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ABSTRACT: Coronary  atherosclerosis  (CA)
remains a leading cause of global mortality. Its
progression is driven by complex
immunometabolic dysregulation and marked
spatial heterogeneity within  atherosclerotic
plaques, which together hinder the development
of precise therapeutic interventions. This review
proposes a nano-enabled closed-loop
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plaque microenvironmental features and enable the precise identification of spatially specific therapeutic targets, such as
NLR family pyrin domain-containing 3 (NLRP3) and triggering receptor expressed on myeloid cells 2 (TREM2). Building on
this foundation, we focus on engineering design strategies for omics-guided nanomaterial-based intervention platforms, and
comprehensively discuss stimulus-responsive nanodelivery systems (e.g., reactive oxygen species- and pH-sensitive
carriers) combined with ligand modifications (e.g., intercellular adhesion molecule-1 (ICAM-1)/vascular cell adhesion
molecule-1 (VCAM-1) targeting) to achieve site-specific delivery of drugs and nucleic acids to high-risk plaque regions.
Furthermore, we highlight the synergistic role of three-dimensional (3D) printed biomimetic scaffolds within this framework,
which provide mechanical support while enabling localized and sustained therapeutic release, thereby synergizing with
nanocarriers to enhance treatment efficacy. Importantly, this review explores how artificial intelligence and digital twin
technologies can integrate multi-omics data with patient-specific imaging information to guide the design of intervention
platforms and the development of therapeutic strategies through predictive simulation and personalized optimization. By
integrating nanotechnology, advanced manufacturing, and intelligent systems, this review delineates an engineering-driven
pathway toward closed-loop, spatially adaptive, and precision intervention for CA.

KEYWORDS: coronary atherosclerosis, immunometabolic reprogramming, multimodal omics, nanocarrier delivery, three-
dimensional (3D)-printed scaffolds, artificial intelligence

1 Introduction

Despite significant advances in lipid-lowering therapies and

revascularization techniques over the past decades, coronary
atherosclerosis (CA) remains one of the leading causes of
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cardiovascular mortality and disability worldwide. According to the
Global Burden of Disease Study 2022 (GBD 2022), coronary artery

disease accounts for over 9 million deaths annually, and its global
health burden continues to increase [1, 2]. Clinical observations
indicate persistently high recurrence rates, both in patients during
stable phases and following interventional procedures, highlighting
the limited durability and insufficient personalization of current
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therapeutic strategies, as well as their inability to adequately address
lesion heterogeneity [3].

Accumulating basic and translational studies have revealed that
CA progression is not driven solely by lipid deposition but rather
results from intricate interactions between immune-inflammatory
responses and metabolic reprogramming [4-6]. Investigations in
animal models and human atherosclerotic tissues have identified
several convergent pathogenic pathways, including activation of the
NLR family pyrin domain-containing 3 (NLRP3) inflammasome,
hypoxia-inducible factor 1-alpha (HIF-1«) signaling, and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«B)-
driven chronic inflammation. These processes are tightly coupled
with metabolic disturbances such as enhanced glycolytic flux,
impaired cholesterol efflux, and increased vulnerability to
ferroptosis, collectively promoting plaque initiation, progression,
and destabilization [7]. Concurrently, clinical research in CA is
undergoing a paradigm shift from a singular emphasis on lipid
lowering toward more refined risk stratification and earlier, more
intensive combination interventions. While early achievement and
long-term maintenance of low-density lipoprotein cholesterol (LDL-
C) targets remain central therapeutic goals, driving the application
of individualized combination therapeutic regimens in high-risk
populations. Growing attention is being directed toward residual
inflammatory risk, metabolic comorbidities, and plaque-specific
features that contribute to disease progression. Advances in imaging
and functional assessment reflect this shift, moving beyond the
evaluation of luminal stenosis alone toward integrated
characterization of plaque burden, fibrous cap integrity,
inflammatory activity, and vulnerability signatures. Together, these
developments provide a more actionable clinical framework for
addressing inter-individual heterogeneity, recognizing that patients
sharing a diagnosis of CA may require markedly different
therapeutic intensities and management strategies.

However, despite substantial advances in mechanistic
understanding, translating these insights into precision intervention
strategies remains a major challenge. Conventional tissue-level
approaches are insufficient to resolve the cellular heterogeneity and
spatial complexity within atherosclerotic plaques. Recent spatial
omics studies have revealed significant regional differences in
macrophage subpopulations, T-cell infiltration patterns, and their
associated ~ metabolic ~ states  across  distinct  plaque
microenvironments [8, 9]. Moreover, integrative multi-omics
analyses have identified novel therapeutic targets, such as the
fibroblast-immune cell interaction axis [10, 11].

Meanwhile, advances in nanomaterials and three-dimensional
(3D) printing-based engineering platforms are providing new
opportunities for therapeutic intervention in CA [12-14].
Nanocarriers such as liposomes, peptide-functionalized polymers,
and biomimetic membrane-coated nanoparticles enable selective
delivery to plaque-associated molecular markers. When combined
with pH- or reactive oxygen species (ROS)-responsive systems,
these systems allow spatially confined and precisely regulated
therapeutic modulation. Additionally, 3D-printed personalized
scaffolds, constructed based on imaging-derived anatomical
models, can replicate vascular structures while simultaneously
providing mechanical support and immunomodulatory
functions [15].

More cutting-edge developments involve integrating artificial
intelligence (AI) and digital twin systems into the design of CA
interventions. These technologies assimilate multimodal omics,
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imaging, and hemodynamic data to generate individualized
predictive models and simulate intervention outcomes [16]. This
interdisciplinary convergence provides a foundation for closed-loop
intervention workflows that encompass patient feature recognition,
target identification, intervention design, and efficacy prediction.

Against this backdrop, the present review follows a mechanism-
focused and strategy-oriented framework to systematically examine
five key aspects: (1) immunometabolic reprogramming
mechanisms in CA; (2) the application of multimodal omics to
decode lesion heterogeneity; (3) omics-guided target discovery
pipelines; (4) the design and implementation of engineering
platforms integrating nanomaterials and 3D printing technologies;
and (5) Al-enabled intelligent intervention systems and their
translational potential (Fig. 1).

2 Mechanisms of immunometabolic

reprogramming in CA

21 Immune cell networks within atherosclerotic plaques
and functionally intervenable subpopulations

Before discussing immunometabolic reprogramming, it is necessary
to define immune cell heterogeneity within atherosclerotic plaques
from a functional and intervention-oriented perspective, rather
than providing an exhaustive catalog of phenotypic subsets.
Previous studies have identified lipid-laden, tumor-associated
macrophage (TAM)-like macrophages within plaques, which
exhibit a "dual phenotype" characterized by enhanced phagocytic
activity alongside upregulated pro-inflammatory signaling, and are
closely associated with plaque progression [17, 18]. More
importantly, this cellular state displays substantial plasticity,
suggesting that plaque-resident immune cells do not represent static
terminal states but instead constitute dynamically reprogrammable
targets for intervention. This concept provides a critical theoretical
foundation for spatiotemporally precise immunomodulatory
strategies [5].

In the context of adaptive immunity, regulatory T cells (Tregs)
and T helper 17 (Th17) cells exert opposing regulatory effects on
plaque immune homeostasis. Unstable plaques are commonly
characterized by a reduction in Treg populations accompanied by
increased Th17 infiltration, leading to amplified inflammation and
disease progression [19]. Consequently, the relative abundance and
spatial organization of immune subpopulations represent not only
mechanistic features of plaque pathology but also define actionable
immunological axes for intervention. Prioritizing immune subsets
that are both functionally dominant and accessible to targeted
modulation offers a more operationally tractable framework for
therapeutic development. This approach directly informs the
rational design of nanotechnology-based delivery systems and
scaffold-guided immunoregulatory strategies, thereby bridging
mechanistic understanding with engineering-driven therapeutic
implementation.

2.2 Metabolic
intervenable axis in CA

dysregulation as a functionally

Metabolic reprogramming is one of the central drivers of CA
progression and represents a process with clear functional
tractability for therapeutic intervention. Pro-inflammatory
macrophages within atherosclerotic plaques preferentially rely on
aerobic glycolysis for energy production, whereas anti-
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Figure1 Closed-loop pathway from immuno-metabolic mechanisms to clinical translation in CA. The figure illustrates the complete pathway from the elucidation of
immuno-metabolic mechanisms—including macrophages, T cells, NLRP3 inflammasomes, HIF-1a, and NF-«B signaling—to target identification and the development
of engineered intervention platforms (nanoparticles, 3D-printed scaffolds), followed by optimization through AI and digital twin models, ultimately enabling clinical
translation (multicenter validation and individualized intervention). The bottom of the figure highlights key challenges such as high recurrence rates, interindividual
variability, and immuno-metabolic heterogeneity, underscoring the importance of interdisciplinary integration and the future potential of precision cardiovascular

interventions.

inflammatory or reparative phenotypes are more dependent on
oxidative phosphorylation and fatty acid oxidation. This metabolic
preference is tightly coupled to their effector functions [20, 21]. In
parallel, dysregulated cholesterol metabolism spans the entire
course of plaque formation and inflammatory propagation. The
accumulation of oxidized low-density lipoprotein (oxLDL) and
oxidized cholesterol within the arterial wall promotes foam cell
formation and amplifies local inflammatory responses [4, 22].

In recent years, ferroptosis, a metabolically regulated form of cell
death, has been demonstrated to be directly associated with plaque
instability. The coupling of iron overload and lipid peroxidation can
induce ferroptosis in both macrophages and vascular smooth
muscle cells (VSMCs), thereby driving necrotic core expansion and
compromising fibrous cap integrity [23, 24]. Collectively, enhanced
glycolysis, impaired  cholesterol  handling, and lipid
peroxidation/ferroptosis constitute interconnected metabolic axes
that are highly coupled to immune activation and plaque
vulnerability. From a translational and engineering-oriented
perspective, prioritizing these dominant and often spatially
restricted metabolic processes provides a rational basis for the
design of nano-enabled platforms and scaffold systems with
"sensing-and-response” capabilities. Such systems hold promise for
achieving spatiotemporal reprogramming of plaque metabolism
and, consequently, more precise modulation of disease progression.

