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Abstract

Nanomedicine is rapidly transforming the clinical landscape by enabling precise diagnostic and therapeutic interventions at the molecular level. However, its
integration into the domains of clinical anatomy and pathology remains underexplored, despite growing evidence of its potential to revolutionize structural and
functional diagnostics. This review addresses this gap by providing a focused synthesis of nanomedicine applications across anatomical and pathological contexts,
with emphasis on translational relevance. The review begins with foundational concepts in nanomedicine, including the physicochemical properties of nanoparticles
and their interaction with biological systems. In clinical anatomy, it explores nanoparticle-enabled targeted drug delivery, regenerative scaffolds, and advanced
imaging modalities enhanced by contrast-generating nanomaterials. Applications in neurological anatomy are discussed in detail, highlighting breakthroughs
in overcoming the blood-brain barrier (BBB) to treat neurological disorders like Alzheimer’s and Parkinson’s disease. The pathology-focused sections examine
nanosensors for early disease detection, nanotechnology in histopathology, and nano-polymerase chain reaction (nano-PCR) techniques for molecular diagnostics.
The utility of nanomedicine in oncology is addressed through cancer nanodiagnostics and liquid biopsy platforms, while infectious disease diagnostics benefit
from nanoparticle-based biosensors and nanovaccine carriers. A dedicated section also covers the integration of artificial intelligence (AI) with nanotechnology for
improved diagnostic accuracy and personalized medicine. Future advancements in smart nano-devices, nanosurgical tools, and Al-driven nanoparticle design hold
promise for precision diagnostics and individualized therapy. Overcoming current translation barriers will require interdisciplinary collaboration and standardization
to fully integrate nanomedicine into routine clinical practice.
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Introduction
Understanding nanomedicine

Nanomedicine encompasses a wide range of applications, including drug delivery, imaging, and diagnostics, all at the nanoscale [1-3]. The
unique properties of nanomaterials (Figure 1), such as their high surface area-to-volume ratio and ability to interact with biological systems at the
molecular level, make them ideal candidates for medical applications [4]. Recent advancements in nanotechnology have led to the development of
novel diagnostic tools and therapeutic agents that can target specific diseases more effectively than traditional methods [5-7].

One of the critical areas of research in nanomedicine is the interaction between nanoparticles and biological systems, particularly the liver. He
et al. [8] emphasizes the importance of understanding nanoparticle-liver interactions, noting that the physicochemical properties of nanoparticles
can significantly influence their delivery efficiency. The review discusses strategies to enhance delivery by modulating liver Kupffer cells, which play
a crucial role in the immune response and can affect the safety and effectiveness of nanomedicines. While liver accumulation poses challenges, it
also opens avenues for targeted therapies for hepatic diseases. In the realm of cancer therapy, Wu et al. [9] provides a comprehensive overview of
biopolymer-based nanomedicine. They discuss the advantages and limitations of various biopolymers in nano anticancer drug delivery systems,
highlighting the need for further research to overcome existing impediments. This comparative analysis aids in understanding the current
development status and potential solutions in the field.

The application of nanomedicine extends to neurodegenerative disorders and addiction, as explored by Giménez et al. [10]. Their review focuses
on innovative brain stimulation techniques and the role of magnetoelectric nanoparticles in modulating dopaminergic alterations. This underscores
the potential of nanomedicine in addressing complex neurological conditions by targeting specific neurotransmitter systems. Pharmacokinetics is
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Figure 1: Six common nanomaterials and their characteristics [4].

another critical aspect of nanomedicine, particularly concerning anticancer drug delivery systems. Meng et al. [11] highlight advanced bioanalytical
techniques that have emerged over the past five years, emphasizing the complexity of pharmacokinetic studies involving nanocarriers. The review
outlines the necessity of analyzing both the released and encapsulated drugs, as well as the nanomaterials themselves, to fully understand their
behavior in biological systems.

In the context of autoimmune diseases, Lambuk et al. [12] discussed the role of nanomedicine in targeting TNFR2 for rheumatoid arthritis
treatment. They highlight the limitations of current therapies and the promise of nanocarriers that offer controlled drug release and active targeting
capabilities, positioning nanomedicine as a viable therapeutic approach for this condition. Moreover, Mohapatra et al. [13] explore the potential
of inorganic nanoparticles in inducing ferroptosis, a form of regulated cell death distinct from apoptosis. Their review suggests that combining
ferroptosis-inducing nanoparticles with conventional therapies could enhance treatment efficacy for cancers resistant to standard approaches.
Finally, the understanding of protein-nanoparticle interactions is crucial for advancing nanomedicine. Su et al. [14] introduce PROTCROWN, a
curated database of protein corona data that aims to enhance research in this area. This resource is expected to facilitate deeper insights into the
interactions between nanoparticles and biological systems, which are pivotal for optimizing nanomedicine applications.

Nanomedicine has shown significant promise in various medical applications, particularly in oncology, renal management, and drug delivery
systems. For instance, prodrug-based cancer nanomedicines have emerged as a solution to the challenges of effective drug delivery to tumor sites.
These nanomedicines are designed to be activated by specific stimuli, allowing for targeted therapy with reduced side effects and improved drug load
efficiency [15]. Furthermore, polymeric nanomedicines are being developed to enhance drug delivery through active targeting and combinatorial
approaches, which could revolutionize cancer treatment [16]. In renal management, nanomedicines are being designed as theragnostic agents
that can both diagnose and treat kidney diseases. Recent studies have highlighted the importance of understanding the interactions between
nanomaterials and kidney structures to optimize their design for improved renal clearance and reduced toxicity [17]. This dual functionality of
nanomedicines exemplifies their potential to transform patient care.

Despite the advancements in nanomedicine, several challenges hinder its clinical translation [18-20]. One major obstacle is the formation of a
biomolecular corona around nanoparticles, which can mask targeting moieties and alter their biological identity. This phenomenon complicates
the interactions between nanomedicines and cellular receptors, ultimately affecting their efficacy [21, 22]. Additionally, the complexity of biological
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systems and the variability in patient responses pose significant hurdles in the development of effective nanomedicines [23-25]. Another challenge
is the limited understanding of nano-bio interactions, which are crucial for enhancing the efficacy of nanomedicine. The pharmacokinetics of
nanoparticles, influenced by their size, shape, and surface properties, play a vital role in their distribution and therapeutic outcomes [26, 27]. A
deeper understanding of these interactions is essential for optimizing nanomedicine design and improving clinical outcomes.

