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Abstract

Atherosclerosis remains a leading cause of cardiovascular mortality despite advances in
pharmacological and interventional therapies. Current treatment approaches face lim-
itations including systemic side effects, inadequate local drug delivery, and restenosis
following vascular interventions. Gel-based technologies offer unique advantages through
tunable mechanical properties, controlled degradation kinetics, high drug-loading capacity,
and potential for stimuli-responsive therapeutic release. This review examines gel plat-
forms across multiple scales and applications in atherosclerosis research and intervention.
First, gel-based in vitro models are discussed. These include hydrogel matrices simulating
plaque microenvironments, three-dimensional cellular culture platforms, and microfluidic
organ-on-chip devices. These devices incorporate physiological flow to investigate disease
mechanisms under controlled conditions. Second, therapeutic strategies are addressed
through macroscopic gels for localized treatment. These encompass natural polymer-based,
synthetic polymer-based, and composite formulations. Applications include stent coatings,
adventitial injections, and catheter-delivered depots. Natural polymers often possess intrin-
sic biological activities including anti-inflammatory and immunomodulatory properties
that may contribute to therapeutic effects. Third, nano- and microgels for systemic deliv-
ery are examined. These include polymer-based nanogels with stimuli-responsive drug
release responding to oxidative stress, pH changes, and enzymatic activity characteristic of
atherosclerotic lesions. Inorganic–organic composite nanogels incorporating paramagnetic
contrast agents enable theranostic applications by combining therapy with imaging-guided
treatment monitoring. Current challenges include manufacturing consistency, mechanical
stability under physiological flow, long-term safety assessment, and regulatory pathway
definition. Future opportunities are discussed in multi-functional integration, artificial
intelligence-guided design, personalized formulations, and biomimetic approaches. Gel
technologies demonstrate substantial potential to advance atherosclerosis management
through improved spatial and temporal control over therapeutic interventions.

Keywords: hydrogels; atherosclerosis; drug delivery systems; nanomedicine; theranostic
nanomedicine; in vitro techniques; biocompatible materials

1. Introduction
Atherosclerosis remains a leading cause of cardiovascular morbidity and mortality

worldwide, characterized by progressive accumulation of lipids, inflammatory cells, and
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extracellular matrix within arterial walls [1,2]. Traditional pharmacological approaches
include statins, antiplatelet agents, and antihypertensive medications. These therapies
address systemic risk factors but demonstrate limited efficacy in reversing established
plaques [3]. Surgical interventions such as bypass grafting provide mechanical revascu-
larization yet carry substantial procedural risks and complications. Percutaneous coro-
nary interventions include balloon angioplasty and stent implantation. These approaches
have revolutionized acute treatment by restoring blood flow through stenotic vessels [4].
However, bare metal stents frequently induce restenosis through excessive neointimal
hyperplasia, while drug-eluting stents releasing antiproliferative agents have reduced
but not eliminated this complication [5]. Current stent coatings face several limitations.
Burst release kinetics, polymer-induced inflammation, and delayed endothelial healing
predispose to late thrombosis [6]. These challenges motivate development of advanced
biomaterial platforms. Such platforms enable more precise spatial and temporal control
over therapeutic agent delivery to diseased vessel segments. They also promote favorable
vascular healing responses.

Gel-based technologies offer unique advantages for both investigating atheroscle-
rosis mechanisms and developing localized treatment strategies. Hydrogels are three-
dimensional crosslinked polymer networks containing substantial water content. They pro-
vide tunable mechanical properties, controlled degradation kinetics, and high drug-loading
capacity [7]. These platforms span multiple length scales with distinct pharmacological ap-
plications. Macroscopic hydrogels function as millimeter-scale depot formulations applied
directly at diseased sites [8]. Three primary delivery modes exist for these applications.
Stent coatings provide thin conformal layers on metallic scaffolds releasing drugs during
and after device implantation. Balloon coatings enable brief contact delivery during angio-
plasty inflation transferring therapeutics into arterial walls. Adventitial injections place
gel depots around vessel exteriors avoiding luminal exposure. These localized delivery ap-
proaches enable sustained drug release at specific vascular sites while minimizing systemic
exposure. Nanogels are submicron crosslinked polymer networks typically ranging from
fifty to two hundred nanometers [9]. They circulate systemically following intravenous
administration. Their colloidal dimensions permit extravasation through dysfunctional
endothelium. They can accumulate at atherosclerotic plaques through passive targeting or
active recognition via surface ligand modifications. Microgels represent an intermediate
scale between macroscopic depots and nanogels. These particles range from one to one hun-
dred micrometers. They are employed in specialized applications including flow-directed
embolization of plaque neovascularization or ultrasound-triggered drug release. Beyond
therapeutic applications, gel matrices provide physiologically relevant three-dimensional
environments for cell culture and tissue engineering. These platforms enable investigation
of plaque microenvironment effects on cellular behaviors under controlled conditions. They
bridge the gap between conventional two-dimensional culture and animal models [10].

Recent reviews have addressed various aspects of biomaterial applications in cardio-
vascular disease. A 2025 review by Gu et al. examined nanoparticle-based therapies for
atherosclerosis, focusing on systemic delivery without covering macroscopic depots or
modeling platforms [11]. Chen and colleagues surveyed in vitro atherosclerosis models,
discussing culture systems and microfluidic devices but not therapeutic applications [12].
Work from Guan’s group reviewed stimuli-responsive hydrogels for cardiovascular repair
across multiple diseases including myocardial infarction [13]. Grimaudo et al. examined
nanogels in regenerative medicine spanning various tissues [14]. These reviews typically
focus on either investigation tools or therapeutic delivery within specific scale ranges.
Atherosclerosis management would benefit from integrated consideration across multiple
scales. The present review addresses this gap by examining gel technologies spanning
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in vitro modeling platforms, macroscopic therapeutic depots, and nanoscale delivery ve-
hicles. This multi-scale perspective provides comparative discussion guiding material
selection for specific atherosclerosis applications.

The versatility of gel platforms arises from diverse polymer chemistries and multiple
strategies for controlling network formation and degradation [15]. Natural polymers
include polysaccharides such as hyaluronic acid, alginate, and chitosan. These materials
provide inherent biocompatibility and biological recognition through specific receptor
interactions [16]. Protein-derived materials including collagen and peptide-based hydrogels
offer cell adhesion motifs and protease-sensitive degradation matching native extracellular
matrix properties. Synthetic polymers include polyethylene glycol and polyvinyl alcohol.
These materials enable precise molecular weight control. They also permit incorporation
of stimuli-responsive groups responding to oxidative stress, pH changes, or enzymatic
activity characteristic of atherosclerotic lesions [17]. Composite approaches combine natural
and synthetic polymers or incorporate functional nanoparticles. These strategies extend
capabilities to include catalytic antioxidant activity, magnetic responsiveness, or imaging
contrast for theranostic applications.

This review covers gel-based technologies for atherosclerosis research and interven-
tion across multiple scales and application contexts. First, gel-based in vitro models are
discussed. These include hydrogel matrices simulating plaque microenvironments, three-
dimensional cellular culture platforms, and microfluidic organ-on-chip devices. Such de-
vices incorporate controlled flow to investigate disease mechanisms under physiologically
relevant conditions. Second, gel-based therapeutic strategies are addressed. Macroscopic
gels for localized treatment encompass natural polymer-based, synthetic polymer-based,
and composite formulations. Nano- and microgels for systemic delivery include polymer-
based and inorganic–organic composite nanogels with imaging capabilities. Third, a com-
parative discussion evaluates material selection tradeoffs across different gel platforms
and application requirements. Finally, current challenges are discussed. These include
manufacturing consistency, long-term safety validation, and regulatory pathway definition.
Future opportunities are also addressed. These encompass multi-functional integration, ar-
tificial intelligence-guided design, personalized formulations, and biomimetic approaches.
Throughout this review, emphasis is placed on rational design of material properties to
address specific pathophysiological features. Inherent limitations in model systems and
emerging therapeutic platforms are also recognized.

