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Abstract: Cardiovascular diseases (CVDs) are the leading cause of death worldwide. Although different risk factors condition the
evolution and outcome of CVDs, a limited number of common pathological pathways converge in adverse cardiac remodeling. Among
these, cardiac fibrosis has been postulated not only as a mechanism for the onset and development of CVDs but also as a predictor of
disease severity. Tools to diagnose subclinical cardiac fibrosis and therapies targeting cardiac fibrosis constitute an essential line of
research in CVDs. To date, magnetic resonance imaging (MRI) is a sensitive tool for diagnosing cardiac fibrosis, but sampling errors
can occur. Moreover, its availability is limited by the high cost of the equipment. For this reason, nanotechnology offers a promising
approach for developing nanosystems directed at molecular targets of cardiac damage, to provide both affordable and readily available
diagnostics and the possibility of targeted therapy. This review will showcase major research advances on the role of nanoparticles in
cardiac fibrosis. It will discuss the advantages and limitations of nanoparticles, and the standards for advancing them to the clinical
phase of treatment and diagnosis of cardiac fibrosis.
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Introduction
Cardiovascular diseases (CVDs) is the leading cause of death worldwide. According to the GBD (Global Burden of
Disease) report, the prevalence of CVDs worldwide increased from 271 million cases in 1990 to 523 million in 2019.
Mortality has also increased, from 12 million to 18 million cases. Most CVD deaths occur in low- and middle-income
countries, accounting for 80% of all cases. The incidence is higher in males than in females.! The costs related to these
diseases exceed 250 billion dollars per year. There are risk factors that influence the onset and progression of CVDs.”
Age and sex are risk factors that have been described as unmodifiable and that increase the risk of CVDs. However, other
factors can be modified, such as smoking, physical activity, sedentary lifestyle, nutrition, sleep, overweight and obesity,
hypercholesterolemia, diabetes, and hypertension, as shown in Figure 1.** In the United States (US), clinical risk factors
are projected to increase from 2020 to 2050: hypertension (51.2% to 61.0%), diabetes (16.3% to 26.8%), and obesity
(43.1% to 60.6%). Additionally, unhealthy lifestyle habits, including bad sleep, sedentary lifestyle, smoking, and
inadequate diet, increase. This estimate correlated with an increase in the prevalence of CVDs by the year 2050.> The
data on incidence, mortality, economic costs, and mental and physical disability that compromise the social performance
of patients demonstrate the complexity of CVDs. This background makes CVDs a subject of constant research to solve
this global health problem.

Cardiac fibrosis has been identified as a predictor of the severity of CVDs, such as heart failure and ischemic heart
disease. Therefore, it is postulated as a risk factor that should be diagnosed and treated to act on the progression of
CVDs. Currently, there is no approved treatment aimed explicitly at cardiac fibrosis. It is therefore approached from
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Figure | Primary risk factors for developing cardiovascular disease. Created in BioRender. Kogan, M. (2025) https://BioRender.com/bu3pdqm.

a pharmacological approach (treating the symptoms involved) and an approach based on risk factor intervention
(modifying unhealthy lifestyles). One of the current limitations of therapy is that it is not directed at targets identified
in the pathophysiological mechanisms of the disease. In addition, there are no robust, sensitive, and accessible diagnostic
methods to follow the evolution of the disease, nor to evaluate the efficacy of antifibrotic therapy.”® Therefore, this
article discusses the usefulness of nanoparticles (NPs) for the design of treatments and diagnostic tools for cardiac
fibrosis, based on molecular targets involved in the CVDs.

The Role of Cardiac Fibrosis in Cardiovascular Disease

Cardiac fibrosis is a significant pathological condition that arises from various cardiovascular risk factors. The conver-
gence of these risk factors leads to a cascade of molecular and cellular events that culminate in the activation of cardiac
fibroblasts, which, due to stimuli of a biochemical or mechanical nature, migrate to the damaged area of the heart and
differentiate into extracellular matrix (ECM)-secreting cardiac myofibroblasts. Initially, this response can be reparative.
However, if sustained over time, the excessive deposition of ECM components, primarily collagen types I and III, results
in impaired cardiac function and increased morbidity and mortality associated with heart failure.””” Transforming growth
factor beta (TGF-B) activates profibrotic signaling pathways. It promotes the differentiation of fibroblasts into myofi-
broblasts, and they produce ECM excessively.'®'? Activation of TGF-p signaling is often exacerbated by hyperglycemia
and oxidative stress, leading to increased fibrosis and subsequent cardiac dysfunction.'*'*

Cardiac fibrosis can present itself in diverse ways, depending on the stimulus that triggers it. In response to an acute
injury that causes a significant death of cardiomyocytes, such as the one observed in myocardial infarction or certain
forms of myocarditis, an inflammatory response is triggered, which signals fibroblasts to activate, migrate, and proliferate
in the affected area. In the presence of inflammatory cytokines, cardiac fibroblasts differentiate into myofibroblasts,
a phenotype that secretes collagen as a component of the ECM. This replacement fibrosis, in which dead cells in the
wound area are replaced or substituted by collagen, is typically reparative and aims to maintain the structural integrity of

the heart. However, if the replacement is too extensive, it may lead to loss of contractile force and systolic dysfunction.
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Chronic injuries that extend over time, such as sustained pressure overload, chronic inflammation, and aging, promote
diffuse-type fibrosis. Prolonged activation of these fibrogenic stimuli leads to deposition of ECM component proteins
interstitially, perivascularly, or both, without significant cardiomyocyte death.’'>"'® In this form of fibrosis, the imbalance
between increased production of ECM proteins and decreased ECM turnover causes stiffening of the ventricles, reducing

heart distensibility and impairing diastolic function.'>'"-'®

The Role of the Cardiac Fibroblast in Cardiac Fibrosis

Cardiac fibroblasts (CFs) are key components of the heart’s connective tissue. These cells lack a basement membrane and
can produce substantial ECM proteins.®!'??° In infarcted and stressed hearts, cardiac fibroblasts differentiate into
myofibroblasts, acquiring a highly active phenotype characterized by a prominent endoplasmic reticulum and the
expression of contractile proteins such as a-smooth muscle actin (a-SMA). This contractile protein is absent in fibroblasts
of healthy hearts, making a-SMA a specific marker of myofibroblasts in hypertrophic and fibrotic myocardium.'®?!
Cardiac myofibroblasts have a higher proliferative rate, migration capacity, and contractile capacity, and can secrete
higher amounts of ECM proteins than CFs.**?

The regulation of myocardial collagen turnover is primarily mediated by resident CFs and their differentiation into
myofibroblasts. This process is directly stimulated by mechanical stretching and the influence of autocrine and paracrine
factors, including aldosterone, angiotensin II (Ang-1I), TGF-f, platelet-derived growth factor (PDGF), and endothelin-1
(ET-1).* These factors bind to their respective cell surface receptors, activating intracellular signaling pathways that
drive fibrogenesis. The fibrotic response within the myocardium varies depending on the nature of the injury and the
involvement of distinct cell types. Immune cells such as macrophages, lymphocytes, mast cells, and eosinophils play
a pivotal role in activating CFs through the secretion of cytokines, growth factors, and ECM proteins. Similarly, vascular
endothelial cells and pericytes activate CFs by releasing mediators that stimulate fibrotic processes. Additionally, stressed
or injured cardiomyocytes release fibrogenic mediators and damage-associated molecular patterns (DAMPs), which
further drive inflammation and CFs activation, perpetuating the fibrotic response.®*>*® Pressure overload induces an
inflammatory reaction in the myocardium. There are increased levels of inflammatory cytokines (IL-1, IL-6, IL-13, and
IL-21), which also influence the activation and function of CFs.?”-*® Inflammatory response increased vascular perme-
ability and remodeling of the ECM. The environment of damage and remodeling in the heart favors the effect of

increased permeability and retention (EPR).”