Nanomedicine, the application of nanotechnology in medicine, is revolutionizing the fields of clinical anatomy and pathology by providing
innovative diagnostic and therapeutic solutions [28-30]. This article explores the integration of nanomedicine into clinical practices, highlighting
its potential to enhance diagnostic accuracy, improve treatment outcomes, and transform patient care.

Nanomedicine in Clinical Anatomy

Nanomedicine, a convergence of nanotechnology and medical science, has begun reshaping the landscape of clinical anatomy [31]. Traditionally,
clinical anatomy emphasizes structural-functional relationships to guide diagnosis and treatment. With nanomedicine, anatomical insights are
now being augmented by nanoscale tools that enhance visualization, precision, and targeted intervention [32, 33]. This evolution marks a paradigm
shift, not just in treatment strategies but in how anatomical structures are studied, visualized, and manipulated at a subcellular level.

The integration of nanotechnology into clinical anatomy is particularly promising in areas such as targeted drug delivery, regenerative
medicine, and advanced imaging techniques [34-36]. These applications not only enhance the effectiveness of treatments but also minimize side
effects and improve patient outcomes. In clinical anatomy, nanomedicine enhances visualization techniques and improves the understanding
of anatomical structures. For instance, the use of engineered extracellular vesicles has shown promise in enhancing imaging diagnostics and
targeted therapies [37]. These vesicles can be modified to carry imaging agents, allowing for more precise localization of anatomical features and
pathologies. Moreover, advancements in imaging technologies, such as 3D echocardiography, have been complemented by nanomedicine. A novel
3D rendering tool that integrates transparency features has been shown to improve the delineation of cardiac anatomy and pathology, enhancing
the visualization of structures and aiding in clinical decision-making [38].

Targeted drug delivery

Nanocarriers-such as liposomes, dendrimers, and polymeric nanoparticles-can be engineered to recognize specific anatomical targets via ligand-
receptor interactions [39-41]. This precision allows therapeutic agents to accumulate diseased tissues while sparing healthy structures, minimizing
systemic toxicity [42, 43]. For example, tumor vasculature or inflamed endothelium can be selectively targeted in oncology or vascular diseases,
guided by detailed anatomical mapping at the nano-bio interface [44]. Nanomedicine enables the development of drug delivery systems that can
target specific tissues or cells, thereby increase the efficacy of treatments while reduce side effects. This is achieved through the use of nanocarriers
such as liposomes and polymers, which can encapsulate drugs and release them at the desired site of action [45]. The enhanced permeability and
retention effect is a phenomenon exploited by nanomedicine to deliver drugs preferentially to tumor tissues, making it particularly effective in
cancer therapy [46, 47].

A case study on MM-398 (liposomal irinotecan) is presented, detailing its development and clinical trials. This drug was shown to be more
effective than its non-encapsulated counterpart, irinotecan, in treating metastatic pancreatic cancer. The encapsulation helps to reduce toxicity and
improve drug delivery to tumor sites [48]. The paper also outlines the results from various phases of clinical trials for MM-398, noting that patients
receiving this treatment had better outcomes in terms of tumor response and survival rates compared to those receiving standard treatments.

Nanoparticle albumin-stabilized paclitaxel [49], this specific formulation was evaluated in ten clinical trials. The results indicated a clinical
benefit in using nanoparticle albumin-stabilized paclitaxel for treating breast cancer. Notably, it showed reduced toxicity compared to traditional
first-line treatments, suggesting a safer alternative for patients. In addition to nanoparticle albumin-stabilized paclitaxel, one clinical trial assessed
paclitaxel-incorporating polymeric micelles. However, the paper does not provide detailed results for this specific trial, focusing more on the
outcomes of the nanoparticle albumin-stabilized paclitaxel [49].

Regenerative medicine

Nanotechnology is also revitalizing anatomical restoration through regenerative medicine [50]. Nanofibers and nanoscaffolds are designed to
mimic extracellular matrix components, guiding cellular behavior and tissue regeneration [51, 52]. This is particularly valuable in reconstructive
anatomy, orthopedics, and maxillofacial surgery, where anatomical precision is vital for restoring form and function. The integration of stem cells
with nanomaterials further enhances anatomical fidelity during tissue repair. Nanotechnology plays a crucial role in regenerative medicine by
facilitating the repair and regeneration of damaged tissues [53, 54]. This is achieved through the use of nanomaterials that can interact with stem
cells and biomaterials to promote tissue growth and repair [55]. The combination of stem cells with nanomaterials allows for the regeneration of
tissues such as bone, muscle, and nerve, offering potential solutions for conditions that currently have limited treatment options [55].

Nanoparticles are utilized to improve the mechanical, electrical, and biological properties of scaffolds, which are crucial for tissue engineering.
These enhancements facilitate better cell attachment and tissue regeneration [56]. Nanofibrous materials mimic the native extracellular matrix,
promoting cell adhesion and serving as scaffolds for various tissues, including skin, bone, and the nervous system [57]. Nanoparticles are also
employed for DNA transfection, gene delivery, and stem-cell therapy, which are essential for tissue regeneration and repair [56]. Nanotechnology
has significantly advanced bone regeneration by developing nanostructured scaffolds that mimic the natural bone environment. These scaffolds
enhance osteogenic differentiation and integration of implants, leading to improved bone healing (Figure 2) [58]. Examples include graphene
oxide-collagen nanocomposites and polylactic acid-carbon nanotube composites, which promote osteogenesis and angiogenesis, crucial for bone
repair [59]. Additionally, strontium nanoparticles have been used to deliver osteoinductive cues, enhancing bone augmentation in spinal fusion
models [60].
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Figure 2: To evaluate bone healing efficacy, various scaffolds were implanted into mouse calvaria defects and monitored for 8 weeks. Collagen scaffolds embedded with BMP-2 (Col-
BMP-2) were used as positive control. (a) Bone regeneration was assessed via micro-CT, with quantification of newly formed bone area within the defect sites. (b) Goldner’s trichrome
staining was performed on defect sections to visualize bone formation, followed by quantification of both the bone formation area and new bone density. Arrows denote the margins of the
defect. (¢) Immunohistochemical analysis was conducted on defect sites. DAPI staining (blue) identified scaffold osteoconductivity, while osteocalcin staining (red) indicated osteoinductive
capacity. Scale bars represent 2 mm. p* < 0.05 vs all other groups; #p < 0.05 vs untreated, BC, or CNT-BC groups [58].