2.3 Signaling pathways as engineering-relevant control
nodes in immunometabolic reprogramming

Within the molecular networks that govern immunometabolic
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reprogramming, several signaling pathways act as critical control
nodes that integrate metabolic stress, hypoxic adaptation, and
inflammatory signaling into a coordinated regulatory framework,
thereby shaping cellular functional states and sustaining
inflammatory responses [25]. Among these, the NLRP3
inflammasome represents a prototypical "sensor-to-effector” axis.
Metabolic stressors such as oxLDL and free fatty acids can trigger
its activation, leading to caspase-1-dependent maturation and
release of IL-1f and IL-18. In both animal models and human
unstable plaques, NLRP3 activation is closely associated with
increased inflammatory burden and plaque vulnerability [26, 27].
HIF-la is upregulated in the hypoxic and ROS-enriched
microenvironment of advanced lesions. By promoting the
transcription of glycolysis-associated genes and angiogenic factors,
HIF-1a remodels local metabolic programs. At the same time, its
crosstalk with NF-«B reinforces the production of inflammatory
cytokines, positioning HIF-1a as a cross-system node linking
hypoxia, metabolism, and inflammation [28, 29]. NF-«B serves as a
central hub for chronic inflammation and immune cell recruitment.
It induces a broad spectrum of pro-inflammatory mediators and
upregulates adhesion molecules such as intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1), thereby promoting leukocyte adhesion and
transendothelial migration. Sustained NF-xB activation is closely
correlated with increased plaque burden, and therapeutic strategies
targeting upstream kinases or transcriptional activity inhibition
continue to advance [30, 31]. Collectively, NLRP3, HIF-1q, and NF-
¥B form an interconnected regulatory network with pronounced
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spatial heterogeneity in their activation patterns. Prioritizing these
signaling nodes provides a robust conceptual foundation for
translating omics-based mechanistic insights into engineering-
driven, spatially precise therapeutic intervention strategies.

24 Spatial heterogeneity of the plaque microenvironment
as an engineering information carrier

Beyond cellular lineages and molecular pathways, atherosclerotic
plaques exhibit pronounced 3D spatial heterogeneity, which directly
shapes local immunometabolic ~states and therapeutic
responsiveness. Conventional histological sectioning provides
valuable morphological information but remains insufficient for
resolving coordinated interactions among cells, signaling pathways,
and metabolic programs within spatially confined microdomains
[32]. In contrast, spatial transcriptomics (ST) and multimodal
imaging technologies now enable high-resolution mapping of
immune cell distribution, metabolic activity, and pathway activation
across distinct plaque regions, such as the fibrous cap, necrotic core,
and shoulder areas [10].

Spatially resolved studies increasingly demonstrate that plaque
shoulder regions are enriched in activated T cells and pro-
inflammatory macrophages, whereas the necrotic core is dominated
by foam cells characterized by high lipid burden, reduced metabolic
activity, and features of iron accumulation. These regional
differences define an operational target map for region-oriented
intervention strategies [9, 33]. For example, regions with high HIF-
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inflammatory shoulder regions enriched in macrophages and
characterized by high VCAM-1 expression can serve as spatially
defined targets for the delivery of anti-inflaimmatory agents or
regulatory RNAs [9, 34]. Importantly, spatial heterogeneity also
displays dynamic temporal characteristics. During disease
progression, spatial expression patterns may shift from NF-xB-
dominated inflammatory states toward HIF-1a-driven hypoxic and
metabolic adaptation programs [35, 36] (Fig. 2 [37-43], Table 1
[9, 21, 26, 30, 37, 44-48]). Consequently, spatial information should
no longer be viewed as a purely descriptive feature but rather as an
information carrier that can be directly integrated into engineering
decision-making. Such information enables precise identification of
where and when specific immunometabolic programs
predominate, thereby guiding the design of region-specific and
temporally adaptive nanoplatforms and scaffold systems, and
supporting the implementation of closed-loop intervention
strategies.

3 Application of multimodal omics in

mechanistic investigation

3.1 Single-cell and spatial omics as tools for cellular and
regulatory decision-making

With continued technological advances, it has become evident that
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Figure2 Integrated schematic of immunometabolic reprogramming mechanisms and signaling pathways in CA. This schematic summarizes the functional balance
among immune cell subpopulations within atherosclerotic plaques, including regulatory T cells (Tregs), T helper 17 (Th17) cells, tumor-associated macrophages (TAMs),
and foam cells [37, 38]. Together, this balance determines the dynamic interplay between pro-inflammatory and immunosuppressive responses within plaques [39, 40].
Core metabolic features include enhanced glycolysis, impaired mitochondrial oxidative phosphorylation (OXPHOS), cholesterol accumulation, and increased
susceptibility to ferroptosis [41]. Key signaling pathways, NLRP3, HIF-1a, and NF-«B, cooperatively regulate immune activation and metabolic reprogramming [42, 43].
The right panel further highlights the spatial heterogeneity among distinct plaque microdomains, including the fibrous cap, necrotic core, and shoulder regions, illustrating

their region-specific cellular compositions and metabolic states.
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Table1 Overview of key immunometabolic pathways and potential therapeutic targets in CA*

Module Key components/pathways Functional roles Mechanistic features Potential intervention strategies

Foam macrophage-like subsets (e.g., Pro-inflammatory and phagocytic
TREM2'/lipid-associated dual functions; drive plaque
macrophages) [37] progression

Associated with high lipid load,
strong phagocytic activity, and
plaque instability

Modulate macrophage
polarization; inhibit foam cell
formation

Immune cell Tregs [44] Anti-inflammatory; maintain Decreased density in unstable Restore Treg function via IL-2
subsets immune homeostasis plaques or immunomodulators
Th17 cells [45] Pro-inflammatory; enhance Increased abundance in unstable  Inhibit IL-17 pathway; block
immune responses plaques; associated with heightened Th17 differentiation
inflammation
Glycolysis/fOXPHOS imbalance [21]  Pro-inflammatory macrophages ~Metabolic state determines immune  Target metabolic regulators
rely on glycolysis; anti- cell polarization (e.g., HIF-1a inhibitors, AMPK
inflammatory subtypes prefer activators)
OXPHOS
Nietfv]z,ghsc Cholesterol metabolism dysfunction OxLDL and oxidized cholesterol Trigger inflammatory spread; Enhance cholesterol efflux (via
P 4 (ABCA1) [46] accumulation > foam cell worsen plaque instability ABCA1/LXR agonists, PCSK9
formation inhibitors)
Ferroptosis [47] Iron accumulation and lipid Undermine fibrous cap stability; Use iron chelators; activate
peroxidation > cell death promote necrotic core formation GPX4
NLRP3 Inflammasome [26] Link metabolic stress with Trigger IL-1f and IL-18 release NLRP3 inhibitors (e.g.,
immune activation upon activation MCC950)
Lo HIF-1a [48] Mediate hypoxia response; Upregulate GLUT1/HK2 and induce  HIF-1« inhibitors; combine
Signaling ! Ivcolvsis and VEGE - ith anti . i th .
athways regulate glycolysis an expression with anti-angiogenic therapies
P angiogenesis
NE-«B [30] Central transcription factor in Activate TNF-a, IL-6, MCP-1;  IKK inhibitors; NF-«B signaling
chronic inflammation upregulate ICAM-1/VCAM-1 modulators
Fibrous cap region [9] Structural stability; partial High expression of Tregs and ~ Targeted therapies or stents that
metabolic activity ABCA1 preserve fibrous cap integrity
Necrotic core [9] Enriched in foam cells and iron Low metabolic activity; Interventions targeting
Spatial ions accumulation of HIF-1a and NLRP3 ferroptosis and inflammasome
heterogeneity pathways

Shoulder region [9]

Rich in Th17 cells and pro-
inflammatory macrophages

High expression of VCAM-1/ICAM-
1; strong inflammatory activity

Targeted delivery of anti-
inflammatory RNAs or
therapeutic antibodies

*AMPK: AMP-activated protein kinase; LXR: liver X receptor; PCSK9: proprotein convertase subtilisin/kexin type 9; GLUT1/HK2: glucose transporter
1/hexokinase 2; VEGF: vascular endothelial growth factor; MCP-1: monocyte chemoattractant protein-1; IKK: IxB kinase.

coronary atherosclerotic plaques exhibit substantial complexity and
heterogeneity at the cellular composition level. Accordingly, single-
cell and spatial omics approaches have evolved from descriptive
atlases into upstream decision-making tools that enable the
identification, at cellular resolution, of functionally dominant cell
populations and states most relevant for precise therapeutic
intervention [10, 49]. Within this framework, single-cell RNA
sequencing (scRNA-seq) not only defines immune and stromal cell
lineages but also reveals pronounced phenotypic plasticity of
VSMCs. For example, the C5 VSMC subpopulation, characterized
by transdifferentiation potential, has been linked to interactions
with macrophages and extracellular matrix (ECM) remodeling,
These properties indicate that such cells may represent suitable
targets for functional reprogramming rather than elimination,
thereby supporting intervention strategies aimed at preserving or
restoring plaque structural integrity instead of inducing cell
depletion [50].

ST platforms, such as GeoMX® and CosMx™, further anchor
gene expression profiles within intact tissue architecture, enabling
direct interrogation of cellular state dynamics and spatial
distributions across plaque microdomains, including the fibrous
cap, necrotic core, and shoulder regions. Through trajectory
inference and annotation frameworks, these technologies allow the
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reconstruction of cell-state transitions across different stages of
plaque development [51-53]. Integration of scRNA-seq with ST
further enables the reconstruction of spatially ordered intercellular
communication networks, resolving interactions among VSMC
subpopulations, macrophages, and endothelial cells along spatially
constrained ligand-receptor axes that cooperatively drive
inflammatory amplification and tissue remodeling. Through this
integration, spatially restricted interaction maps are converted into
engineering-actionable information that informs the rational design
of nanotechnology-based targeting strategies and scaffold-guided
interventions, while providing critical upstream inputs for closed-
loop precision therapeutic frameworks [54].