2. Gel-Based In Vitro Models for Atherosclerosis Research
2.1. Hydrogel Matrices for Plaque Microenvironment Simulation

Atherosclerosis progresses through distinct pathological stages that hydrogel mod-
els aim to recapitulate (Figure 1). Disease initiation involves endothelial dysfunction
triggered by risk factors including hyperlipidemia, hypertension, and inflammatory media-
tors [18]. Dysfunctional endothelium exhibits increased permeability, allowing low-density
lipoprotein penetration into subendothelial space. Retained lipoproteins undergo oxidative
modification, attracting circulating monocytes that differentiate into macrophages. These
macrophages internalize modified lipoproteins forming lipid-laden foam cells visible as
fatty streaks. Continued lipid accumulation generates extracellular lipid pools within
vessel walls [19]. Smooth muscle cells migrate from media into intima and proliferate
while secreting collagen and proteoglycans that form fibrous caps overlying lipid cores.
Advanced lesions develop necrotic cores containing cholesterol crystals, cellular debris, and
extracellular matrix fragments. Calcification occurs through deposition of hydroxyapatite
crystals in regions of necrosis and matrix remodeling. Vulnerable plaques characterized by
large lipid cores, thin fibrous caps, and inflammatory cell infiltration become susceptible
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to rupture [20]. Cap disruption exposes thrombogenic materials triggering platelet aggre-
gation and coagulation cascade activation. Resulting thrombi can partially or completely
occlude arterial lumens causing acute ischemic events.

Figure 1. Atherosclerosis progression from initial lesion to complicated plaque rupture. This figure
was created with MedPeer (https://image.medpeer.cn/, accessed on 10 January 2026).

Atherosclerotic plaques develop through complex cellular and matrix interactions
that traditional two-dimensional culture systems cannot adequately replicate. Hydrogel
matrices address this limitation by providing three-dimensional scaffolds whose compo-
sition, mechanical properties, and degradability can be tuned to mimic specific features
of diseased arterial tissue [21]. The native arterial wall consists primarily of collagen pro-
viding tensile strength, elastin enabling elastic recoil, and proteoglycans contributing to
water retention and compressive resistance. During atherosclerosis, this matrix undergoes
substantial remodeling including collagen accumulation, elastin fragmentation, and altered
stiffness profiles. Hydrogel platforms enable investigation of how these microenvironmen-
tal changes influence cellular behaviors by allowing independent control of mechanical
and biochemical variables [22]. Collagen hydrogels represent physiologically relevant
matrices due to collagen’s predominance in fibrous caps that stabilize plaques. Type I
collagen self-assembles into fibrillar networks through pH and temperature-mediated
mechanisms, generating structures whose stiffness depends on polymer concentration and
gelation conditions [23]. These matrices prove particularly valuable for studying vascu-
lar calcification, where extracellular vesicles secreted by vascular cells serve as mineral
nucleation sites [24]. For example, recent work employing three-dimensional collagen
hydrogels incubated with calcifying vesicles demonstrated that bisphosphonates alter
microcalcification size and morphology in time-dependent patterns. When these drugs are
added before vesicle aggregation initiates, the resulting mineral deposits exhibit reduced
size and modified crystal structure. Computational modeling indicates that drug treatment
alters calcification patterns in ways that reduce mechanical stress concentrations within
fibrous caps [25]. Another study revealed strong interdependence between collagen density
and mineral deposition patterns [26]. This investigation revealed strong interdependence
between collagen density and mineral deposition patterns. Higher collagen concentrations
constrain vesicle mobility. This promotes formation of dispersed small calcifications rather
than fewer large deposits. These observations suggest implications for plaque stability,
as computational modeling indicates that numerous small calcifications generate more
uniform stress distributions within fibrous caps compared to fewer large calcifications that
create stress concentrations.

Synthetic polymer hydrogels based on polyvinyl alcohol provide mechanical stability
and imaging capabilities complementary to collagen matrices [27]. Polyvinyl alcohol forms
physically crosslinked networks with high mechanical strength and enzymatic resistance.
These properties enable long-term stability for applications requiring repeated testing or ex-
tended observation periods [28]. Recent studies have demonstrated the utility of polyvinyl
alcohol for creating patient-specific atherosclerotic plaque phantoms that enable validation
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of emerging imaging modalities [29]. These materials can mimic the mechanical properties
of different plaque components ranging from soft lipid pools to stiff calcifications. These
phantoms enable validation of imaging algorithms by comparing measured properties
against known mechanical values. Patient-specific geometries can be created from magnetic
resonance imaging data. These phantoms maintain consistent mechanical properties over
extended periods, enabling quality control across different imaging systems. Polyvinyl
alcohol hydrogels also enable creation of intracranial atherosclerotic models with accurate
geometry and tissue-mimicking properties [30]. Phantom scans across multiple imaging
sites show high reproducibility, confirming dimensional stability under repeated scanning.

Composite hydrogel systems combining gelatin and alginate enable fabrication of arti-
ficial plaques with spatially heterogeneous composition. Razzi and colleagues developed
implantable lipid-rich hydrogels that mimic type IV atherosclerotic lesions to investigate
drug transport from stents into diseased arterial walls [31]. The fabrication involves dis-
solving gelatin in heated water, incorporating sodium alginate, and mixing in liposomes
containing physiologically relevant cholesterol and phospholipid concentrations before
molding and crosslinking with calcium chloride (Figure 2). These artificial plaques were
sutured onto everolimus-eluting stents and implanted in porcine coronary arteries for
ex vivo perfusion experiments. Mass spectrometry imaging demonstrated that lipid-rich
plaques significantly reduced drug penetration into arterial tissue compared to lipid-free
controls. This finding confirms that atherosclerotic plaque composition substantially affects
therapeutic drug distribution. The model provides a reproducible platform for systematic
studies of plaque–drug interactions in coronary disease.

Figure 2. Schematic illustration of artificial atherosclerotic plaque fabrication through sequential
mixing of gelatin, alginate, and liposomal lipid solutions followed by molding and calcium chloride
crosslinking. Reproduced with permission from reference [31]. Open access.

These hydrogel platforms provide experimentally tractable conditions for investigat-
ing atherosclerosis mechanisms. Natural matrices provide cell-instructive properties and
enzymatic degradability, while synthetic polymers offer mechanical robustness for imaging
applications. Composite approaches enable creation of structures mimicking multiple
plaque components. The reductionist nature allows systematic variation in individual
parameters to explore potential causal relationships, though simplified models cannot fully
recapitulate the cellular heterogeneity and systemic influences present in vivo.
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2.2. Three-Dimensional Cellular Models in Gel Platforms

Three-dimensional gel platforms restore aspects of native tissue architecture that
monolayer cultures lack. Cells on rigid plastic substrates experience artificial mechanical
cues and exhibit gene expression patterns diverging from in vivo counterparts [32]. Embed-
ding cells within gel matrices provides physiological extracellular matrix contacts. These
platforms enable three-dimensional cell–cell interactions. They also allow mechanical force
transmission through viscoelastic networks [33]. These platforms are valuable for studying
foam cell formation, endothelial barrier function, and inflammatory cell recruitment where
spatial organization critically influences outcomes.

Endothelial barrier models require recapitulation of basement membrane structures
separating endothelial cells from underlying pericytes. For example, porous polyvinyl
alcohol hydrogels enable the co-culture of endothelial cells and pericytes in spatially de-
fined configurations [34]. The gel separates the populations while permitting soluble factor
diffusion. Endothelial cells develop adherens junctions and impermeable barriers that
mature over several days. Nitric oxide secretion increases progressively to physiological
levels. Hemoglobin alpha expression emerges through endothelial–pericyte signaling me-
diated by factors crossing the artificial membrane. When exposed to inflammatory stimuli
and oxidized lipoproteins, the engineered endothelium exhibits increased permeability
but subsequently recovers. Introducing monocytes into this system recapitulates foam
cell formation. Monocytes adhere to activated endothelium and undergo transendothelial
migration. They differentiate into macrophages that internalize oxidized lipoproteins.
Another approach employs three-dimensional bioprinting with collagen methacryloyl to
fabricate structures incorporating multiple cell types in organized arrangements. Kim
and colleagues developed a three-dimensional bioprinted atherosclerosis model using
collagen methacryloyl hydrogel containing inflammatory macrophages, smooth muscle
cells, and endothelial cells [35]. Low-density lipoprotein treatment induced progressive
atherosclerotic changes over fourteen days (Figure 3). Exosomes isolated from baseline,
early atherosclerosis, and late atherosclerosis stages were characterized and analyzed using
proteomics and microRNA sequencing. The bioprinted model successfully recapitulated
key atherosclerotic features and provides a reproducible platform for biomarker discovery.

Figure 3. Schematic workflow of bioprinted atherosclerosis model fabrication using bioink containing
multiple cell types and low-density lipoprotein treatment to induce disease progression. Reproduced
with permission from reference [35]. Copyright 2025, IOP Publishing Ltd.