Advanced imaging techniques

One of the most profound contributions of nanomedicine to clinical anatomy lies in imaging. Nanoparticles, quantum dots, and magnetic
nanostructures offer enhanced contrast in modalities like magnetic resonance imaging (MRI), computed tomography (CT), and positron emission
tomography (PET) [61-63]. These agents facilitate high-resolution imaging of anatomical details, enabling earlier detection of pathologies such as
tumors, vascular anomalies, or microstructural degenerations. This nanoscale resolution bridges the gap between gross anatomy and histopathology,
offering clinicians a more integrated view of disease progression [64]. Nanomedicine enhances imaging techniques by providing high-resolution,
targeted imaging capabilities. Nanoparticles can be used as contrast agents in imaging modalities such as MRI and CT scans, allowing for the
precise visualization of anatomical structures and disease states [65, 66]. Molecular imaging facilitated by nanotechnology enables early detection
of diseases and real-time monitoring of treatment efficacy, which is crucial for personalized medicine [66].

Superparamagnetic iron oxide nanoparticles (SPIONs) are widely used as contrast agents in MRI, enhancing the imaging of tumors and other
pathologies by improving contrast and resolution [67, 68]. Gold nanoparticles have also been explored for their potential to enhance MRI contrast,
offering a non-toxic alternative with high biocompatibility [67]. Gold nanoparticles are utilized in CT imaging due to their high atomic number,
which provides superior contrast compared to traditional iodine-based agents. This allows for better visualization of vascular structures and tumors
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(68, 69]. Nanoparticles can be engineered to target specific tissues, improving the specificity of CT imaging and reducing the required dose of
contrast agents [67]. Nanoparticles can also enhance ultrasound imaging by serving as contrast agents that improve the visualization of blood flow
and tissue structures. This is particularly useful in cardiovascular imaging and tumor detection [68, 69]. The development of gas-filled nanoparticles
has been shown to improve the echogenicity of ultrasound images, providing clearer and more detailed images [70].

Multimodal imaging combines different imaging techniques to provide comprehensive diagnostic information. Nanoparticles are key to this
approach, as they can be designed to function across multiple imaging modalities, such as MRI, CT, and PET [71, 72]. This approach is particularly
beneficial in cancer diagnostics, where detailed information from different imaging techniques can be integrated to improve diagnosis and
treatment planning [73]. Nanoparticles are used in optical imaging to enhance fluorescence and bioluminescence signals, allowing for the detailed
visualization of cellular and molecular processes in real-time [71, 74]. Quantum dots and other fluorescent nanoparticles have been employed to
track the biodistribution and targeting of drugs in preclinical studies, providing insights into the mechanisms of action of nanomedicine-based
therapies [75].

While nanomedicine offers significant advancements in imaging techniques, challenges remain in translating these technologies into clinical
practice. Issues such as the long-term safety of nanoparticles, regulatory hurdles, and the high cost of development need to be addressed to fully
realize the potential of nanomedicine in imaging. Additionally, there is a need for standardized guidelines and further research to ensure the safe
and effective integration of these technologies into routine clinical use [67, 73].

Theranostics

The concept of theranostics, which combines therapy and diagnostics, is a unique application of nanomedicine. This approach allows for
simultaneous diagnosis and treatment, improving the efficiency of medical interventions and enabling personalized treatment plans [46].
Multifunctional nanomedicines can deliver therapeutic agents while providing diagnostic information, facilitating immediate responses to
treatment and improving patient management [46].

Magnetic nanoparticles are used for both imaging and therapy, particularly in cancer treatment. They can be functionalized to target specific
cancer cells, allowing for precise imaging through MRI and targeted drug delivery, thereby reducing systemic toxicity and improving therapeutic
outcomes [76, 77]. Quantum dots and semiconductor-based theranostics are employed for their unique optical properties, which make them
suitable for imaging and photothermal therapy. They can be used to track drug distribution and release in real-time, enhancing the ability to monitor
treatment efficacy (78, 79]. Gold and silver nanoparticles are utilized in photothermal therapy and photodynamic therapy due to their ability to
convert light into heat, selectively ablating cancer cells while minimizing damage to surrounding healthy tissue. This approach is particularly
effective in treating tumors at the cellular and microenvironment levels [80].

Liposomes and micelles are used for the co-delivery of therapeutic and diagnostic agents. They can encapsulate drugs and imaging agents,
providing a controlled release and targeted delivery to cancer cells, which enhances the efficacy of the treatment while reducing side effects [78,
81]. Polymeric nanoparticles and dendrimers offer a versatile platform for theranostics, allowing for the conjugation of multiple therapeutic and
diagnostic agents. They are designed to improve solubility, bioavailability, and cellular uptake, making them effective in treating various cancers
(79, 82].

Nanotheranostics have shown promise in the detection and treatment of colorectal cancer, particularly in targeting metastatic sites such as
the liver and peritoneum. Various nanomaterials, including carbon nanotubes and silica nanoparticles, are being explored for their potential
to improve colorectal cancer outcomes [83]. Despite the promising advancements, challenges such as biocompatibility, potential toxicity, and
regulatory hurdles remain. Continued research and development are necessary to overcome these barriers and achieve widespread clinical adoption
of nanotheranostic technologies [81, 84].

While nanomedicine theranostics offers significant potential in revolutionizing cancer treatment, it is important to consider the challenges
associated with its clinical translation. Issues such as nanoparticle toxicity, unintended accumulation in organs, and the need for rigorous testing
and design improvements must be addressed. Additionally, ethical considerations and regulatory hurdles pose obstacles to the widespread clinical
adoption of these technologies. However, with ongoing research and collaboration across scientific disciplines, the full potential of nanomedicine
theranostics can be unlocked, offering highly individualized treatments that combine therapeutic and diagnostic capabilities [84, 85].

