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Abstract

The intersection of nanotechnology and biomedical imaging has ushered in a new era in the early detection and diagnosis
of cancer which has revolutionized biomedical imaging by enhancing sensitivity, resolution, and targeting capability. This
review presents a comprehensive overview of the latest developments and innovations in nanoplatforms-based imaging for
cancer diagnosis, a burgeoning field that holds significant potential in improving cancer detection and treatment. Recently
multimodal imaging techniques utilizing the unique properties of different types of nanoparticles are providing compre-
hensive diagnostic information. This multi-pronged approach allows for more precise tumor localization, size estimation,
and growth rate calculation, offering a holistic view of the tumor and its environment. The primary focus of this review is
on the recent progress in various types of nanoparticle-based imaging modalities, including optical, magnetic resonance,
ultrasound, and nuclear imaging. Specific advancements in nanomaterial design for targeted imaging are highlighted, show-
ing the improvement of precision targeting as an impact on the detection of cancer cells, even in early-stage tumors. A keen
examination on the integration of diagnostic and therapeutic capabilities into single nano-based platforms for theranostics,
underscoring their potential in personalized medicine is provided. The current challenges in the field, such as issues related
to toxicity, biodistribution, and clearance of nanoparticles, and it explores ongoing research aimed at overcoming these
hurdles. The growing body of research in this field highlights the promising future of nanoplatforms in improving the early
detection and treatment of cancer.
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In recent years, the unique physical, biological, and chemi-
cal attributes of nanomaterials (NMs) have garnered sig-
nificant attention from researchers, distinguishing them
from their bulk counterparts [1]. These NMs are catego-
rized based on attributes such as size, chemical composi-
tion, shape, and origin. Emerging from diverse sources,
various types of NMs have been synthesized and classified
as per these parameters [2]. Owing to industrial demands,
their production has surged considerably. Broadly, NMs
stem from two primary origins as engineered (synthetic)
processes and natural occurrences. A nanomaterial is typi-
cally characterized by its external dimensions or its inter-
nal or surface structures being on the nanoscale [3]. By
this criterion, many everyday materials could be consid-
ered nanomaterials due to their nanoscale internal modu-
lations. A nanoparticle, on the other hand, is defined by
having at least one external dimension on the nanoscale.
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The term "nanoscale" encompasses sizes ranging from
approximately 1 nm to 1000 nm [4]. This definition some-
what overlaps with microparticles, which start at around 1
micron. Although a lower limit of 1 nm is widely accepted,
there's debate over the upper limit. Some authors cap it at
100 nm, but this restriction lacks empirical backing and
could be overly restrictive for nanomaterial categoriza-
tion [5].

In 2011, the European Commission offered a nuanced
definition for "nanoparticle." They advocated consider-
ing the average particle size and its standard deviation.
Nanoparticles typically consist of particle clusters, with
sizes both above and below the 100 nm threshold. As
per the European Commission's guidelines, for a mate-
rial to qualify as a nanomaterial, it should contain 50%
or more particles within the 1-100 nm range [3, 4]. The
systematic categorization of nanomaterials (NMs) based
on their chemical and physical properties are pivotal for
grasping the vast diversity within this domain [2, 5]. Vari-
ous methods such as ball milling, cutting, chipping, and
extruding are employed to produce NMs. These techniques
result in an array of structures, often with unique surface
coatings, paving the way for their respective classifica-
tions. The distinguishing factors for categorization include
dimension, shape, size, composition, and consistency [6].
Broadly, nanomaterials can be grouped based on their
compositional characteristics and for a visual representa-
tion, refer to Fig. 1, which depicts the various classes of
nanomaterials.

Fig.1 Various types of nano-
materials [7]

Nanomaterials categorization

Nanomaterials (NMs) can be broadly segmented into
four types, independent of their positional or chemical
attributes.

(a) Categorization by Dimensional Properties

In 2007, a unique method for NM classification was
introduced by Pokropivny and Skorokhod, focusing on
their dimensional characteristics [8].

1. Zero-Dimensional (0D) NMs: With all dimensions con-
fined to the nanoscale (typically up to 100 nm), this
group encompasses entities like quantum dots (from
carbon, graphene, and other inorganic materials) and
spherical NMs (from noble metals, polymers, and more).
Their unique properties, like optical stability and wave-
length-specific photoluminescence, make them attractive
for sectors like biomedicine and optoelectronics [9].

2. One-Dimensional (1D) NMs: Here, only one dimension
exceeds the 100 nm threshold. Examples are nanotubes,
nanorods, and nanowires made from diverse materi-
als like polymers, metals, and carbon. Some other 1D
NMs are veils and nonwovens, produced from polymer
nanofibers. Their high surface area and minuscule pore
size make them ideal for uses ranging from filtration to
tissue engineering [8].

3. Two-Dimensional (2D) NMs: These have two dimen-
sions beyond the 100 nm mark. They encompass
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graphene variants, transition metal compounds, and
other planar NMs. Their unique properties arise from
their consistent shape and high surface area, among
other factors.

4. Three-Dimensional (3D) NMs: These don't have any
dimensions restricted to the nanoscale. This group
includes structures like nanoporous powders and nano-
structured electrodes. There's significant research into
3D NMs, especially for applications in storage devices
and wastewater treatment. They also find roles in areas
such as solar cells and biomedical equipment. 3D print-
ing techniques promise to further expand their potential

[8].

(b) Classification Based on Pore Size

As per the guidelines set by the International Union of
Pure and Applied Chemistry (IUPAC), nanomaterials (NMs)
can be segmented into three categories based on their pore
dimensions: mesoporous, microporous, and macroporous
NMs [10].

1. Mesoporous NMs: Characterized by pores that range
from 2 to 50 nm, these NMs can be either structured
or unstructured. Some highly porous carbon substances
fall into the microporous category, enhancing the overall
surface area. One common application of these highly
porous materials is in the creation of adsorbents, usually
featuring a carbon framework, with the specific structure
and pore volume depending on their fabrication process
[10].

2. Microporous NMs: These NMs have pores smaller than
2 nm, often referred to as nanopores. Examples include
zeolites and metal—organic frameworks. Such materials
are frequently employed in applications like air purifica-
tion and gas separation, enabling the filtration of pollut-
ants like mold spores and bacteria while allowing gas
molecules to pass unhindered, ensuring a clean environ-
ment within confined spaces [10].

3. Macroporous NMs: With pore dimensions exceeding
50 nm, these NMs, such as macroporous arrays, stand
out for their superior transport capabilities. These struc-
tured arrays are designed to maximize flow, ensuring
that diffusion isn't a constraint. This is particularly vital
for processes where easy access is essential, such as in
drug delivery, sensing, catalysis, and absorption [10].

(c) Categorization Based on Nanomaterial Origins

Nanomaterials (NMs) can be classified by their source
into four primary groups: natural, incidental, engineered,
and bioinspiredas shown in Fig. 2 [11].

1. Natural NMs: These arise from inherent environmen-
tal processes, without human intervention. Examples

include materials stemming from volcanic eruptions,
forest fires, or organic structures like spider silk, but-
terfly wings, and human bone matrices. Some natural
NMs, such as clays, owe their nanostructure to their
unique crystal formation. Additionally, certain photonic
crystals, owing to their nanoscale structure, fall into this
category.

2. Incidental NMs: These are unintentionally produced
as a byproduct of human activities. Emissions from
vehicle engines, residues from welding or smoke from
wood combustion are classic examples. Their form can
be quite irregular, and their impact on the environment
can be considerable, especially when juxtaposed with
engineered NMs.

3. Engineered NMs: Designed for specific purposes, engi-
neered NMs have consistent shapes and sizes. They
differ from natural or incidental nanoparticles which
typically exhibit inconsistent forms. The history of engi-
neered NMs goes back several decades; for instance,
fumed silica was commercialized in the 1940s, and silica
nanospheres emerged in the 1960s [10, 11].

4. Bioinspired NMs: Crafted to imitate the structures or
functionalities of natural substances or organisms, these
NMs utilize sophisticated nanofabrication techniques
to attain their desired attributes. A classic instance is
how chameleons' dynamic color changes, resulting
from the modification of guanine nanocrystals, inspire
the creation of sensors that change color upon stretch-
ing or compression. Such innovations hold potential for
diverse applications like wall designs, signage, and opti-
cal recording [11].

(d) Categorizing Nanomaterials Based on Chemical
Composition.

Nanomaterials (NMs) can be constructed using various
elements from the periodic table, particularly those used in
creating natural and engineered NMs. Based on their com-
position, NMs can be segmented into carbon, organic, inor-
ganic, and hybrid categories [12].

(1) Carbon-derived Nanomaterials: These NMs are
sourced primarily from sp? carbon structures, examples
include graphene, carbon nanotubes, and fullerenes. Unique
methods such as laser ablation and arc discharge are utilized
to produce them. One fascinating aspect of carbon-based
NMs is their vast array of allotropes, making them a distinct
type of organic NMs due to the dominant C—C bonds. Other
members of this category include nanodiamonds and acti-
vated carbon. Carbon NMs have broad applications, includ-
ing use in composite materials and energy sectors. Addition-
ally, they are instrumental in the creation of electrodes for
batteries and electrochemical sensors [6, 11, 12].

(2) Organic Nanomaterials: Predominantly composed of
carbon and hydrogen, these NMs integrate other elements to
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Fig.2 Classification of Nano-
materials based on composition,
dimensionality, phases, disper-
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gain specialized functionalities. This category encompasses
dendrimers, micelles, and liposomes. Many of these, such
as lipid and polymer nanoparticles, encapsulate substances
within a nano-sized structure. Some structures, inspired by
cellular lipid bilayers, are formulated using amphiphilic
organic compounds that create micelles and liposomes with
a characteristic hollow center [12].

(3) Inorganic Nanomaterials: These are characterized by
the absence of carbon, featuring elements like metals and
their derivatives. They exhibit a myriad of shapes due to
atomic arrangements while retaining the crystallinity typical
of metal compounds. Some inorganic NMs, like metal-based
quantum dots, stand out for their unique properties at tran-
sitional stages between individual atoms and bulk material.
Another notable subgroup includes magnetic nanoparticles
known for their magnetic properties. Nanoclays and zeolites,
both integral in environmental applications, also fall under
this category [1, 12].