Macrophage foam cell formation within three-dimensional collagen gels enables the
investigation of lipid metabolism and inflammatory processes. Recent studies show that
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collagen seeded with monocyte-derived macrophages and exposed to oxidized lipoproteins
develops into necrotic core models [36]. The three-dimensional environment influences
foam cell kinetics and cytokine profiles compared to monolayer cultures. Incorporating
atorvastatin into collagen matrices inhibits foam cell formation and reduces pro-thrombotic
properties. Quantitative coagulation assays demonstrate that foam cell-containing gels trig-
ger rapid platelet aggregation, whereas drug treatment significantly reduces this response.
Tissue factor pathway activity measurements confirm suppression of extrinsic coagulation
initiation. This biomimetic neointimal layer provides a substrate for studying atherothrom-
bosis mechanisms and screening antithrombotic candidates. Another study showed that
chitosan hydrogels incorporating exosomes from nicotine-treated macrophages demon-
strate paracrine signaling effects [37]. These exosomes are enriched in microRNA-21-3p
and promote smooth muscle proliferation when released from gel depots. Implantation
near vessels in rat aortic injury models increases neointimal thickness compared to con-
trol exosomes. Profiling identifies microRNA-21-3p as the mediator functioning through
phosphatase and tensin homolog targeting.

These models show how gel scaffolds support the investigation of specific cell types
under three-dimensional conditions. Co-culture configurations permit the study of cell–
cell communication across tissue interfaces. The platforms are valuable for mechanistic
pathway investigation and therapeutic screening. However, models remain simplified
compared to plaque cellular complexity including multiple macrophage subsets, T lym-
phocytes, and dendritic cells. Static culture conditions also lack hemodynamic forces that
critically influence endothelial function, limitations addressed by microfluidic platforms
incorporating flow.

2.3. Microfluidic and Organ-on-Chip Gel Systems

Microfluidic platforms address limitations of static cultures by introducing controlled
flow that mimics hemodynamic forces. Wall shear stress fundamentally regulates endothe-
lial phenotype including morphology, gene expression, and inflammatory activation [38].
Laminar flow with physiological shear stress promotes endothelial quiescence. This phe-
notype is characterized by elongated morphology, elevated nitric oxide production, and
suppressed adhesion molecule expression. Disturbed flow with low or oscillatory shear
stress induces pro-inflammatory phenotypes [39]. Atherosclerotic plaques develop preferen-
tially at arterial branch points and curvatures where disturbed flow creates low-shear-stress
regions [40]. Static cultures cannot reproduce these flow-dependent phenomena. Microflu-
idic devices fabricated from transparent materials enable real-time observation of cellular
responses, while gel matrices provide structural support and extracellular matrix inter-
actions. Channel dimensions typically range from tens to hundreds of micrometers to
generate physiological shear stress at achievable flow rates.

Recent studies demonstrate how gel-based microfluidic models recapitulate flow-
dependent endothelial responses. Chen and colleagues engineered a gelatin-based perfus-
able carotid artery model to investigate wall shear stress effects on endothelial dysfunction
in atherosclerosis [41]. The researchers fabricated a tuning fork-shaped structure using
enzyme-crosslinked gelatin hydrogel with physiologically accurate dimensions. Compu-
tational fluid dynamics identified two regions with distinct flow patterns. The external
carotid artery exhibited laminar flow with high wall shear stress, while the carotid sinus
showed turbulent flow with low wall shear stress. Endothelial cells cultured under perfu-
sion for twenty-four hours demonstrated progressive elongation in high shear regions but
remained disorganized in low shear areas. Low shear stress significantly increased adhesion
molecule expression and endothelial permeability. This model successfully recapitulated
atherosclerosis-prone microenvironments (Figure 4). Another approach investigates how
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matrix composition influences flow responses using microchannels coated with collagen
or fibronectin to represent healthy versus atherosclerotic phenotypes [42]. Cells on colla-
gen align uniformly with flow and establish continuous junctions. In contrast, cells on
fibronectin exhibit random orientation and disrupted barrier function. These differences
arise from altered integrin signaling through divergent matrix compositions.

 
Figure 4. Fabrication workflow of the gelatin-based perfusable carotid artery model showing assem-
bly of patterned hydrogel layers (a), endothelial cell seeding (b), and dynamic perfusion system setup
(c). Reproduced with permission from reference [41]. Open access.

These platforms integrate three-dimensional matrices with controlled flow to enable
systematic investigation of hemodynamic and biochemical variable interactions. Patient-
specific geometries and human cells provide translational relevance while small scale
enables parallel fabrication for higher throughput. However, complexity in fabrication
and maintaining sterile perfusion presents practical challenges. Despite these limitations,
organ-on-chip platforms provide valuable capabilities for investigating mechanisms under
conditions closely approximating in vivo environments.

3. Gel-Based Therapeutic Strategies for Atherosclerosis
Therapeutic gel platforms for atherosclerosis employ diverse chemical strategies to

achieve controlled drug release, tissue adhesion, and stimuli-responsive behavior. These
functional capabilities emerge from orchestrated molecular interactions within polymer
networks. The design of effective gel systems requires an understanding of how basic
intermolecular forces contribute to macroscopic material properties and therapeutic perfor-
mance. Hydrogen bonding provides structural stability and enables reversible associations.
Electrostatic interactions facilitate incorporation of charged therapeutics and modulate
network crosslinking density. Coordination bonds through elements such as boron enable
the formation of dynamic networks with tunable properties. Cation-π interactions and
π-π stacking contribute to structural organization and molecular recognition. Figure 5
illustrates these fundamental molecular interactions underlying gel-based therapeutic sys-
tems. Natural polymer hydrogels, synthetic constructs, composite materials, and nanoscale
carriers all leverage these interactions in different combinations to achieve specific thera-
peutic functions.
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Figure 5. Fundamental molecular interactions in gel-based therapeutic systems.

3.1. Macroscopic Gels for Localized Treatment
3.1.1. Natural Polymer-Based Hydrogels

Natural polymer hydrogels derived from polysaccharides and proteins provide inher-
ent biocompatibility and biodegradability for localized atherosclerosis treatment. These
materials structurally resemble native extracellular matrix components, facilitating tissue
integration while minimizing foreign body responses. Carboxyl groups in polysaccharides
like hyaluronic acid and alginate enable covalent modification and crosslinking, whereas
amine groups in chitosan permit electrostatic drug complexation [43]. Degradation prod-
ucts typically integrate into normal metabolic pathways, avoiding long-term accumulation
concerns particularly important for vascular applications involving prolonged blood and
tissue contact. Additionally, certain natural polymers possess intrinsic biological activities
including anti-inflammatory and immunomodulatory properties that may contribute to
therapeutic effects independently of or synergistically with loaded pharmaceutical agents.

Polysaccharide-based hydrogels demonstrate versatile applications through diverse
crosslinking and stimuli-responsive strategies. For example, hyaluronic acid modified
with catechol groups enables strong wet tissue adhesion for stent coatings, while disulfide
crosslinking provides redox-responsive degradation [44]. When combined with allicin
as a hydrogen sulfide donor, these coatings respond to oxidative stress in atherosclerotic
lesions through controlled drug release. Testing in rabbit models confirms reduced resteno-
sis through modulation of inflammatory pathways. Studies show that hyaluronic acid
combined with cross-linkable block copolymers enables mechanical responsiveness [45].
These hydrogels exhibit differential drug release under varying stenosis degrees. The
CD44 receptor-binding capacity of hyaluronic acid also enables macrophage targeting in
composite formulations with alginate. Calcium-mediated ionic crosslinking of hyaluronic
acid and alginate creates dual-network hydrogels suitable for adventitial injection. Loading
with interleukin-33 antibody and injecting into rat aorta adventitia reduces neointimal
thickness for three weeks following single administration [46]. Recent work on alginate-
based formulations leveraging guluronic acid block coordination with calcium ions has
provided tunable mechanical properties for stent coatings [47]. Incorporating polysac-
charides derived from Pueraria lobata with dual crosslinking strategies shows superior
prevention of restenosis and thrombosis (Figure 6). Chitosan’s cationic nature at physi-
ological pH facilitates mucoadhesive delivery approaches that bypass hepatic first-pass
metabolism. Chitosan nanoparticles incorporated into thermosensitive poloxamer ma-
trices show sustained drug release with improved bioavailability. Nasal administration
formulations show substantial bioavailability improvement compared to oral delivery in
atherosclerosis models [48].
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Figure 6. Plasma-reinforced dual-crosslinked Pueraria hydrogel coating for synergistic atherosclerosis
intervention. Reproduced with permission from reference [47]. Open access.