Applications in neurological anatomy

The central nervous system (CNS), protected by the BBB, poses a formidable anatomical challenge for drug delivery. Nanomedicine has
developed BBB-penetrating nanocarriers capable of delivering drugs, genetic material, or imaging probes directly to neural tissues [86-88]. These
advances are transforming anatomical understanding of CNS pathologies such as glioblastoma, Alzheimer’s (Figure 3) [89], and Parkinson’s
(Figure 4) [89], making nanomedicine a tool not just of therapy, but of anatomical exploration. Nanomedicine plays a crucial role in neural repair
by facilitating drug delivery across the BBB, a significant challenge in treating neurodegenerative diseases [90-92]. Nanocarrier systems, such as
lipid and polymeric nanoparticles, are designed to transport drugs, genes, or therapeutic molecules to the brain, promoting neural regeneration
[93]. These systems not only protect therapeutic agents from degradation but also enable controlled release, enhancing the efficacy of treatments
for neural disorders [93].

Nanoparticles are engineered to penetrate the BBB, a significant obstacle in treating CNS disorders. These particles can deliver therapeutic
agents directly to the brain, enhancing treatment efficacy [94, 95]. Ultrasound-mediated drug delivery using micro- and nanobubbles is a promising
technique to transiently open the BBB, allowing for precise drug delivery to targeted brain regions [96]. Nanomedicine has been applied to
treat neurodegenerative diseases such as Alzheimer’s and Parkinson’s by using nanoparticles to deliver drugs that can inhibit harmful protein
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Figure 3: Pathological features of Alzheimer’s disease and nanoparticle-based therapeutic strategies in preclinical models. (A) Alzheimer’s disease is primarily characterized by two
pathological hallmarks: extracellular deposition of amyloid-beta plaques and intracellular accumulation of neurofibrillary tangles within neurons. These abnormalities lead to widespread
neurodegeneration, marked by pronounced atrophy of the cerebral cortex and hippocampus, along with ventricular enlargement. (B) Various nanoparticle-based therapeutic strategies
have been evaluated in preclinical animal models of AD, particularly via intravenous administration. These studies have explored the ability of different nanoparticle formulations to cross
the BBB, target pathological lesions, and deliver therapeutic agents. Outcomes from these investigations generally demonstrate improved cognitive function, reduced plaque burden, and
neuroprotection, underscoring the potential of nanoparticle systems in AD treatment development [89].
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Figure 4: Pathological features of Parkinson’s disease and nanoparticle-based interventions in preclinical models. (A) Parkinson’s disease is defined by the progressive and selective
degeneration of dopaminergic neurons within the substantia nigra, leading to a marked depletion of dopamine in the striatum. This neurodegenerative process disrupts the integrity of the
nigrostriatal pathway, which is central to motor control. (B) Preclinical studies employing systemically administered nanoparticle-based delivery systems have investigated a range of
therapeutic strategies aimed at neuroprotection, dopamine restoration, and modulation of neuroinflammation. These approaches have shown promise in enhancing drug delivery across the
BBB, improving motor function, and mitigating neurodegenerative progression in animal models of Parkinson’s disease [89].
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accumulation and regulate cellular processes [97, 98]. Liposomes, nanoscale vesicles, are being explored for delivering drugs like Levodopa directly
to the substantia nigra region in Parkinson’s disease, minimizing side effects and improving drug efficacy [99].

Nanoparticles are used to support neuroprotection and neuroregeneration by delivering neuroprotective agents and facilitating neuronal
repair. This includes the use of biosynthesized nanoparticles with antioxidant properties and enzyme-like activities [98, 99]. Gelatin-based
hydrogels, modified with chemical moieties, have shown potential in enhancing neural process outgrowth and neuron viability, contributing to
neuroregenerative strategies [99]. Nanoparticles, such as quantum dots and metallic nanoparticles, are utilized for imaging studies due to their
sensitivity and selectivity, aiding in the diagnosis and monitoring of neurological diseases [94]. Carbon nanotubes are explored for their potential
in neuroprosthetic devices and as regenerative matrices for neuronal tissue, offering new avenues for interfacing with the CNS [100].

Despite the promising applications, challenges such as safety concerns, targeting specificity, and production scalability remain. Ongoing
research focuses on addressing these issues to enhance the clinical translation of nanomedicine [94, 97]. The integration of diagnostics with
therapeutics through nanobiotechnology is expected to facilitate the development of personalized medicine, tailoring treatments to individual
patient needs [101]. While nanomedicine offers significant potential in neurological applications, it is essential to consider the broader implications
and challenges associated with its use. Safety concerns, particularly regarding the long-term effects of nanoparticles in the human body, remain
a critical area of research. Additionally, the regulatory landscape governing the clinical implementation of nanomedicine is still evolving,
necessitating comprehensive studies to ensure the safe and effective use of these technologies in medical practice [102, 103]. As research progresses,
the integration of nanotechnology into neurology holds the promise of revolutionizing the treatment and management of neurological disorders.

In summary, nanomedicine offers numerous advantages in clinical anatomy (Table 1), it also presents challenges that need to be addressed.
The translation of nanomedicine from research to clinical practice is hindered by issues such as nanotoxicology, regulatory hurdles, and the need
for multidisciplinary collaboration [104, 105]. Additionally, the long-term effects of nanomaterials in the human body are not yet fully understood,
necessitating further research to ensure their safety and efficacy [46]. Despite these challenges, the potential of nanomedicine to transform clinical
anatomy and improve healthcare outcomes remains significant.

Table 1: Nanomedicine applications in clinical anatomy.

Anatomical focus Nanotech platform Mechanism of action Clinical benefit Key example
Cardiovascular anatomy SPIONS, gold nanoparticles Enhanced imaging (MRI/CT), plaque | Early diagnosis of atherosclerosis  SPION-based MRI for coronary
detection artery visualization
Neuroanatomy (CNS) BBB-penetrating liposomes, lipid Trans-BBB drug delivery Treats Alzheimer’s, glioblastoma = Levodopa-loaded liposomes for
nanoparticles Parkinson’s
Musculoskeletal anatomy Nanofibers, collagen nanoparticles Extra cellular matrix mimicry for Orthopedic and maxillofacial Graphene oxide—collagen
regeneration reconstruction scaffolds
Oncologic anatomy Tumor-penetrating nanocarriers EPR effect, active targeting Selective tumor drug delivery | MM-398 liposomal irinotecan in
pancreatic cancer
Renal anatomy Theranostic nanoparticles Imaging + therapy, renal clearance | Improved renal diagnostics and Kidney-targeted gold
design nephrotoxicity monitoring nanoparticles

Nanomedicine in Pathology

Nanomedicine is redefining the scope and precision of clinical pathology by enabling diagnosis and monitoring at the molecular and cellular
levels [106, 107]. Traditionally, pathology has relied on morphological assessment of tissues and cells. However, the integration of nanoscale
technologies introduces tools that can detect disease markers far earlier and with greater specificity [108, 109]. This innovation not only enhances
diagnostic accuracy but also enables real-time monitoring and personalized therapeutic strategies grounded in molecular pathology (Table 2). The
integration of nanomedicine into pathology is particularly transformative. Traditional histopathological methods rely heavily on stained tissue
specimens, which can be time-consuming and subjective [110-112]. However, emerging technologies such as virtual staining and machine learning
are beginning to disrupt this workflow. For example, virtual staining technologies can provide high-throughput analysis of digital pathology
images, allowing for more efficient and accurate diagnoses [113].

