels containing tre-
halose. The agarose matrix reduced ice-recrystallization-related damage, and the optimized
agarose/trehalose condition produced post-thaw viability comparable to 10% DMSO in
the reported cell system, although post-thaw proliferation remained lower.

Figure 7 and Table 3 collectively summarize the mechanisms and performance of
agarose/trehalose hydrogel-assisted cryopreservation systems. As illustrated in Figure 7,
conventional slow freezing may induce multiple forms of cryoinjury, including osmotic
dehydration, intracellular ice formation, ice recrystallization during thawing, and mem-
brane damage. Trehalose exerts cryoprotective effects mainly through the vitrification
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and water replacement hypotheses, thereby stabilizing proteins and cellular structures
during freezing. Furthermore, encapsulation of mammalian cells within agarose hydrogels
provides a confined microenvironment that restricts ice crystal growth and reduces free
water mobility, ultimately improving post-thaw cellular recovery [29].
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Figure 7. Mechanisms and strategies of agarose/trehalose hydrogel-assisted cryopreservation.
(A) Cryoinjury pathways during conventional slow freezing, including osmotic dehydration, vitri-
fication of the unfrozen fraction, ice recrystallization during warming, and subsequent membrane
damage. (B) Cryoprotective mechanisms of trehalose based on the vitrification and water replacement
hypotheses. (C) Encapsulation of mammalian cells within agarose hydrogels containing trehalose for
dimethyl sulfoxide (DMSO)-free cryopreservation. (D) Post-thaw viability of cells preserved using
different cryoprotective systems, showing immediate post-thaw viability comparable to conventional
10% DMSO in the reported cell system; equivalent post-thaw proliferation was not demonstrated.
In panel (B), gray circles represent cells, and red cross symbols indicate the inhibition of cryoinjury-
related processes. Statistical significance is indicated as (** p < 0.01 and *** p < 0.001). Reprinted with
permission from [29].

Table 3. Comparison of conventional and hydrogel-assisted cryopreservation strategies for mam-
malian cells.

Reported Post-Thaw

System Main CPA Outcome Advantages Limitations
Conventional DMSO 10% DMSO Reference condition; Simple and DMSO toxicity;
freezing [157,159-161] ’ cell-dependent widely used handling constraints
Commera.al. Formulation- Cell- and Standardized Product-specific
DMSO-containing dependent DMSO assay-dependent formulation erformance
media [159-161] p y-dep p
Trehalose only [29] 250 mM trehalose ~11% in the reported Low toxicity Poor memlia%'ane
cell model permeability
Agarose/trehalose 0.75% agarose + Compa'r able to. 10% DMSO-free, reduced Lower proliferation
o DMSO immediately . N .
hydrogel [29] 10-20% trehalose post-thaw ice recrystallization after thawing

Abbreviations: CPA, cryoprotective agent; DMSO, dimethyl sulfoxide.

https:/ /doi.org/10.3390/ gels12090832


https://doi.org/10.3390/gels12090832

Gels 2026, 12, 832

14 of 24

Table 3 compares conventional and hydrogel-assisted cryopreservation strategies.
Ten percent DMSO is a widely used benchmark. Commercial media offer standardized
formulations, but post-thaw outcomes remain cell- and assay-dependent [159-161]. Tre-
halose alone has limited efficacy for many mammalian cells because of poor membrane
permeability. In the reported study, agarose/trehalose encapsulation achieved post-thaw
viability comparable to 10% DMSO while avoiding a membrane-penetrating cryoprotectant;
however, lower post-thaw proliferation and the absence of broad cell-type and scale-up
validation remain important limitations [29].

4. Clinical Translation and Current Applications

Compared with alginate, which has established clinical use in wound-dressing prod-
ucts [163,164], agarose-based implantable and regenerative systems remain predominantly
preclinical [31,165-167]. Recent alginate and chitosan/alginate dressing studies illustrate
3D printing, metal-nanoparticle incorporation, and metal-organic-framework/curcumin
composites [168-170]; chitosan- and glucan-based dressing literature provides additional
benchmarks [101,171]. Agarose nevertheless has long-standing commercial value in elec-
trophoresis, bioseparation, and laboratory diagnostics. Table 4 therefore distinguishes
analytical-market maturity from clinical validation of implantable biomaterials.