Peptide-based and protein-derived hydrogels leverage molecular recognition through
designed amino acid sequences. Short peptides incorporating insulin-like growth factor-
1 motifs conjugated with naproxen form self-assembling β-sheet nanofibers with dual
functionality. Subcutaneous injection in atherosclerotic mice shows efficacy comparable to
recombinant protein in reducing lesion area [49]. D-amino acid peptides with naphthalene
groups achieve macrophage-selective targeting. These supramolecular hydrogels gradually
disassemble after injection, enabling selective activation of reverse cholesterol transport [50].
Autologous platelet-rich gel represents a clinically accessible approach harnessing thrombin-
mediated fibrin polymerization. The fibrin matrix enriched with platelet-derived growth
factors provides angiogenic and endothelial function enhancement. Retrospective analysis
of diabetic patients with lower limb atherosclerotic disease shows seventy percent pain
reduction and substantial improvements in walking distance and ankle-brachial index after
twelve weeks of treatment [51].

Despite these advantages, natural polymer platforms face inherent limitations that
complicate their application in atherosclerosis interventions. Biological sourcing introduces
batch-to-batch variability in molecular weight distributions and functional group densi-
ties. This inconsistency directly affects gelation kinetics and drug release profiles, creating
challenges for drug-eluting stent coatings where reproducible performance is essential
for regulatory approval and clinical safety [52]. Polysaccharide materials exhibit composi-
tional fluctuations between production lots. Alginate guluronic acid content varies with
cultivation conditions, causing unpredictable calcium-mediated crosslinking densities and
degradation rates in adventitial depot applications [53]. Protein-derived materials present
additional concerns in atherosclerosis treatment, where the disease itself involves chronic
vascular inflammation. Xenogeneic collagens may elicit antibody responses that exacerbate
existing inflammatory processes within plaques. Recombinant protein systems can retain
residual endotoxins that trigger additional immune activation in already inflamed arterial
tissue [54]. Polysaccharide matrices demonstrate high water retention, causing substantial
swelling under physiological conditions. This volume expansion becomes problematic in
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space-constrained vascular applications, where excessive swelling could narrow lumens or
compress surrounding tissue. Rapid enzymatic degradation limits sustained therapeutic
delivery [55]. Atherosclerosis progression occurs over months to years, yet many natural
polymer hydrogels degrade within weeks under proteolytic conditions present in inflamed
plaques [56]. This temporal mismatch necessitates frequent reintervention or dosing ad-
justments. These constraints motivate development of synthetic polymer alternatives and
hybrid composite formulations that balance biological recognition with manufacturing
consistency and extended functionality.

3.1.2. Synthetic Polymer-Based Hydrogels

Synthetic polymer hydrogels provide precise molecular control unavailable with bio-
logically sourced materials. Defined molecular weights, narrow polydispersity, and specific
functional group distributions enable systematic optimization of mechanical properties and
degradation kinetics through rational design [57]. Polyethylene glycol, polyvinyl alcohol,
and acrylic polymers represent widely investigated platforms for vascular applications [58].
The absence of batch-to-batch variability facilitates regulatory approval and clinical transla-
tion. Chemical versatility permits incorporation of stimuli-responsive moieties responding
to oxidative stress, pH changes, or enzymatic activity characteristic of atherosclerotic mi-
croenvironments. Polyethylene glycol-based hydrogels have become prominent in vascular
interventions due to biocompatibility and protein adsorption resistance. The antifouling
properties arise from high chain mobility and strong hydration creating entropic barriers
against protein deposition [59]. This characteristic proves valuable for drug-coated bal-
loons, where minimizing unintended protein interactions maintains drug bioavailability
during brief vessel contact. For example, dopamine-modified oxidized dextran crosslinked
with caffeic acid derivatives and macromolecular nitric oxide donors through Schiff base
chemistry creates dual responsive networks [60]. Phenylboronic ester linkages respond to
elevated reactive oxygen species through hydrolytic cleavage, while Schiff bases provide
pH-sensitive degradation. This architecture enables gradual disintegration at lesion sites
characterized by oxidative stress and acidic conditions. Released caffeic acid scavenges
reactive oxygen species and restores tight junction integrity, while nitric oxide delivery pro-
motes endothelial proliferation. Application as sprayable balloon coatings shows effective
barrier function restoration with reduced inflammation and smooth muscle proliferation.
Catechol-mediated adhesion between dopamine residues and tissue surfaces enables drug
retention despite transient balloon contact (Figure 7). Hydrogel-coated balloons enable
localized delivery of molsidomine [61]. This nitric oxide donor accumulates in vessel walls
with prolonged residence, undergoing gradual metabolic conversion. Studies in porcine
models show restored wall pulsatility and thromboresistance. Long-term follow-up shows
inhibition of restenotic lesion development.

Block copolymer hydrogels incorporating stimuli-responsive segments provide mor-
phological transitions responding to environmental changes. Polyethylene glycol–block–
polypropylene sulfide architecture exploits oxidation-sensitivity for controlled drug re-
lease [62]. This amphiphilic copolymer undergoes morphological transitions in response to
oxidative conditions. This oxidation-triggered disassembly provides controlled drug release
responsive to oxidative stress in atherosclerotic lesions. Loading 1,25-dihydroxyvitamin
D3 into filomicelles enables stable encapsulation of this lipophilic immunomodulatory
agent inhibiting nuclear factor kappa B signaling. Crosslinking drug-loaded filomicelles
with multi-arm polyethylene glycol creates gel networks, where filaments serve as junc-
tions. Following subcutaneous injection in atherosclerotic mice, these depots maintain
high regulatory T cell levels in lymphoid organs and lesions for weeks through sustained
low-dose delivery. Cryogenic electron microscopy confirms gradual filament oxidation
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and fragmentation into smaller micelles that exit the depot. The oxidation-responsive
degradation couples material breakdown to pathological severity, automatically adjusting
release kinetics.

 

Figure 7. Sprayable, reactive oxygen species-responsive hydrogel coatings restore endothelial barrier
integrity for functional vascular healing. Reproduced with permission from reference [60]. Copyright
2025, American Chemical Society.

Injectable hydrogels for perivascular delivery require mechanical properties with-
standing hemodynamic forces while maintaining adventitial contact. A representative
example demonstrates that thiol-terminated four-arm polyethylene glycol crosslinked
with silver-doped nanohydroxyapatite modified with dopamine achieves high mechanical
strength in injectable formulations [63]. Dopamine provides catechol groups for tissue
adhesion and enables coordination with silver ions and calcium phosphate surfaces. When
injected through perivascular interstitial space around damaged rat aortas, this hydrogel
wraps around adventitia and significantly increases stress resistance. Tensile testing of
explanted vessels demonstrates substantially higher pressure tolerance before rupture
compared to controls. Biocompatibility assessment over three weeks reveals minimal
immune infiltration, indicating well-tolerated silver-doped particles (Figure 8). The rein-
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forcement mechanism relates to the hydrogel functioning as external scaffold redistributing
mechanical loads across vessel walls.

 

Figure 8. Injectable perivascular hydrogel for mechanical reinforcement of damaged arteries. Repro-
duced with permission from reference [63]. Copyright 2023, American Chemical Society.

These synthetic platforms demonstrate how chemical versatility achieves properties
difficult to obtain with natural polymers. Multiple functional monomers within single
chains enable simultaneous optimization of mechanics, degradation, and biological activity.
Stimuli-responsive segments respond selectively to pathological signatures, while biocom-
patible spacers maintain cytocompatibility and resist nonspecific interactions. However,
synthetic polymers typically lack intrinsic biological recognition elements, necessitating
deliberate incorporation of bioactive ligands or reliance on passive physical properties.
Selection between natural and synthetic approaches involves balancing biological sophisti-
cation against chemical control, with hybrid approaches increasingly employed to capture
advantages of both material classes.

3.1.3. Composite and Multifunctional Hydrogels

Composite hydrogels integrate natural and synthetic polymers or incorporate func-
tional nanomaterials to overcome single-component limitations [64]. Natural polymers
provide bioactivity and cell recognition but often exhibit insufficient mechanical strength.
Synthetic polymers offer precise architectural control yet lack biological cues guiding
tissue integration. Composite strategies harness complementary strengths through phys-
ical blending, covalent grafting, or interpenetrating network formation [65]. Functional
nanoparticle incorporation extends capabilities by introducing catalytic activity, magnetic
responsiveness, or imaging contrast unattainable through polymer chemistry alone [66,67].