Diagnostic and Treatment Strategies for Cardiac Fibrosis

Research to develop tools for diagnosing and treating cardiac fibrosis has focused on identifying molecular targets. In
addition, they agree on the need to know and characterize the fibrotic environment in detail to obtain better results in
therapies. In the healthy heart, there is a homeostasis between the production of ECM components and their degradation.
When the heart is subjected to sustained stress, the balance is broken, and the initial reparative response becomes
pathological.

Imaging Tools for the Diagnosis of Cardiac Fibrosis

A significant limitation in diagnosing cardiac fibrosis is the lack of a readily available and sensitive method to detect it in
its early stages. While myocardial biopsy remains the gold standard for definitively diagnosing cardiac fibrosis by
quantifying collagen content in the myocardial tissue, it is an invasive procedure with inherent drawbacks. Its sensitivity
is limited by the focal and heterogeneous nature of the fibrotic response, making it less effective in identifying diffuse or
early-stage fibrosis.”>**! Echocardiography is also performed clinically, but this measurement provides results of heart
functionality. However, it has a low sensitivity and specificity for diagnosing cardiac fibrosis.*

Magnetic resonance imaging (MRI) has emerged as an essential tool for the early diagnosis of cardiac fibrosis,
providing critical insights into myocardial structure and function. The ability of MRI to detect myocardial fibrosis,
mainly through techniques such as late gadolinium enhancement (LGE), allows for the identification of fibrotic changes
before significant functional impairment occurs. One of the most important advantages of cardiac MRI is its non-invasive
nature, which facilitates the assessment of myocardial fibrosis without the need for invasive procedures. Studies have
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shown that LGE-MRI can effectively visualize areas of fibrosis, correlating with clinical outcomes and disease severity,
particularly in diabetic patients.** Furthermore, the role of MRI extends to monitoring conditions such as hypertrophic
cardiomyopathy, where fibrosis is linked to poorer prognoses.>® Advanced MRI techniques, such as T1 mapping, further
enhance the capability to quantify myocardial fibrosis. This method allows for a more nuanced understanding of the
fibrotic process, including the differentiation between focal and diffuse fibrosis.>*

One significant limitation of MRI in cardiac fibrosis is its spatial resolution.” While late gadolinium enhancement
(LGE) MRI effectively visualizes myocardial scars, it struggles with the resolution needed to assess smaller structures,
particularly in the left atrium.>® This limitation can lead to underdiagnosis or misinterpretation of fibrotic changes in the
atrial myocardium, which is critical given the role of atrial fibrosis in arrhythmogenesis. Another limitation is the reliance
on contrast agents, which can pose risks for specific patient populations. The use of gadolinium-based contrast agents is
standard in LGE MRI; however, these agents can cause nephrogenic systemic fibrosis in patients with severe renal
impairment. The interpretation of MRI findings can also be complicated by diffuse myocardial fibrosis, which may not be
as readily detectable as focal fibrosis. While T1 mapping techniques have been developed to quantify diffuse fibrosis, the
accuracy of these measurements can be influenced by various factors, including edema or inflammation, which can alter
T1 values. Moreover, MRI is not universally accessible and may be limited by factors such as cost, availability of
equipment, and the need for specialized personnel to perform and interpret the studies. In many clinical settings,
particularly in low-resource environments, these barriers can impede the widespread adoption of MRI for cardiac fibrosis
assessment. Integrating MRI with other imaging modalities, such as positron emission tomography (PET) and echocar-
diography, can comprehensively evaluate cardiac health, particularly in complex cases involving multiple
comorbidities.*

Similarly, PET offers exceptional detection sensitivity; however, its reliance on radioactive tracers presents notable
limitations. PET employs ionizing radiation, with positron emissions producing two gamma rays at 511 keV, essential for
imaging and diagnosis. Although the radiopharmaceutical doses are typically low, repeated exposure over time poses
potential risks, making it less ideal for long-term patient monitoring. Consequently, PET is not well-suited for the routine
follow-up of patients with cardiac fibrosis, particularly when considering the cumulative effects of radiation exposure.’’

Computed tomography (CT) is a much more accessible technology for most healthcare systems. It offers high
resolutions but does not differentiate healthy tissue from fibrotic tissue.*® Due to their unique optical and radiographic
properties, gold nanoparticles (AuNPs) have emerged as a promising solution to overcome this disadvantage. Gold
efficiently scatters visible light and exhibits a high X-ray attenuation coefficient at clinically relevant energy levels,
generating high-contrast X-ray images that are particularly useful for disease diagnosis. X-ray images use high-energy
electromagnetic radiation to create images of internal structures interacting with matter at clinically relevant energy
levels. The detection of contrast agents by measuring the characteristic X-ray attenuation profiles has been used to detect
AuNPs in vivo.>® CT allows 3D reconstruction of X-ray images by rotating the detector and the X-ray source around the
imaged body, providing detailed anatomical insights. The X-ray images are considered safe and cost-effective when
radiation doses are appropriately controlled for patient safety.*>°

These advances highlight the transformative potential of integrating nanotechnology and imaging to diagnose and
treat cardiac fibrosis. The advantages and limitations of all these methods for imaging cardiac fibrosis are shown in
Table 1. This is an advantage of AuNPs over other types of NPs; it provides high contrast for soft tissues and chemical
stability. Because soft tissues have a low ability to stop X-rays. AuNPs target soft tissue and increase the visualization of
the structure. This way, damage to cardiac structures, eg, cardiac fibrosis, can be detected. NPs increase the spatial
resolution of the images obtained, improve diagnostic specificity and accuracy and enhances the use of noninvasive

techniques to diagnose cardiac fibrosis.****~**

Molecular Targets for the Study of New Treatments for Cardiac Fibrosis
Several drugs currently used for treating CVDs, such as angiotensin I-converting enzyme inhibitors (ACEI), ATl
receptor antagonists, and p-blockers, exert an antifibrotic effect.*> The antifibrotic effect has not been well demonstrated.
However, ongoing research is shifting toward more specific therapeutic targets. These molecular targets are shown in
Table 2 and discussed here.
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Table | Summary of Advantages and Limitations of Imaging Technologies for Cardiac Fibrosis Diagnosis

Detection Methods

Advantages

Limitations

Myocardial biopsy o

High sensitivity

Certain diagnosis

High specificity

® |nvasive sampling
® Sampling error

High sensitivity

Echocardiography (ECHO) ® Non-invasive ® |ow sensitivity
® Highly available ® |ow specificity
® Low cost

Magnetic resonance imaging (MRI) ® High resolution ® High cost

® Sampling error

Positron emission tomography (PET)

Non-invasive

High detection sensitivity
Certain diagnosis

High Specificity

® High cost
® Uses ionizing radiation
® Uses radioactive tracers

Computed tomography/ X-Ray (CT/X-Ray) | ®

Non-invasive

Accessible cost

High resolutions

® |onizing radiation

® A contrast agent is required to detect fibrosis.