(4) Hybrid Nanomaterials: These represent an amalgama-
tion of diverse phases, with at least one phase being nano-
dimensional. Polymeric nanohybrids incorporate organic
or inorganic nanoparticles within polymer matrices. Fur-
thermore, inorganic nanocomposites may merge multiple
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metals, resulting in alloys or core—shell structures. A nota-
ble member of this class is the composite combining carbon
nanotubes with metal matrices, prized for its strength and
conductivity. Interestingly, such hybrid structures are also
observed in natural forms, evident in entities like abalone
shells [6, 11].

Role of Nanomaterials in Cancer Detection

(a) 2D Nanomaterials for Detection of Cancer

Cutting-edge nanotechnologies offer transformative ben-
efits in advancing cancer theranostics. Two-dimensional
nanomaterials (2DNMs) stand out as innovative materials,
boasting multifaceted physicochemical attributes, paving the
way for breakthroughs in cancer diagnosis and treatment.
Research indicates that 2DNMs hold potential for various
applications:

1. Recognizing cancer through their affinity for tumor indi-
cators;

2. Enabling molecular imaging for targeted tumor treat-
ments; and



Indian Journal of Microbiology (Jan-Mar 2025) 65(1):137-176

141

3. Facilitating drug and gene transport, along with photo-
thermal and photodynamic treatments for cancer [13].

Yet, employing these in the biomedical field prompts
concerns due to the current lack of comprehensive knowl-
edge about their in vivo behaviors, transformations, and
potential side effects.

Cancer remains a significant global health challenge
due to its high mortality rates and the profound impact
on patients' lives. Even with considerable advancements
in treatment, the five-year survival rate for many cancer
patients is still not optimal, underscoring the need for
more effective treatment approaches. As we gain a deeper
understanding of the complex and varied nature of cancer,
there's an increasing urgency to craft more targeted "pre-
cision medicine" that seamlessly blends diagnostic and
therapeutic solutions. This has given rise to "nanothera-
nostics," a concept that amalgamates diagnostic imaging
with therapy. In this landscape, innovative nanomaterials
emerge as a beacon of hope, offering tailored treatment
solutions. Notably, 2DNMs are gaining traction as front-
runners in the realm of cancer diagnosis and treatment
[14].

Since 2004, when Geim and his team first unveiled gra-
phene, a unique single layer of graphite, the intrigue sur-
rounding 2D nanomaterials (2DNMs) has grown exponen-
tially. These materials are characterized by their ultrathin
nature, where one of their dimensions is less than 100 nm.
Their distinctive structure affords them outstanding ther-
mal, mechanical, chemical, and optical traits. As a result,
researchers have extensively explored 2DNMs for their
potential in sectors like energy storage, energy transfer,
electronics, and mechanical device development. Further-
more, the biomedical arena recognizes the versatility of
2DNMs, given their exceptional drug and gene loading
capabilities and their impressive photothermal and pho-
todynamic attributes [6]. This makes them a promising
avenue in the development of tailored cancer nanothera-
nostics solutions, spanning from sensing and imaging
to gene/drug delivery and therapeutic applications. For
instance, the inherent properties of rigid C-N planes in
ultrathin g-C;N, nanosheets make them apt for two-photon
fluorescence imaging within cellular nuclei. Additionally,
certain 2DNMs, like WS, and MoS,, are known for their
robust photothermal conversion and ability to penetrate
deep tissue layers. Their expansive surface area relative
to volume further positions them as ideal candidates in
advanced drug delivery platforms [6, 15].

While 2D nanomaterials (2DNMs) exhibit pioneering
attributes, their clinical application remains a considerable
distance away. Several apprehensions persist around their
in vivo behavior and safety: [16]

1. Some materials, such as graphene, tend to clump
together in biological environments, leading to potential
toxicity concerns.

2. The production process for these nanomaterials might
introduce impurities like heavy metals, which could
exceed human tolerance levels.

3. Slow metabolic rates could cause these materials to
accumulate in vital human organs, presenting primary
toxicity risks.

Numerous reviews have delved into the unique proper-
ties and possible uses of 2DNMs, with many spotlighting
the vast biomedical potential, especially around graphene
and its variants. Some studies also delve into the biological
implications of graphene derivatives, encompassing their
in vivo dynamics and safety profile [17]. Yet, there seems
to be a lack of a holistic review concentrating specifically
on the role of 2DNMs in cancer nanotheranostics. Moreo-
ver, the methods employed to adjust their physicochemi-
cal characteristics and the biological impacts of other 2D
materials are yet to be exhaustively explored. As a result, a
significant information void exists regarding the application-
centric attributes of 2DNMs in cancer nanotheranostics and
an updated overview of their role in oncology research.

Nanotechnology in Cancer Imaging

Nanotechnology, the science of manipulating matter at an
incredibly minute scale, holds the promise of revolutionizing
cancer research and treatment. By crafting distinct structures
and devices at the nanoscale, it can offer the tools necessary
for enhancing cancer diagnostics, therapies, and preventive
strategies. While the exploration of nanotechnologies in
medicine began in earnest only in the 1980s, the field has
witnessed substantial advancements. Today, several nano-
enhanced therapies and diagnostic methods are in clinical
use, with many more in the pipeline. This pioneering field
brings together experts from various domains such as phys-
ics, chemistry, engineering, information technology, biol-
ogy, and more. With its vast potential, nanotechnology is
influencing diverse sectors, from electronics to biomedicine,
driving a host of innovative solutions, particularly in the
medical domain [17].

Advantages of Nanotechnology in Cancer Treatment

Nanodevices are minuscule, ranging from one hundred to ten
thousand times smaller than cells in the human body. Their
size is comparable to large biomolecules, like enzymes. For
context, hemoglobin, the oxygen-carrying molecule in our
blood, is about 5 nm wide. Due to their petite size, nanode-
vices that are less than 50 nm can easily penetrate most cells.
Those under 20 nm can exit blood vessels during circulation.
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Their ability to interact with biomolecules both externally
and internally in cells makes them uniquely positioned for
innovative disease detection and treatments [18].

At its core, our biological processes operate at the
nanoscale. Essentially, we're made up of countless biologi-
cal nano-machines. Nanotechnology grants researchers the
ability to observe and adjust macromolecules in real-time,
especially during early stages of cancer. This technology
can quickly detect cancer-associated molecules, allowing
scientists to identify molecular variations even in a tiny
cell fraction. Furthermore, nanotechnology can introduce
innovative and effective treatment agents. Nanotechnology's
significance in cancer treatment hinges on its customizable
nature, its capacity to function as a diagnostic or therapeutic
tool (or both), and its potential to accumulate around tumor
areas, specifically target cancer cells, and cross challenging
biological barriers in the body.

(a) Passive Tumor Collection

An ideal cancer drug delivery system would majorly
concentrate on the tumor, leaving the surrounding healthy
tissues unaffected. The natural tendency of many drugs to
concentrate in tumors due to their movement through perme-
able blood vessels known as the Enhanced Permeability and
Retention (EPR) effect is beneficial. Rapid tumor growth
necessitates an equally rapid expansion of its blood supply.
This rapid growth leads to vessels with larger pores, permit-
ting the entrance of nanoparticles into tumor regions. The
EPR effect ensures nanoparticles can target tumors. Present-
day nano-based cancer treatments mostly rely on the EPR
effect for effective drug delivery. But the EPR effect has its
limitations. While effective for most tumors, central regions
of larger tumors may not benefit from the EPR effect due to
low oxygen levels. Thus, clinical methods have been devel-
oped to amplify the EPR effect [19].

(b) Active Tumor Targeting

While the EPR effect ensures nanoparticles concen-
trate in tumor regions, it doesn't guarantee their uptake by
cells. However, certain treatments need intracellular activa-
tion. Additionally, the EPR effect's efficiency varies across
tumors. Therefore, active targeting is viewed as crucial
for advanced nanoparticle-based treatments. This can be
achieved by modifying the nanoparticle surface with vari-
ous molecules [20].

(c) Crossing Tissue Barriers

For nano-drugs to reach tumors, they must first overcome
tissue barriers. These barriers can be biological, like tumor
stroma, or functional, like tumor endothelium barriers. The
tumor environment is complex, with abnormal blood ves-
sels and various cells in an extracellular matrix. This envi-
ronment presents challenges to drug delivery. One notable
barrier is the blood-brain barrier (BBB), which safeguards
our brain from harmful substances. Its protective nature also
hinders therapeutic delivery to brain diseases. Nanoparticles'
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adaptability makes them ideal candidates for designing
BBB-crossing delivery methods [21].

Enhanced Detection and Diagnosis Techniques

A critical factor in combating cancer is its prompt detection.
Thanks to nanotechnology, we now have advanced molecu-
lar contrast agents and tools that pave the way for swifter and
more precise initial diagnoses. This also aids in the continu-
ous monitoring of cancer treatments. Though nanoparticles
are still not in clinical use specifically for detecting or diag-
nosing cancer, they're already employed in various medical
screenings and diagnostic tests. A common application is the
use of gold nanoparticles in over-the-counter pregnancy kits
[22]. Furthermore, products like the Verigene® system by
Nanosphere and T2MR system from T2 Biosystems incorpo-
rate nanoparticles and are in current hospital use for multiple
purposes. In the realm of cancer, there's active research on
nanodevices aimed at identifying biomarkers in the blood,
such as proteins linked to cancer, floating tumor cells, and
tumor-released DNA and exosomes. These nano-powered
sensors boast impressive sensitivity, accuracy, and the capa-
bility to measure multiple factors simultaneously. The newer
generation of these devices integrates genetic analysis,
enhancing our understanding of an individual's cancer and
illuminating potential treatments and the disease's trajectory.
While nanoparticles are already recognized and used as con-
trast agents to highlight anatomical structures, the focus is
now on harnessing them as molecular imaging tools. These
can provide insights into cancer-specific genetic changes or
the behavior of tumor cells. This crucial data assists doctors
in determining or adjusting a treatment path. Another prom-
ising development is bioresponsive nanoparticles. Their abil-
ity to alter their properties based on internal body changes
allows them to offer real-time, comprehensive insights into
disease development and the efficacy of treatments.