Thermosensitive blends combining synthetic block copolymers with natural polysac-
charides generate useful synergies. Poloxamer 407 undergoes reverse thermal gelation
where aqueous solutions transition from low-viscosity liquids to gels at body temperature
through micellization [68]. However, poloxamer gels exhibit limited mechanical strength
and rapid dissolution. Incorporating sodium alginate addresses these limitations through
calcium-mediated ionic crosslinking. Poloxamer combined with alginate enables endo-
luminal gel paving following coronary angioplasty [69]. Extending this concept, ternary
blends incorporating hydroxymethyl cellulose have been developed for transcatheter ar-
terial chemoembolization [70]. Hydroxymethyl cellulose increases liquid-state viscosity
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for catheter delivery while reinforcing gel networks through hydrogen bonding. When
applied for embolization, this thermosensitive hydrogel achieves effective vessel occlusion.
Temperature-triggered solidification enables controlled gelation after delivery. Poloxamer-
alginate formulations can target atherosclerotic plaque neovascularization through local
growth factor delivery [71]. Ultrasound-guided injection enables gradual release. Studies
show effective reduction in plaque burden and neovascularization density.

Nanoparticle-incorporated hydrogels provide functional enhancements beyond or-
ganic polymers alone. Collagen hydrogels loaded with tannic acid-coated manganese-
cobalt oxide nanoenzymes show promising applications for myocardial infarction sec-
ondary to coronary atherosclerosis [72]. The nanoenzymes provide catalytic antioxidant
activity, while tannic acid coating offers additional chemical antioxidant capacity, and
the collagen matrix modulates inflammatory cytokine profiles. These complementary
mechanisms produce synergistic therapeutic effects exceeding individual components.
The collagen component modulates inflammatory cytokine profiles. When injected into
infarcted hearts, this composite shows synergistic therapeutic effects improving ventricu-
lar remodeling and cardiac function. Another composite strategy focuses on autophagy
induction in atherosclerotic macrophages using iron oxide nanoparticles combined with
naproxen-conjugated peptide hydrogels [73]. The self-assembling peptide provides anti-
inflammatory action, while iron oxide activates autophagy through lysosomal accumula-
tion. This autophagic response enhances macrophage cholesterol efflux while reducing
inflammatory cytokine production and apoptosis, favoring plaque stability (Figure 9).

 

Figure 9. Functional peptide hydrogel for the synergistic treatment of atherosclerosis based on
macrophage autophagy induction and anti-inflammation. Reproduced with permission from refer-
ence [73]. Copyright 2024, American Chemical Society.
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Liposome-incorporated and multi-responsive hydrogels represent advanced compos-
ite architectures. For instance, polyethylene glycol-norbornene crosslinked with thiolated
heparin and supplemented with polyvinyl butyral forms networks designed for intimal
injury repair following carotid endarterectomy [74]. Polyvinyl butyral reduces swelling
and enhances wet surface adhesion. Cationic liposomes loaded with rapamycin are physi-
cally entrapped during gelation. Thiol-norbornene click chemistry enables rapid gelation
through bioorthogonal mechanisms proceeding efficiently in blood without external cat-
alysts. When spray-applied to injured arteries, this composite adheres to wet luminal
surfaces and maintains stability under blood flow. Alternative approaches for sustained
drug delivery have employed hyaluronic acid and sodium alginate hydrogels loaded
with poly (lactic-co-glycolic acid) rapamycin nanoparticles for adventitial injection [75].
This dual-network structure maintains therapeutic drug levels in arterial walls for weeks
following single administration. Treated vessels show significantly reduced neointimal
thickness along with decreased inflammation. Recent advances in dual-responsive stent
coatings integrate thrombin-responsive nanogels with antioxidant crosslinkers, exemplify-
ing sophisticated control strategies [76]. Nanogels containing thrombin-cleavable peptide
sequences release encapsulated apixaban during coagulation activation. Epigallocate-
chin gallate functions as crosslinker and antioxidant, detaching during oxidative stress.
This dual architecture addresses coagulation-inflammation feedback loops contributing
to stent thrombosis. Testing in atherosclerotic rabbits demonstrates inhibition of plaque
deterioration through coordinated regulation of both pathways (Figure 10).

 

Figure 10. Dual-responsive nanogel-containing stent coating addressing coagulation–inflammation
feedback. Reproduced with permission from reference [76]. Copyright 2025, Elsevier.

These composite and multifunctional hydrogels demonstrate how strategic complexity
addresses multifaceted atherosclerosis pathophysiology. Natural-synthetic combinations
balance biological recognition with mechanical robustness. Functional nanoparticle in-
corporation introduces catalytic and optical properties. Multi-responsive designs couple
material behavior to multiple pathological signatures. Table 1 summarizes representative
macroscopic hydrogel formulations discussed in this section, highlighting the diverse
crosslinking strategies, application routes, and functional properties that enable localized
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atherosclerosis treatment. However, increased complexity introduces manufacturing repro-
ducibility challenges and regulatory pathway uncertainties. Each additional component
requires independent characterization, while interactions between components must be
understood for predicting long-term performance.

Table 1. Macroscopic hydrogels for localized atherosclerosis treatment.

Material System Crosslinking and
Responsiveness Application Route Key Material Properties Reference

Catechol-modified HA
with cystamine

Amide bonding with
disulfide bonds,
redox-responsive to
oxidative stress

stent coating

H2S release from allicin,
intelligent inflammation
response, endothelial
repair promotion

[44]

HA/SA blend
Ionic gelation with
CaCO3/Ca2+ adventitial injection

IL-33 antibody delivery,
controlled degradation,
neointimal
hyperplasia inhibition

[46]

Methacrylated Pueraria
polysaccharide

Dual-network, plasma-
reinforced interface Stent coating

Controlled flavonoid release,
endothelial recovery, SMC
phenotype modulation

[47]

Chitosan-based with
glyceryl monooleate

pH-sensitive,
nasal mucoadhesive Nasal administration

Felodipine-loaded invasomes,
3.37-fold bioavailability increase,
enhanced permeation

[48]

D-Nap-GFFY
peptide nanofibers

Self-assembly into
supramolecular
nanofibers, scavenger
receptor-mediated

Subcutaneous injection

IGF-1 mimetic with
anti-inflammatory naproxen,
macrophage-selective uptake, no
hepatic lipogenesis

[49]

D-Nap-GFFY
peptide with T0901317

Self-assembled
peptide nanofibers Subcutaneous injection

Macrophage LXR activation,
ABCA1/G1 upregulation,
Kupffer cell M2 polarization

[50]

Oxidized dextran with
caffeate prodrug (B-EC)
and G-NO donor

Dual-dynamic covalent,
ROS-responsive

Ultrasonic spray
on balloon

Self-healing, controlled
antioxidant/NO release, tight
junction restoration,
wet adhesion

[60]

Hydrogel-coated
angioplasty balloon

Stable coating with >72 h
arterial retention

Balloon
catheter delivery

Molsidomine delivery, slow NO
release, vasodilation,
anti-thrombotic and
anti-proliferative

[61]

Pluronic F407/
Alginate blend

Thermal gelation + ionic
Ca2+ crosslinking

Catheter delivery for
endoluminal gel paving

Temperature-responsive
gelation, nucleic acid drug
compatibility, soft gel formation

[69]

Poloxamer 407/SA
Thermal gelation
+ ionic Ca2+

crosslinking, self-healing

Ultrasound-guided
abdominal
aorta injection

PEDF delivery,
VEGFA-dependent
neovascularization inhibition,
CD31 and MMP-2/9 modulation

[71]

Short peptide hydrogel
with Fe3O4 and NSAID

Self-assembly with
naproxen as crosslinker Subcutaneous injection

Autophagy induction via Fe3O4,
anti-inflammatory synergy, foam
cell reduction, ROS suppression

[73]

PEG-norbornene with
heparin and liposomes

Photoinitiated click
chemistry,
PVB-incorporated

Spray application for
CEA repair

Ultra-fast wet adhesion,
rapamycin-loaded liposomes,
anti-coagulation, blood
flow resistance

[74]

Nanogel-composite
coating with EGCG

Thrombin-responsive
apixaban release +
ROS-responsive
EGCG detachment

Stent coating
Self-adaptive dual-responsive,
coagulation-inflammation loop
regulation, EndMT inhibition

[76]

While direct clinical applications of gel-based therapies for atherosclerotic plaques
remain limited, related cardiovascular applications have entered clinical testing, providing
important safety and feasibility data. Several hydrogel products have progressed to clinical
trials for treating myocardial infarction and heart failure, conditions that represent severe
complications of atherosclerosis. Two alginate-based hydrogels have completed early phase
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clinical evaluation. Algisyl-LVR, administered via epicardial injection in the AUGMENT-
HF Phase II trial, showed improvements in cardiac function in patients with advanced
heart failure without introducing significant safety concerns [77]. A larger follow-up trial
is currently underway. IK-5001, delivered through intracoronary catheter injection in the
RESERVATION-1 study, forms a gel matrix in the calcium-rich infarct environment [78].
Initial results indicated acceptable safety and improved exercise tolerance in myocardial
infarction patients. An improved version of alginate hydrogel has also undergone clinical
testing in China (NCT04781660), showing preliminary cardiac function improvements
in heart failure patients. VentriGel, a decellularized porcine cardiac extracellular matrix
hydrogel, completed Phase I clinical evaluation in the United States with 15 post-infarction
patients receiving endocardial injections [79]. Six-month follow-up data supported safety
and feasibility, leading to FDA approval for Phase II trials. These cardiovascular appli-
cations suggest that hydrogel-based interventions can be safely translated to human use,
though direct targeting of atherosclerotic plaques requires further clinical investigation.