Table 2 Molecular Targets for the Study of New Diagnosis Tools and Treatments of Cardiac Fibrosis

Target In vivo Model of Cardiac Injury Species Aim of the Study Reference
Induction
TGF-p Hereditary progressive cardiac Sen5a ™ mice To identify the molecular pathway involved in [46]
conduction disease. developing fibrosis and prevent its activation.
Smad7 Transverse aortic constriction. MFS7KO mice To evaluate whether Smad7 induction in the heart [47]
restricts TGF-f signaling, thereby regulating
fibrosis.
IL-11 Genetic deletion of the IL-11 receptor | C57BI/6 Il Iral ", | To evaluate whether IL-11 is a possible [48,49]
gene lll Iral. KO, lll ral™™ therapeutic strategy to treat fibrotic diseases.
mice
p2 - Stimulation with ISO s.c 5 mg/kg/7 BALB/c mice To investigate the role of -AR-mediated cardiac [50]
adrenergic days. inflammation and fibrosis in increasing vascular
receptors permeability.
ROS Administration of low doses of ISO Mice To evaluate the possible protective effect of [51]
(20 mg/kg/day, s.c.) for 10 days. nanoceria (NC) in cardiac lesioning.
Osteopontin | Myocardial infarction was induced by C57BL/6 mice Design a nanosystem for early detection and [52]
left anterior descending artery ligation. assessment of myocardial fibrosis.
Type Myocardial infarction was induced by C57BL/6 mice To evaluate the effect of the nanosystem targeting [53]
I Collagen left anterior descending artery ligation. type | collagen on inhibiting fibrotic scarring.
FAP Cardiac injury and fibrosis induced by | Mice To demonstrate the efficacy of redirected T-cell [54-56]
administered Angll/PE with osmotic immunotherapy to specifically target pathological
minipump. cardiac fibrosis.
Abbreviations: TGF-f, transforming growth factor-beta; Smad7, Mothers Against Decantaplegic homolog 7; IL-11, interleukin |I; ROS, Reactive oxygen species; FAP,
fibroblast activation protein; KO, Knockout.
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Among these, TGF-p is a potent pro-fibrotic factor, making it a key focus of fibrosis-related investigations. In
mammals, the three isoforms of TGF- (TGF-B1, TGF-B2, and TGF-B3) compete for the same receptors, leading to
potentially antagonistic effects. Notably, TGF-f1 has been implicated in promoting pathological fibrosis, whereas TGF-
B3 exhibits antifibrotic effects by reducing collagen production and preventing scar formation.’” Inhibitors targeting
TGF-B1 signaling have been evaluated as potential treatments for cardiac fibrosis. Examples include GW788388, which
explicitly inhibits ALK5 and TPRII, and pirfenidone and tranilast, which target TGF-B1.>® However, caution is
warranted, as TGF-PB signaling plays a critical role in the biological processes of repair and homeostasis. Inhibiting
this pathway may result in serious adverse effects, including increased mortality, as the reparative response of the heart is
also hampered.>’

Collagen deposition in the ECM is a hallmark of cardiac fibrosis, making collagen an ideal target for nanosystems
development. NPs have been studying using collagen as a target.®® Interleukin-11 (IL-11) and its receptor (IL11RA) are
upregulated in fibroblasts following stimulation with TGF-B1. This transcriptional activation is essential for the fibrotic
processes to manifest. Inhibition of IL-11 signaling effectively prevents these effects, making it a promising therapeutic
target for treating cardiac fibrosis.**** Similarly, the antifibrotic potential of Smad7 — an intracellular inhibitor of TGF-p
signaling- has been explored in the context of cardiac fibrosis. Murine models of pressure overload have demonstrated
that Smad7 attenuates TGF-driven fibrotic pathways, offering another potential strategy for regulating cardiac fibrosis.*’

Recent studies have identified fibroblast activation protein (FAP) as a reliable marker for cardiac myofibroblasts, as it is
uniquely expressed in this cell population.?**° Building on its potential, FAP has been successfully utilized in the genetically
a vaccine targeting FAP and engineered chimeric antigen receptor (CAR) T cells. Anti-FAP CAR T-cell nanosystems have
been developed to recognize and eliminate FAP-expressing cells. This immunotherapy has already gained US Food and Drug
Administration (FDA) approval for treating certain types of cancer.”>>**! A therapeutic vaccine against cardiac fibrosis was
also developed. A FAP peptide vaccine was administered to C57BL/6J mice. This vaccine decreased cardiac fibrosis induced
by Ang-II treatment. Moreover, it showed no adverse effects in the mice treated.”> However, applying this technology to
CVDs requires extensive evaluation, mainly due to the potential for triggering severe immune responses, such as cytokine
release syndrome, which could lead to systemic complications.’>¢*%

Nanotechnology has become valuable in exploring innovative strategies to prevent and treat cardiac fibrosis.
Nanosystems offer significant potential in addressing fibrotic mechanisms by enabling targeted delivery and enhancing
therapeutic agents’ stability. One promising approach involves using PLGA-b-polyethylene glycol NPs loaded with TGF-
B3. This nanosystem protects TGF-f3 from enzymatic degradation and rapid elimination, overcoming the inherent
instability of this antifibrotic cytokine. In vitro studies using a human cardiac fibroblast cell line demonstrate the potential
effect of TGF-B3 in mitigating fibrosis progression and even preventing its appearance.*®

It is relevant to analyze the molecular mechanism of NPs targeting cardiac fibrosis, eg, lipid NPs targeting IL-11. The
IL11RA1 siRNA-loaded NPs target cells in the heart, interact with the cell membrane, are endocytosed, and release their
contents into the cell cytoplasm. Inhibition of IL-11 signaling with anti-IL11 or anti-IL11RA antibodies reduced cardiac
fibrosis and cardiac dysfunction induced by pressure overload in a murine model. The non-canonical ERK-mediated
GSK3a pathway, whose activation is IL-11-dependent, was targeted. This is a cardiac fibrosis-inducing pathway
independent of canonical TGF-B-SMAD?2/3 signaling. This strategy of inhibiting IL-11 or its receptor is highly relevant,
as IL-11 is up-regulated in tissues from old mice and patient samples. So, without inhibiting the canonical TGF-p-
SMAD?2/3 pathway, cardiac fibrosis can be treated using lipid NPs-IL11RA1 siRNA. Therefore, the advantages of using
nanoparticles to develop diagnostic tools and treatments for cardiac fibrosis will be analyzed.®*°°

Treatments for CVDs have been formulated with large molecules. A new field of research is aimed at designing
treatments with disease-regulating RNAs. Non-coding RNAs (ncRNAs) do not code for proteins, but have functions, eg,
gene regulation, interacting with mRNAs, regulation of cellular processes, and diseases. The ncRNAs can be microRNA
(miRNAs) and long ncRNAs (IncRNAs).*”7° They can be down- or up-regulated in pathophysiological processes, such
as cardiac fibrosis. Researchers have identified miRNAs and IncRNAs that can promote or inhibit cardiac fibrosis
(Table 3) in response to myocardial infarction, Ang-II-induced pressure overload, and TGF-B.®”"""7* Thus, miRNAs and
IncRNAs are also emerging targets for treatments and biomarkers of cardiac fibrosis. Treatments with ncRNAs have
some limitations during their development, such as bioavailability and instability. In addition, some IncRNAs do not
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Table 3 Summary of miRNA and IncRNA That May Inhibit or Enhance
Cardiac Fibrosis

miRNAs IncRNAs

Promote Fibrosis | Inhibit Fibrosis | Promote Fibrosis | Inhibit Fibrosis
miR-21 miR-26a IncRNA MALAT | IncRNA SAIL
miR34a miR-29 IncRNA MEG3 IncRNA MHRT
miR-99b-3p miR-30c IncRNA HI9

miR-125b miR-133 IncRNA WISPER

miR-130a miR-Let7i IncRNA PFL

miR-199a miR-1954 IncRNA CHAST

miR-212/132

Abbreviations: miR, microRNA; IncRNAs, long non-coding RNAs.

conserve their sequence between species, which makes their preclinical evaluation difficult. In addition, it is necessary to
evaluate their genotoxicity and target them to a specific site for their anti-fibrotic action. LNPs, PNPs, and extracellular
vesicles are technologies that can provide solutions for using miRNAs and IncRNAs for new and innovative anti-fibrotic
treatments. It is essential to determine the therapeutic dose, since inadequate dosage, overexpression, or inhibition of
miRNA and IncRNA can lead to adverse effects and undesired reactions resulting from the treatment. We must take
advantage of scientific advances while ensuring patient safety.