Table 2: Nanomedicine tools in clinical pathology.

Tool type Nanomaterial Diagnostic target Mode of detection Application area Sensitivity/Specificity
Nanosensor (Wearable) | Graphene, Carbon nanotube-based | Inflammatory markers (e.g., | Sweat analysis (real-time) | Cardiovascular, infection |~92% correlation with blood
patches CRP) tests
Optical biosensor Quantum dots Viral RNA (e.g., SARS-CoV-2) FRET fluorescence Infectious disease 99% detection in 15 min
NanoPCR Gold nanoparticles-assisted PCR Oncogenes, miRNA (e.g., Amplification + Oncology, genetic screening| Up to 100x sensitivity vs
BRCA1, miR-21) fluorescence RT-PCR
Liquid biopsy platforms Magnetic nanoparticles CTCs, ctDNA Magnetic capture + qPCR Solid tumors 95% specificity in early
stages
Histopathology enhancer | Iron oxide/quantum dot conjugates Protein biomarkers (e.g., ITHC/Multiplexed imaging = Breast, colon, prostate CA Single-cell resolution
HER2)

Nanosensors and early disease detection

One of the pivotal contributions of nanomedicine to pathology is the development of nanosensors capable of detecting trace biomarker-
proteins, nucleic acids, or metabolites-indicative of early-stage disease [114-116]. These sensors, often functionalized with antibodies or aptamers,
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allow ultra-sensitive detection of cancer markers, infectious agents, or metabolic imbalances in blood, urine, or tissue samples [117, 118]. The
implication is a shift from symptomatic diagnosis to proactive, preclinical screening, fundamentally altering the pathological workflow. Nanosensors
are revolutionizing pathology by enabling early detection of diseases through high-sensitivity biomarker identification. In cancer diagnostics, gold
nanoparticle-based sensors detect prostate-specific antigen at concentrations as low as 0.1 ng/ml, facilitating early-stage prostate cancer diagnosis
[119]. Carbon nanotube sensors achieve similar precision for breast cancer by identifying RNA biomarkers like BRCA1 with 95% specificity [119].
For cardiovascular diseases, graphene-based nanosensors detect troponin and B-type natriuretic peptide at picomolar levels, providing critical
alerts for myocardial infarction risks [119].

In infectious disease management, quantum dot nanosensors demonstrate rapid detection of viral RNA, including SARS-CoV-2 and influenza
strains, within 15 min through fluorescence resonance energy transfer mechanisms. This approach achieves 99% accuracy in distinguishing viral
subtypes, as validated in clinical trials. Magnetic relaxation nanosensors further enhance bacterial detection sensitivity, identifying Escherichia coli
at 10 CFU/ml through targeted nanoparticle clustering [120]. Point-of-care nanosensor platforms now integrate multiplexed detection capabilities,
simultaneously analyzing up to 12 biomarkers in blood samples using microfluidic cartridges. Portable devices leveraging surface-enhanced Raman
spectroscopy provide laboratory-grade accuracy in field settings, validated through World Health Organization endorsed trials for tuberculosis
detection. Current developments in wearable nanosensors enable continuous monitoring of inflammatory markers like C-reactive protein through
sweat analysis, with clinical studies demonstrating 92% correlation to serum tests [121].

Nanotechnology in histopathology

In histopathological analysis, nanoparticles have been used to enhance staining and labeling, improving the contrast and resolution of
microscopic examination [122]. Gold nanoparticles, quantum dots, and iron oxide particles can be conjugated to antibodies or other ligands for
multiplexed detection of disease markers in tissue sections [123]. These innovations enable pathologists to identify multiple targets simultaneously,
reducing diagnostic ambiguity and facilitating precise disease classification, especially in heterogeneous tumors. Nanotechnology is transforming
histopathology through advanced imaging, targeted drug delivery, and biomarker discovery. Nanoparticles like gold and liposomal doxorubicin
enhance diagnostic precision by leveraging the enhanced permeability and retention effect for tumor accumulation, while active targeting
strategies improve specificity through surface ligand modifications [124, 125]. Quantum dots enable high-resolution imaging of cellular structures,
outperforming traditional immunohistochemistry by detecting low-abundance biomarkers with 95% specificity [125]. These innovations address
limitations in conventional histopathology, such as delayed detection and insufficient differentiation between benign and malignant tissues.

Nanocantilevers and nanoshells provide real-time biomarker detection at molecular levels. Antibody-coated nanocantilevers deflect upon
binding to cancer-specific proteins, enabling rapid identification of tumor-derived biomarkers like prostate-specific antigen and BRCA1. Near-
infrared-absorbing nanoshells conjugated with tumor-targeting peptides (e.g., guanylyl cyclase C ligands) allow simultaneous MRI contrast
enhancement and thermal ablation of colorectal cancer cells, achieving 85% tumor regression in preclinical models. These systems integrate
with portable devices for point-of-care diagnostics, reducing reliance on centralized laboratory infrastructure [126]. Machine learning-driven
histopathological biomarkers predict nanomedicine efficacy by analyzing tumor microenvironment features. A biomarker score combining blood
vessel density and tumor-associated macrophage distribution correlates strongly (R* = 0.86) with liposomal doxorubicin accumulation in tumors,
validated across 10 patient-derived xenograft models. This approach identifies patients likely to benefit from nanotherapies, with an area under
curve of 0.91 for stratifying high- versus low-accumulation subgroups. Such biomarkers enable personalized treatment plans while utilizing existing
biopsy protocols, avoiding additional invasive procedures [127].