Table 4. Comparison of physicochemical properties and clinical translation potential between alginate-

and agarose-based biomaterials.

Category

Alginate

Agarose

Natural source

Brown algae

Red algae

Gelation mechanism

Ionic crosslinking, commonly with CaZ,
rapid gelation under mild conditions

Thermoreversible physical gelation
through heating and cooling

Biocompatibility

Generally favorable, but affected by purity,
crosslinking, and formulation [163]

Generally favorable and
low-immunogenic, but affected by purity,
modification, and additives [31]

Intrinsic cell adhesion

Poor; often requires ligand modification or
polymer blending

Poor; often requires chemical modification
or composite formulation

Mechanical behavior

Soft; stability depends on ionic
crosslinking and the physiological

Good shape retention; mechanically
tunable but potentially brittle

environment
Injectability Widely egplgred thljough in situ Feasible with appropriate thermal and
ionic gelation rheological control [39]
Widely explored; printability is commonly =~ Growing use in composite bioinks and
Bioprinting improved by blending or secondary support-bath systems; limited by its

crosslinking

thermal processing window [34,39]

In vivo degradation

Composition- and formulation-dependent;
ionic networks may lose stability under
physiological conditions [163]

Limited in mammals; prolonged
persistence remains a major concern [32]

Drug delivery

Established in some wound-care formats;
other delivery systems remain mainly
preclinical [163,164]

Controlled and stimulus-responsive
systems remain predominantly
preclinical [20,113]

Tissue engineering

Wound care, cartilage, and cell
encapsulation; evidence ranges from
clinical products to preclinical
constructs [163]

Cartilage, bone, neural, and osteochondral
repair; evidence remains predominantly
preclinical [14,18,131,132]
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Table 4. Cont.

Category

Clinical maturity

Alginate Agarose
Established wound-dressing products; Widely established in analytical use, but
maturity varies across other implantable implantable systems remain mainly
applications [163,164] preclinical [56-61,165-167]

Representative products

Electrophoresis gels and bioseparation

® .
KALTOSTAT® wound dressing [164] media [56-58,60,61]

Key translational limitation

Limited mammalian degradability, low
intrinsic bioactivity, and uncertain
long-term in vivo fate [31,32,165-167]

Limited mechanical durability and ionic
stability in physiological environments

Agarose is widely established as a matrix for molecular separation and biosepara-
tion [56-58,60,61]. By contrast, therapeutic delivery, injectable scaffolds, and regenerative
implants remain largely at the preclinical or early translational stage [31,165-167]. It is there-
fore more accurate to describe agarose as a well-established analytical and bioseparation
material than as a clinically validated implantable biomaterial.

Agarose hydrogels, nanocomposites, microspheres, and injectable systems have been
extensively investigated for the controlled delivery of anticancer drugs, antibiotics, anti-
inflammatory agents, and bioactive molecules [20,112-116,128]. In addition, owing to
their extracellular matrix-like three-dimensional architecture, injectability, and bioprintabil-
ity, agarose hydrogels have been widely explored for cartilage repair, bone regeneration,
osteochondral engineering, skin repair, neural regeneration, and cell delivery applica-
tions [14,18,130-132,140,141]. Composite systems incorporating hydroxyapatite, gelatin,
hyaluronic acid, conductive polymers, or bioactive nanoparticles have further expanded
the biomedical applicability of agarose-based scaffolds.

Another emerging application is cell encapsulation and preservation. Mild processing
and a porous hydrogel network make agarose useful for microbial and mammalian cell
immobilization, organoid handling, and cryoprotection [29,47,48,63,66]. Translation will
require validation across cell types, standardized freezing and warming protocols, and long-
term functional assessment after recovery. Overall, ex vivo analytical and cell-processing
applications are more readily translatable, whereas implantable systems face additional
requirements for biodegradation, sterilization, manufacturing reproducibility, and long-
term safety.

A cross-domain comparison of the roles, evidence maturity, advantages, and transla-
tional priorities of agarose-based biomedical systems is provided in Table 5.