3.2 Epigenomic approaches as regulatory-layer inputs for
precision intervention

After cellular heterogeneity has been defined, epigenomic
information provides critical insight into the mechanisms
underlying cell-state transitions and identifies regulatory nodes that
are amenable to targeted reprogramming. In this context, the
epigenomic layer serves as a key interface for translating
multimodal omics data into actionable intervention strategies.
Single-cell ATAC sequencing (scATAC-seq) and CUT&Tag
profiling enable high-resolution characterization of state-specific
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chromatin accessibility landscapes and transcription factor binding
patterns, thereby offering regulatory explanations for cell-state
transitions observed in cardiovascular disease [55]. Integrated
analysis of scRNA-seq and scATAC-seq captures phenotypic
transitions among immune cells and smooth muscle cell (SMC)
subpopulations while simultaneously identifying the dynamic
regulatory programs that drive these transitions. For example, stress-
associated regulatory circuits centered on activating transcription
factor 3 (ATF3) have been shown to govern SMC phenotypic
switching and adaptive responses, providing mechanistic insight
into lineage plasticity within atherosclerotic lesions [56—58]. Further
reconstruction of gene regulatory networks (GRNs) integrates
transcriptomic and epigenomic signals into testable regulatory
models, enabling system-level dissection of how regulatory
elements cooperatively shape cellular behavior. These approaches
facilitate the identification of targetable transcription factors,
enhancer regions, and regulatory motifs, thereby defining
"regulatory-layer anchor points" for the design of nanoplatforms
and scaffold systems aimed at reprogramming specific cellular
states [59, 60]. Building upon these advances, network modeling
and dynamic simulation focused on the plaque microenvironment
are increasingly being applied to elucidate the system-level
evolution of immunometabolic reprogramming and to support
predictive, controllable intervention strategies [61, 62].

3.3 Modeling microenvironmental interactions as

network-layer inputs for precision intervention
After cellular lineages and regulatory mechanisms have been
defined, intercellular communication networks emerge as a critical

"network-layer input" for translating omics discoveries into
actionable intervention strategies. Computational frameworks such

as CellChat and NicheNet infer ligand-receptor mediated signaling
interactions from multimodal omics data, enabling systematic
reconstruction of the strength and directionality of communication
among immune cells, stromal cells, and endothelial cells within
atherosclerotic plaques [63, 64]. CellChat-based analyses of
atherosclerosis datasets have identified key communication nodes
between macrophages and endothelial cells, as well as between
macrophages and VSMCs, highlighting pathway modules that exert
disproportionate influence on inflammatory amplification and
structural remodeling [10, 65]. NicheNet further links
"ligand-receptor events" to downstream "target gene transcriptional
responses’. For example, transforming growth factor beta 1
(TGFB1)-centered signaling networks have been shown to
concurrently regulate ECM remodeling, phenotypic switching, and
inflammatory state transitions, thereby providing a principled basis
for prioritizing targets at the network level [56, 57]. Accordingly,
layered interaction maps generated through multi-tool integration
can be viewed as engineering-relevant blueprints that indicate
where and how regulatory perturbations are most likely to produce
maximal system-level effects. These maps provide essential
guidance for the early-stage design of nanodelivery systems, 3D
printing strategies, and region-specific intervention platforms
(Fig. 3, and Table 2 [8, 60, 65-68]). As spatially resolved and
multimodal datasets continue to mature, an increasing number of
high-risk pathways are being shown to exhibit both spatial
restriction and subtype specificity. Prioritizing pathway modules
defined by the combined dimensions of spatial localization, cell-
type specificity, and network topology will be a key step in
translating multi-omics discoveries into closed-loop, engineering-
driven precision intervention strategies.
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Figure3 Integrated analytical workflow of single-cell, spatial omics, and epigenomics in coronary atherosclerosis. This workflow illustrates how single-cell RNA
sequencing (scRNA-seq) and spatial transcriptomics platforms (such as GeoMX® and CosMx™) are used to identify cellular heterogeneity and spatial organization within
coronary atherosclerotic lesions. Epigenomic analyses, including scATAC-seq and CUT&Tag, are subsequently applied to characterize chromatin accessibility landscapes
and transcription factor binding patterns. These data are further integrated with computational modeling tools, such as CellChat and NicheNet, to infer intercellular
communication networks and reconstruct GRNs. Collectively, this integrative framework supports the identification of spatially and functionally relevant therapeutic
targets and provides a rational foundation for the design of engineering-driven intervention strategies. CUT&Tag: Cleavage Under Targets and Tagmentation.
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Table2 Summary of commonly used multimodal omics tools and databases in CA research
Technology category ~ Tools/databases  Analytical dimension Typical applications Advantages Limitations

Single-cell

transcriptomics (scRNA- 10x Genomics,

Cell lineage tracing,

seq) [66] smart-seq2 transcriptional states
Spatial transcriptomics 10x Visium,
p P NanoString

(8]

GeoMX*, CosMx™ structure

Identification of novel VSMC
subpopulations (e.g., C5) and
TAM heterogeneity

Spatial gene expression Reveals spatial heterogeneity of
and microenvironment fibrous cap, necrotic core, and
shoulder regions

Identifies key enhancers and

High resolution; enables
detection of rare cell types

High cost; lacks spatial
context

Accurate spatial
dimension; integrates
structure and function

Limited resolution; single-
cell spatial resolution is
still developing

Reveals transcription

Epigenomics (scATAC- 10x ATAC,  Chromatin accessibility, transcription factors involved in factor activity and Limited application in CA-
seq, CUT&Tag) [67] CUT&Tag regulatory elements P . L CUVILY an specific studies
SMC transdifferentiation chromatin dynamics
Multi-omics integration Seurat v5, erss-oml‘c y Constructs intracellular GRNSs; Integrates SCRNA-seq High algorithmic
correlation, trajectory . : . with ATAC-seq to .
and gene regulatory SCENIC, . infers lineage trajectory and - complexity;
inference, network elucidate regulatory . : .
networks (GRNs) [60] Monocle3 modeling regulatory axes circuits computationally intensive
Cell-cell communication CellChat Ligand-receptor Coﬁz’z;ﬁz&iﬁlgxis. Visualizes interaction Relies on known databases;
modeling [65] NicheNeE pathway prediction, redicts inflammatory si nal)in networks; facilitates target ~ predictions require
i3 intercellular signaling p axes ysig i discovery experimental validation
Multicenter omics  uman Cell Atlas, Integrated multi-cohort, Constructs CA-specific cellular ~ Standardized public =~ Data heterogeneity; limited

Single Cell Portal, multi-platform omics

databases [68] CardioAtlas datasets

atlas; supports external
validation

clinical stratification of
patients

datasets; supports large-
scale analysis

34 Key challenges and translational bottlenecks in
multimodal omics integration

Despite the unprecedented resolution and information density
provided by multimodal omics, substantial structural barriers
remain when these datasets are used as "upstream decision inputs"
for precision intervention. Addressing these challenges is essential
for achieving meaningful translational impact. One major
limitation arises from data heterogeneity, which stems from
differences in disease stage, sampling location, surgical procedures,
tissue processing and dissociation protocols, cell recovery bias, and
inter-individual variability. Together, these factors can substantially
alter cell-type proportions and state distributions, thereby reducing
comparability across cohorts. A second challenge relates to cross-
platform noise and measurement bias. For example, scRNA-seq
and ST differ systematically in resolution, capture efficiency, and
background signal. In addition, distinct ST platforms employ
different probe designs and signal deconvolution strategies, which
can lead to inconsistent representations of the same biological state.
Such discrepancies undermine the robustness of cell-type mapping,
state-transition inference, and intercellular communication network
reconstruction. Third, limitations in standardization and
reproducibility further constrain translational utility. These issues
are reflected in inconsistent cell annotation frameworks, wide
variation in quality control thresholds and batch-correction
strategies, the absence of unified criteria for defining spatial regions,
and discordant outputs across cell-cell communication analysis
tools. As a result, instability can arise in target prioritization, which
poses a particular challenge when engineering decisions depend on
reliable and reproducible ranking of actionable nodes. Finally,
limited sample size represents a pronounced constraint in coronary
artery research. High-quality human coronary plaque specimens
are difficult to obtain, often resulting in small cohorts, insufficient
stratification, and a lack of longitudinal sampling. These factors
reduce statistical power for detecting rare cell states, spatially
restricted microdomain signals, and causal trajectories, and they
limit the generalizability of derived models. In light of these
challenges, more translatable multimodal omics strategies should
emphasize multicenter study designs, paired sampling (ie.,
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multimodal data matched within the same patient), standardized
experimental and analytical workflows, and the development of
shared reference atlases. Importantly, orthogonal validation
approaches, including immunohistochemistry, multiplex imaging,
and functional assays, are essential for converging computational
inferences into testable mechanisms. Together, these measures are
critical for ensuring that omics-derived outputs can reliably inform
the parameterized design, and closed-loop optimization of
nanodelivery and scaffold-based intervention systems.

4 Multi-omics-guided discovery of therapeutic
targets

Building upon the mechanistic framework established in Section 2
and the omics-based analytical strategies outlined in Section 3, this
section focuses on how multimodal omics technologies enable the
spatially resolved discovery, prioritization, and validation of
therapeutic targets in CA. Specifically, the integrated application of
single-cell transcriptomics, ST, and epigenomic profiling allows for
the systematic identification of molecular targets that exhibit
functional dominance, spatial heterogeneity, and practical
accessibility for intervention. Through this integrative approach,
multi-omics analyses establish a direct conceptual link between
mechanistic insight and the engineering-driven design of precision
therapeutic strategies.

41 Multi-omics-guided identification of spatially
actionable targets: NLRP3, HIF-1a, triggering receptor
expressed on myeloid cells 2 (TREM2), ATP-binding
cassette transporter A1 (ABCAL1), and related molecules

In recent years, the widespread application of single-cell and spatial
omics technologies has enabled high-resolution dissection of the
pronounced heterogeneity within the microenvironment of
coronary atherosclerotic plaques [69]. Unlike conventional target
screening approaches based solely on differential expression, multi-
omics strategies allow candidate targets to be prioritized according
to cell-type specificity, spatial localization patterns, and regulatory
centrality. This integrative framework provides a robust theoretical
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and experimental basis for the development of precision
intervention strategies [22, 70].