Advanced imaging modalities like enhanced dark-field microscopy and pH-sensitive nanoprobes resolve subcellular nanoparticle distributions.
Dark-field techniques detect crystalline nanoparticles at 100 nm resolution within H&E-stained sections, while pH-activatable nanoparticles
fluoresce selectively in acidic tumor microenvironments, improving detection sensitivity by 15-fold compared to conventional dyes [65, 128].
Quantum dot-based immunohistochemistry maps low-abundance receptors (e.g., HER2) with single-cell resolution, guiding therapeutic decisions
in breast cancer cases where standard methods yield equivocal results [124, 128].

Toxicologic evaluations ensure nanomedicine safety through multimodal microscopy. Immunofluorescence and confocal imaging track
nanoparticle interactions with lymphatic endothelium and subcellular structures, revealing organ-specific accumulation patterns [128]. Studies
comparing polymeric nanoparticles and carbon nanotubes show differential toxicity profiles: polyethylene glycol-coated nanoparticles exhibit 90%
reduced hepatic clearance compared to unmodified variants, while functionalized nanotubes demonstrate minimized pulmonary inflammation
[128, 129]. These findings inform regulatory guidelines for nanomaterial use in clinical histopathology.

Molecular pathology and nano-PCR

Nanomedicine also extends into molecular pathology, particularly through enhancements in PCR based technologies [130]. Nanoparticles can
improve thermal conductivity in PCR reactions or serve as carriers for primers and probes, increasing amplification efficiency and specificity [131].
This nanoparticle-assisted PCR allows faster and more accurate detection of mutations, translocations, and epigenetic changes-critical in fields like
oncology, infectious disease, and genetic diagnostics [132-134].

Nanomedicine is advancing molecular pathology through innovations in nano-PCR, enabling rapid and precise nucleic acid detection.
Plasmonic heating via magneto-plasmonic nanoparticles (Au-Fe O, core-shell structures) reduces SARS-CoV-2 RNA detection time to 17 min
with 100% clinical accuracy in nasopharyngeal and sputum samples. This platform integrates reverse transcription, thermocycling, and fluorescence
detection, achieving a limit of detection of 3.2 copies/pl and strong correlation (Pearson r = 0.87) with conventional RT-qPCR. The method’s
specificity avoids cross-reactivity with SARS-CoV and MERS-CoV, validated across 150 clinical samples [135]. Multiplexed pathogen detection
leverages quantum dot-labeled primers for simultaneous identification of 12 viral strains in a single reaction. Cadmium selenide quantum dots
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tuned to distinct emission wavelengths enable spectral separation, achieving 99.8% concordance with sequencing results in respiratory virus panels
[65]. Gold nanoparticle probes functionalized with thiolated oligonucleotides enhance hybridization efficiency by 40% compared to conventional
TaqMan probes, reducing false negatives in low-abundance targets. These systems are being adapted for portable devices using microfluidic chips
and smartphone-based fluorescence readers [65].

Targeted nano-PCR systems utilize pH-responsive polymeric nanoparticles for in situ tumor RNA quantification. Poly(lactic-co-glycolic
acid) nanoparticles loaded with PCR components release primers and enzymes selectively in acidic tumor microenvironments (pH 6.5 - 6.8),
enabling intraoperative detection of breast cancer metastasis with 95% sensitivity. Similarly, lipid nanoparticles conjugated with EGFR-targeting
antibodies deliver CRISPR-Casl2a components to circulating tumor DNA, achieving single-molecule detection through collateral cleavage of
fluorescent reporters-a method validated in pancreatic cancer liquid biopsies [65]. MicroRNA profiling benefits from dendrimer-entrapped gold
nanoparticles, which enhance miR-21 and miR-155 detection sensitivity by 100-fold in formalin-fixed tissues. These nanoparticles prevent PCR
inhibition from fixatives while enabling multiplexed analysis of 8 miRNAs per reaction, critical for stratifying lymphoma subtypes [136]. Hybrid
graphene oxide-silver nanoparticles further improve specificity by quenching background fluorescence, achieving a dynamic range of 10 to 10~
M for Alzheimer’s-related tau mRNA in cerebrospinal fluid [137].

Challenges remain in standardizing nano-PCR protocols and minimizing nanoparticle batch variability. Recent studies address these issues
through machine learning-optimized nanoparticle synthesis (R* = 0.94 for size uniformity prediction) and lyophilized reagent formulations stable
at 25°C for 6 months. Upcoming clinical trials focus on Food and Drug Administration (FDA)-approved IONs (Ferumoxytol) repurposed for
tuberculosis RNA detection, showing preliminary 92% sensitivity in sputum samples [135]. These advances position nano-PCR as a transformative
tool for precision molecular diagnostics (Table 3).

Cancer pathology and nanodiagnostics

In oncology, nanodiagnostics are making strides in both tissue and liquid biopsy applications. Circulating tumor cells and extracellular vesicles
can be isolated using magnetic or surface-modified nanoparticles, offering a non-invasive snapshot of tumor pathology [138, 139]. Additionally,
nanoprobes are being developed to identify cancer-specific enzymes or pH changes within tissues, enabling functional diagnostics beyond what
conventional histology or cytology can offer [140]. Nanomedicine has revolutionized cancer treatment through enhanced drug delivery systems
that address low solubility, poor stability, and short half-lives of traditional agents [141, 142]. Nanoparticles such as mesoporous silica and magnetic
carriers enable precise targeting of immune cells and tumor microenvironments, improving the efficacy of immunotherapies. For example, Liu
et al. developed magnetic nanoparticles that destroy 98% of lung cancer stem cells under alternating magnetic fields, while Chen et al. [143]
engineered silica nanoparticles to deliver antigens to immune organs for activation. These advancements mitigate systemic toxicity and enhance
therapeutic precision [143].

Nanotechnology enables early detection through advanced imaging techniques. SPIONs and near-infrared quantum dots improve MRI and
optical imaging sensitivity, particularly for lung and colorectal cancers. SPIONs functionalized with EGFR-targeting agents allow noninvasive
detection of non-small cell lung cancer metastases, while NIR-II quantum dots (900 - 1700 nm) provide deeper tissue penetration for high-
resolution imaging of liver and pancreatic tumors [144, 145]. These tools facilitate earlier diagnosis and real-time monitoring of tumor progression.