(a) In Vivo Imaging Advancements

Traditional imaging techniques often detect cancers only
after they've significantly affected tissue structures. By this
stage, the cancer might have advanced and even spread to
other parts of the body. Determining the type of tumor—
whether it's benign or malignant—and its responsiveness
to treatments typically requires invasive biopsies. Modern
imaging struggles to identify tiny metastatic sites or cells
that pre-seed metastatic locations. Additionally, surgical
removal of tumors, a common treatment, poses the challenge
of balancing between eliminating cancerous tissue and pre-
serving vital healthy tissue. Achieving single-cell precision
in cancer removal remains an aspiration [23]. It promises
more refined contrast agents that can enhance tumor detec-
tion in real-time using established imaging techniques like
MRI, PET, and CT. Furthermore, it introduces unconven-
tional imaging methods, such as photoacoustic tomography
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(PAT), Raman spectroscopic imaging, and multimodal imag-
ing—where agents can function across multiple imaging
techniques. The versatility of nanotechnology arises from
its ability to hold various components at once, from targeted
agents to contrast materials, and its inherent properties that
amplify imaging signals.

Notable advancements have stemmed from research
funded by the NCI. For instance, collaborations between
Stanford University and Memorial Sloan Kettering Cancer
Center led to the creation of nanoparticles that can outline
brain tumor boundaries [24]. These particles can monitor
tumor growth using MRI and assist surgeons during tumor
removal, enabling precision down to individual cancer cells.
For metastatic melanoma, teams from MSKCC and Cornell
University have pioneered 'C-dots'—nanoparticles that offer
both PET and optical imaging. Specifically designed to tar-
get melanoma, these nanoparticles have shown promise in
early clinical tests [25]. Addressing prostate cancer, Stanford
researchers are focusing on nanoparticles that reveal both
the size and location of cancerous cells, and provide crucial
insights to prevent overdiagnoses. Their innovations align
with the recent introduction of a handheld imaging device,
potentially revolutionizing how prostate cancer is diagnosed
and treated. Gold nanoparticles are being explored to boost
light scattering in endoscopic procedures like colonoscopies.
The allure of nanotechnology in cancer care lies in its poten-
tial for 'theranostic' platforms systems that can both diagnose
and treat. Emory University researchers are breaking barri-
ers with a platform that penetrates pancreatic cancer's pro-
tective fibrous tissue, using magnetic cores for MRI imaging
and direct drug delivery [26].

Furthermore, nanotech promises a more granular view
of molecular markers, revealing the stages of cancer and
even therapy-induced cell death. An innovative system from
Stanford, called the Target-Enabled in Situ Ligand Assembly
(TESLA), is based on nanoparticles that assemble within the
body [27]. These particles emerge in response to enzymes
produced during cancer cell death, enabling medical pro-
fessionals to monitor treatment outcomes more effectively.

(b) In Vitro Sensing Through Nanotechnology

In vitro diagnostics enhanced by nanotechnology provide
heightened precision and adaptability, enabling simultane-
ous testing for numerous targets. Utilizing familiar manu-
facturing techniques, like lithography, these diagnostic tools
can be crafted into compact, on-site devices. At the core
of such devices is a biosensor, equipped with a biological
element that recognizes and reacts with a specific biologi-
cal molecule. This interaction can stem from processes like
antigen—antibody binding, DNA strand hybridization, or
ligand-epitope attachments. The device's transducer then
translates this biochemical activity into a measurable sig-
nal, employing mechanisms like optical, magnetic, or elec-
tronic responses. Many of these nanotechnology-powered

devices can discern diverse biological markers from fluids
or tissues. For example, the bio-barcode assay, conceived
in Chad Mirkin's lab at Northwestern University [28], com-
bines magnetic nanoparticles with gold nanoparticle probes
to achieve femto-picomolar sensitivity levels. Another nota-
ble advancement comes from James Heath's lab at Caltech.
Here, a unique method, DNA-encoded antibody libraries
(DEAL), utilizes DNA to anchor antibodies in microchan-
nels, enabling comprehensive protein assessments directly
from blood [29].

Massachusetts General Hospital's Ralph Weissleder
developed the Diagnostic Magnetic Resonance (DMR) sen-
sor, a tool that capitalizes on magnetic field-induced changes
in water molecules to detect labeled analytes [30]. Mean-
while, at Stanford University, Shan Wang's team crafted
Giant Magnetoresistive (GMR) biosensors [31]. These
tiny sensors adjust their electrical resistance based on local
magnetic fields and have been optimized to detect proteins
in diverse samples and gauge protein interaction dynam-
ics. The aforementioned tools not only offer unparalleled
multiplexing capabilities but also, through data analytics,
allow the correlation of different biological markers. This
can significantly improve patient treatment customization
based on individual responses. Furthermore, with the growth
of microfluidic technologies, it's now feasible to unite sam-
ple handling and processing with biosensing. This promises
fully comprehensive diagnostic devices that can deliver con-
clusive medical insights from a singular sample.

(c) Assessing Therapeutic Reactions through Liquid
Biopsies

Monitoring a patient's reaction to treatment during their
illness journey is pivotal for tailored and predictive health-
care. Efficient and disease-specific tracking can guide more
effective treatment strategies, such as adjusting drug com-
binations, dosing modifications, and early clinical choices
(like discerning between those who benefit from a treatment
and those who don't). It also aids in categorizing patients for
clinical research. While in vivo imaging, tissue biopsy, and
in vitro diagnostics have been the conventional methods,
the emergence of the "liquid biopsy" promises non-invasive,
repetitive testing using blood samples. Traditional biopsies,
which obtain a small portion of tumor tissue, are invasive
and don't provide the frequent sampling required to monitor
changes in disease in relation to treatment [32]. In contrast,
liquid biopsies harness the principle that tumors release cer-
tain materials (like cells, DNA, or specific biomolecules)
into the bloodstream. The challenge is that the concentration
of this tumor-released material is extremely low compared to
other blood components [33]. This is where nanotechnology
steps in, offering precise tools to identify, collect, and clean
up the circulating tumor materials.

Recent innovations have combined intricate microfluidics
with nanomaterials, paving the way for capturing circulating
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tumor cells (CTCs), tumor DNA that's not within cells,
microclots, vesicles, proteins, and newly recognized anti-
gens with high accuracy [34]. For instance, some devices
have successfully captured and then released CTCs, allowing
these cells to be studied in detail afterward, like genomic
sequencing or expansion in the lab. In some of these tools,
magnetic nanoparticles enrich the blood before a magnetic
separation process in a microfluidic system. Others use heat-
sensitive nanopolymers that capture CTCs and release them
upon temperature change after processing the blood. These
methods provide excellent detection accuracy and a purity
that outperforms non-nanotech devices. Additionally, as
technology progresses, processing times have been speed-
ing up, with current rates processing about 10 mL of blood
in half an hour [35].

Multimodal Imaging Techniques

Personalized medicine represents the future of patient care,
with molecular imaging as a central component. Nanoplat-
form-based molecular imaging, an emerging interdiscipli-
nary domain, combines elements from chemistry, engineer-
ing, biology, and medicine. These nanoplatforms enhance
early disease detection, precise diagnosis, and tailored
treatments. They're versatile, being utilized across various
biomedical imaging techniques like optical imaging, MRI,
and PET scans [36]. Their standout feature is multifunction-
ality; they can simultaneously carry targeting agents, imag-
ing markers, therapeutic drugs, and more, enabling precise
molecular imaging and therapy while overcoming biological
challenges. Nanoparticles can be tailored as platforms to
efficiently deliver drugs and imaging agents, navigating vari-
ous biological and medical challenges. While advanced nan-
odevices like nanochips and nanosensors clearly outperform
conventional assays for in vitro and ex vivo uses, in vivo
applications face hurdles [37]. These include biocompat-
ibility, in vivo behavior, targeting success, potential toxicity,
and cost-effectiveness.

Molecular Imaging Overview

Molecular imaging delves into understanding biological pro-
cesses at both cellular and molecular levels. This technique
offers comprehensive insights into an intact system, stream-
lining biomedical research, and drug development efforts
by reducing time and costs. It supports early detection in
patients, facilitates tailored treatments, and optimizes dos-
ing. Modalities within molecular imaging range from opti-
cal bioluminescence and targeted ultrasound to advanced
techniques like MRI, MRS, SPECT, and PET. There are
commercially available systems that integrate multiple
modalities, with several more in the developmental stages.
While CT scans aren't typically categorized under molecular
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imaging, when using nanoparticles as contrast agents, they
become relevant [38]. Figure 3 displays, a range of molecu-
lar imaging techniques is presented, each offering unique
insights into the biological processes at the cellular and
molecular levels.

Employing targeted nanoplatforms offers several advan-
tages over traditional methods. A single nanoparticle can
carry a multitude of imaging labels or even combinations
tailored for different modalities, resulting in amplified sig-
nals. These nanoparticles can also be equipped with diverse
targeting ligands to enhance binding precision. Additionally,
these platforms can be designed to navigate biological obsta-
cles, ensuring improved targeting efficiency. The ultimate
goal is to couple various targeting ligands, imaging labels,
therapeutic agents, and more to achieve controlled, real-time
therapeutic delivery to patients. Multidisciplinary efforts in
this realm promise advancements in molecular diagnostics
and treatments.

Optical Imaging Insights Optical imaging stands as a cost-
effective approach mostly tailored for small-animal research.
When it comes to fluorescence imaging, a subject is illumi-
nated with excitation light, and then the emitted light is cap-
tured at a different wavelength [40]. A significant drawback
of this method is its inability to provide quantitative data,
and the results usually emphasize the surface due to tissue
absorption. Moreover, tissue autofluorescence often results
in a high background signal. Yet, recent advancements like
spectral imaging, which distinguishes fluorescence signals
based on unique emission spectra, and fluorescence-medi-
ated tomography,have enhanced data interpretation [40].
Figure 4 exhibits, the specialized spectroscopic optical
probe is employed to measure and analyze the levels of spe-
cific blood factors present within breast tissue, facilitating a
non-invasive diagnostic approach.