With the deep integration of multi-omics into mechanistic
studies, their value in target discovery and spatial validation has
become increasingly evident. Previous studies have demonstrated
that activation of the NLRP3 inflammasome markedly enhances the
release of pro-inflammatory cytokines such as IL-15, promotes
macrophage polarization toward inflammatory phenotypes, and
accelerates plaque progression [71]. ST analyses comparing stable
and progressive plaques have further revealed elevated NLRP3
expression within immune-enriched microdomains, particularly in
regions densely populated by macrophages and monocytes 72, 73].
If future high-resolution ST datasets further confirm these
differential localization patterns, NLRP3 may serve not only as a
biomarker of high-risk plaques but also as a spatially addressable
therapeutic target.

Similarly, HIF-1a, a transcription factor central to hypoxic
responses, has attracted considerable attention in plaque biology.
Local hypoxia and metabolic stress stabilize HIF-1« protein within
plaques, inducing the expression of glycolytic enzymes and pro-
angiogenic factors such as VEGF, thereby promoting
neovascularization and metabolic adaptation [8]. When combined
with spatial omics or high-resolution tissue localization techniques,
HIF-1a expression can be precisely mapped to high-risk regions
such as the necrotic core and plaque shoulder, strengthening its
suitability as a spatially defined intervention target. These effects
facilitate immune cell recruitment and exacerbate local metabolic
imbalance [74, 75]. Moreover, omics analyses indicate that HIF-1a-

high cell populations are often enriched at the margins of the
fibrous cap, with spatial distributions closely overlapping regions
prone to restenosis [76]. This pattern suggests that HIF-la
modulation may be more appropriate for region-specific delivery
strategies rather than systemic inhibition.

Beyond inflammation- and hypoxia-related pathways, TREM2
has emerged as a key regulator of macrophage phenotypic stability.
TREM2-positive macrophage subsets display enhanced cholesterol
uptake, lipid handling capacity, and self-renewal potential, thereby
contributing to the maintenance of foam cell-like states within
plaques [37, 77-79]. These cells are thought to exert a stabilizing
influence on the microenvironment surrounding the necrotic core
[80], and their characteristic spatial localization provides clearly
defined target zones for precision intervention.

Finally, ABCA1, a central regulator of cholesterol efflux and high-
density lipoprotein  biogenesis, represents an additional
metabolically actionable target [46, 81]. Downregulation of ABCA1
expression has been associated with increased foam cell
accumulation and aggravated lipid deposition across multiple
experimental models [82, 83]. Accordingly, when spatial omics data
are integrated with functional validation, ABCA1l represents a
highly promising spatial intervention target at the metabolic level
(Fig. 4) [84].

Taken together, the identification of targets such as NLRP3, HIF-
la, TREM2, and ABCAL1 illustrates how multi-omics approaches
can transform highly heterogeneous molecular signals into spatially
resolved "target maps". By anchoring target discovery to cell-type
specificity, spatial localization, and regulatory dominance, multi-
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Figure4 Schematic of target identification and intervention strategies supported by multimodal omics. Multimodal omics approaches—including scRNA-seq, ST, and
epigenomic analyses—are employed to decipher cellular heterogeneity, spatial localization, and regulatory pathways, leading to the identification of four key targets:
NLRP3, HIF-1a, TREM2, and ABCALI [8, 46, 71, 77, 81]. These targets exhibit region-specific distributions within atherosclerotic plaques: NLRP3 is associated with
heightened inflammatory responses; HIF-1a mediates hypoxic adaptation; TREM2 regulates macrophage lipid uptake; and ABCA1 facilitates cholesterol efflux [8]. Based
on their spatial profiles, various intervention strategies can be devised, including macrophage phenotype modulation (M1/M2), anti-inflammatory agents, metabolic
regulators, and cholesterol efflux enhancers. The lower section underscores the necessity of addressing both the spatial heterogeneity of targets and region-specific delivery
in CA interventions. M1: classically activated macrophage; M2: alternatively activated macrophage.
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omics-guided strategies provide a rational foundation for the
downstream design of nanodelivery systems and 3D printed
scaffolds, thereby accelerating the translation of mechanistic
insights into precise, engineering-driven therapeutic interventions.

4.2 Spatial specificity and precise cell-lesion matching for
targeted intervention

Following the identification of therapeutic targets, a major
translational bottleneck lies in achieving precise spatial alignment
among molecular targets, dominant cellular subpopulations, and
high-risk lesion microdomains. This alignment represents a
prerequisite for clinically actionable precision therapy [85]. ST and
spatially resolved molecular profiling technologies enable the
delineation of target distribution at tissue- and subregion-level
resolution, thereby providing quantifiable design principles for
"region-oriented delivery" strategies [85, 86]. Accumulating
evidence indicates that many immunometabolic targets exhibit
pronounced spatial heterogeneity. HIF-1w is typically localized to
hypoperfused and hypoxic regions, NLRP3 preferentially
accumulates within immune cell-dense inflammatory niches, and
TREM2 shows strong spatial association with macrophage-
enriched boundary zones surrounding the necrotic core [87-89].
These spatial patterns provide a direct rationale for integrating
molecular targeting with region-specific delivery strategies.

Although a fully closed-loop experimental pipeline spanning
spatial localization, target identification, targeted nanocarrier
design, and region-restricted delivery have not yet been
comprehensively implemented in CA, an expanding body of
evidence supports the feasibility of this approach. For example,
TREM2-positive foam cell-like macrophages exhibit sustained high
expression within plaques and show close associations with necrotic
core expansion and plaque instability, highlighting their potential as
region-specific intervention targets [37, 90]. Similarly, HIF-1a
represents a spatially constrained target whose activity is largely
restricted to hypoxic microdomains. Selective delivery of HIF-1a
inhibitors or pathway modulators to these regions may enable
coordinated regulation of metabolic stress and pathological
angiogenesis while minimizing systemic side effects [91-93].

More broadly, the principle of spatial specificity can be elevated
to a "cell-lesion coupling” design paradigm, in which cellular
identity, anatomical location, and functional output are jointly

incorporated into therapeutic decision-making [94]. Recent 3D "cell-
location-function” interaction maps have shown that ABCALI
activity is more closely associated with endothelial cells within the
fibrous cap, whereas NLRP3 expression is concentrated in stromal
immune cell clusters in plaque shoulder regions. These findings
provide a methodological framework for matching "cell type-region-
strategy” in targeted intervention design [95]. Overall, spatial
specificity and precise cell-lesion matching transform multimodal
omics data from descriptive atlases into engineering constraints. By
explicitly addressing where pathogenic programs arise and which
cell populations dominate high-risk regions, this approach lays the
foundation for individualized, region-specific targeted interventions
and advances the translational application of precision, engineering-
driven therapeutic platforms in CA (Table 3 [72, 96-101]).

4.3 Translational pathway from target discovery to
engineering-based intervention

With the deepening application of multimodal omics in CA
research, target identification has evolved from traditional
differential expression-based screening into an integrative selection
framework that jointly evaluates cell-type specificity, spatial
localization, and functional relevance [9, 53]. Leveraging scRNA-
seq and ST, researchers have not only delineated the expression
profiles of key regulatory molecules, such as NLRP3, HIF-1q,
TREM2, and ABCAI, but have also elucidated their spatial
distribution across specific cellular subpopulations and lesion
microdomains  [69, 77]. For instance, TREM2-positive
macrophages preferentially localize to the margins of the
necrotic core, whereas HIF-1a expression is markedly enriched in
hypoxic, low-perfusion microregions within plaques. These spatial
patterns establish a clear framework for precision therapeutic
design [9, 77, 102].

The incorporation of epigenomic analyses and intercellular
communication modeling tools, including scATAC-seq, CellChat,
and NicheNet, has further shifted translational research from
isolated target identification toward network-level interrogation of
regulatory programs, ligand-receptor signaling, and cross-cellular
interactions [63]. This perspective reframes therapeutic targets as
integral components of spatially organized, multicellular regulatory
networks rather than as isolated intracellular effectors. For instance,
ABCAL1 not only mediates cholesterol efflux but also contributes to

Table3 Spatial characteristics and therapeutic strategies of omics-identified targets in coronary atherosclerosis*

Target Functional mechanism Associated cell types Therapeutic strategy Validation stage
Activates inflammasome, promotes IL-1f release, Pro-inflammatory ~Small-molecule inhibitors targeting . . .
NLRP3 [72] enhances local inflammation macrophages (M1) NLRP3 activation Preclinical animal studies
HIE-1a [96] U'pregula'tes glycolytic enzym§s,'1nduces Macrophages, Local delivery of .HIF-loc' inhibitors Preclinical animal studies
angiogenesis, regulates metabolic imbalance endothelial cells (e.g., Echinomycin)
Stabilizes foam macrophages, enhances Foam cell-like Nanoparticle-based delivery .. . .
TREM2 [97] cholesterol clearance and phagocytosis macrophages targeting TREM2 Preclinical evidence available
AB Mediates cholesterol efflux, HDL synthesis, and SMCs, macrophages, ~Agonists (e.g., LXR activators) to Animal model.s e.md
CAL1 [98] . . exploratory clinical
foam cell reversal endothelial cells enhance ABCAL1 expression .
observations
VCAM-1 [99] Promotes monocyte gdhesmn apd migration, Endothelial cells Antibody blockade or targeted RNA Preclinical research
aggravates inflammation therapies
CD36 [100] Mediates lipid uptake, .fac111tates foam cell Macrophages CD36 antagonists to limit lipid Preclinical phase
formation accumulation
IL-6R [101] Amplifies chronic inflammatory signaling, linked T cells, macrophages ~ Tocilizumab (IL-6R inhibitor) Clinical trial stage

to plaque instability

*HDL: high-density lipoprotein.
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plaque stabilization through coordinated signaling axes linking
endothelial cells, macrophages, and vascular SMCs. In contrast,
NLRP3-driven inflammatory activation exhibits spatially amplified
effects within immune cell-enriched plaque regions [103]. Such
network- and space-aware perspectives provide a systems-level
rationale for engineering-oriented therapeutic design, wherein
target suitability must be evaluated simultaneously across molecular
function, cellular context, and lesion geography. The spatial
expression characteristics of targets and their compatibility with the
surrounding microenvironment have emerged as core constraints
in delivery platform design. For example, TREM2 can serve as a
molecular anchor for directing therapeutic carriers toward regions
adjacent to the necrotic core. The enrichment of HIF-1« in hypoxic
microdomains supports the use of ROS- or pH-responsive release
modules, whereas the preferential expression of ABCAL1 in fibrous
cap-associated regions highlights the potential value of
integrating  molecular =~ modulation  with  biomechanical
reinforcement strategies [77, 102].