3.2. Nano- and Microgels for Systemic Delivery
3.2.1. Polymer-Based Nanogels

Nanogels are crosslinked polymer networks with dimensions typically between 50
and 200 nanometers, enabling intravenous administration and potential accumulation at
atherosclerotic sites [80]. Unlike macroscopic hydrogels functioning as localized depots,
nanogels must navigate systemic circulation including clearance mechanisms and vascular
extravasation. The three-dimensional crosslinked structure provides high drug-loading
capacity and protects labile therapeutics within the polymer matrix. Surface modification
enables incorporation of targeting ligands or stealth coatings [81]. However, the nanoscale
design introduces distinct challenges related to colloidal stability, avoidance of rapid renal
clearance, and achievement of sufficient circulation times for disease site accumulation. Size
distribution requires careful control since polydispersity leads to heterogeneous pharma-
cokinetics and unpredictable clearance patterns. Surface charge also requires optimization,
as highly charged particles activate complement and undergo rapid clearance, whereas
near-neutral particles exhibit extended circulation [82].

Natural polymer nanogels leverage polysaccharide biocompatibility while incorporat-
ing stabilizing crosslinks. For example, chitosan nanogels prepared through ionic gelation
with tripolyphosphate demonstrate utility for oral delivery of lipid-lowering drugs [83].
Cationic nature enables electrostatic drug complexation and mucoadhesive properties
prolonging gastrointestinal residence. Pravastatin-loaded chitosan nanogels show high
entrapment efficiency and sustained release properties. Studies in hyperlipidemic rats
reveal significant triglyceride and cholesterol reductions compared to commercial tablets,
indicating enhanced bioavailability. Another approach employs interpenetrating network
nanogels combining β-cyclodextrin with polyvinyl alcohol to address poor drug solubility
through dual-network structures [84]. β-cyclodextrin cavities provide hydrophobic pockets
for drug inclusion while polyvinyl alcohol contributes mechanical integrity. Rosuvastatin-
loaded formulations show substantial solubility increases and rapid release. Testing in
high-fat diet rats shows significantly lower lipid levels with improved atherosclerotic in-
dices. Alginate modified with iminodiacetic acid exhibits enhanced platinum chelation
capacity. When cisplatin serves simultaneously as crosslinking agent and drug, the result-
ing nanogels exhibit narrow size distributions [85]. These formulations show pH-sensitive
drug release with preferential release under acidic conditions. Studies using macrophage
cell lines demonstrate preferential uptake compared to endothelial cells, enabling selective
imaging and chemotherapy (Figure 11). Trehalose-modified nanogels address autophagy
induction mechanisms [86]. Copolymerization strategies enable effective trehalose in-
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corporation while maintaining colloidal stability. Cell culture and animal studies show
autophagy stimulation and significant plaque reduction.

 

Figure 11. pH-responsive alginate-cisplatin nanogels for macrophage-targeted imaging and chemother-
apy. Reproduced with permission from reference [85]. Copyright AME Publishing Company.

Synthetic polymer nanogels provide compositional precision through controlled poly-
merization. Reversible addition-fragmentation chain transfer polymerization enables well-
defined structures with narrow molecular weight distributions. Nitroxide-based nanogels
prepared through this approach exhibit core–shell architectures providing antioxidant
activity [87]. These nanoparticles show excellent stability compared to native enzymes. The
nanogels reduce foam cell formation by protecting low-density lipoproteins from oxidation
for up to one month. Polyethylene glycol nanogels enable protein encapsulation [88].
Using matrix metalloproteinase-responsive crosslinkers renders nanogels degradable in
protease-rich plaque environments. Enzyme-loaded formulations show controlled release
and reduced foam cell formation.

Stimuli-responsive nanogels responding to pathological signatures provide selective
therapeutic activation. Fibronectin-based nanogels incorporating phenylboronic ester
linkages exhibit pH-sensitive degradation combined with plaque targeting [89]. Phenyl-
boronic ester crosslinks undergo accelerated hydrolysis under acidic conditions, enabling

https://doi.org/10.3390/gels12010080

https://doi.org/10.3390/gels12010080


Gels 2026, 12, 80 19 of 31

release proportional to local acidification. Drug loading enables targeted delivery with
minimal premature leakage. Combination with ultrasound-targeted microbubble destruc-
tion enhances therapeutic efficacy. Studies in atherosclerotic rabbits demonstrate superior
plaque suppression compared to non-targeted formulations. Mechanical stress-responsive
nanogels provide an alternative triggering mechanism exploiting altered hemodynamics in
stenotic vessels [90]. Physically crosslinked networks exhibit tunable disintegration upon
elevated shear stress exposure. These nanogels remain intact under normal flow but release
cargo in stenotic regions with elevated shear stress. When loaded with anticoagulants
and tested in flow systems, these nanogels exhibit differential release responding to local
hemodynamic conditions.

These nanogel platforms show how polymer chemistry tailors nanocarrier properties
to atherosclerosis treatment challenges. Natural polymer nanogels leverage biocompatibil-
ity and biodegradability, while synthetic approaches provide compositional control. When
interpreting therapeutic outcomes, the intrinsic biological activities of polymer matrices
should be considered alongside loaded drug effects, as many polysaccharides and certain
synthetic polymers exhibit anti-inflammatory or immunomodulatory properties. Stimuli-
responsive designs couple drug release to pathological signatures including acidic pH,
oxidative stress, or altered hemodynamics. Representative examples of polymer-based and
inorganic–organic composite nanogels for systemic atherosclerosis therapy are compiled in
Table 2, illustrating the progression from conventional drug carriers to theranostic platforms
integrating imaging capabilities. However, all designs must address colloidal stability,
protein corona formation, and balancing circulation time against disease site accumulation.
Surface modification with polyethylene glycol or zwitterionic polymers extends circulation
by reducing opsonization, while targeting ligands enable active plaque marker recognition.

Table 2. Nanogels for systemic atherosclerosis therapy.

Nanogel Type Size and
Responsive Trigger Therapeutic Cargo Functional Integration Reference

Chitosan nanoparticles
converted to nanogel
with poloxamer

Ionic gelation,
sustained release Pravastatin sodium

Oral delivery, high entrapment,
reduced hemolytic toxicity,
hyperlipidemia management

[83]

β-Cyclodextrin/PVA-
co-AMPS IPN nanogels

Free radical polymerization
with MBA crosslinking,
rapid dissolution

Rosuvastatin

>70% entrapment efficiency,
>90% release in 5–30 min,
improved
pharmacodynamic efficacy

[84]

Alginate modified with
iminodiacetic acid,
ATTO655-labeled

~100 nm, highly
pH-responsive Cisplatin

Macrophage-selective uptake,
NIR fluorescence imaging,
combined chemo/radiotherapy,
reduced therapeutic dose

[85]

6-O-Acryloyl-trehalose
copolymer nanogels

67 nm, ester bond cleavage
for trehalose release, ~58%
w/w conjugation

Trehalose

Autophagy stimulation in foam
cells, lipid efflux enhancement,
non-hemolytic, excellent
colloidal stability in serum

[86]

RAFT-mediated
nitroxide nanogels

30–40 nm,
oxidation-responsive Nitroxide radicals

SOD enzymatic mimicry,
multi-ROS scavenging, LDL
protection for 1 month, foam
cell inhibition

[87]

PEG crosslinked
with MMP-
responsive elements

Confined aqueous droplet
synthesis, MMP-
triggered release

Paraoxonase-1 enzyme

Electrostatically driven template
polymerization, ox-LDL
reduction, macrophage foam
cell prevention

[88]
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Table 2. Cont.