Delving into Quantum Dots Quantum dots (QDs) are at the
forefront of optical imaging due to their unique properties.
These inorganic, luminescent semiconductor nanoparticles
outshine their organic counterparts in many ways. They
have impressive fluorescence longevity, are resistant to pho-
tobleaching and chemical breakdown, and display a broad
absorption range from UV to near-infrared (NIR; 700-
900 nm). Their application spans across various in vitro and
cellular studies. The noteworthy attribute of QDs is their
massive two-photon absorption capability, making them
apt for multiphoton microscopy in live organisms [42].
Research indicates there are two primary spectral windows
apt for QD-based live-subject imaging: one ranges between
700-900 nm and the other spans from 1200-1600 nm. In
practice, QDs without specific targeting have been useful
for monitoring cells, imaging blood vessels, mapping sen-
tinel lymph nodes, and visualizing neural pathways.For
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Fig.3 Illustrating various types of molecular imaging techniques [39]
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Fig.4 Spectroscopic Optical Probe for Assessing Blood Factor Levels in Breast Tissue [41]

quantum dots to be more impactful in the biomedical sec-
tor, they need to be precisely directed to particular organs
or disease locations without interference. Although achiev-
ing this specificity involves integrating targeting molecules
onto QDs, in vivo targeting remains a challenge due to QDs'
size and short-lived circulation in the bloodstream. Despite

these challenges, there are some documented successes in
the field [43]. Figure 5 demonstrates, the dual-phase process
utilizes the unique luminescent and magnetic characteris-
tics of quantum dot-antibody conjugates for precise tumor
imaging and the subsequent sensitive detection of circulat-
ing tumor cells in the bloodstream of an animal model.
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Quantum Dots with Peptide Linkers Quantum Dot (QD)
conjugates have been explored for targeted applications
in living organisms, with peptides being among the earli-
est utilized targeting agents. An initial study indicated that
when guided by specific peptides, these QDs could be
directed towards tumor blood vessels and other desired tar-
gets. Although this study didn't encompass in vivo imag-
ing, it validated the concept of harnessing QDs for targeted
applications in living subjects, setting the stage for further
research in this domain [45]. In a subsequent study into the
potential of peptide-bound QDs for imaging specific targets
within living organisms. A particular cell adhesion mole-
cule, known as integrin avb3, is prominently present on cer-
tain active endothelial and tumor cells but remains elusive
on inactive endothelial cells and in most regular tissues. Pre-
vious research had pinpointed integrin avb3 as a promising
target for imaging studies. Given its presence on both tumor
blood vessels and the tumor cells themselves, integrin avb3
became a prime candidate for QD-based imaging without
the need for particle penetration into the tumor [46]. In their
study, the researchers attached a peptide sequence—argi-
nine-glycine-aspartic acid (RGD)—known for its integrin
avb3-binding properties, to a specific Quantum Dot variant,
QD705. Lab tests showed that this QD705-RGD complex
was adept at recognizing and binding to integrin avb3. When
tested in living organisms, specifically nude mice implanted
with certain human tumor types, clear imaging results were
achieved. The tumor's imaging signal peaked roughly 6 h
post QD705-RGD injection. Due to the size constraints of
the QD705-RGD complex, which measures around 20 nm,
it primarily attached to the tumor's blood vessels, rather than
the tumor cells. This was later validated through lab-based
staining procedures. The predominant presence of integrin
avb3 in the budding blood vessels of various tumor types
underscores the potential of QD705-RGD as a versatile
imaging agent for tumor-associated blood vessels in living
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beings [47]. Figure 6 illustrates, the innovative use of fluo-
rescent quantum dots provides a multi-faceted approach to
visualizing cellular interactions and targeted tumor identifi-
cation within living organisms.

Quantum Dots Linked with Antibodies Quantum Dots
(QDs) have been married with antibodies specific to the
prostate specific membrane antigen (PSMA) to explore
potential applications in imaging prostate cancer in mice.
The study took a two-fold approach by employing both
active and passive targeting techniques with QDs contain-
ing diverse surface ligands. However, the study fell short in
its analysis, failing to conclusively determine whether the
QDs focused on the tumor's blood vessels or the tumor cells
themselves. In another innovative attempt, QDs were paired
with an antibody against alpha-fetoprotein (AFP, a known
marker for certain liver cancer cells). Through advanced
fluorescence imaging systems, the study visualized liver
cancer and mapped out the inconsistent spread of the QD
probe within the tumor [49]. Nonetheless, the study's cred-
ibility was tainted by the absence of concrete proof of the
antibody's attachment to the QD.An interesting develop-
ment was the tracking of a solitary QD-antibody combina-
tion within a tumor using a sophisticated microscope setup.
This technique showcased the intricate journey of the QD,
from entering the bloodstream to binding to a specific recep-
tor on the tumor cell. However, the study missed an impor-
tant data point it failed to quantify the number of QDs that
actually penetrated the tumor, leaving an information gap
about the typical behavior of such conjugates inside a living
organism.Scaling QD-based imaging from small animals
to humans presents challenges, mainly because of the opti-
cal limitations in penetrating human tissues [50]. In clinical
scenarios, QDs might find applications in imaging superfi-
cial tissues, areas reachable by endoscopes, and during sur-
geries. Despite their promise, there are hurdles to surmount
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Fig.5 The schematic depicts two phases of in vivo tumor imaging
and circulating tumor cell detection: first, the injection of quantum
dots-antibody conjugates through the tail vein for efficient tumor
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targeting, and second, the use of these conjugates' fluorescent and
magnetic properties to non-disruptively detect CTCs in animal blood-
streams [44]
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Fig.6 A A micrograph show-
casing fluorescently labeled
tumor cells within the lung
tissue of a mouse. B An image
demonstrating the absorption
of fluorescent quantum dots by
lymph nodes. C A photograph
of a living mouse showing the
injection site of fluorescently
labeled microbeads. D A live
mouse imaged to reveal the spe-
cific location of a prostate tumor
marked by fluorescent quantum
dots attached to antibodies. [48]

before QDs see clinical use, including concerns over deliv-
ery efficiency, potential side effects, and accurate quantifica-
tion. However, optimism remains. As technology evolves,
yielding smaller, safer, and more multifaceted QDs, along
with refined conjugation techniques, the clinical potential of
QDs in effective tumor targeting with a safe profile seems
attainable in the foreseeable future [51].

Other Nanoparticles Optical coherence tomography
(OCT) is a sophisticated imaging method capable of
achieving resolutions between 10-15 mm, facilitating
real-time and sectional views of biological tissues. This
method functions by measuring the depth of reflections
from a directed low-coherence light within a tissue. In the
realm of OCT imaging, studies have indicated the poten-
tial of nanoshells and gold nanocages. The unique reso-
nance characteristics of these nanoparticles not only offer
enhanced contrast for in vivo optical imaging but also pre-
sent possibilities for treating diseases using light-based
therapies [52]. However, challenges remain, the critical
step of targeted nanoparticle delivery in a living system
remains elusive. Before these nanoparticles can be widely
adopted for medical use, rigorous evaluations of their
biological interactions and impacts in animals are neces-
sary. Another intriguing development is the emergence of

ligand-attached, near-infrared (NIR) marked low-density
lipoprotein (LDL) nanoparticles. Recent findings suggest
these can redirect LDL away from its usual receptors,
potentially paving the way for new cancer diagnosis and
treatment methods using LDL particles [53].

Computed Tomography (CT) Overview CT imaging cre-
ates a 3D visual of an object's interior by processing
numerous 2D X-ray images taken from various angles
around the object. Although it isn't fully adapted for
molecular imaging due to the absence of target-specific
contrast agents, most of the CT contrast agents today are
based on substances like iodine and gadolinium, which
distribute non-specifically and quickly in the body. Recent
advances have shown iodinated nanoparticles acting as
CT contrast agents. A notable development involved the
detection of macrophages in certain rabbit conditions after
using an iodinated nanoparticle-based contrast agent, sug-
gesting potential clinical applications for coronary artery
evaluations. Still, most contrast enhancements in CT
rely on non-specific targeting [54]. A new injectable CT
contrast agent based on polymer-coated Bi,S; nanoparti-
cles has shown promising attributes like enhanced X-ray
absorption, prolonged in-body circulation, and a competi-
tive efficacy and safety profile. Given the widespread use
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of CT, it's anticipated that molecular CT will soon become
a clinical standard [55].

Focused Ultrasound Ultrasound is popular in clinical set-
tings due to its safety, affordability, accessibility, and sim-
plicity. It works by emitting high-frequency sound waves
from a probe onto the body and capturing the reflected sound
waves to produce images. The imaging quality is influenced
by various factors, including sound speed and the imaging
technique employed. Clinically, ultrasound contrast agents,
often in the form of micro-sized particles, are employed
for various applications, enhancing imaging quality. These
agents, called microbubbles, vibrate in response to the
ultrasound beam, producing improved image contrast [56].
For specificity, these agents can be chemically modified
or attached with disease-specific ligands. However, their
size restricts them from penetrating tissues, necessitating
vascular changes for imaging. Examples include targeted
ultrasounds that focus on specific molecules using ligand-
adorned microbubbles. An innovative study used ligand-
covered nanoparticles to detect certain expressions in pig
arteries, showing promising ultrasound applications. While
ultrasound provides detailed images, its depth penetration
and sensitivity can be challenging. Also, the majority of the
current molecular targets pertain only to vasculature due to
the size of the agents used [57]. As Fig. 7 highlights, the
differential response of carotid arterial walls to tissue factor-
targeted nanoparticles post-angioplasty is captured through
high-frequency ultrasonic imaging, with marked acoustic
contrasts distinguishing the treated areas from those receiv-
ing a control substance.