Accordingly, translational intervention design must integrate
multiple engineering dimensions, including molecular recognition,
spatial matching, stimulus-responsive activation, and structural
support, rather than optimizing individual components in isolation.
This integrative logic establishes a closed-loop translational
pathway encompassing identification, matching, response, and
functional conversion, thereby enabling effective coupling
between omics-driven target discovery and deployable engineered
systems [87, 102, 104].

In summary, this integrative logic establishes a closed-loop
translational pathway encompassing identification, matching,
response, and functional conversion, thereby enabling effective
coupling between omics-driven target discovery and deployable
engineered systems. By embedding molecular targets within their
corresponding cellular networks and lesion microenvironments,
this strategy provides a testable and translatable conceptual
foundation for next-generation engineered intervention platforms,
including nanomaterial-based delivery systems and 3D printed
biomimetic scaffolds. On this basis, the subsequent sections will
systematically explore how intelligent intervention systems integrate
molecular  recognition,  stimulus-responsive  release, and
biomechanical functionality to bridge mechanistic understanding
with clinical application.

5 Engineering-based intervention strategies:
integration of nanocarrier delivery and 3D
scaffold applications

Building upon the identified immunometabolic targets and spatially
heterogeneous microdomains, the construction of engineering-
based intervention platforms urgently requires the coordinated
integration of structural design, drug delivery, and biomechanical
support. This section focuses on the engineering characteristics of
nanomaterial-based systems and 3D-printed biomimetic scaffolds,
with systematic analysis of their key design parameters, including
molecular recognition, material responsiveness, controlled release
behavior, mechanical properties, and biodegradability. Emphasis is
placed on the physical translation pathway “from target
identification to structural implementation”. Intelligent system
strategies, including Al-assisted design and intervention simulation,
will be discussed in details in Section 6.

Nano Research, 2026, 19, 94908440
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5.1 Nanoplatform design and targeted modification (e.g.,
ICAM-1, VCAM-1)

Atherosclerotic lesions exhibit pronounced spatial heterogeneity
and cell-specific marker expression, providing a theoretical basis for
targeted drug delivery strategies. To achieve precise delivery to
specific cellular subpopulations, recent studies have focused on
endothelial adhesion molecules, particularly ICAM-1 and VCAM-
1, as primary targeting ligands [105, 106]. In one animal model
study, surface modification of nanoparticles with the LFA-1 I-
Domain significantly enhanced adhesion to ICAM-1-enriched
endothelium and increased local drug accumulation [107]. The
high affinity between these adhesion molecules and their ligands
offers a robust basis for targeted intervention within inflammatory
microenvironments.

Beyond ICAM-1, VCAM-1 represents another promising target
due to its widespread upregulation during endothelial activation in
atherosclerotic ~ arteries  [108].  Lipid-based  nanocarriers
functionalized with the VHPK peptide have been shown to
selectively recognize VCAM-1-positive regions, enabling targeted
delivery of anti-inflammatory RNA-based therapeutics [109, 110].
Furthermore, biomimetic strategies have been employed to enhance
targeting efficacy. For instance, macrophage membrane-coated
nanocarriers leverage native adhesion pathways to achieve "self-
recognition” and preferential localization to inflamed vascular
walls [111].

From a materials engineering perspective, nanoplatforms applied
to CA primarily include lipid-based nanoparticles (LNPs),
polymeric nanoparticles (such as poly(lactic-co-glycolic acid)
(PLGA)- or PEGylated systems), and biomimetic membrane-
coated nanoparticles. LNPs are characterized by high encapsulation
efficiency and favorable endosomal escape capability, making them
particularly suitable for the delivery of nucleic acid therapeutics,
including siRNA and mRNA. In contrast, polymeric nanoparticles
offer tunable degradation kinetics and mechanical stability, enabling
sustained and controllable release of small-molecule anti-
inflammatory or lipid-modulating agents [112, 113]. Biomimetic
nanocarriers, including macrophage membrane- or platelet
membrane-coated nanoparticles, further exploit endogenous
adhesion mechanisms and immune evasion properties, thereby
enhancing plaque accumulation and prolonging circulation time
under inflammatory and high-shear vascular conditions [114].

Notably, some platforms integrate both ICAM-1 and VCAM-1
targeting strategies to generate dual-modified nanosystems [115].
Such dual-targeting nanoplatforms establish a modular and
programmable engineering framework in which molecular
recognition units can be rationally coupled with therapeutic
payloads. This design paradigm builds a critical translational bridge
between plaque-specific target recognition and precision
nanomedicine applications in CA [116, 117]. This "dual-ligand"
design enhances target selectivity in complex marker-expression
environments and reduces off-target effects. From a fully integrated
perspective encompassing target selection, carrier design, and
surface modification, nanoplatforms are rapidly advancing toward
visualizability, tunability, and immunocompatibility.

5.2 Drug/nucleic acid delivery mechanisms and stimuli-

responsive activation

Targeted delivery represents only the initial step of the therapeutic
cascade, whereas achieving lesion-specific release remains one of
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the central challenges in nanoplatform-enabled precision treatment.
In recent years, research has shifted from single-target surface
modification toward "pathology-responsive activation”, in which
characteristic features of inflammatory lesions, including acidic pH,
ROS accumulation, and elevated inflammatory enzyme activity, are
exploited to trigger structural transitions of delivery vehicles or
initiate payload release. This approach reduces systemic toxicity and
improves therapeutic efficacy. From an engineering perspective,
pathology-responsive nanoplatforms establish a direct coupling
between plaque-specific biochemical abnormalities and material-
level structural transitions, thereby forming a controllable release
logic of "microenvironment sensing-carrier activation-payload
release”. In an ApoE”~ mouse model, ROS-responsive nanoparticles
constructed using poly(thioether) selectively released anti-
inflammatory agents within atherosclerotic plaques, significantly
attenuating local inflammation and foam cell formation [118, 119].

Concurrently, nucleic acid delivery platforms have emerged as a
promising strategy for modulating endogenous gene networks.
Existing studies indicate that siRNA- and miRNA-based silencing
or activation of key regulatory genes in CA, including ABCAL,
sterol regulatory element-binding protein 1 (SREBP1), and
hepatocyte nuclear factor 4 alpha (HNF4«), holds multifaceted
potential for controlling cholesterol metabolism, inflammatory
signaling, and macrophage polarization [82]. For instance, Zhou et
al. developed a cationic liposome-based mRNA delivery platform
that enables targeted expression of an LXR agonist. This platform
effectively induces ABCA1 expression in macrophages, promotes
cholesterol efflux, and markedly enhances plaque stability in animal
models [120]. Another study employed peptide-modified LNPs to
deliver miR-33 inhibitors, achieving favorable tissue specificity and
transcriptional regulation across multiple plaque models [120]. In
addition, Kwon et al. developed a biomimetic membrane-coated
siRNA delivery platform that successfully downregulated the NF-«B
pathway, thereby providing a foundational tool for reshaping the
immune microenvironment [121, 122].

Beyond endogenous stimuli-responsive mechanisms, exogenous
activation platforms have also demonstrated potential in specific
clinical contexts [123-125]. Several studies have designed
thermosensitive nanoplatforms responsive to near-infrared (NIR)
light, enabling site-specific drug release upon NIR irradiation. Such
systems are particularly suitable for superficial arteries or regions
accessible via interventional devices [126]. Magnetic-responsive
systems have also been developed, allowing drug-loaded particles to
be guided and concentrated under an external magnetic field,
thereby enhancing targeted delivery to branched vessels or deep-
seated lesions [127].

In summary, responsive delivery strategies are evolving from
static "targeting" paradigms toward integrated systems that combine
controlled release with dynamic feedback regulation. When coupled
with target maps derived from ST and with individualized
characterization of lesion features, these platforms offer a feasible
engineering pathway for constructing closed-loop drug delivery
systems encompassing recognition, activation, modulation, and
feedback. These systems hold promise as a critical translational
bridge linking multi-omics information with precision
nanotherapeutic interventions for CA (Fig. 5).

53 3D
biodegradability, and biomimetic modeling

printing materials, biomechanics,

In the realm of mechanical support and structural repair, recent
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studies have increasingly highlighted the potential of 3D printing
technology to enable highly customizable stent designs for vascular
interventions. For instance, M. Shahverdi et al. employed melt
electrowriting (MEW) in combination with polycaprolactone
(PCL)/polyurethane (PU)/gelatin composites to fabricate small-
diameter, dual-layer vascular scaffolds exhibiting low bending radii
and excellent antithrombotic performance, while maintaining
favorable cell adhesion and proliferation properties [128]. These
scaffolds provided a foundation for structural repair by
simultaneously optimizing mechanical integrity and cellular
compatibility.

Concurrently,  biodegradable = biomaterials, = such  as
alginate/gelatin (Alg/Gel) blends combined with ApoA-I-modified
nanoparticles, have been explored for constructing scaffold
platforms with inherent drug delivery potential [129]. Model-based
and experimental studies have demonstrated that Alg/Gel + ApoA-
I scaffolds exhibit superior biocompatibility and sustained release
profiles, supporting their potential as smart scaffold systems for
vascular applications [130, 131].

From an engineering perspective, biomimetic vascular scaffolds
are designed to recapitulate key features of native blood vessels
across three interrelated dimensions. Material-level biomimicry
aims to emulate the composition and bioactivity of the ECM,
thereby providing appropriate biochemical cues for cellular
interaction. Structural biomimicry focuses on reproducing fiber
orientation, pore architecture, and mechanical compliance to
mirror the hierarchical organization and anisotropic mechanics of
native vessels. Functional biomimicry enables controlled bioactive
release and adaptive mechanical responses under physiological
loading conditions. Collectively, these design dimensions allow
biomimetic scaffolds to more faithfully reproduce the dynamic
structure-function relationships of natural blood vessels [129, 132].