Nanocarriers such as liposomes and polymeric micelles address drug resistance in cancer stem cells. For instance, Yin et al. [145] designed
nanoparticles co-delivering doxorubicin and enzymes to target breast cancer stem cells, reducing relapse risks. Similarly, albumin-bound
paclitaxel (e.g., Abraxane) and PEGylated formulations improve drug bioavailability and tumor accumulation, overcoming limitations of
conventional chemotherapy [143, 146]. These innovations enhance therapeutic outcomes by selectively eliminating resistant cell populations.
Recent advancements focus on multi-stage targeting, integrating tissue-, cell-, and organelle-specific delivery. Surface modifications with tumor-
penetrating peptides like iRGD enhance nanoparticle accumulation and penetration in metastatic breast cancer models. Wang et al. demonstrated
iRGD-functionalized nanoparticles for co-delivering photosensitizers and hypoxia-activated prodrugs, achieving synergistic therapy with minimal
off-target effects. Such strategies dynamically adapt to tumor biology, improving therapeutic indices [147].

Nanomedicine has transitioned to clinical use, with FDA-approved formulations like Doxil (liposomal doxorubicin) for Kaposi’s sarcoma and
ovarian cancer. Emerging theranostic platforms combine imaging and therapy, such as dendritic nanoparticles for PET imaging and drug delivery

Table 3: Approved and pipeline nanomedicines.

Product name Carrier type Drug cargo Target disease Regulatory status Mechanism of delivery
Doxil PEGylated liposome Doxorubicin Kaposi's, ovarian cancer FDA-approved Passive targeting via EPR
Abraxane Albumin-bound nanoparticles Paclitaxel Breast, lung, pancreatic CA FDA-approved Solvent-free delivery,
increased tumor uptake
Onivyde (MM-398) Liposomal carrier Irinotecan Metastatic pancreatic CA FDA-approved Liposomal encapsulation,
reduced toxicity
Ferumoxytol IONs MRI contrast Iron deficiency + off-label Approved T2 MRI enhancement
MRI
BNT162b2 Lipid nanoparticles mRNA (spike protein) COVID-19 FDA-approved Endosomal escape and
translation
NBTXR3 Hafnium oxide nanoparticles Radiation enhancer Soft tissue sarcoma Phase 111 Physical radiosensitizer
CRLX101 Cyclodextrin-polymer Camptothecin Solid tumors Phase 11 Controlled drug release,
nanoparticles tumor accumulation
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[145, 148]. These systems enable personalized medicine by tailoring treatments based on real-time diagnostic data, significantly improving patient
outcomes.

Infectious disease and pathogen detection

Nanomedicine is particularly impactful in the rapid detection of pathogens. Pathology labs can now use nanoparticle-based lateral flow assays,
biosensors, or nanoplasmonic devices to identify bacterial, viral, or fungal infections within minutes (Figure 5) [4]. During recent pandemics, such
tools have enabled rapid point-of-care diagnostics with laboratory-level sensitivity, reinforcing the central role of pathology in epidemic surveillance
and response. Nanocarriers such as lipid-based nanoparticles and polymeric micelles enhance antibiotic efficacy against intracellular pathogens
like Mycobacterium tuberculosis by improving drug solubility and macrophage-specific delivery [149]. Ligand-anchored chitosan nanoparticles
demonstrate sustained drug release, increasing local drug concentrations and reducing systemic toxicity in tuberculosis treatment [149].
Additionally, antibody-functionalized magnetic nanoparticles target Staphylococcus aureus biofilms, achieving a 2.5-fold binding improvement
and doubling therapeutic efficacy in murine models [150]. These strategies address low bioavailability and drug resistance in infections like HIV
and malaria [150].

Virus-inspired nanoparticles and bacterial outer membrane vesicles enable targeted delivery and intrinsic antimicrobial activity. For example,
gold nanoparticles coated with E. coli outer membrane vesicles activate dendritic cells and induce robust Th1/Th17 immune responses, enhancing
vaccine efficacy. Erythrocyte membrane-coated nanoparticles (“nanotoxoids”) trap bacterial toxins like staphylococcal a-hemolysin, providing
protection against methicillin-resistant S. aureus (MRSA) infections. These bio-inspired systems improve biocompatibility and reduce off-target
effects [151]. These bio-inspired systems improve biocompatibility and reduce off-target effects.

Nanotechnology enables ultrasensitive biosensors for early pathogen identification. Functionalized nanoparticles, such as antibody-labeled
quantum dots, detect S. aureus in infected tissues via fluorescence imaging. Magnetic nanoparticles coupled with anti-protein A antibodies allow
precise localization of bacterial infections in cutaneous models, improving diagnostic accuracy. Similarly, cyclic peptide-conjugated nanoparticles
enhance bacterial targeting in lungs, enabling real-time monitoring of infection progression [150]. Nanocarriers optimize antigen delivery and
immune activation. Lipid nanoparticles encapsulate mRNA vaccines, as seen in COVID-19 applications, while outer membrane vesicles-based
platforms promote cross-protection against diverse bacterial strains [151]. For tuberculosis, chitosan nanovaccines enhance macrophage uptake
and antigen presentation, eliciting durable immune memory [149]. These platforms address challenges like poor immunogenicity in subunit
vaccines.

Nanoparticles co-deliver antibiotics with resistance-modulating agents. For instance, vancomycin-loaded nanoparticles functionalized with S.
aureus-targeting peptides reduce required doses by tenfold while maintaining efficacy [150]. Enzyme-loaded nanoparticles degrade bacterial
biofilms, restoring antibiotic susceptibility in chronic infections [151]. Such approaches mitigate resistance in pathogens like Pseudomonas
aeruginosa and M. tuberculosis [150]. Preclinical advances include outer membrane vesicle-based nanotoxoids for MRSA and malaria-targeted
nanocarriers that accumulate in parasite-infected erythrocytes [150, 151]. Challenges remain in scalability and long-term safety, but innovations in
biomimetic design and multifunctional systems show promise for global infectious disease management [4].
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Figure 5: Nanomedicine in virus and pathogenic bacteria detection. Schematic representation of detection principle, process and outcome indicators [4].
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Integration with Digital and AI

Al-driven image analysis enhances nanomedicine applications by improving resolution and sensitivity in detecting nanoscale pathological
changes (Table 4). For instance, Al algorithms process whole slide images to identify subtle tumor characteristics, while nanoparticles like quantum
dots provide high-contrast imaging for early cancer detection [152]. Generative Al models, such as PathChat, integrate vision-language capabilities
to generate diagnostic reports from histology images, streamlining workflows in anatomic pathology [152, 153]. This synergy between AI and
nanoscale imaging agents enables precise identification of biomarkers in complex tissues, such as liver or pancreatic tumors [154].