Molecular MRI Insights MRI is a non-intrusive technique
that visualizes tissue by evaluating the interaction of spe-

Fig. 7 Ultrasonic intravascu-
lar images captured at a high
frequency showing the carotid
arteries following angioplasty
and exposure to nanoparti-

cles aimed at tissue factors
versus a control group. A shows
enhanced acoustic signals
(indicated by arrows) in specific
areas of the arterial wall, which
align with uneven dilation dam-
age caused by the balloon. In B,
these acoustic signals are absent
in the arterial walls following
the administration of a control
contrast agent. This pattern was
consistent across three separate
animal subjects [58]

Targeted

@ Springer

cific atomic nuclei within the tissue. Different tissues pro-
duce distinct contrasts based on their relaxation times. To
amplify this natural contrast, external agents can be used.
Adjusting the imaging parameters can focus on either T1
or T2 contrasts. Historically, compounds like gadolinium
chelates were employed to enhance T1 contrasts. However,
newer agents, like gadolinium-inclusive liposomes and
superparamagnetic iron oxide nanoparticles, are emerg-
ing with superior capabilities. MRI stands out for its high-
resolution imaging without using radiation [59]. However,
its sensitivity is comparatively low, which can be improved
using higher magnetic fields, lengthier data acquisition, and
external contrast agents.

(a) General MR Contrast Agents

Iron oxide nanoparticles stand out as the primary choice
for nanoparticle-based MR contrast agents. Typically,
these nanoparticles are indiscriminately absorbed by the
reticuloendothelial system (RES), and their size often dic-
tates their destination, such as the liver, spleen, or lymph
nodes. Consequently, non-specific iron oxide nanoparticles
have found applications in imaging of the liver, spleen,
and lymph nodes. These particles might also congregate
at tumor sites due to abnormalities in the tumor blood ves-
sels or from macrophage activities. Given the significant
involvement of macrophages in certain neurological condi-
tions, iron oxide-based agents have been utilized to capture
images related to strokes, multiple sclerosis, brain tumors,
and specific arterial plaques [60]. Their sensitivity is so
remarkable that even single cells or individual particles
can be detected. In recent studies, these nanoparticles have
been adopted to mark cells to monitor their movement
and distribution in the body using MRI. There's also a
mention of FeCo/graphitic-shell nanoparticles that display

Control
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impressive magnetic characteristics, promising potential
for combined diagnostic and therapeutic applications [61].

(b) Molecular MRI Targeting Integrin avb3

Integrin avb3 stands as a frequently researched target for
molecular MRI. The pioneering approach employed anti-
body-coated liposomes infused with Gd3 +ions to image this
specific integrin expression. These paramagnetic liposomes,
when combined with a particular antibody, showed prom-
ising results in imaging specific cancer cells in a rabbit.
Additionally, nanoparticles of varying sizes were utilized
to enhance the contrast in angiogenic vessels. By attaching
a specific antagonist to magnetic nanoparticles, images at
standard clinical field strength became more defined, notably
in specific tumor types [62]. Notably, despite their consider-
able size, these nanoparticles were able to permeate tumor
blood vessels but were restricted from moving significantly
into surrounding tissue. Subsequent experiments showcased
these integrin-targeted nanoparticles in imaging certain
tumors in animal models. A more advanced study combined
imaging with drug delivery, using integrin-targeted nano-
particles. These particles carried an antiangiogenic medi-
cation, proving their effectiveness in visualizing treatment
areas, monitoring drug delivery, and assessing local treat-
ment reactions [63]. This method underscored the potential

of melding molecular imaging with targeted drug delivery,
offering a comprehensive, non-invasive approach to disease
treatment and monitoring.

(c) Molecular MRI for Diverse Targets

Figure 8 elucidates, the comparative MRI scans taken
before and during immunotherapy capture the hallmarks
of pseudo-progression, with changes in various imaging
sequences that collectively suggest an increase in tumor size
which does not correspond to actual tumor growth.Studies
on Gd**loaded nanoparticles tailored for fibrin detection
have been executed in canine models. The results indicated
a heightened ability of these fibrin-specific paramagnetic
particles to spot and pinpoint fibrin deposits. This ability
offers potential for early detection of problematic plaques,
aiding in timely medical intervention.Explorations have
also been made into vascular smooth muscle cell (VSMC)-
oriented nanoparticles for delivering drugs, especially post-
angioplasty to curb restenosis [64]. Nanoparticles aimed at
tissue factors, containing either doxorubicin or paclitaxel
(both renowned cancer-fighting agents), exhibited height-
ened efficacy in hindering cell proliferation. Advanced MRI
techniques captured these nanoparticles adhering to VSMCs,
and further examinations could quantify and non-invasively
assess the administered drug dosages.Further developments

Fig.8 An illustration of a single case demonstrating the radiographic
characteristics of pseudo-progression during immunotherapy, as
observed through standard and advanced MRI techniques. From left
to right, the images display FLAIR, ADC, post-gadolinium T1, and
CBYV sequences. The initial MRI scan (A), conducted post-surgery
and radio-chemotherapy but prior to starting immunotherapy, shows
notable T1 enhancement and increased CBV. An edema is observ-
able in the FLAIR image, along with a reduced ADC, indicating

heightened cellularity. In contrast, the MRI set taken four months into
immunotherapy (B) reveals an apparent enlargement in tumor size
on the T1 image. However, a reduction in CBV and elevated ADC
values, compared to (A), denote diminished vascularity and lessened
restriction. These alterations imply that the perceived tumor growth
is actually deceptive, attributable to pseudo-progression rather than
actual tumor progression [66]
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include latex nanoparticles, enhanced with tomato lectin
(known for its robust binding to rodent blood vessels) and
Gd3 +elements, for refining MRI vascular contrasts [65].
Additionally, a nanoparticle derivative grounded on high-
density lipoproteins (HDL) was employed to detect athero-
sclerotic plaques. A cutting-edge nanosystem, housing MRI
and photodynamic therapy (PDT) components, showcased
amplified MRI contrast and PDT outcomes.

In a groundbreaking approach, Mn-doped magnetism-
adapted iron oxide (MnMEIO) paired with trastuzumab (a
specific anti-HER?2 antibody) illuminated small HER2-pos-
itive tumors in mice models.Interestingly, a similar combi-
nation using cross-linked iron oxide (CLIO) wasn't as suc-
cessful. This discrepancy was attributed to CLIO's larger
size and inferior magnetic attributes, making its detection
at minimal concentrations by MRI challenging.Despite its
promise, molecular MRI remains in a nascent phase. There
is often a lack of in-depth ex vivo analyses to understand
the precise locations of these targeted MRI contrast agents
within the body [67]. Most of the current particles might
predominantly interact with the vasculature due to their
large sizes. Future innovations may see the design of smaller
nanoparticles (<20 nm ideally) with extended circulation
durations, allowing them to permeate the tumor's abnormal
vasculature more effectively. Particles coated with smaller
molecules or peptides might outperform those with antibod-
ies due to their size and higher ligand count. Given MRI's
natural sensitivity limits, the next wave of contrast agents
might target cells in conjunction with vasculature, boosting
the MRI signal, thus expanding the potential of molecular
MRI in biomedicine [68].

Radionuclide Imaging Techniques Radionuclide imag-
ing encompasses techniques like SPECT and PET, which
employ internally administered radiolabeled pharmaceu-
ticals to produce images. Radionuclide-based molecular
imaging stands out for its sensitivity, quantifiability, and
unrestricted tissue penetration. However, its resolution (usu-
ally>1 mm) is inferior compared to other imaging meth-
ods. Often, nanoparticles are labeled with radionuclides to
non-invasively study their pharmacokinetics via SPECT or
PET [69]. Figure 9 depicts, the process of receptor-targeted
molecular imaging employs intricately designed probes that
deliver radioisotopes to breast cancer cells, enabling precise
imaging through the specific attachment of ligands to over-
expressed cellular receptors.

(a) SPECT Imaging with Nanotechnologies

Gamma-ray emissions serve as the primary source for
SPECT images. These gamma rays, emanating from the
decay of radioisotopes, are captured by a gamma camera to
yield 3D images. A collimator first encounters these gamma
photons, directing them along specific paths towards the
detector. This ensures accuracy in pinpointing the gamma
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Fig.9 Diagrammatic representation of targeted molecular imaging
in breast cancer via receptor-specific probes. These probes are com-
posed of a targeting ligand, a connecting linker, a binding chelator,
and a radioactive tracer. The targeting ligand, specific to receptors
that are abundantly present on breast cancer cells, is attached to the
chelator via the linker. The chelator's role is to facilitate the incorpo-
ration of radioisotopes like 68 Ga and 99mTc, which are connected
through the linker [70]

rays origin. Due to the collimator's role in determining inci-
dence angles, SPECT's detection efficiency is quite low
often less than 0.01% of the emitted gamma rays [71]. As
Fig. 10 illustrates, the diagram provides a clear overview
of the various radiolabeling strategies for nanoparticles
and their corresponding applications in advanced medical
imaging techniques such as SPECT and PET, highlighting
the mechanisms by which radionuclides are integrated with
nanoparticles for diagnostic purposes.In one study, research-
ers explored the properties and therapeutic potential of
111In-labeled ChL6 monoclonal antibody-combined iron
oxide nanoparticles in mice with human breast cancer HBT
3477 tumors. These nanoparticles were coated with dextran
and conjugated to carboxylated PEG. It was inferred that
the nanoparticles circulated long enough to exit blood ves-
sels and target cancer cells. When subjected to an externally
induced alternating magnetic field (AMF), tumor necrosis
was observed 24 h post-AMF treatment. Subsequent studies
revealed that after nanoparticle introduction, tumor growth
delay was significant post-AMF treatment compared to con-
trols, as determined through SPECT imaging [72].
Another investigation employed integrin avb3-targeted
111In-labeled PFC nanoparticles to detect tumor angio-
genesis in rabbits implanted with Vx-2 tumors. Those
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Fig. 10 Nanoparticle Radiola-
beling and Imaging Techniques
A Schematic of a nanoparticle
showing radiolabeling methods,
with chelator-free surface
attachment and chelator-based
surface attachment of radioiso-
topes. B Depiction of a gamma
(y) emitter and its use in Single
Photon Emission Computed
Tomography (SPECT) imaging.
C Illustration of a positron