Nanoparticles for the Diagnosis and Treatment of Cardiac Fibrosis

We conducted a systematic review to assess the current research on NPs specifically targeting. The flow diagram shown
in Figure 2 outlines the pre-established eligibility criteria for the review. Our analysis focused on answering a targeted
research topic: “the development and application of NPs for the treatment or diagnosis of cardiac fibrosis”. Of the articles
retrieved from literature databases, only 12 met the inclusion criteria defined in our study. Table 4 provides a summary of

Literature search:
Database: Web of Science (https://www.webofscience.com/)
Limits search: English-language articles only
Keywords: Cardiac fibrosis (Topic) and Nanoparticles (Topic)

(Search results combinate (n= 148) )
v

Screen of articles showing results for therapy or diagnosis of cardiac fibrosis
with nanoparticles

Excluded (n= 132)

——3» | Review articles
v Research aimed at other CVD

Access to abstract only
( Included (n=16) )
Excluded (n= 4)
———3 Does not show in vitro or in vivo results (n=1)

Access to abstract only (n=2)
Research directed to IM (n=1)

Included (n=12)
l The articles show results of different formulations of
nanoparticles, directed to a specific target for cardiac fibrosis.

Figure 2 Example of different types of nanoparticle materials. Nanoparticle (NP). Created in BioRender. Kogan, M. (2025) https://BioRender.com/bu3pdqm.
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Table 4 Nanoparticles Target Cardiac Fibrosis

Nanoparticle Type | Target Animal Species NP Dose and Biodistribution Analysis Ref
(NP) Model Route of Techniques
Administration
AuNPs-PEG 13 nm B2 -adrenergic ISO s.c Male BALB/c AuNPs-PEG i.v Specific targeting of I3 nm | Histology, TEM, | [104]
receptors 5 mg/kg/7 mice 810 pg/kg/7d NP-PEGs to fibrotic heart | IHC, ICP-MS
days 12-week-old tissues.
AuNPs-PEG B2 -adrenergic I1SO s.c Male FVB/N AuNPs-PEG i.v 540 13 nm AuNPs accumulate Histology, TEM, [105]
13, 30, 50 nm receptors 200 mg/kg/3 mice ug/kg/3 d more in the heart than 30 | IHC, ICP-MS,
days 10-12 weeks and 50 nm AuNPs. WB
old
AuNPs B2 -adrenergic ISO ip Male Sprague- | Au-NPsiv 5, 40, 100 | 5 nm Au-NPs cardiac Histology, TEM, | [106]
5, 40, 100 nm receptors 20 mg/kg/mL/ | Dawley (SD) nm/ld protective effect. Low ICP-MS, TUNEL
7 days) rats accumulation in the heart. | Staining
6-7 weeks
old
Mesoporous Silica Tenascin-C (TN- I/RI injury C57BL/6 FH-NMP-LiMSNs- Specific orientation in the Histology, IHC, [107]
(FH-NMP-LiMSNs- (@] N mice miR i.v 200 puL heart. Found in the liver IF
miR) 8-week-old and spleen.
Lipid NP AP-1/IL-11 Transverse Male C57BL/ 5 mg/kg i.v (by lutein | Increase circulation time. Histology, IHC, [108]
Lutein-loaded (LNP) aortic 6 N mice content) Increases accumulation in IF, WB
fused to MM constriction 8—10-week- the heart. Found in spleen,
(MMLNPs) old liver, lung, and kidney.
Lipid NPs Osteopontin MI by C57BL/6 OPN@PFP-DiR NPs | Cardiac orientation. Ultrasound, [52]
functionalized with permanent N mice iv 100 pL Greater accumulation in infrared,
a fluorescent probe left coronary (concentration of the heart and liver. Histology
(OPN@PFP-DiR artery 100 ug mL™' DiR
NPs) ligation
Liposome (GSL-NPs) [ Type | collagen MI by left Male C57BL/ GSL-NPs i.v (Img/kg) | Cardiac orientation. Histology, IHC, [53]
functionalized with anterior 6 mice Greater accumulation in I, WB
sonda fluorescent descending (18-22 g) the heart.
DiR artery
ligation
Liposome (CNA35- Type | and Il MI by Male Sprague- | CNA35-GNR Detected in the heart Ultrasound, [38]
GNR/PFP@PFPNPs) collagen permanent Dawley (SD) /PFP@PFPNPs i.v from 30 minutes to photoacoustics,
functionalized with left anterior rats 10-week- | 30 min 4 hours post- CT, Histology,
sonda fluorescent descending old administration. IHC, IF, WB
DiR artery
ligation
FAP-CAR mRNA- FAP Ang-ll C57BL/6 CDS5/LNP-FAPCAR i. | Specific orientation in the Flow cytometry, | [55,61,62]
loaded lipid through an v 10 pg heart. IF
nanoparticles (LNP) implanted 28-
day osmotic
minipump
Polymeric CHP Transverse Male Sprague- | 1,5 mL Mel/ Cardiac orientation. ICP-MS, RT- [109]
nanocapsules (Mel/ aortic Dawley rats CHP@AUuUNPs-Dil i. v Greater accumulation in PCR, Histology
CHP@AUNPs) constriction. 6-8-week-old the heart.
labeled with
a fluorescent probe
Dil
GNP-TA-Lis ACE - Mice GNP-TA-Lis | mg/mL | High accumulation in the CT/X-ray [110]
heart one hour after
administration

Abbreviations: AuNPs, Gold nanoparticles; TEM, Transmission electron microscopy; CT, Computerized tomography; ICP-MS, Inductively coupled plasma mass spectro-
metry; RT-PCR, reverse transcription-polymerase chain reaction; IHC, immunohistochemistry; IF, immunofluorescence; WB, Western blot; CHP, Cardiac homing peptide;
ACE, angiotensin-converting enzyme; Ang-ll, angiotensin Il; i.v, intravenous via; i.p, intraperitoneal via; ISO, Isoproterenol; FAP, fibroblast activation protein; AP-1, activator
protein |; IL-11, interleukin II.
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these investigations. Our findings indicate that while the field of nanotechnology research directed at cardiac fibrosis is
active and growing, the number of studies remains limited. This is further evidenced by the relatively small number of
patents related to cardiac fibrosis, as shown in Figure 3. 7' Among these, very few nanosystems have been explicitly
designed for the therapy or diagnosis of cardiac fibrosis. Given the broad range of applications offered by nanotechnol-
ogy, there is significant potential to expand its use in the biopharmaceutical domain, particularly for addressing this
critical area of cardiovascular medicine.

Nanotechnology is a multidisciplinary field that focuses on designing, synthesizing, and characterizing materials with
precisely controlled sizes and shapes at the nanoscale (10 ° meters). At this scale, materials exhibit significant physical
and chemical properties alterations, including electrical conductivity, mechanical strength, color, elasticity, and chemical
reactivity. These unique properties allow for innovative applications, particularly in medicine.'""''* Nanosystems offer
several advantages, such as reducing toxicity, enhancing solubility, improving bioavailability, and increasing the con-
centration and distribution of therapeutic agents at the site of action. NPs are particularly intriguing due to their high
surface-to-volume ratio and reduced size. This ratio amplifies their reactivity and functionality compared to larger
particles of the same material. Moreover, NPs exhibit unique optical, magnetic, and electrical properties distinct from
their bulk counterparts in solid-state chemistry (micrometer scale). These properties enable precise extracellular tracking
and localization, making NPs valuable tools for diagnostics, drug delivery, targeted therapy, and controlled drug
release.''> "7 There are diverse types of NPs as shown in Figure 4."'%!'7"!"” Research on NPs targeting cardiac fibrosis
evaluates several types of NPs (Table 4), such as:

e Polymeric nanoparticles (PNPs)
¢ Lipidic nanoparticles (LNPs)
¢ Inorganic nanoparticles (AuNPs)

Platforms based on PNPs and LNPs show solid results that have allowed their application at the clinical level. Their
scalability and stability have been demonstrated. Their efficacy in solving solubility and bioavailability problems of
therapeutic candidates has been demonstrated. There is a considerable amount of research on AuNPs. However, their
transfer to the clinic has not advanced as much as that of PNPs and LNPs. Therefore, it is desirable to outline the
advantages of AuNPs to boost their clinical application, specifically in cardiac fibrosis. The benefits and limitations of
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Figure 3 Flow diagram for screening research articles aimed at the therapy or diagnosis of cardiac fibrosis with nanoparticles. Created in BioRender. Kogan, M. (2025)
https://BioRender.com/bu3pdgm.
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Figure 4 Patent applications containing nanoparticles in their composition and cardiac fibrosis.

these types of AuNPs will be described below. In addition, their application in nanomedicine directed to the heart,
specifically to the therapy and diagnosis of cardiac fibrosis, will be discussed.