Nanogel Type Size and
Responsive Trigger Therapeutic Cargo Functional Integration Reference

Fibronectin-modified
phenylboronic
acid-PEG nanogels

pH-sensitive Schiff
base linkages Curcumin

RGD sequence-integrin
targeting, UTMD-enhanced
delivery, anti-inflammatory +
antioxidant, plaque
progression attenuation

[89]

Mechanosensitive
PEG-based nanogels

Tunable disintegration
upon stenotic shear stress
levels, size-adjustable

Heparin

Stenosis-activated release,
minimal passive leakage, similar
clot lysis efficiency as free
drug, hemocompatible

[90]

TEMPO-grafted
Y-shaped DNA blocks
crosslinked by miRNA

Paramagnetic TEMPO via
phosphorothioate groups,
ROS-scavenging

miR-146a-5p

MRI contrast, dynamic disease
monitoring, oxidative stress
relief, plaque regression
and stabilization

[91]

Gd-DOTA and
VCAM-1
peptide-conjugated
Y-DNA assembled
with siRNA

Nucleic acid self-assembly,
inflamed
endothelium-targeted

siNF-κB
MRI-based visualization,
VCAM-1 targeting to
inflammatory endothelium

[92]

3.2.2. Inorganic–Organic Composite Nanogels

Inorganic–organic composite nanogels integrate paramagnetic ions or metal com-
plexes within polymer networks to combine therapeutic delivery with diagnostic imaging
functionality. This theranostic integration addresses challenges in therapeutic efficacy vari-
ation among individuals [93]. Incorporating imaging contrast agents enables monitoring
of nanogel accumulation, drug release, and therapeutic responses. This approach may
provide opportunities for identifying non-responding patients, adjusting dosing regimens,
and stratifying patients based on imaging profiles [94]. Gadolinium chelates are commonly
employed for magnetic resonance imaging due to strong T1 contrast effects, while param-
agnetic nitroxide radicals offer both antioxidant activity and contrast. Design challenges
involve maintaining colloidal stability of inorganic components, ensuring metal ions remain
securely chelated to prevent toxic release, and achieving sufficient contrast agent loading
without compromising drug delivery performance or circulation properties [95].

DNA-based nanogels incorporating paramagnetic functionality combine nucleic acid
self-assembly with integrated imaging capability [96]. These structures provide both
magnetic resonance contrast and treatment delivery. Nitroxide-grafted DNA nanogels
crosslinked with therapeutic microRNA combine reactive oxygen species scavenging with
imaging capacity [91]. Studies in atherosclerotic mice show plaque accumulation and
therapeutic effects (Figure 12). Gadolinium–DOTA complexes conjugated to DNA strands
achieve stronger contrast for clinical imaging [92]. By incorporating VCAM-1-targeting
peptides, these nanogels show endothelial targeting and anti-inflammatory effects. Indi-
vidual imaging studies suggest that early contrast enhancement may predict therapeutic
responses (Figure 13).

These composite nanogels incorporating paramagnetic contrast agents show potential
for personalized atherosclerosis treatment guided by imaging biomarkers. However, clini-
cal translation of these theranostic nanogels remains limited. Unlike macroscopic hydrogels
where several formulations have reached clinical testing for cardiovascular applications,
nanogel platforms for atherosclerosis remain primarily in preclinical development stages,
reflecting the additional complexities of systemic delivery including circulation stability,
targeting efficiency, and long-term biodistribution concerns.
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Figure 12. DNA-TEMPO nanogels combining antioxidant activity with magnetic resonance imaging
capability. Reproduced with permission from reference [91]. Copyright 2025, John Wiley and Sons.

 

Figure 13. VCAM-1-targeted DNA-Gd-DOTA nanogels for theranostic atherosclerosis treatment.
Reproduced with permission from reference [92]. Copyright 2025, Elsevier.
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3.3. Comparative Analysis of Gel Platforms for Atherosclerosis Treatment

Macroscopic hydrogels and nanoscale formulations operate through fundamentally
different pharmacokinetic principles [97]. Localized depots maintain drug concentrations
at implantation sites through sustained release over weeks to months. Their efficacy de-
pends on material retention against arterial pulsatile flow and controlled degradation
matching vascular healing timescales. Therapeutic effects remain spatially confined within
several millimeters from gel surfaces through diffusion-limited transport. This localization
enables high concentrations at treatment sites while minimizing systemic exposure. System-
ically administered nanogels face opposing challenges. Particle size critically determines
clearance routes where formulations below ten nanometers undergo rapid renal filtration,
while those exceeding two hundred nanometers experience accelerated hepatosplenic
uptake [98]. The therapeutic window between fifty and one hundred fifty nanometers
provides extended circulation but typically achieves only modest plaque enrichment of
two to five-fold compared to blood levels. This limited targeting efficiency necessitates
repeated dosing [99]. Extravasation through inflamed endothelium proceeds slowly and
size-selectively. These divergent pharmacokinetic behaviors establish distinct optimization
priorities where macroscopic gels require mechanical robustness, while nanogels demand
colloidal stability and prolonged circulation.

Material composition involves tradeoffs between manufacturing precision and biolog-
ical functionality. Natural polysaccharides exhibit inherent batch-to-batch compositional
variability from biological sourcing. Molecular weight distributions and functional group
densities fluctuate between production batches, causing inconsistent gelation kinetics
and degradation rates [100]. Protein-derived materials additionally face immunogenicity
concerns, where xenogeneic collagens can elicit antibody responses in sensitive popula-
tions [101]. Synthetic polymers provide superior manufacturing reproducibility through
controlled polymerization techniques. Batch consistency and molecular weight precision
facilitate regulatory characterization and large-scale production under good manufacturing
practice conditions [102]. However, synthetic backbones lack intrinsic cell recognition
motifs. Achieving biological responsiveness requires deliberate incorporation of cleavable
linkages or peptide sequences. Stimuli-responsive mechanisms face kinetic limitations,
where response rates must balance sensitivity against premature activation during storage
or circulation. Composite strategies combining natural and synthetic components capture
complementary advantages but increase formulation complexity. Manufacturing scalability
generally favors synthetic platforms, while regulatory pathways for natural polymers
benefit from historical precedent despite requiring extensive source characterization.

Application-specific requirements impose distinct performance criteria that guide ma-
terial selection. Stent coatings constrain layer thickness to maintain device flexibility during
deployment [103]. This geometric limitation restricts drug-loading capacity and necessi-
tates erosion-controlled release mechanisms rather than diffusion-based systems. Coating
adhesion must withstand expansion-induced mechanical strains. Adventitial injection
tolerates larger volumes but requires adequate gel stiffness to resist displacement around
mobile vessels [104]. Natural polymer matrices often achieve necessary mechanical prop-
erties only at higher concentrations that may compress surrounding tissue. Drug-coated
balloons demand unique rheological properties combining low viscosity during catheter
delivery with rapid tissue adhesion during brief inflation periods. Formulations must
enable substantial drug transfer into arterial walls despite luminal washout [105]. Systemic
delivery platforms face fundamentally different challenges, where achieving therapeutic
plaque concentrations from dilute circulating levels requires either active targeting through
receptor recognition or passive accumulation through enhanced permeability. Ligand-
mediated targeting provides modest improvements of two- to three-fold over non-targeted
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controls. Stimuli-responsive release triggered by plaque microenvironment signatures can
improve selectivity but faces limitations from incomplete activation and premature leakage
during circulation. These application-specific constraints necessitate matching material
capabilities to procedural requirements and therapeutic objectives.

4. Challenges and Future Perspectives
4.1. Current Challenges and Limitations

Translating gel formulations from laboratory synthesis to clinical-scale manufacturing
encounters substantial technical barriers. Crosslinking chemistries optimized in small
batches often fail during scale-up, where reaction conditions become difficult to control
uniformly [106]. Catechol oxidation reactions sensitive to dissolved oxygen concentration
exhibit irreproducible gelation kinetics in large production vessels, where oxygen gradients
develop despite mechanical stirring. Click chemistry approaches requiring precise stoichio-
metric ratios between reactive groups become challenging when mixing hundred-milliliter
volumes. Incomplete homogenization creates spatial heterogeneity in crosslink density that
manifests as inconsistent mechanical properties and drug release profiles across produc-
tion lots. Sterility requirements impose additional constraints [107]. Injectable hydrogel
formulations demand terminal sterilization or aseptic processing to meet pharmacopeial
standards. Gamma irradiation damages stimuli-responsive linkages incorporated for
controlled degradation. Phenylboronic ester bonds undergo partial hydrolysis during
autoclaving. Disulfide crosslinks experience oxidative cleavage under radiation exposure.
These chemical instabilities force adoption of aseptic manufacturing protocols that sub-
stantially increase production costs and contamination risks during multi-step synthesis
procedures. Residual solvent removal requires extensive validation [108]. Organic solvents
employed during polymer synthesis or drug loading must be reduced below the Interna-
tional Conference on Harmonization limits before clinical use. Dimethyl sulfoxide and
tetrahydrofuran commonly used for hydrophobic drug solubilization necessitate prolonged
vacuum drying. Incomplete removal leaves toxic residues that accumulate in arterial walls
following repeated local administration in atherosclerosis treatment applications.