(B+) emitter used in Positron
Emission Tomography (PET)
imaging. D Visualization of

the encapsulation process for
trapping radionuclide within the
nanoparticle core [73]

Radiolabeled Nanoparticles

Trapping radionuclide
into the nanoparticle

nanoparticles with about ten 111In atoms per particle
were more effective in distinguishing tumors than those
with just one 111In atom [74]. After injection, targeted
nanoparticles showed roughly four times higher tumor
activity than non-targeted controls. The spleen emerged as
the primary clearance organ.One edge that SPECT holds
over PET is its potential to simultaneously image multi-
ple radionuclides, given the unique energy signatures of
gamma rays from distinct radioisotopes. Yet, no research
has showcased dual radioisotope imaging using radiola-
beled nanoparticles, leaving questions about its advantages
over single-isotope SPECT [75]. Over recent years, the
adoption of PET imaging has surged in both research and
clinical contexts. Figure 11 displays, the imaging contrasts
between nontargeted and targeted nanoparticles, with the
targeted nanoparticles demonstrating a clear accumulation

Fig. 11 A comparison of

18-h post-injection planar
scintigraphy images (15-min
duration, 128 x 128 resolution)
of rabbits, which had Vx-2
tumors implanted approximately
12 days earlier, following
intravenous administration of
22 MBg/kg of either non-spe-
cific (A) or AMB3 peptide-
specific (B) indium-111 (1111n)
nanoparticles, each containing
roughly 10 111In atoms per
nanoparticle. Image intensi-
ties have been normalized to
the same scale, as indicated in
image [74]
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in the tumor site, providing evidence of their enhanced
specificity and potential for improved diagnostic imaging.

(b) PET Imaging via Nanotechnology

PET harnesses molecules labeled with positron emitters
in trace amounts to capture and assess the workings of bio-
logical processes with minimal disruption. PET stands out
with its heightened sensitivity in comparison to SPECT, pri-
marily due to the absence of a collimator. The introduction
of microPET scanners tailored for small animals enhances
the in vivo imaging capabilities across species, like mice,
rats, and monkeys. Such advancements ease the clinical
application of novel PET agents, bridging the gap between
animal models and human trials. However, studies focusing
on PET imaging of targeted nanoparticles remain limited
[75].

One substance of interest for biological applications,
due to its distinct size, shape, and physical attributes, is the

Targeted
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single-walled carbon nanotubes (SWNTs). A study by Liu
and colleagues delved into understanding the distribution
of SWNTs labeled with 64Cu in mice using PET, alongside
biodistribution studies and Raman spectroscopy as shown
in Fig. 12. Results indicated the in vivo stability of SWNTs,
with findings highlighting that the length of surface PEG
chains could influence circulation and distribution patterns.
SWNTs, when modified optimally with PEG, showcased an
extended circulation period (approximately 2 h) and mini-
mal uptake by the reticuloendothelial system (RES) [76].
A targeted approach towards tumors in mice was achieved
when these SWNTs were layered with PEG chains attached
to cyclic RGD peptides. Further validation of these findings
was done using the Raman signatures of SWNTSs to confirm
the radionuclide-based imaging results [77]. Given their
potential, SWNTSs are being evaluated for unified applica-
tions in molecular therapy and multimodal imaging.

Comparatively, radionuclide imaging offers superior tis-
sue penetration capabilities than both ultrasound and opti-
cal imaging, along with a heightened sensitivity relative
to MRI. A unique advantage it presents over other imag-
ing techniques is its capacity to chronologically measure
the concentration of radionuclides across different organs.
Such data is precious for discerning the pharmacokinetics
and overall distribution of the radiolabeled nanoparticles.
However, it's essential to understand that radionuclide imag-
ing specifically targets the radiolabel rather than the nano-
particle itself, rendering the nanoparticle's distribution an
indirect measure. Hence, potential discrepancies might arise
between the distribution of the nanoparticle and the radio-
nuclide if there's any separation between the two [78]. This
emphasizes the importance of thoroughly evaluating the
stability of the radiolabel on the nanoparticle. Additionally,
verifying the nanoparticle distribution becomes imperative
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Fig. 12 Positron Emission Tomography Imaging in Mice with
U87MG Tumors Using a PET/NIRF Dual-Functional Probe. A
Sequential coronal PET images of mice post-injection at 1, 5, 18, and
25 h with 64Cu-tagged DOTA-QD and DOTA-QD-RGD, with the
tumor sites marked by arrowheads. The images represent 1 mm slice
thickness. The gastrointestinal tract is labeled GI; the liver is denoted
as L. B Graph showing the liver's uptake of both probes over time,
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determined by region of interest (ROI) analysis from the PET scans,
with three subjects in each group. C Graph of U87MG tumor absorp-
tion of the two probes as time progresses, also measured by ROI
analysis from the PET scans with three subjects per group. (D) Bi-
dimensional whole-body projections of the same two mice featured in
A, taken at 5 h post-injection, with tumors indicated by arrowheads.
Statistical significance is noted where *P <0.05 and **P < 0.01
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to validate radionuclide-based results, as indicated in the
aforementioned study. Advancements in nanotechnology
paired with evolved bioconjugation chemistry suggest that
radiolabeled nanoplatforms can be the cornerstone for seam-
lessly integrating targeted molecular therapy with non-inva-
sive quantitative imaging.

Integrated Molecular Imaging Techniques

No single molecular imaging technique is without its limita-
tions, and none provides a comprehensive view on its own.
For instance, accurately quantifying fluorescence signals in
living organisms, especially deep tissues, poses challenges.
MRI boasts superior resolution but is limited by its sensi-
tivity. On the other hand, radionuclide-based methods offer
exceptional sensitivity but come up short in resolution. By
merging various molecular imaging modalities, one can har-
ness the strengths and counter the weaknesses of individual
techniques. For instance, juxtaposing optical imaging with
three-dimensional tomographic methods like PET, SPECT,
or MRI, results in more precise and sensitive noninvasive
imaging in living subjects.Small molecules prove tricky for
multimodality imaging due to their limited attachment points
and potential binding interference [79]. However, nanopar-
ticles, with their expansive surface areas, are equipped to
handle multiple functionalities, making them suitable for
integrated molecular imaging. There have been instances
where nanoplatform-based probes, designed for both MR
and optical imaging, were used in experimental setups. For
example, RGD peptide-adorned, MR-detectable and fluo-
rescent liposomes were explored for their potential in live
tumor imaging. Analyses revealed specific associations of
these probes within the tumor environment, distinguishing
between activated tumor endothelium and other regions.

Despite these advancements, some dual-modality probes
only achieved single-modality noninvasive imaging. Yet,
having a secondary imaging modality available serves as
a reliable method for ex vivo confirmation, even if it isn't
utilized for live imaging.In a remarkable study, Cai et al.
designed a probe using quantum dots (QDs) for both NIRF
and PET imaging [80]. By modifying QD surfaces with par-
ticular peptides and chelators, the probe could target spe-
cific tumor components and be detectable through PET after
64Cu-labeling. This innovation permitted tumor contrast
imaging at much lower concentrations, thus minimizing the
potential adverse effects of certain QDs, and opening up pos-
sibilities for biomedical applications [79].While most prior
studies showcased the potential of dual-modality imaging,
it was more typical for one mode to act as a validation for
the other. However, recent innovations have started to fully
exploit the combined strengths of both modalities.

Gene regulation via short interfering RNA (siRNA)
has emerged as a potent tool for studying gene function in

mammalian cells. A groundbreaking probe was introduced,
which not only facilitated siRNA delivery but also permitted
concurrent imaging of its accumulation in tumors through
both MR and NIRF methods [81]. This groundbreaking
research paves the way for combining therapeutic interven-
tions with dual-modality imaging, leveraging the benefits
of nanotechnology.

Targeted Drug Delivery Systems

Cancer remains a leading global cause of death, and its prev-
alence is on the rise despite efforts to reduce risk factors.
Current treatments, like chemotherapy and radiotherapy,
often harm rapidly dividing healthy cells, leading to sig-
nificant side effects. Additionally, the poor solubility, stabil-
ity, and metabolism of many anticancer drugs contribute to
toxicity, inefficacy, and limited reach within the body. Thus,
there's an urgent need for targeted treatments that effectively
combat cancer while preserving healthy tissues. Nanotech-
nology offers promising solutions in the fight against cancer.
Nano-based methods enhance transport across biological
barriers, specifically targeting malignant cells and allowing
sustained drug release. A variety of nanomaterials, rang-
ing from 1 to 100 nm in size and made from organic, inor-
ganic, lipid, and protein compounds, have been developed
to address issues related to cancer drug delivery [82]. These
nanocarriers offer several advantages:

1. Overcoming solubility and stability issues of anticancer
drugs.

2. Protecting drugs from enzymatic degradation and
extending their half-life.

3. Improving drug distribution and targeting.

Ensuring sustained drug release at cancer sites.

5. Delivering multiple drugs, reducing drug resistance.

&

Therefore, nanotechnology is reshaping the approach to
drug delivery and the overall treatment landscape for can-
cer. This review will delve into the development of these
"smart" nanomaterials, focusing on drug targeting and sus-
tained release [75]. It will also cover the design of various
nanomaterials like liposomes, dendrimers, inorganic nano-
materials, and polymeric nanomaterials, and will discuss the
challenges and future prospects of nanomaterials in cancer
management.

Drug Delivery Approaches, Targeting, and Release
in Cancer Therapy

The efficacy of anticancer drugs can diminish before
they reach the target, leading to ineffective treatment and
unwanted side effects. For optimal results, the drug dosage
must be accurate and perform maximally within cancer cells.
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To achieve this, nanomaterials designed to target tumor
cells should enhance the drug's concentration at these sites,
thereby minimizing toxicity to healthy cells. Two primary
methods to achieve this efficient delivery are passive and
active targeting.