Regarding material selection, extensive research has assessed
polycaprolactone (PCL), polylactic acid (PLA), and gelatin
methacryloyl (GelMA) for their biocompatibility and degradability,
ensuring that printed scaffolds can maintain mechanical support
within vascular environments while undergoing controlled
biodegradation [133-135]. Functionally, advanced printing
strategies, including multi-nozzle coordination and co-printing of
heterogeneous materials, have enabled the integration of drug
loading, stress-guided microarchitecture, and localized bioactive
molecule delivery, thereby improving the precision and efficacy of
scaffold-based interventions [129, 136].

Notably, several 3D-printed or electrospun composite vascular
grafts have demonstrated significant advantages in animal models,
including enhanced endothelialization, improved antithrombotic
properties, and superior mechanical compliance. For instance, Xiao
et al. developed a porous 3D-printed vascular graft that exhibited
robust antithrombotic capacity and efficient endothelial coverage in
a murine model [132]. In another study, a gradient-structured 3D-
printed graft implanted into the abdominal aorta showed faster
endothelialization, improved smooth muscle layer reconstruction,
and vascular compliance more closely resembling native arteries
compared with electrospun scaffolds after one month [137].
Moreover, the programmable microarchitecture of these scaffolds
enables integration with stimuli-responsive materials, including
thermosensitive and enzyme-responsive hydrogels, thereby
supporting future development of recognition-response-release
therapeutic systems [138—140].

Despite these advances, several engineering challenges remain to
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be addressed before clinical translation can be achieved. These
challenges include precise control of microscale printing resolution,
long-term mechanical stability under pulsatile hemodynamic
loading, and temporal synchronization between scaffold
biodegradation and vascular tissue regeneration [133, 135].
Addressing these challenges is critical for advancing biomimetic
scaffold design from preclinical validation toward clinically
deployable vascular implants.

Particularly notable are recent advances in personalization and
multifunctionality. One study reported the fabrication of an
intelligent, bioresorbable vascular scaffold using a customized 3D
printing system. This scaffold incorporated a polymer-based
wireless pressure-sensing device, offering not only mechanical
support but also real-time monitoring of dynamic vascular
responses [141]. Such multifunctional scaffolds represent an
important step toward the development of intelligent scaffolds with
integrated sensing and feedback-regulation capabilities, aligning
closely with the broader concept of closed-loop intervention
systems (Table 4) [128, 129, 131, 132, 134, 136—138, 142—-145].

54 Integration of nanotechnology and 3D printing for
closed-loop intervention design

To achieve precise translation from mechanistic discovery to
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targeted intervention, recent efforts have focused on integrating
diverse therapeutic platforms into functional closed-loop systems.
Nanocarriers offer advantages in molecular targeting, intracellular
delivery, and payload protection, whereas 3D-printed scaffolds
provide spatial guidance and localized, sustained release,
representing two highly complementary capabilities 112, 146, 147].

From a systems engineering perspective, closed-loop
intervention design requires coordinated integration of four core
components: target identification, stimulus-responsive activation,
therapeutic modulation, and feedback regulation. Within this
framework, nanocarriers primarily enable molecular-level
recognition and intracellular modulation, while 3D printing
platforms define spatial constraints, mechanical compatibility, and
release kinetics. Together, these elements form an integrated
intervention loop rather than isolated functional modules, enabling
synergistic and adaptive therapeutic control.

Recognizing the complementary roles of nanocarrier delivery
and structural platforms, recent studies have aimed to develop
hybrid systems that combine spatial precision, functional
synchrony, mechanical support, and localized drug release. Several
studies have reported that composite vascular grafts or stents
integrating 3D printing with nanofiber technologies can
successfully incorporate antithrombotic agents or small-molecule
therapeutics. In animal models, these systems have demonstrated
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Table4 Overview of materials, properties, biological functions, and translational potential of tissue-engineered vascular scaffolds

Module Sub-dimension

Example platforms or studies

Material composition [128] Core materials
Material composition [131]
Printing techniques [129] Fabrication technologies
Printing techniques [136] Multimaterial strategies
Mechanical properties [137] Elasticity/compliance
Mechanical properties [134] Degradation kinetics
Biological function [142] Drug delivery
Biological function [138] Stimuli responsiveness
Animal model validation [132] Endothelialization

Animal model validation [143] Mechanical adaptation
Translational potential [144] Clinical cases

Translational potential [145] Intelligent systems

Biocompatible, biodegradable polymers such as PCL, PU, gelatin, GelMA, PLA
Functional modifications ApoA-I-modified nanoparticles; Alg/Gel-based drug release platforms

Melt electrowriting (MEW), electrospinning-assisted printing
Multi-nozzle/multimaterial co-printing; layer-by-layer structural optimization
3D porous designs enabling flexibility and vascular compatibility

Tailored degradation synchronized with vascular remodeling, supporting staged release
Scaffold-integrated ApoA-I, siRNA, and other bioactive agents
Thermo-/enzyme-sensitive hydrogels responsive to lesion-specific cues
Mouse/rabbit vascular graft models showing favorable re-endothelialization
Hemodynamic/compliance simulations confirming structural compatibility
Published cases of 3D-printed bioresorbable stent implantation with initial safety

Integration of wireless pressure sensors for mechanical state monitoring and feedback control

excellent mechanical compatibility, enhanced endothelialization,
and reduced neointimal hyperplasia. For instance, a 3D-printed
electrospun PCL-PLCL-TMP vascular graft maintained patency
and reduced thrombosis in a rat abdominal aorta replacement
model [148]. Similarly, a biodegradable 3D-printed scaffold coated
with  dipyridamole-loaded  nanofibers ~ improved  re-
endothelialization and suppressed medial thickening in a porcine
coronary artery model [149].

Incorporating functional nanoparticles into biodegradable 3D-
printed vascular grafts or scaffolds has enabled localized, controlled
release of therapeutic agents or bioactive factors while preserving
structural integrity and endothelial support. For example, Kabirian
et al. embedded nitric oxide-releasing carbon nanotube composites
into degradable small-diameter 3D-printed scaffolds, achieving
sustained release, enhanced endothelial cell migration, and notable
antimicrobial and antithrombotic properties [150]. These hybrid
platforms modulate the local microenvironment during early post-
implantation phases, and support long-term tissue regeneration and
structural remodeling through the combined effects of mechanical
reinforcement and controlled molecular release.

Several integrated nanoparticle-scaffold systems have progressed
to early clinical evaluation. For instance, PLGA nanoparticles
loaded with Pitavastatin (NK-104-NP) completed a Phase I/Ila dose-
escalation trial in patients with chronic limb-threatening ischemia.
Intramuscular administration demonstrated acceptable safety and
preliminary therapeutic efficacy [151]. Although this study did not
directly target coronary atherosclerotic plaques, it provides clinical
proof-of-concept for tissue-specific nanotherapeutic interventions
in vascular disease and highlights the translational feasibility of such
strategies.

The application of 3D printing in personalized biomimetic
construction has progressed from preliminary animal validation to
early clinical exploration. One group reported the first human
implantation of a 3D-printed, bioresorbable, drug-eluting
peripheral stent, which exhibited favorable biocompatibility and
mechanical support in initial assessments [152]. These early clinical
experiences underscore the translational potential of closed-loop
engineering platforms.

Despite these encouraging advances, multiple system-level
challenges remain, including scalable manufacturing, batch-to-
batch reproducibility, long-term mechanical reliability, and precise
control of scaffold biodegradation under physiological loading
conditions. Addressing these issues will require standardized design

77w | Sci@pen
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principles and seamless integration of responsive nanotherapeutic
functions to ensure robust closed-loop performance across diverse
patient populations.

Overall, the development of closed-loop engineering strategies
that integrate omics-guided target identification, nanocarrier-based
therapeutic delivery, and 3D-printed structural support represents a
core design paradigm for future precision interventions in CA
(Fig. 6). At present, nanoplatforms and 3D-printed interventional
systems already possess key capabilities, including target-specific
recognition,  stimulus-responsive  release, and  structural
reconstruction. However, therapeutic outcomes ultimately depend
not only on material performance but also on patient-specific
factors, such as lesion morphology, hemodynamic conditions, and
immunometabolic context. Accordingly, the next section will
explore how Al and digital modeling approaches can be leveraged
to simulate, predict, and dynamically optimize intervention
pathways, enabling a critical transition from physical-layer design to
system-level optimization.

6 Construction of a precision intervention
platform empowered by intelligent systems

As nanocarriers and 3D-printed scaffolds increasingly demonstrate
the capacity for targeted delivery and structural repair, a critical
remaining challenge is the realization of individualized prediction
and feedback-driven optimization of intervention pathways, which
is essential for clinical translation. This section focuses on data-
driven intelligent system strategies and systematically examines the
potential applications of AI in material composition screening,
target-lesion mapping, intervention outcome modeling, and
feedback optimization. Particular emphasis is placed on the role of
digital twin systems, which integrate multi-omics, imaging, and
biomechanical simulation data to construct individualized digital
representations of atherosclerotic lesions. These models enable a
closed-loop optimization cycle encompassing pre-intervention
prediction, intra-intervention adjustment, and post-intervention
evaluation, thereby providing a rational and adaptive framework for
precision intervention design.

6.1 Al analysis of high-risk plaques and ST features

To precisely delineate high-risk plaque regions, researchers have
increasingly incorporated Al tools into the integrated analysis of
Coronary Computed Tomography Angiography (CCTA) imaging
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progressing from Phase I safety validation to Phase II imaging-guided biomimicry and stability assessment, and eventually to multicenter clinical trials. The bottom
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and ST data. Existing studies have demonstrated that deep learning-
based automated analysis of CCTA enables efficient plaque
segmentation and classification, identifying vulnerable features such
as lipid cores, calcification, and the napkin-ring sign. This approach
significantly outperforms traditional imaging assessment methods
in both automation and speed [153]. Moreover, in multicenter
validations, these AI models achieved plaque scoring accuracy
comparable to that of experienced angiographic specialists and
showed strong predictive performance for future myocardial
infarction (MI) risk [154, 155]. These advances provide a
quantitative and scalable foundation for identifying high-risk
microregions within atherosclerotic plaques.