Polymeric Nanoparticles

PNPs are colloidal particles widely applied in biomedicine. Because they can trap and deliver various molecules, for
therapeutic and diagnostic purposes. PNPs are synthesized from the assembly of polymers that form micelles. The
micelle structure can be an apolar/hydrophobic or reverse micelle with a polar/hydrophilic core. The polymers can be of
natural origin (albumin, gelatin, alginate, chitosan) or synthetic (poly(d,l-lactic-co-glycolic acid) (PLGA), and they are
biodegradable polymers. Polyacrylates, which are non-biodegradable polymers, are also used in a highly regulated
manner and are at risk of bioaccumulation. PNPs can be synthesized by methods such as: dispersion of preformed
polymers (solvent evaporation, nanoprecipitation, emulsification, salting, dialysis, supercritical fluid), polymerization of
monomers (emulsion, interfacial polymerization), and coacervation of hydrophilic polymers.?®-'2%-2!

PNPs can preferentially accumulate in the region of damage by the EPR effect. It can be directed to a specific site and
remain for a longer time, compared to non-EPR sites. This effect is also one of the limitations in the preclinical and
clinical evolution of engineered nanosystems. The main challenges involve the treatment of reaching the specific target,
being retained for the necessary time for the pharmacological effect, and being eliminated from the body. It is required to
demonstrate the stability of PNPs over time, the loading capacity, and their sustained release, dependent on physiological
conditions. The synthesis components of PNPs are biocompatible and of low toxicity. However, it is essential to consider
the PNP administration route. Intramyocardial administration guarantees direct administration into the heart, but causes
damage to the cardiac tissue, with the risk of arrhythmias.?"'** Therefore, the intravenous route is considered less
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invasive and safer. One of the most critical issues is to provide evidence that the formulated nanosystem is non-toxic,
safe, and effective over time.

PNPs have been developed as innovative approaches to target cardiac fibrosis.'** One example is a spermine-
acetylated dextran (AcDXSp) nanosystem coated with tannic acid (TA) and Fe®" ions. This system was designed to
encapsulate drugs that stimulate cardiomyocyte proliferation in vitro and reduce the expression of pro-fibrotic genes,
such as collagen-I and osteopontin. AcDXSp is used as an encapsulating agent, TA coating increases the retention of the
nanocarrier, and Fe’" has adhesive properties when coordinated with polyphenolic materials. It can also be applied to
fibrotic pathway modulation and fibrosis detection with MRI.'** Another example is PNPs from chitosan and sodium
tripolyphosphate (TPP) to enhance the bioavailability of ginsenoside Rb3 (NpRb3). Ginsenoside Rb3 extracted from
Panax ginseng has a triterpene structure. It affects the decrease of intracellular Ca* in ischemic-reperfusion-injured
PC12 cells.'** The efficacy of NpRb3 was tested in a rat model of cardiac fibrosis, where it effectively inhibited fibrosis
progression. Mechanistic studies revealed that the antifibrotic effects of Rb3 were mediated through its activation of the
peroxisome proliferator-activated receptor o (PPARa).'* It is necessary to demonstrate the safety and non-toxicity of
NPPs. Because there are studies documenting that polymers such as chitosan and PLGA induce IL-1p and IL-18 secre-
tion, and neutrophil degranulation, respectively. Furthermore, they tend to accumulate in regions of inflammatory
damage, which is not necessarily the target for their therapeutic action.*’

Lipid Nanoparticles
LNPs are spherical vesicles widely used as drug vehicles. Their components include ionizable lipids, auxiliary lipids,
cholesterol, and polyethylene glycol (PEG).'?*'*” There is an excellent platform of LNPs, starting from: liposomes,
liposomes encapsulating hydrophobic and hydrophilic drugs, antibody functionalized liposomes, sterically stabilized, and
PEG functionalized liposomes. LNPs contain nucleic acids within lipid micelles and nucleic acids sandwiched between
lipid bilayers. LNPs synthesis methods include: microemulsions, supercritical fluid, solvent evaporation, microfluidics,
nanoprecipitation, high-pressure homogenizers, and ultrasonic homogenization.'*®'%°

The FDA has approved several LNPs treatments. LNPs-based research has provided very comprehensive scientific support
for clinical applications. Most of these are targeted cancer treatments such as Lipusu and CAELYX."**'3? Notable applica-
tions of LNPs include the carriage of genetic materials such as plasmid DNA, mRNA, siRNA, and ncRNA. This potential has
been shown in the treatment of heart failure and myocardial ischemia. What is the rationale for this use? Nucleic acid-based
therapies act by expressing therapeutic proteins, editing genes, regulating, or silencing pathogenic genes.'*® However, they
present challenges such as immunogenicity, difficulty crossing the cell membrane, scalability, stability, etc. Therefore, the use
of LNPs protects mRNAs and ncRNAs from degradation. They facilitate their entry into the cell by endocytosis and cargo
release into the cytoplasm in response to stimuli such as temperature, pH variation, magnetic field, and laser irradiation.'*'**

Some of the applications of LNPs targeting CVDs include the formulation of vascular endothelial growth factor-A
(VEGF-A) mRNA for the regenerative treatment of heart failure.'*"'*” The formulation of LNP-mRNAs encoding
Relaxin se (NCT05659264) to treat heart failure has also been taken to the clinical phase.'*® A thermosensitive
nanosystem was synthesized, composed of liposomes loaded with angiotensin-(1-9) [Ang-(1-9)] and coated with
AuNPs. With this nanosystem, it was possible to increase the half-life of the Ang-(1-9) peptide and its controlled and
targeted release in the heart. Offering a technological solution to use Ang-(1-9) in treating hypertension and cardiac
remodeling.'*® LNPs’ vehiculization reduces cardiotoxicity, increases solubility, and circulation time. Allows scaling up
formulations from laboratory to industrial scale. LNPs can be applied to the proteins identified in this review as targets
for therapy and diagnosis of cardiac fibrosis. For example, LNPs loaded with siRNA against BRD4 were synthesized to
inhibit CFs activity after cardiac injury. The LNPs were conjugated with anti-FAP antibodies to target activated CFs. This
preclinical investigation demonstrated that the lipid nanosystem inhibited CFs activation, reduced fibrosis, and improved

cardiac function after myocardial infarction. In addition, its safety and toxicity were evaluated in primates.'*’