Passive Targeting [68]

Most nanomaterial-based anticancer drugs are introduced
via intravenous injection, bypassing the absorption step
essential after oral intake. The disrupted vascular barrier in
tumors allows nanocarriers to accumulate at these sites. The
size of these gaps in tumor vasculature varies from 200 to
2000 nm. Due to inadequate lymphatic functionality, nano-
particles aren't swiftly cleared, leading to accumulation in
tumor tissues. This phenomenon, known as the enhanced
permeability and retention (EPR) effect, is the cornerstone
of passive targeting as shown in Fig. 13. The accumula-
tion of these nanocarriers largely depends on characteristics
like size, shape, surface charge, and chemistry [83]. The
size influences the nanomaterial's accumulation and deliv-
ery rates at the tumor, with factors like blood flow, inter-
actions with biomolecules, and immune system clearance
playing roles. Successful passive targeting applications
have led to breakthroughs in clinical treatments. The first
FDA-approved nano-drug is a PEGylated liposome contain-
ing doxorubicin, used against HIV-related Kaposi sarcoma
and ovarian cancer. This encapsulation decreases the drug's
toxicity, leading to better drug behavior, distribution, and
release. Another recent FDA-approved formulation, CPX-
351 Vyxeos™, encapsulating a cytarabine—daunorubicin
combination, extended overall patient survival from 6.0 to
9.6 months in high-risk acute myeloid leukemia cases [83].

Numerous formulations targeting cancer therapeutics
have received approval, paving the way for innovative treat-
ments. Enhancements in nano-formulations can be made by
adding functionalities that optimize their distribution and
reduce immune system interference. Such refinements are
further discussed under active targeting in this review. The
efficacy of passive targeting is influenced by the variability
of the Enhanced Permeability and Retention (EPR) effect
across diverse tumors. The inconsistency in endothelial
gaps, caused by aggressive tumor growth, leads to irregular
entry of nanoparticles into the targeted region. While it's
believed that nanoparticles should have higher permeability
in the oxygen-deprived tumor core than its edges, some stud-
ies challenge this notion [85]. This variability complicates
passive targeting strategies. Furthermore, factors like blood
flow rate in the tumor's vicinity, which varies both spatially
and temporally, pose challenges. Once nanomaterials pass
through the blood vessels, their deeper infiltration into the
tumor is obstructed by the tumor's structural matrix. Here,
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Fig. 13 Strategies for nanocarrier drug delivery: passive versus active
targeting mechanisms [84]

the nanoparticle's size and its associated attributes play a
crucial role in enhancing its reach.

Innovative solutions, like the one proposed by Wong and
colleagues, involve developing nanosystems that adjust size
based on tumor location [86]. They designed gelatin parti-
cles that shrink from 100 to 10 nm upon entering the tumor,
aided by enzymes found in the tumor environment. However,
our comprehension of the EPR effect is limited due to the
absence of accurate solid tumor models for humans. Current
models, which are based on certain aggressively-growing
subcutaneous tumors, may give an exaggerated perspec-
tive of passive targeting's effectiveness. Regrettably, there's
a significant shortage of patient-specific data on EPR. To
push the boundaries of cancer therapeutics, a deeper under-
standing of tumor biology and the nuances of the EPR effect
across diverse tumors is essential [87]. Such insights will
guide the development of tailor-made nanomaterials for
more effective, personalized treatments.

Active Targeting
Active targeting, often termed the ligand-directed method,

hinges on the affinity-based identification, anchoring,
and expedited absorption by designated cells as shown in
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Fig. 13. The chemical affinity in active targeting revolves
around distinct molecular associations, including receptor-
ligand interactions, charged interactions, and specific motif-
based connections with base molecules [88]. A variety of
entities can serve as ligands, ranging from antibodies and
proteins to nucleic acids, peptides, sugars, and even certain
organic compounds like vitamins. Potential targets might
include surface molecules on afflicted cells, proteins, sac-
charides, lipids within organs, or molecules in the vicinity
of diseased cells. Cleverly engineered nanosystems harness
the multiplicity of ligand interactions with target antigens,
intensifying the nanoparticles' affinity for their specific tar-
gets. The process is amplified as the binding of one ligand
molecule often promotes the attachment of subsequent mol-
ecules, cumulatively boosting the binding efficiency and
subsequent activities [89].

The essence of the active targeting strategy is to amplify
nanoparticle assimilation by target cells, thereby elevat-
ing drug delivery potency. One investigation highlighted
that liposomes outfitted with anti-HER2 targeting ligand
elements amplified the cellular absorption of these nano-
particles in HER2-positive cancer cells. On the flip side,
liposome nanoparticles lacking these specific targeting ele-
ments mainly congregated in the tumor's surrounding areas,
where they were promptly purged by macrophages, leading
to insufficient tumor cell absorption. In a separate research,
Zhou and colleagues engineered a magnetic iron oxide nano-
particle JONP) system equipped with the therapeutic agent
doxorubicin and conjugated with insulin-like growth factor
1 (IGF1) [90]. When introduced into a model of pancreatic
cancer, this setup demonstrated outstanding tumor target-
ing and penetration. This IGF1-IONP-doxorubicin combina-
tion effectively stalled the progression of pancreatic tumors,
demonstrating a promising avenue for enhanced treatments.
Additionally, the team utilized magnetic resonance imaging
(MRI) to monitor the position and assimilation of these nan-
oparticles, leveraging the contrasting attributes of IONPs.
Moreover, these magnetically-targeted systems offer poten-
tial in photothermal therapy. Their precise positioning within
tumors can generate localized heat to annihilate surrounding
tumor cells when exposed to an alternating magnetic field
[91].

Precision Targeting in Nanotherapy

Targeting strategies often harness the distinct molecular
expression variances between cancerous and healthy cells.
For instance, the epidermal growth factor receptor (EGFR),
vital for epithelial cell growth and stability, displays
increased expression in cancer cells due to their rapid pro-
liferation. This differential in cellular expression serves as a
foundation for studies pinpointing cancer cells with elevated
EGFR levels. Given the intricate nature of administering

nanoparticles and potential unwanted molecular interactions,
merely differentiating nanoparticles' affinity for cancer ver-
sus regular cells isn't always adequate for precise and effec-
tive drug delivery [92]. Contemporary strategies have delved
into targeting multiple cellular receptors using single nano-
particle systems affixed with various ligands. Bhattachar-
yya and colleagues, for example, developed dual receptor
nanosystems employing gold nanoparticles [93]. They tar-
geted both EGFR and folate receptor (common in ovarian
cancer) using specialized antibodies. Results indicated this
dual system outperformed its single-ligand counterparts in
nanoparticle delivery.

Nevertheless, ensuring effective implementation of
active-targeted cancer therapies requires optimizing sev-
eral variables. The number of ligands on a nanoparticle can
influence its binding strength, emphasizing the importance
of how these ligands are attached. While covalent bonding
methods are popular, systems relying on affinity connec-
tions via physical absorption have also shown potential. A
central challenge is ensuring the longevity of these attach-
ments in the body's challenging environment. Interestingly,
a direct correlation between ligand density and overall affin-
ity isn't always observed. Factors such as molecular satu-
ration, ligand misalignment, bond limitations, and spatial
hindrances might play roles in this unexpected result. Addi-
tionally, excessive nanoparticle hydrophobicity can increase
its vulnerability to macrophage absorption, negating any
benefits in targeting speed [94].

Two key elements underpin the efficacy of an active-
targeted nanoparticle system: targeting precision and drug
delivery capability. "Specificity" encapsulates the effective-
ness of the nanoparticle's interaction with its target versus
unintended interactions. During distribution in the body, a
myriad of minor molecular interactions, like van der Waals
forces, might impede the nanoparticle's path. External pro-
teins and biomolecules can also latch onto the nanoparticle's
surface, altering its identity and function—a phenomenon
often referred to as Vroman's effect. These changes might
make the nanoparticle less effective in reaching its intended
location. Given that these systems depend on proximity to
their target sites, it's crucial to understand their distribution
profile. Elements such as immune responses and kidney fil-
tration play a role in this process. Due to the typically low
blood flow in tumors, mere ligand affinity isn't sufficient
[95]. As such, nanoparticles designed for active targeting
should exhibit prolonged circulation times and biocompat-
ibility, combined with a neutral exterior to minimize unin-
tended molecule binding.

The primary interaction sites for nanoparticle ligands
are usually located outside blood vessel linings in tumors.
Hence, active targeting heavily depends on endoplasmic
retention effects. The degree of this retention varies among
cancers, dictating the size and type of nanoparticles used.
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But endoplasmic retention is just one component of a mul-
tifaceted tumor environment. Challenges for nanotherapies
also arise from factors like slow tumor blood flow, tumor-
associated macrophages, and the surrounding cellular frame-
work. Grasping these intricacies can guide the development
of more effective nanoparticle-based therapies, whether they
utilize active or passive targeting.

Nanotherapy Drug Release Approaches

The effectiveness of drug delivery is contingent upon the
efficiency with which drugs are stored and the methodolo-
gies for releasing them within nanosystems. Few nanomedi-
cine techniques to combat anticancer drug resistance are as
given in Fig. 14. The efficacy of "storing" drugs within these
systems relies on encapsulation or efficient drug linkage.
Various nanoparticles have distinctive methods for hous-
ing drug compounds, which will be detailed later. A crucial
strategy revolves around regulating the drug's release speed,
either spontaneously or in reaction to specific triggers. This
ensures both sustained release and the consistent presence of
the therapeutic dose over a given duration. Nanosystems can
be broadly categorized into two types based on their drug
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release triggers: open-loop control systems and closed-loop
control systems [96]. Open-loop systems depend on exter-
nal stimuli like magnetic or thermal changes, sound waves,
or electrical fields to initiate drug discharge. On the other
hand, closed-loop systems adjust the drug's release based on
inherent stimuli detected near target locations. Several con-
temporary methodologies focus on the intrinsic properties of
nanosystems. These systems can respond to changes in pH or
temperature, degrade due to specific chemical surroundings,
initiate drug release through oxidation—reduction reactions,
or harness enzyme-driven release mechanisms [97].