Machine learning optimizes nanoparticle formulations for targeted drug delivery by predicting biodistribution and efficacy. For example, AI
models analyze patient-specific data to design nanocarriers that selectively accumulate in tumor microenvironments, reducing off-target effects
[155, 156]. Integrated systems combine real-time imaging with AI-guided nanorobots to adjust drug release dynamically, as seen in preclinical
models of colorectal cancer [155]. These approaches improve therapeutic precision while minimizing systemic toxicity, particularly in drug-
resistant cancers. Generative Al creates virtual H&E stains from label-free tissue samples, reducing reliance on physical staining protocols. This
technique, validated in renal and digestive tract pathology, preserves tissue integrity and accelerates diagnostic workflows [153, 157]. Synthetic
histology images generated by Al also address data scarcity for training algorithms, enhancing model robustness in detecting rare pathologies like
early-stage gliomas [152, 153].

Al automates slide quality assessment, flagging artifacts such as staining errors or tissue floaters in whole slide images. This integration reduces
manual review time and ensures consistency in high-volume labs, particularly for metastatic cancer screening [152, 157]. Al tools like Path-BigBird
extract tumor characteristics from pathology reports in real time, enabling rapid triage of urgent cases [153]. AI combines genomic, proteomic,
and nanomaterial data to tailor therapies. For example, AI models predict nanoparticle-drug interactions based on patient-specific biomarkers,
optimizing regimens for pancreatic cancer [156]. Federated learning frameworks enable collaborative model training across institutions while
preserving data privacy, critical for rare disease research [152, 153]. Generative Al produces synthetic histology datasets for pathology training,
simulating rare conditions like amyloidosis or granulomatous inflammation [153, 157]. Virtual microscopy platforms integrated with AI feedback
mechanisms enhance trainee diagnostic accuracy, particularly in subspecialties like hematopathology [152, 153].

Furthermore, the development of semi-supervised learning models, such as the Anatomy-Pathology Disentanglement Network, demonstrates
the potential of Al in pathology. This model can perform pathology segmentation with limited annotations, significantly improving diagnostic
accuracy and efficiency [158]. The combination of Al and nanomedicine is paving the way for more precise and personalized diagnostic approaches.
FDA-cleared Al tools, such as those for prostate cancer grading, now integrate with digital pathology platforms, while nanotheranostics like gold
nanoparticle-based sensors undergo trials for real-time monitoring [156]. Ethical challenges include mitigating algorithmic bias in underrepresented
populations and ensuring transparency in Al-generated diagnoses [152, 153].

Challenges and Future Directions

Despite the promising advancements, several challenges remain in the clinical translation of nanomedicine (Table 5). Issues such as regulatory
hurdles, standardization, and the need for increased investment in research and development are critical for the successful integration of
nanomedicine into clinical practice [159]. The European Technology Platform on Nanomedicine emphasizes the importance of creating a unified
knowledge hub that links academia, industry, and healthcare providers to address these challenges [159]. The development of frameworks such
as DELIVER aims to streamline the clinical translation of nanomedicines by addressing design, manufacturing, and regulatory considerations
[160]. By fostering collaboration between disciplines such as chemistry, biology, and engineering, researchers can create more effective and safer
nanomedicines.

Moreover, the potential of nanomedicine in addressing complex diseases, such as triple-negative breast cancer, is significant. Recent studies
highlight the importance of molecular profiling in triple-negative breast cancer, which can be enhanced through nanomedicine approaches that
target specific genetic expressions [161]. The future of nanomedicine in pathology and clinical anatomy lies in its ability to provide tailored solutions
that improve patient outcomes.

Table 4: Al and digital integration with nanomedicine.

Tech platform Nanomedicine role Al function Clinical benefit
PathChat + quantum dots Image-guided diagnostics Vision-language report generation Faster histological interpretation
Virtual H&E with nanocontrast Label-free nano-enhanced tissue imaging Synthetic staining via GANs Preserves tissue, faster processing
Al-formulated nanodrugs Predictive nanoparticle design Predicts formulation for patient-specific needs Tailored nanotherapies
Al-nano PCR combo Diagnostic aid in infection and oncology Detects signal threshold, adjusts cycles Improved LOD, avoids false negatives
Federated Al for histopathology Shared model training on pathology + nano data Preserves patient privacy across institutions Better rare disease modeling

Table 5: Translational barriers in nanomedicine.

Barrier category Specific challenge Impact Proposed solutions
Biological interaction Protein corona masking targeting ligands Alters biodistribution, reduces efficacy Pre-coating strategies, corona-resistant
design
Toxicity and clearance Reticuloendothelial system uptake Liver/spleen accumulation, potential damage PEGylation, size optimization
Manufacturing scalability Batch-to-batch nanoparticle inconsistency Poor reproducibility Al-driven nanoparticle synthesis
Regulatory framework Lack of nano-specific clinical endpoints Trial approval delays Unified EU/US regulatory pathways
Patient heterogeneity Variable immune/nanoparticle interactions Poor clinical translatability Genomic + proteomic patient stratification
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As nanomedicine penetrates deeper into clinical anatomy, it raises ethical and pedagogical challenges. The complexity of nanoscale anatomy
requires updated curricula for medical education, incorporating nanotechnology principles alongside classical anatomical knowledge. Additionally,
ethical issues around nanomaterial toxicity, patient consent, and long-term biocompatibility must be rigorously addressed before full clinical
integration.

Conclusion

Nanomedicine represents a new frontier in clinical anatomy and pathology, offering innovative diagnostic and therapeutic solutions that
can significantly enhance patient care. As research continues to evolve, the integration of nanotechnology into clinical practice will likely lead to
more accurate diagnoses, improved treatment strategies, and ultimately, better patient outcomes. The ongoing collaboration between researchers,
clinicians, and industry stakeholders will be essential in overcoming existing challenges and realizing the full potential of nanomedicine in
healthcare.

The integration of nanomedicine into clinical anatomy represents a fundamental shift from passive observation to active, nano-enabled
manipulation of human structures. Future directions include smart nanodevices capable of real-time anatomical feedback, nanosurgical tools for
microinvasive procedures, and personalized anatomical mapping for precision medicine. As anatomical science continues to evolve, nanomedicine
will be central not only to understanding structure and function but to actively shaping clinical outcomes at the most fundamental level.
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