Gold Nanoparticles
AuNPs are among the most prominent inorganic NPs utilized in clinical applications due to their versatility and biocompat-
ibility. They can be synthesized in various shapes, such as spheres, rods, stars, and cubes, with sizes ranging from 1 to 100 nm.
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The size and shape of AuNPs significantly influence their optical properties, making them highly adaptable for diverse
applications. These NPs can be coated with compounds such as polyethylene glycol, amino acids, proteins, and charged chains
(positive, negative, neutral), and improve stability and function. Moreover, AuNPs can be functionalized with various
biomolecules for targeting and therapeutic purposes, including antibodies, peptides, drugs, radioisotopes, genes, and carbo-
hydrates, tailoring them for specific biomedical uses. Their exceptional biocompatibility and tunable surface properties have
enabled their integration into cutting-edge medical technologies. AuNPs have been applied as optical biosensors, drug
delivery platforms, components of laser-based therapies, and contrast agents for advanced imaging techniques.''>:!!>-140-141
AuNPs exhibit an intrinsic property called surface plasmon resonance (SPR) or plasmon effect. This optical
phenomenon exploits the interaction between an electromagnetic wave and conduction band electrons (e )
(“plasmons™).''>'*? The collective oscillation of the ¢~ on the surface of the metal NPs, known as SPR, can be observed
within the visible region of the spectrum. The electric field of the incident light on the AuNPs induces an electric dipole
in the particle. The e moves through the electric field and returns to its basal state. In this process, energy is emitted, part
of which is transformed into local heat, generating a photothermal effect. This thermal energy can be used for the
selective destruction of tumor cells, disaggregation of toxic aggregates, recognition of biomolecules, and targeted and

controlled dI'llg delivery.l 14,115,143,144

Potential Clinical Applications of AuNPs in Cardiac Fibrosis
These findings underscore the biocompatibility of AuNPs-PEGs under physiological and pathological conditions in the heart,”

along with their potential cardioprotective effects,'*’

raising considerable interest in applications in diagnosis, treatment, and
theranostics of CVDs. Innovative examples include a gold nanosystem based on theranostic liposomes loaded with Ang-(1-9)
and functionalized with the cardiac targeting peptide IMTP to promote site-directed delivery of this therapeutic agent to ischemic
regions in a preclinical ex vivo model.'**'** In addition, in clinical studies, AuNPs functionalized with specific antibodies have
been successfully employed to quantify cardiac biomarkers such as myoglobin and cardiac troponin. ‘¢4

One of the primary mechanisms AuNPs can exert their therapeutic effects is by modulating inflammatory responses
associated with cardiac fibrosis. Research has shown that citrate-stabilized AuNPs can downregulate IL-1B-induced pro-
inflammatory responses, pivotal in the pathogenesis of cardiac fibrosis.'*® By selectively targeting inflammatory pathways,
AuNPs can potentially reduce the fibrotic response in cardiac tissue in response to chronic cardiac injuries. In addition to their
anti-inflammatory effects, AuNPs can be engineered for targeted delivery of therapeutic agents. For example, biomimetic NPs
composed of platelet and erythrocyte membranes have been developed to deliver JQ1. This small molecule inhibitor targets
bromodomain and extra-terminal domain (BET) proteins specifically to cardiac fibroblasts in animal models of heart
failure.'*’ This targeted approach enhances the treatment’s efficacy and minimizes systemic side effects.

Applying AuNPs in imaging techniques also holds promise for assessing subclinical cardiac fibrosis. Integrating
AuNPs into imaging protocols can enhance the contrast and specificity of these techniques, allowing for better
visualization of fibrotic tissue and early diagnosis and monitoring of disease progression in patients with heart failure.

Moreover, by combining serum biomarkers of extracellular matrix turnover'>°

with AuNP-based imaging techniques,
clinicians may better understand a patient’s fibrotic status and tailor treatments accordingly.

To address these challenges, alternative strategies have been developed to enhance the stability and biocompatibility
of therefore. One use as a practical approach involves functionalizing AuNPs with PEG."' PEG provides excellent
stability due to its steric effect in physiological environments and significantly reduces the toxicity associated with
cetyltrimethylammonium bromide (CTAB™). It can also be used as a bridge to bind other molecules, peptides, antibodies,
etc, and to direct the nanosystem to a specific target.!'*'>713* Key factors such as the shape, size, and surface charge of
AuNPs significantly influence their arrival time, cellular uptake, and retention within different organs.''' PEGylation also
increases the circulation half-life of the NPs. When NPs reach the blood circulation, they can be recognized by red blood
cells, white blood cells, platelets, plasma proteins, immunoglobulins, and complement proteins. In general, this interac-
tion promotes the opsonization of NPs by the mononuclear phagocytic system and the secretion of proinflammatory
cytokines. Therefore, the functionalization of NPs with PEG decreases immune recognition. Thus, PEG-NPs evade one
of the major causes that prevent the delivery of NPs to their target site, so that they accumulate for the necessary time

. . . 290.1 1
before being eliminated.?®-'>>!>¢
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Studying the biodistribution and toxicity of nanosystems under both physiological and pathological conditions is crucial to
ensuring their safety and efficacy.'>'>” Preclinical toxicity studies, often conducted in mice and rats due to their high
percentage of genetic homology with humans, provide valuable insights into the safety profile of AuNPs. These NPs have
been administered via various routes, including intraperitoneal (i.p), intravenous (i.v), and intranasal methods. Results indicate
that AuNPs do not cause acute damage to major organs such as the blood, liver, spleen, kidneys, testes, thymus, heart, lungs, or
brain. Additionally, studies involving pregnant rats demonstrated that while AuNPs can cross the placental barrier, they do not
cause harm to the offspring, further supporting their potential for safe biomedical applications.'>!>

In murine studies, AuNPs size determines which organs are reached and in which organs they accumulate. Very small
AuNPs (5 nm) have a low accumulation in the heart and are cleared from circulation in vivo.'®® Slightly larger AuNPs
(10—15 nm) are detectable in the blood, liver, spleen, kidneys, testis, thymus, heart, lungs, and brain after i.v injection.161
In contrast, larger AuNPs (100 —250 nm) are primarily located in the blood, liver, and spleen.'®* After a low dose of
lipopolysaccharide (LPS) and AuNPs 20, 100, and 500 nm were administered, it was demonstrated that systemic
inflammation affects the biodistribution of AuNPs, and the distribution depended on the size of the AuNPs.'®'%5 The
accumulation of AuNPs-PEG (10, 30, and 50 nm) after repeated doses was studied in mouse hearts treated with
isoproterenol (ISO), a B2-adrenergic receptor agonist. ISO increases vascular permeability and produces inflammatory
infiltration and fibrosis. Treatment with AuNPs in healthy mice did not induce inflammation, cardiac hypertrophy, or
fibrosis and did not affect cardiac function. For example, 10 nm AuNPs-PEGs administered for two weeks induced
reversible cardiac hypertrophy.'?>'°®1%7 The internalization of AuNPs was studied in BALB/3T3 mouse fibroblast cell
models treated with 5-15 nm AuNPs for 72 h. AuNPs were internalized by cell membrane invaginations without
caveolin intervention and deposited in vesicles without entering other organelles. They reach the end of the endo/
lysosomal pathway at 2 h. AuNPs of 5 nm (> 50 uM) are cytotoxic to cardiac fibroblasts, but not those of 15 nm. This

result reaffirms the importance of NPs size for cellular response and its biodistribution.'%