Cross-disciplinary research has applied Transformer frameworks
and image-molecular integration algorithms to ST feature
recognition. Models such as SpatialPCA and iIMPACT have
successfully inferred image-transcription features in diseases like
cancer. However, in the context of atherosclerotic plaques, no
published studies have yet validated Al-based predictions of

TREM2-high expression regions wusing clinical imaging,
highlighting an important direction for future research.
Nevertheless, these models have demonstrated strong

generalizability across multicenter datasets, suggesting that Al-
based spatial analysis is approaching clinical applicability. Other
studies have shown that by integrating imaging, hemodynamic, and
physiological patient data, digital twin models can simulate plaque
progression and treatment responses, thereby providing a dynamic
platform for precision intervention modeling [156]. Additionally,
cardiac digital twin models based on clinical data have been used to
simulate long-term vascular changes preoperatively, offering
decision support for plaque-targeted therapies [157-159].

Nano Research, 2026, 19, 94908440
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Furthermore, ongoing studies are exploring AI applications in
target selection, delivery system simulation, and response strategy
optimization, establishing an intelligent link between mechanistic
understanding and engineering platform design [160].

In summary, the integration of Al and digital twin technologies
enables a dual-layer intelligent recognition of both high-risk plaque
regions and intervention outcomes, laying the foundation for
precise localization and simulation to guide subsequent
intervention strategies.

6.2 Optimization pathways for smart materials and
scaffold design

After identifying the target structure, the next critical step is to
ensure the functional responsiveness of structural materials.
Current research trends indicate growing interest in smart
nanomaterials that respond to environmental stimuli such as pH,
ROS, and photothermal signals, particularly for surface
functionalization of cardiovascular devices [161, 162]. These
materials can precisely release therapeutic agents or signaling
molecules upon specific stimulation, offering the potential to
combine therapeutic efficacy with structural support [163, 164].
Research teams have employed Al-driven simulation models to
optimize the design of such intelligent scaffolds. Virtual simulations
have been used to model mechanical behavior and drug release
kinetics, enabling rapid iteration of printing parameters and
systematic evaluation of scaffold stability and responsiveness under
complex vascular biomechanical conditions [165]. This simulation-
guided design strategy has significantly enhanced both development
efficiency and structural precision.
ONEESEL
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Furthermore, integrating biodegradable biomimetic materials
with stimuli-responsive delivery carriers into scaffold architectures
represents a novel approach for unifying structure and function.
For instance, some studies have embedded drug carriers into
porous scaffolds, allowing the structure to support vascular
remodeling while simultaneously delivering sustained therapeutic
intervention. This dual-function design addresses the concurrent
demands of tissue regeneration and targeted intervention [166].

6.3 Digital twins

simulation

and personalized intervention

Building upon advancements in materials and platform design,
digital twin technology has emerged as a critical bridge for enabling
personalized interventions [156]. Leveraging large-scale imaging
datasets and recent multicenter initiatives, cardiac digital twin
frameworks and virtual patient cohorts, each comprising thousands
of cases, have been established to evaluate the potential outcomes of
diverse intervention strategies [167]. Within this framework,
researchers can prospectively assess the efficacy and associated risks
of different stent designs, drug delivery systems, and combination
therapies without direct patient intervention.

Notably, multimodal data integration has become pivotal to
enhancing the precision of digital twin modeling. Recent studies
have proposed incorporating ST, radiomics, and hemodynamic
parameters into the modeling process. This integration has
significantly improved predictions of plaque progression and
enabled preliminary simulations of post-stent restenosis risk,
offering a viable path for dynamic risk modeling [9, 168, 169].
Several clinical centers have initiated pilot programs using digital
twins for preoperative planning, and early results show promising
concordance between simulated outcomes and actual postoperative

trajectories, supporting their potential for individualized clinical
decision-making [156].

As Al and digital twin technologies become increasingly
integrated, intervention paradigms are evolving toward closed-loop
frameworks. Research teams have begun to explore iterative
pipelines that include Al-based identification of high-risk regions,
twin-driven prediction of intervention outcomes, clinical validation
and feedback, and subsequent model refinement [167]. This
interactive AI-Twin-Clinical paradigm provides a scalable and
adaptive infrastructure for next-generation personalized precision
interventions (Fig. 7).

64 Challenges in explainability, key bottlenecks, and
regulatory pathways

Despite the considerable promise of AI and digital twin
technologies in precision intervention, their "black-box" nature and
the systemic uncertainties arising during integration continue to
limit clinical trust and usability. The lack of interpretable model
structures not only reduces clinicians' confidence in predictive
outputs but may also increase the risk of misuse or inappropriate
application in therapeutic decision-making [170]. Accordingly,
improving model transparency and auditability has emerged as a
critical prerequisite for clinical adoption. In recent years, techniques
such as SHapley additive exPlanations (SHAP) value
decomposition, Grad-CAM visualization heatmaps, and key-
variable sensitivity analyses have been increasingly applied to
cardiovascular Al models to elucidate decision logic and establish
interpretable chains of evidence [171]. At the same time, closed-
loop applications of AI and digital twins face several critical
technical bottlenecks. First, data quality and cross-modality
consistency remain persistent challenges. Variability in imaging
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acquisition and reconstruction protocols, segmentation standards,
and omics processing pipelines can introduce distribution shifts
and labeling noise, thereby complicating stable spatiotemporal
alignment among omics profiles, imaging features, and
hemodynamic parameters. These inconsistencies ultimately
undermine model generalizability. Second, validation frameworks
remain incomplete. In addition to multicenter external validation,
robust mechanisms for performance drift monitoring, continuous
recalibration, and adaptive updating are required. In scenarios
involving combination interventions (e.g., scaffolds integrated with
nanodelivery systems), a staged evidence chain is needed,
encompassing algorithmic validation, parameter calibration, in vitro
and animal benchmarking, and concordance with clinical
endpoints.

From a regulatory and ethical perspective, frameworks are
gradually taking shape across different regions. In the United States,
the US. Food and Drug Administration has incorporated
cardiovascular Al-assisted imaging tools into its approval pathways,
emphasizing multicenter clinical validation of efficacy and safety
[172]. In Europe, the European Medicines Agency places greater
emphasis on data transparency and algorithm traceability while
promoting harmonized validation standards across multinational
cohorts [173]. In China, the National Medical Products
Administration is exploring a "regulatory sandbox' model that
allows early-stage validation of AI and digital twin platforms under
strict ethical oversight and data security requirements [174-176]. In
addition, data security and privacy protection are fundamental
prerequisites for the deployment of closed-loop systems. The ability
to enable cross-center data sharing while safeguarding patient
privacy will largely determine whether digital twin models can be
continuously iterated and optimized. Overall, the large-scale
application of Al and digital twin systems will depend not only on
model performance, but also on the concurrent fulfillment of
requirements for explainability and uncertainty quantification, data
standardization and quality control, multi-stage validation evidence
chains, and regulatory compliance with ethical oversight. Achieving
a sustainable balance among interpretability, safety, and clinical
benefit will be essential for their successful translation into routine
clinical practice.

7 Clinical translation pathways and future

outlook

7.1 Challenges and successes in the clinical translation of
nanomedicines (immunogenicity and industrialization)

Although nanomedicine platforms have demonstrated excellent
targeting and release capabilities in laboratory settings, their clinical
translation continues to face several critical challenges, particularly
in the areas of immunogenicity, safety, and manufacturing
consistency. In the context of CA, these limitations may result in
variable therapeutic efficacy or unintended immune activation,
thereby constraining broader clinical adoption [177].

Nonetheless, certain nanocarrier systems have successfully
advanced into early clinical validation stages. Initial safety
evaluations of targeted delivery vehicles have demonstrated their
capacity to localize therapeutic agents within plaque tissues without
inducing significant systemic adverse effects [178]. These findings
provide an important foundation for the clinical implementation of
nanotherapeutic platforms. However, large-scale clinical trials and
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long-term safety assessments remain essential for further validation.

In addition, the industrialization pathway represents a central
determinant of translational success. Standardized manufacturing
workflows, rigorous quality control systems, and regulatory
compliance form the structural basis for the scalable
commercialization of nanomedicine platforms [179]. Moving
forward, successful translation will require an integrated approach
that ensures clinical efficacy, safety, and industrial scalability.

7.2 Prospects for the application of 3D-printed scaffolds
in real-patient modeling

With the rapid advancement of personalized medicine, 3D-printed
scaffolds have emerged as a promising platform for precise
intervention and tissue reconstruction [180]. Recent studies have
shown that patient-specific vascular models generated through 3D
printing can support preprocedural planning, enabling clinicians to
design more accurate interventional strategies and thereby
improving procedural precision [181, 182].

Meanwhile, other studies have further explored the application of
biomimetic materials in scaffold fabrication. For example, scaffolds
constructed from biodegradable polymers have demonstrated
synchronized mechanical properties and tissue regeneration rates,
potentially reducing the need for re-intervention [183, 184]. These
findings indicate that 3D-printed scaffolds not only offer
mechanical support but also enable physiological integration with
the host environment.

Although personalized structural scaffolds have not yet been
widely adopted in routine clinical practice, their continued
development offers substantial technological potential for
optimizing future precision intervention strategies.

7.3 Development of predictive models combining multi-
center omics and longitudinal follow-up

To enhance the individualization and predictive accuracy of
interventional strategies, the integration of comprehensive multi-
center omics data with clinical follow-up is becoming a cornerstone
in research and treatment. Collaborative efforts across institutions
have led to the establishment of CA databases incorporating
genomic, metabolomic, and radiomic features, which are
increasingly used to develop predictive models for event risk
assessment [185].

Initial validations show that these models possess high predictive
accuracy and robust external generalizability, thereby providing
valuable support for patient risk stratification and intervention
planning [186]. Moreover, the heterogeneity and scalability of multi-
center datasets contribute to enhanced model robustness,
adaptability, and long-term stability [187].

Looking ahead, iterative model updates informed by real-time
follow-up data will facilitate the dynamic integration of predictive
precision and individualized intervention, accelerating the
transition of precision intervention from concept to clinical
application.