Macroscopic hydrogels applied as stent coatings or adventitial injections must with-
stand hemodynamic forces substantially exceeding stresses replicated in benchtop testing.
Arterial pulsatile flow generates wall shear stresses between one and seven pascals in
diseased vessels [109]. Cyclic strain during cardiac cycles subjects perivascular depots to
repeated deformation. These mechanical demands frequently induce premature coating
delamination or bulk gel fragmentation within days of implantation despite weeks of
apparent stability during static in vitro culture. Achieving adequate wet tissue adhesion
represents another persistent obstacle. Blood proteins rapidly adsorb onto exposed gel
surfaces and interfere with catechol-mediated bonding mechanisms optimized for clean
substrates. Fibrinogen and albumin accumulation within minutes of blood exposure cre-
ates protein barriers, preventing direct contact between adhesive functional groups and
arterial tissue [110]. Current adhesive strategies perform unpredictably when applied
through blood-filled catheters onto protein-coated vessel walls. Degradation kinetics must
align with vascular healing timescales, as premature disintegration causes subtherapeutic
drug exposure, while excessive persistence beyond three months triggers chronic foreign
body responses. However, predicting long-term degradation behavior from accelerated
in vitro testing remains unreliable. Hydrolytic cleavage rates measured at elevated temper-
ature or pH poorly correlate with enzymatic degradation occurring within protease-rich
atherosclerotic plaques over months.

Atherosclerotic plaques exhibit complex structural heterogeneity that complicates
therapeutic delivery. Regions vary from lipid accumulations with minimal extracellular
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matrix to densely collagenous caps and mineralized deposits [111]. Each region presents
different diffusion barriers and enzymatic activities influencing local drug release kinetics.
Lipid accumulations impede hydrophilic drug transport through hydrophobic barriers.
Calcified regions create physical obstacles preventing depot penetration. Dense collagen
networks restrict macromolecular diffusion from gel surfaces into underlying tissue. Indi-
vidual patients exhibit substantial variability in inflammatory marker expression, oxidative
stress levels, and protease activity profiles. These biochemical differences cause stimuli-
responsive gels designed to activate under specific thresholds to perform inconsistently
across populations [112]. Formulations releasing drugs upon exposure to matrix met-
alloproteinases exhibit wide variations in release rates between patients with different
protease expression patterns. Oxidation-responsive systems activated by reactive oxygen
species show unpredictable performance in patients with varying degrees of oxidative
stress within lesions. This biological variability complicates clinical trial design, where
treatment responses vary substantially among individuals receiving identical formulations.

Long-term safety assessment remains inadequate for many formulations, as acceler-
ated degradation studies lasting weeks cannot reliably predict tissue responses over months
to years that gel remnants may persist at implantation sites. Degradation products from
synthetic polymers accumulate in surrounding arterial tissue with uncertain long-term
consequences. Oligomeric fragments below renal filtration thresholds distribute system-
ically and may undergo hepatic metabolism through pathways not fully characterized.
Composite hydrogels incorporating metallic or ceramic nanoparticles raise additional con-
cerns. Functional nanoparticles added for catalytic antioxidant activity or imaging contrast
undergo slow dissolution releasing ions over extended periods [113]. Manganese and iron
oxide particles incorporated in several formulations persist in vessel walls beyond intended
treatment duration. Gadolinium-containing nanogels designed for magnetic resonance
imaging face scrutiny following recognition of tissue deposition after repeated contrast
agent administration. Similar accumulation patterns may occur with therapeutic gel for-
mulations, where nanoparticle clearance from arterial walls proceeds slowly [114]. The
inflammatory microenvironment within atherosclerotic plaques potentially alters nanopar-
ticle dissolution kinetics compared to healthy tissue. Acidic pH and elevated protease
activity could accelerate particle degradation and ion release beyond rates observed during
standard biocompatibility testing in normal tissues.

Regulatory classification for gel-based atherosclerosis therapies remains incompletely
defined across major jurisdictions. Macroscopic hydrogels applied as stent coatings may
be evaluated as device constituent parts subject to biocompatibility testing under ISO
10993 standards [115]. Injectable depot formulations delivering pharmaceuticals constitute
combination products requiring separate assessment of material and drug components.
Systemically administered nanogels typically follow drug regulatory pathways despite
containing non-biodegradable polymeric structures. This classification ambiguity compli-
cates development strategies, where regulatory requirements differ substantially between
pathways. Drug-device combinations face particular scrutiny regarding component in-
teractions and combined risk profiles that exceed individual component risks. Coating
detachment releasing gel fragments into circulation creates embolic hazards not present
with either stents or drugs independently [116]. Clinical implementation faces practical
constraints in procedural compatibility. Adventitial injection around coronary arteries
requires precise volume control, where excessive volumes compress vessels or leak into sur-
rounding mediastinal tissue. Insufficient volumes fail to establish therapeutic concentration
gradients. Precise volume delivery at the narrow therapeutic range demands specialized
catheter designs enabling accurate delivery through tortuous vascular access routes. For-
mulation viscosity must balance injectability through small-gauge needles against rapid
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gelation preventing post-injection dispersion. This rheological window narrows consid-
erably when incorporating particulate drug carriers or achieving high loading densities.
Drug-coated balloon applications face analogous constraints where coating adhesion dur-
ing brief inflation periods competes with drug transfer efficiency into arterial walls despite
luminal washout.

4.2. Future Directions and Opportunities

Computational approaches integrating artificial intelligence and machine learning
offer substantial potential for accelerating gel formulation optimization beyond current
trial-and-error methodologies [117]. Training algorithms on datasets correlating polymer
composition with mechanical properties, degradation kinetics, and drug release profiles
could enable rapid computational screening of candidate formulations before synthesis.
High-throughput platforms combining automated synthesis with parallel characterization
would support development of robust predictive models guiding rational materials design.
Multi-functional platform development continues advancing toward integrated systems
combining therapeutic release with diagnostic monitoring capabilities. Future iterations
may incorporate complementary imaging modalities, enabling comprehensive assessment
of therapeutic responses, such as combining magnetic resonance contrast with optical
reporters for multi-scale visualization spanning biodistribution to cellular uptake patterns.

Biomimetic design strategies leveraging cell membrane coatings present opportunities
for improving nanocarrier performance through natural biological recognition mecha-
nisms [118]. Red blood cell membrane coating extends circulation through presentation
of self-markers inhibiting phagocytic clearance, while platelet membrane coating enables
adhesion to disrupted endothelium. Applications extending toward primary prevention
represent another direction, where long-acting gel formulations could enable proactive
cardiovascular risk management in high-risk populations through sustained, multi-month
release of protective agents. Such preventive platforms require extensive safety validation,
given administration to asymptomatic individuals, but offer potential for population-level
atherosclerosis burden reduction through early intervention before irreversible vascular
remodeling occurs.

5. Conclusions
Gel-based technologies provide versatile platforms spanning from in vitro disease

models to therapeutic delivery vehicles for atherosclerosis research and intervention. Hy-
drogel matrices enable investigation of plaque microenvironment effects on cellular be-
haviors under controlled three-dimensional conditions. Microfluidic implementations
introduce physiological flow patterns that critically influence endothelial phenotype. Macro-
scopic hydrogels for localized treatment leverage multiple material strategies. Natural
polymers provide biocompatibility and often possess intrinsic biological activities including
anti-inflammatory and immunomodulatory properties. Synthetic polymers offer chemical
versatility and manufacturing consistency. Composite designs integrate multiple mate-
rial classes. These approaches achieve sustained drug release at specific vascular sites
through stent coatings, adventitial injections, or catheter-delivered depots. Several hy-
drogel formulations have progressed to clinical testing for cardiovascular applications,
demonstrating feasibility and safety in early phase trials. Nanogels enable systemic ad-
ministration with stimuli-responsive drug release. Release triggers include pathological
signatures such as oxidative stress, acidic pH, and altered hemodynamics in stenotic vessels.
Composite nanogels incorporating paramagnetic contrast agents advance toward thera-
nostic paradigms. These enable patient stratification and treatment monitoring through
integrated imaging capabilities. Despite substantial progress, challenges remain in man-
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ufacturing consistency, long-term safety validation, and regulatory pathway definition.
When interpreting therapeutic outcomes, the intrinsic biological activities of polymer ma-
trices should be considered alongside loaded drug effects, as many polysaccharides and
certain synthetic polymers exhibit anti-inflammatory or immunomodulatory properties.
Ongoing developments in multi-functional integration, artificial intelligence-guided de-
sign, personalized formulations, and biomimetic approaches position gel technologies to
substantially impact atherosclerosis management through improved spatial and temporal
control over therapeutic interventions.
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