Pharmacokinetics, Biodistribution, and Toxicology of NPs
Several factors determine the pharmacokinetics and biodistribution of NPs, eg, route of administration, type of NPs, and
physicochemical properties (shape, size, and surface chemistry). Shape and size determine the circulation time of NPs in
the bloodstream and the elimination of half-life.'’® These factors determine their interaction with biological systems,
cellular uptake, interaction with plasma proteins, and accumulation in tissues. NPs can cross cell membranes by active
(endocytosis, phagocytosis) and passive transport mechanisms. NPs type, shape, size, charge, and surface chemistry are
determining factors that favor an internalization mechanism.'®® Excretion of nanoparticles from the cellular interior is
key to avoiding their accumulation and possible harmful effects on cells. However, rapid exocytosis may reduce their
efficacy, while longer permanence may benefit drug delivery.'® In the context of cardiac fibrosis, NPs can accumulate in
the tissue by several mechanisms, for example, passive targeting, due to increased vascular permeability in the fibrosis
zone of the heart, mediated by overstimulation of B-adrenoceptors.'”® As mentioned, NPs accumulate in fibrotic tissue
due to the EPR effect, inflammation, and oxidative stress in cardiac fibrosis.’® They can also accumulate by an active
targeting mechanism, eg, NPs conjugated with a specific ligand, for recognition and interaction with overexpressed
receptors in the fibrotic tissue, eg, AT1 receptor, FAP, collagens I/III, IL-11, etc,50139:145-148

The metabolism of NPs involves their transformation and decomposition in the organism. Understanding the
metabolic pathways of NPs is essential to predict their result in biological systems. Factors such as the surface chemistry
of NPs can influence their metabolization and accumulation in tissues.'*” NPs can be sensitive to degradation by enzymes
such as matrix metalloproteinases (MMP-2 and MMP-9). They can be retained in cardiac tissue for days before being
eliminated. In vitro biotransformation studies in primary human fibroblasts have shown that AuNPs do not remain intact
in the tissue. They can be degraded over time in lysosomes by the action of ROS (Reactive oxygen species). Moreover,
this degradation was dependent on the size of the AuNP."*° In vitro, treatment of hepatocytes with AuNPs results in
a time- and dose-dependent increase in ROS production. ROS induces cell damage, affecting proteins, DNA, membranes,
and organelles. It is necessary to study the potential toxicity of NPs, knowing that large-sized NPs accumulate in organs
such as the liver, spleen, and kidneys, and that small-sized NPs can be taken up by cells."”' These results reinforce the
need to conduct long-term studies for AuNP treatments.
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Finally, the clearance or process by which NPs are eliminated from the body is determined by the physicochemical
properties of the NPs. Smaller NPs can be eliminated faster than larger ones. They can be filtered by the kidneys or absorbed
by the reticuloendothelial system (RES).”® NPs smaller than 6 nm can be eliminated through the urine, using the renal route, in
a short time (hours). NPs larger than 6 nm, which are degradable, will be cleared by the hepatobiliary and renal routes. The
clearance can occur from hours to weeks. On the other hand, very large NPs, which are not degradable, can be retained for
a long time (months) by the mononuclear-phagocyte system.''>!”" It is known that NPs can be retained in cardiac tissue for
days before they are eliminated. Therefore, it must be demonstrated that NP treatments are not toxic in the long term.

NPs have been the subject of intense research to evaluate their pharmacokinetic, biopharmacological, and toxicological
profiles. To ensure their safety and efficacy in humans. AuNPs can be synthesized in different shapes and sizes, each with
unique properties and applications. For example, spherical AuNPs are stable in a colloidal state, with sodium citrate
commonly used as a stabilizing agent. In contrast, gold nanowires are stabilized in solution using CTAB". However, these
nanowires are unstable in culture media and when administered in vivo. Moreover, CTAB™ is known to be toxic to human
organisms, presenting a significant limitation for biomedical applications.'”* The toxicity of NPs depends mainly on their
composition and size. The more biodegradable and biocompatible they are, the lower the risk of accumulation and long-term
toxicity. It is also important to know and monitor the degradation of products resulting from the metabolism of NPs. It is

necessary to have a better toxicokinetic profile of NPs to ensure the safe long-term use of NPs.'”

Limitations and Prospects for the Clinical Use of Nanoparticles for Cardiac

Fibrosis

It is important to note that currently, 350 clinical studies are using NPs in various diseases.'” Only three studies involve the word
“fibrosis” but these trials are focused on liver fibrosis. Thus, we still have a long way to go before using NPs in the context of
cardiac fibrosis can be a reality. Several factors influence the translation of nanodrugs to the clinic. Among them are high research
costs, patent processes, and established regulations. Regulatory agencies such as the FDA, European Medicines Agency (EMA),
and the Department of Biotechnology, Government of India (DBT), have established standards and guidelines for evaluating NPs
in biomedicine.'”> To apply for registration with the regulatory agency, data must be provided on: Scientific rationale for
nanodrug development, detailed description of all components, physicochemical characterization, titration methods, in vitro drug
dissolution/release methods for quality testing, manufacturing process, and process control. In addition, stability studies, animal
pharmacology data, animal toxicology data, and clinical trial data are required. The central objective is to ensure safety in the use
of NPs. As described in this review, research exists for the therapy and diagnosis of cardiac fibrosis.

Large-scale production of NPs faces significant technical hurdles, eg, reproducibility of synthesis protocols, aggrega-
tion, contamination, and particle degradation. This interferes with throughput and production costs. The scale-up process
aims to increase the size of production batches to support higher demands. Equipment scale-up mass and energy balance
calculations are crucial in the scale-up of nanopharmaceutical production. However, there are no standardized optimiza-
tion parameters to ensure uniformity of NPs. Titration methods for nanopharmaceuticals are not always established, and
stability studies are limited.'’®!”” These are obstacles to the acceptance of NPs in the pharmaceutical industry. Therefore,
innovative strategies, such as green nanotechnology, are required to improve economic efficiency and reduce environ-
mental impact.'”"!7%17° These are challenges for nanomedicine to increase its use in the biopharmaceutical industry.

We might think that these data are sufficient, but they are still accumulating chemical, scale-up, pharmacological, and
toxicokinetic data to be evaluated in clinical trials. Considering the decrease in size at the nm scale, systemic evaluation
is necessary to demonstrate that it is not toxic for the organism. Although treatments using nanoparticles have already
been approved, the regulations for their use are still being written. Additionally, pharmacovigilance and post-
commercialization studies are pending tasks to demonstrate that the approved treatments are safe over time.'8%'%?

It should be noted that there are clinical results of NPs for plasmonic photothermal therapy of atherosclerosis
(NCT01270139). Long-term results demonstrate the safety of NANOM and the decrease in cardiovascular
events.'®*!%> Still, it is also an opportunity to develop this field further. Nevertheless, it is also essential to acknowledge
the limitations that impede the translation from bench to bedside. Some chemicals used to synthesize AuNPs can harm
the environment.'®® Critical knowledge gaps regarding AuNPs biodistribution, pharmacokinetics, and toxicological
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profile remain.'®’” Regarding this point, long-term studies using large animal models may provide valuable insights into
these aspects. AuNPs offer a wide range of nanosystems that can be designed for specific targeting. Table 2 describes
targets for the development of cardiac fibrosis. AuNPs targeting FAP, osteopontin, Collagen-I, and TGF- can be
synthesized for diagnosis, therapy, or theranosis of cardiac fibrosis (Figure 5).

While it is crucial to overcome these challenges to harness the theranostic capacity of NPs, we have come a long way, with
significant scientific advances in the last decades. In 1959, Richard Feynman gave a lecture called “There is Plenty of Room at
the Bottom” that marked the origin of nanoscience.'®® To this day, nanomaterials have countless applications in our lives. The
development and applications of nanotechnology have been so significant that it has become a tool for nanomedicine.

Nanotechnology has been applied in the rational design of drugs. Some milestones are targeted NPs with action in the
heart, and their biodistribution and accumulation studies. NPs for cardiac reprogramming and regeneration, and the use of
NPs-RNA to treat and detect CVDs, eg, cardiac infarction and cardiac fibrosis.>®!'0*!105-107.11L160189 \ye can use it
innovatively and consciously to diagnose and treat CVDs. The limits of the future development of nanomedicine will be
our intellect. So, we can take advantage of the properties of nanomaterials and different types of NPs to provide
innovative solutions to health problems. Figure 6 shows the evolution in the use of NPs targeting cardiac fibrosis. We
must comply with ethical principles for the safe and effective use of nanosystems.