74 Prospects of combination therapeutic strategies (e.g.,
statins/PCSK9i/chimeric T-cell
immunotherapy (CAR-T))

antigen receptor

In the context of rapidly evolving precision intervention
technologies, combining conventional therapies with emerging
platforms holds substantial potential. Statins remain a cornerstone
in the clinical management of atherosclerotic plaques, and their
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integration with nanomedicine platforms has been shown to First, the immunogenicity and systemic toxicity of nanomaterials
enhance lipid-lowering effects while improving targeted delivery remain a major barrier in preclinical validation [193-195].
performance [113]. Although many studies have confirmed their favorable
Some studies suggest that combining PCSK9 inhibitors with biocompatibility and biodegradability, large-scale animal data on
targeted nanotherapies enables more effective LDL-C reduction batch-to-batch consistency, long-term stability, and interindividual
while simultaneously suppressing plaque inflammation. This variability are still lacking. These gaps hinder compliance with the
combinatorial strategy may generate synergistic therapeutic effects stringent release standards required for therapeutic-grade materials
through convergent lipid-lowering and immunomodulatory by regulatory agencies.
mechanisms [188, 189]. Second, manufacturing consistency and regulatory alignment

Although CAR-T technology remains at an early stage of represent critical translational challenges for the industrialization of
investigation in cardiovascular applications, preliminary studies 3D-printed scaffolds. While personalized printing offers clear

indicate its potential to selectively eliminate pathogenic immune cell advantages in customization, it also complicates standardization
subsets. When integrated with localized drug delivery platforms and large-scale reproducibility. This tension necessitates the
targeting plaques, this approach may offer a powerful synergistic establishment of a comprehensive standard system encompassing
pathway that combines immune remodeling with structural design specifications, printing materials, and post-processing

stabilization [190]. However, this strategy demands rigorous risk workflows, all subject to dual oversight under GMP (Good
assessment and safety validation. Bridging the clinical translation ~ Manufacturing Practice) and MDR (Medical Device Regulation).
gap will require a comprehensive closed-loop system encompassing Even more complex are the issues surrounding the
upstream mechanistic targeting, platform engineering, and Al- ~interpretability, safety, and ethical governance of Al systems. Digital
assisted strategy optimization, to enhance both scientific rigor and twll;llﬁ models r:qutlrg tthe integration and dyréla-mlcd a:cnalyslls of
s a9 . . . - multisource patient data, raising concerns regarding data privacy,
clinical adaptability of engineered interventions (Fig. 8). algorithmic bias, and model opacity. Accordingly, = ethical
75 Regulatory and ethical considerations: real-world  governance frameworks, including transparency auditing, data
anonymization protocols, and informed consent procedures, must
be implemented to ensure that AI systems remain traceable,
As nanoplatforms, 3D-printed scaffolds, and AI systems  auditable, and reproducible, in compliance with evolving clinical AT
increasingly converge to enable precision intervention in CA, a regulations (e.g., the EU AI Act and FDA AI/ML guidance
series of regulatory and ethical challenges has emerged during draft) [196].
clinical translation. These issues warrant early and systematic Therefore, as CA precision intervention platforms advance
consideration at the foundational research stage [191, 192]. toward clinical application, it is imperative to simultaneously
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Multi-center omics " Statins +

+ = Nano-delivery

Follow-up predictive model v ‘
PtSKQi + Nano
Synergistic
Intervention,

CAR-T + Local delivery
Next-generation therapy hotspot

I Combination

Predictive model By Sl E e

+ External generalization Future directions
* Risk stratification

. o o _a
“aww ee

* Nanoparticles
» 3D-printed scaffolds

Nano/3D clinical
translation challenges

<D Batch-to-batch consistency

Server/Database icon

<> Scale-up manufacturing + Personalized intervention Multicenter RCT -
@ Immune response risk Omics tags: | ) Ewdence—bgsed validation
_ Genomics Standardized manufacturing & regulatory
Metabolomics Better prognosis (¥, | Scale-up & compliance
| p s Personalized Al prediction
Clinicrglafgowgw up ! Real-time feedback
Intelligent system &
clinical translation
+ -

AChallenges & Trends

Safety/explainability/scalability/cross-disciplinary integration

Figure 8 Future roadmap for CA precision intervention. This figure outlines the comprehensive translational pathway—from the clinical challenges of nanocarriers and
3D-printed scaffolds, through multi-center omics-driven predictive modeling, to emerging combination therapies and future intelligent implementation. The left section
highlights key hurdles in clinical translation of nanocarriers and 3D-printed scaffolds, including issues of consistency, scalability, and immunogenicity. The center section
presents the construction of predictive models integrating multi-center omics and longitudinal follow-up data, incorporating genomics, metabolomics, imaging, and
clinical outcomes to enable external generalizability, risk stratification, and personalized intervention, thereby improving prognosis. The upper-right corner summarizes
next-generation combination strategies such as "statins + nanocarrier delivery", "PCSK9 inhibitors + nanocarriers’, and "CAR-T + localized delivery", representing
emerging therapeutic directions. The lower-right section envisions future development, emphasizing the importance of multi-center randomized controlled trials (RCTs),
standardized manufacturing and regulatory compliance, scalable and stable engineering platforms, individualized Al-driven prediction, and real-time
feedback—ultimately advancing toward intelligent systems and clinical integration. The bottom bar outlines key future challenges and trends, including safety,
explainability, scalability, and interdisciplinary integration.
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Table5 A three-dimensional coordinated pathway for precision intervention in coronary atherosclerosis: from spatiotemporal mechanisms to engineering-Al closed

loop
D;rﬁ)e&lﬁgn Example targets/features Material/platform design parameters Al-assisted strategies
Spatiotemporal TREM2* macrophage clustering (edge);  Anchored delivery (e.g., VCAM-1 antibody); ~ Spatial transcriptomics analysis; tissue atlas
mechanisms HIF-1a hypoxia-enriched regions; pH/ROS-responsive modules; fibrous cap- modeling; graph neural networks for
Layer [34, 77] ABCAL1 in fibrous caps targeted scaffold release distribution prediction
Delivery platform siRNA/miR-33a for gene modulation; anti-Nanoparticle size: 50-150 nm; degradable PLGA  Al-assisted material selection; release rate-
la e}r’ }[7 137] inflammatory/anti-foam cell drug with core-shell design; biomimetic porous 3D-  timing optimization; prediction of material-
Y combinations printed scaffolds tissue compatibility
Intelligent Modeline of metabolic heterogeneity and Customized structural-mechanical parameters; ~ Multimodal data integration; digital twin
systems layer 5 8 4 automated scaffold printing; prediction of modeling; simulation-guided pathway

(197] lesion-hemodynamic coupling

material-cell interactions

recommendation

address the threefold foundation of material safety, manufacturing
compliance, and algorithmic ethics, ultimately establishing a closed-
loop system that integrates technology, regulation, and ethics.

8 Conclusions

CA, characterized by marked heterogeneity and chronic
progression, remains a leading cause of cardiovascular morbidity
and mortality worldwide. Its pathophysiology extends beyond
traditional features such as lipid accumulation and endothelial
dysfunction to encompass pronounced spatial heterogeneity in
immune microenvironmental imbalance and  metabolic
reprogramming. This complexity renders treatment strategies based
on single biomarkers or discrete pathological stages insufficient for
comprehensively addressing high-risk populations, particularly in
predicting MI recurrence or asymptomatic plaque rupture.
Conventional therapies centered on lipid-lowering or antiplatelet
regimens show limited efficacy in certain high-risk cohorts,
highlighting the urgent need for more precise intervention targets
and delivery platforms.

The systematic design of precision intervention strategies for CA
has evolved beyond a unidimensional technological assembly into a
coordinated  optimization process spanning three axes:
"spatiotemporal mechanism decoding’, ‘"delivery pathway
construction”, and "intelligent system feedback”. To elucidate the
logical flow and engineering correlations among these modules, this
review proposes an integrated "three-dimensional matrix", using
"mechanism identification-target mapping-material parameters-Al
optimization" as the vertical backbone to establish a traceable closed-
loop from pathological discovery to intervention design (Table 5
(34,77, 137, 197]).

Based on a comprehensive review of recent advances in CA
research, this study integrates multidisciplinary achievements across
multimodal omics, ST analysis, immunometabolic pathway
identification, engineered intervention material development, and
Al-assisted evaluation. It proposes a four-dimensional coupled
model of "mechanism-target-platform-system" for closed-loop
intervention. Specifically, multi-omics profiling provides a
panoramic view of the plaque microenvironment, and spatial
expression heterogeneity of targets such as TREM2, HIF-1a, and
ABCAL1 offers entry points for immunometabolic intervention.
Engineering technologies like nanocarrier drug delivery and 3D-
printed scaffolds construct the platforms for targeted delivery and
structural support. The integration of Al and digital twin systems
further enables individualized intervention pathways to be
simulated and iteratively refined. Collectively, this closed-loop
framework enhances the specificity and adaptability of intervention
design and establishes a conceptual bridge linking mechanistic
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insight to clinical translation.

The translation of precision intervention strategies for CA from
laboratory research to clinical application requires sustained focus
on three core directions. First, at the mechanistic level, a deeper
elucidation of key regulatory pathways and intercellular interaction
networks is needed to construct a systematic map of lesion
evolution. Second, at the technological level, emphasis must be
placed on standardized modeling, scalable manufacturing, and
cross-center reproducibility of engineered platforms. Finally, at the
application level, there is a pressing need to establish real-world
data cohorts integrating multimodal omics, imaging, intervention,
and follow-up, while also exploring interpretability and safety
standards for Al-based decision support systems. Only through
interdisciplinary collaboration and the coordinated integration of
data, platforms, and clinical practice can CA interventions achieve
true individualization, adaptability, and long-term clinical impact.

Future research and clinical translation of CA intervention
strategies should move beyond isolated breakthroughs in materials
or algorithms and instead adopt a systems-engineering paradigm
that is mechanism-driven, material-enabled, and intelligence-
guided. With the synergistic advancement of omics technologies,
programmable biomaterials, and Al-assisted decision-making, a
multidimensional and dynamically adjustable intervention
framework is gradually emerging. This paradigm offers a promising
pathway toward truly personalized therapeutic solutions for CA
and other complex chronic diseases.
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