Table 5. Cross-domain comparison of agarose-based biomedical applications.

Application Area Role of Agarose Evidence Maturity Key Advantage Main Barrier/Priority

Established for laboratory Larger cohorts and

Diagnostics Sepgratior}, s.ensing., or separat.ion; diagr}ostic Optical clarity and standardized device
microfluidic matrix devices remain tunable pores .
validation
proof-of-concept
Formulation-
. . . L Tunable diffusi d d dent rel ;
. Matrix, diffusion Mainly in vitro and unable .1 .1.151on.an epen. en. re .ease
Drug delivery . . . compatibility with requires in vivo
barrier, or carrier preclinical ' .. C
functional additives pharmacokinetic and

safety studies
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Table 5. Cont.

Application Area Role of Agarose Evidence Maturity Key Advantage Main Barrier/Priority
Thermoselation Limited degradation
. . Structural scaffold or In vitro to preclinical "mog ! and cell adhesion;
Tissue repair . . . . porosity, and shape )
composite matrix animal studies . requires long-term
retention . .
remodeling studies
Physical matrix or Tunable physical Effects often arise from

Immunomodulation

carrier for bioactive
cues

Mainly in vitro
proof-of-concept

properties and local
cue retention

added agents; requires
component controls
and in vivo validation

Cryopreservation

Encapsulation matrix
with trehalose

Limited experimental

Reduced ice damage
without a membrane-

Lower post-thaw
proliferation; requires
broader cell and

proof-of-concept i
penetrating CPA scale-up validation

Abbreviation: CPA, cryoprotective agent.

5. Challenges and Future Perspectives

Despite the rapid development of agarose-based biomaterials in drug delivery, tissue
engineering, diagnostics, and cryopreservation, several critical challenges still hinder their
broader clinical translation. One of the major limitations of agarose is its poor biodegrad-
ability in mammals, since mammalian tissues generally lack agarase enzymes capable of
efficiently degrading agarose networks [32,172]. As a result, long-term implantation may
lead to prolonged material persistence and insufficient tissue remodeling. In addition,
native agarose exhibits relatively limited intrinsic bioactivity and lacks cell-adhesive motifs,
which may restrict cell attachment, proliferation, and tissue integration [31]. Although
composite systems incorporating gelatin, collagen, hyaluronic acid, peptides, or bioactive
nanoparticles can partially overcome these limitations, optimization of bioactivity while
maintaining structural stability remains an important challenge [32]. Adhesive-peptide
functionalization and blending with GeIMA or collagen directly introduce cell-binding sites,
whereas hyaluronic acid improves hydration and matrix-like properties and mineral fillers
are particularly relevant to bone-oriented scaffolds. Controlled chemical functionalization
may provide more reproducible bioactivity than increasingly complex multicomponent
formulations. However, these strategies do not necessarily resolve the slow degradation of
agarose; they may improve cellular or mechanical performance while leaving long-term
matrix persistence largely unchanged.

A second challenge is balancing mechanical properties, injectability, and printabil-
ity. Increasing agarose concentration can improve rigidity and shape retention but may
reduce cell migration, mass transport, or processability. Composite and shear-processed
systems offer useful design routes, but should be benchmarked under application-relevant
conditions [31,39,151].

From a translational perspective, large-scale manufacturing, sterilization, batch-to-
batch reproducibility, and regulatory pathways remain insufficiently established for many
therapeutic agarose systems [165-167]. Increasing compositional complexity can improve
performance while also complicating characterization, manufacturing control, and safety
evaluation [173,174].

Near-term work should prioritize standardized formulations, batch-release criteria,
sterilization compatibility, and application-specific benchmarks for mechanical properties,
transport, release, and cell response. Longer-term studies should develop controllable
degradation strategies, evaluate remodeling and biosafety in relevant long-term animal
models, and establish scalable manufacturing and regulatory pathways for clinically in-
tended systems. Stimuli-responsive delivery, immune-instructive scaffolds, mechanically
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robust yet processable gels, and microphysiological platforms remain valuable research
directions, but their translational benefits should be assessed against simpler formula-
tions [39,40,45,165-167,175,176].
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