Overall, various challenges need to be addressed before nanotechnology can be used in the clinical arena. An
important first step should be an increase in the quantity and quality of preclinical studies. These findings can be
translated from bench to bedside. Small and large animal models of CVDs, such as hypertension or post-myocardial
infarction, heart failure, may be used to assess the diagnostic accuracy of NPs. Showing more sensitivity than current
imaging methods is essential to establish the potential superiority of NPs for early diagnosis of cardiac fibrosis.
Moreover, the use of NPs for drug delivery to treat cardiac fibrosis must show increased efficacy and safety compared
with the current anti-cardiac remodeling pharmacology. In other words, future preclinical studies must consider

a comparison with currently available treatments and diagnostic tools.

Future Directions and Emerging Trends in the Field of Nanotechnology for

Cardiac Fibrosis
There are emerging technologies for the application of cardiac fibrosis. Fields such as transcriptomics and proteomics have
identified transcripts and proteins that regulate the molecular mechanisms of cardiac fibrosis.>* They have demonstrated
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Figure 5 Cardiac fibrosis can be detected and treated with nanoparticles directed to specific targets. Stress in the heart induces a fibrotic response. It involves the activation
of Transforming growth factor-beta (TGF-f), osteopontin (OPN), fibroblast activation protein (FAP) immune cells, and collagen secretion. Nanosystems can be designed and
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Figure 6 Nanoscience and nanomaterials have evolved and are being investigated for application in CVD and cardiac fibrosis for therapy and diagnosis. Created in
BioRender. Kogan, M. (2025) https://BioRender.com/bu3pdqm.

convergence in the response of cardiac fibroblasts from different sources (adult primary CFs, fetal primary CFs, and induced
pluripotent stem cell-derived CFs (hiPSC-CF), stimulated with TGF-B1. In all three cell types, the stimulus induced activation,
differentiation, and migration of cardiac fibroblasts and remodeling of the ECM. This reaffirms the complexity in the signaling
pathways of the fibrotic response, where TGF-f1, SMAD3, SMADA4, non-coding RNA activated by DNA damage (NORAD),
insulin-like growth factor 1 (IGF1), extracellular signal-regulated kinase (ERK), and mitogen-activated protein kinase 1
(MAPK1) are upregulated. In addition, the role of protein-protein interactions in maintaining fibroblast activation is discussed.
Targets such as ITGAV, CCN2, FAP, FN1, ITGBS5, MMP2, SDC1, SERPINE1 and TNC are highlighted, which can modulate
the phenotype of fibrosis, and create new treatments and means for its diagnosis.>*'?%"'%2

Complementary to these tools, other gene editing tools such as CRISPR/Cas have been used. CRISPR/Cas is based on
the bacterial immune system. Researchers identified spaced DNA sequences from viruses, known as CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats). So, bacteria can defend themselves against viruses by this CRISPR
copy of the virus, and with the action of the Cas cleavage protein. Based on this mechanism, the scientists decided to
apply CRISPR/Cas to make gene editing in other cell types and apply it to disease therapies. The system contains the
unique guide RNA (sgRNA), complementary to the DNA sequence to be recognized, and Cas9 (one of the most widely
used Cas) makes two cuts in the DNA. The DNA double strand is broken, and the host cell binds and repairs the DNA."*?

Thus, CRISPR/Cas9 has been used in genomic editing and epigenetic modifications. To remove, insert, or inhibit the
expression of specific genes in the cardiovascular field.'”*'** Cellular and animal models have been developed, using
genomic editing of cardiac cells, for example, pathogenic mutations in natural iPSCs and correction of mutations in
iPSCs from diseased patients. Transgenic Myh6-Cas9 mouse models were administered with AAV-sgRNA-adeno-
associated virus (AAV), and CASAAV mice were administered with AAV-sgRNA-cTnT-Cre. Both approaches were
effective in achieving cardiomyocyte-specific gene deletion. The CRISPR-Cas technique has been applied in the in vivo
delivery of CRISPR-Cas components to in vivo therapy.'®>'°® For the latter application, CRISPR-Cas delivery systems
are needed. Thus, non-viral NPs (LNPs, PNPs, inorganic NPs) are one strategy to deliver DNA, mRNA, or protein from
Cas9 and sgRNA into cells. LNPs are the most widely used due to their stability in plasma, low immunogenicity, more
cost-effective production than AVYV, and cellular internalization capacity. However, we must continue to address
limitations such as limited biodistribution and high accumulation in the liver and spleen.'?®!®”

Although CRISPR-Cas technology is relatively low-cost, simple, and accurate, it must be considered that the specificity of
the CRISPR-Cas chain is not total. Therefore, one of its limitations is precisely that it can induce cuts in other undesired sites.

We must be rigorous in the studies and regulations that allow its safe and ethical use. To achieve greater efficacy in NPs-
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CRISPR-Cas therapy, it is necessary to address specific targets on the cell surface of cardiomyocytes and cardiac
fibroblasts.'”® The application of CRISPR-Cas for cardiac fibrosis has been limited so far. However, some research can be
cited, eg, CRISPR-Cas9-mediated inactivation of the miR34a gene (decreased fibrosis, enhanced proliferation of cardiomyo-
cytes, and improved heart function),'”® and CRISPR-Cas-mediated reprogramming of fibroblasts to cardiovascular progenitor
cells. Differentiation of reprogrammed fibroblasts to endothelial cells, cardiomyocytes, and smooth muscle cells was achieved.
In addition, scar size was reduced, and cardiac function was restored in a preclinical model of myocardial infarction.'® We
must apply the new tools described in research aimed at cardiac fibrosis and consider their advantages and limitations.

Due to the results obtained, it is important to mention the CAR T-cell engineered therapy again. FAP-CAR-T LNPs
contain mRNA encoding a CAR and have a functionalized CD5 antibody to target the LNPs to T lymphocytes. Thus, the
CAR binds to FAP which is expressed on activated cardiac fibroblasts. This nanosystem reduced fibrosis and restored
cardiac function in preclinical assays.’*%*!3320%201 Genetic engineering of T cells combined with nanotechnology has
offered encouraging results targeting cardiac fibrosis.

Conclusions

Due to their targeted drug delivery capabilities and potential applications in advanced imaging techniques, NPs represent
a promising approach to address cardiac fibrosis from a diagnostic and theragnostic standpoint (Figure 7). However, its
clinical application still faces significant challenges, such as the need for further evidence on its safety, toxicity,
pharmacokinetics, and long-term efficacy. In addition, regulations are still under development, and studies in cardiac
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Figure 7 Nanoparticle platforms are a technology that can potentially target the diagnosis and therapy of cardiac fibrosis. Nanoparticles can be designed to recognize
specific components of fibrotic tissue, allowing their selective accumulation in the damaged heart. Lipid and polymeric nanoparticles can carry therapeutic or imaging agents,
facilitating targeted delivery strategiesand monitoring techniques such as CT, X-ray, PET, or MRI, or multimodality imaging. Nanoparticle (NPs), intravenous via (i.v), gold
nanoparticle (AuNPs). Created in BioRender. Kogan, M. (2025) https://BioRender.com/bu3pdqm.
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fibrosis are scarce compared to other pathologies. Technological advances, the design of selective and stable NPs in the
body, and positive results in preclinical models reinforce the potential of NPs as key tools for effective and safe
personalized medicine targeting cardiac fibrosis. Early detection of cardiac fibrosis due to risk factors such as age and
hypertension can reduce CVD mortality, where fibrosis is a worse prognostic risk factor. The advantages of NPs can be
applied to develop tools for early diagnosis and effective treatment of cardiac fibrosis.
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