(a) Redox-Triggered Drug Discharge

Redox-triggered drug release mechanisms involve nano-
carriers that are sensitive to redox changes. These carriers
have functional groups that react when exposed to oxidiz-
ing or reducing agents found around cancerous cells, such
as peroxides, GSH, and free radicals. This reaction results
in the breaking of chemical bonds. The ensuing chemical
alterations may also influence the water-repellent properties
of the polymer, affecting the stability of nanoparticles and
causing the drug to be released. For instance, nanoparti-
cles composed of the poly(propylene sulfide) polymer pos-
sess disulfide bonds [99]. When these bonds interact with
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Fig. 14 Varied Nanomedicine Techniques to Combat Anticancer Drug Resistance [98]
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H,0,, the polymer's water-repellent nature alters, causing
nanoparticle degradation and subsequent drug release. Fur-
thermore, redox-sensitive components can react in intricate
ways, ensuring they respond rapidly to high stimuli concen-
trations but remain stable at lower levels, thus maintaining
targeted specificity.

(b) Drug Release Triggered by pH

Tumor tissue environments often possess a unique acidic
profile, a result of the lactic acid released from glycolysis
in conditions of oxygen deficiency. Research indicates that
pH levels can decrease to approximately 6.5 from the usual
physiological level of 7.4 during tumor growth or metasta-
sis. This pH difference between healthy and diseased cells
provides an opportunity for precise drug delivery. Various
chemical bonds are researched that can facilitate this tar-
geted release process. Chemical bonds that are sensitive to
pH changes, such as the benzoic-imine bond, the 1,3,5-tria-
zaadamantane (TAA) group, and the hydrazone bond, have
been explored as part of these pH-responsive systems. For
example, Gao and his team utilized benzoic-imine bonds to
connect a-cyclodextrin to mesoporous silica nanoparticles
(MSNs) [100]. These bonds underwent partial hydrolysis
in the tumor's extracellular space and complete hydrolysis
within endosomes having a lower pH, approximately 5. The
team then evaluated the progressive release of the drug dox-
orubicin at varying pH levels to verify the system's efficacy
[101].

(c) Additional Stimuli-Responsive Mechanisms

Researchers have delved into various other stimuli for
regulating drug release. These include thermally-activated
release using magnetic fields, systems activated by light
exposure, ultrasound-triggered mechanisms, and those acti-
vated electrochemically. Thanks to the rapid progression
in molecular biology and advances in enzyme technology,
the potential for modifying or functionalizing nanoparticle
surfaces is vast. The use of biomolecules to modify and con-
jugate can also greatly contribute to the creation of precise
drug delivery systems, potentially overcoming the limita-
tions of other techniques. Table 1 showcases an array of
nanocarriers filled with drugs that are dispatched to tumor
sites in response to specific activating stimuli [102].

Impact of Nanocarrier Physicochemical Attributes on Drug
Delivery Efficiency

Creating effective nanocarriers for drug delivery involves a
detailed process, considering their physicochemical char-
acteristics. Numerous materials serve as the foundation
for these nanocarriers. Key attributes, such as size, shape,
composition, surface charge, and biocompatibility, play
pivotal roles in designing them for controlled drug release.
These physicochemical traits determine how nanocarriers
interact with cells, including how they adhere, behave, and

accumulate. Such interactions can result in either therapeu-
tic benefits or adverse effects. Therefore, optimizing these
attributes is crucial to enhance their efficiency in medical
applications [131]. The following section delves into these
physicochemical aspects, highlighting their implications in
both therapeutic and diagnostic contexts.

(a) Dimensions and Form of Nanoparticles

The dimensions (both size and shape) of nanomaterials
play a pivotal role in how they amass in tumors and distrib-
ute throughout the body. The size particularly affects how
cells take up the drug and how these nanoparticles interact
with specific tissues for therapeutic objectives. Further-
more, these dimensions dictate the drug's encapsulation,
release, and the overall stability of the nanomaterials. Recent
research underscores how the dimensions of gold (Au) nan-
oparticles, specifically their size and shape, can sway the
efficiency in delivering small interfering RNA (siRNA). In
a study involving U87 glioblastoma cells, different sizes and
forms of siRNA-linked gold structures were crafted, namely
13 nm spheres, 50 nm spheres, and 40 nm stars. Interest-
ingly, larger structures were taken up by cells more readily
than the smaller 13 nm spheres, underscoring the role of
size and shape in cellular uptake dynamics and intracellular
distribution [132].

Another study looked at Au nanoparticles of varying
sizes, between 2 to 15 nm, covered with tiopronin. The
findings suggested that smaller particles were more prone
to accumulate in tumor tissues of mice. Similarly, when
mesoporous silica nanoparticles of varying sizes were tested
on HeL a cells, the 50 nm-sized particles showed optimal cel-
lular uptake, marking their potential as drug delivery agents.
Shape, alongside size, is vital. Research by Chithrani and
colleagues emphasized that the cellular uptake of Au nano-
particles varies depending on their shape—spherical versus
rod-like. Spherical nanoparticles showcased better uptake
than their rod-shaped peers [133]. Additionally, when sili-
con-based nanoparticles of different shapes were examined,
discoidal particles showcased broader organ distribution
compared to other shapes.

(b) Surface Charge Dynamics of Nanoparticles

The surface charge of nanomaterials critically influ-
ences their medical effectiveness and suitability. One of the
key elements guiding nano-bio interactions is this surface
charge, dictating how nanoparticles engage with biological
systems. Notably, a nanoparticle's cellular uptake is directly
influenced by its surface charge, with studies indicating that
nanoparticles possessing a negative charge often have better
accumulation within tumor sites. Research exploring micel-
lar nanoparticles revealed that tumor cells predominantly
uptake negatively charged nanoparticles. These particles
enter cells through various endocytosis pathways, such as
clathrin-mediated, caveolae-mediated, and macropinocyto-
sis. When examining in vivo distributions, it was observed
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Table 1 Stimulus-activated drug dispensation using diverse nanocarriers

Stimuli Nanocarriers Drug Target References

pH Hybrid micelles Doxorubicin Breast cancer [103]
Mesoporous silica nanoparticles Doxorubicin Cervical cancer [104]
Dendrimers Doxorubicin Breast cancer [105]
Coordination polymer mesoporous silica nanoparticles Topotecan Cervical carcinoma [106]
Gold nanocages Doxorubicin Breast cancer [107]
Chitosan nanoparticles Tamoxifen Breast cancer [108]
Polymeric nanoparticles Cisplatin Ovarian cancer [109]
Titanium dioxide nanoparticles Daunorubicin Leukemia [110]

Redox Mesoporous silica nanoparticles Doxorubicin Glioblastoma [111]
Polymeric conjugates Doxorubicin Hepatocellular carcinoma  [112]
Polymeric nanoparticles Camptothecin, doxorubicin  Breast cancer [113]
Magnetic micelles Doxorubicin Hepatocarcinoma [114]
Chitosan nanoparticles Methotrexate Cervical cancer [115]
Gold nanoparticles Doxorubicin, methotrexate, Cervical, lung carcinoma  [116]

6-mercaptopurine

Magnetic Field Block copolymer nanoparticles Doxorubicin Lung cancer [117]
Magnetite nanoparticles Doxorubicin Multiple myelomas [118]
Magnetic nanoparticles Doxorubicin Liver cancer [119]
Iron oxide nanoparticles Homocamptothecin Squamous cell carcinoma  [120]
PMAM-magnetite nanocrystallites Cisplatin Colon adenocarcinoma [121]
Superparamagnetic iron oxide nanoparticles Valrubicin Prostate cancer [122]
Magnetic nanoparticles Doxorubicin Cervical cancer [123]

Light Mesoporous bamboo charcoal nanoparticles Doxorubicin Breast cancer [124]
Telluride PEG co-block polymeric nanoparticles Cisplatin Breast cancer [125]
TiO,—iron oxide nanoparticles Artemisinin Breast cancer [126]
Chitosan-based nanocarrier Camptothecin Breast cancer [127]

Temperature Liposomes Tamoxifen, imatinib Breast cancer [128]
B-Cyclodextrin star polymer Paclitaxel, doxorubicin Liver cancer [129]
Polysaccharide based nanogels Doxorubicin Cervical cancer [130]

that liver cells primarily absorbed highly charged nanopar-
ticles. However, the uptake was diminished for negatively
charged particles, suggesting a negative charge might mini-
mize unintentional clearance by the liver [37].

Surface charge also plays a definitive role in the mecha-
nism of cellular internalization and endocytosis. Typically,
positively charged nanomaterials can more readily penetrate
cell membranes due to the inherent negative charge present
on cell surfaces. This characteristic can be harnessed for
therapeutic avenues, especially when using nanoparticles for
drug or gene transport. In recent research endeavors, cati-
onic liposomes were formulated, and these were observed
to favorably accumulate within tumor tissues. Furthermore,
investigations by Villanueva and colleagues showed that the
retention of magnetic nanoparticles within HeLa cells hinged
on the surface charge and exposure duration. Remarkably,
cationic magnetic nanoparticles remained within cells for
extended periods without causing harm [134]. Another inno-
vation in the realm of nanoparticle research is the develop-
ment of charge-switchable nanoparticles. These are designed
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to alter their surface charge in response to specific external
triggers, which has proven beneficial in boosting cellular
uptake.

(c) Nanoparticle Surface Chemistry Insights

Designing the surface chemistry of nanoparticles is par-
amount when crafting them for specialized medical uses.
By refining the surface attributes, one can not only enhance
the stability of these nanoparticles but also mitigate their
potential toxic effects. The cell interactions of polymer-rich
nanomaterials, for instance, are notably shaped by their sur-
face constitution.Recent innovations in the sphere of PLGA
(poly(lactic-co-glycolic acid)) nanoparticles underline how
apt surface modifications can boost their circulation time in
the bloodstream, thereby amplifying their efficacy against
tumors. In certain studies, nanoparticles with specific drug
coatings successfully halted lung tumor progression in mice,
showing greater effectiveness and fewer side effects com-
pared to standalone drugs. Moreover, surface variations in
PLGA nanoparticles, using coatings like polyvinyl alcohol
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(PVA) or vitamin E TPGS, revealed discernible differences
in cellular absorption rates [135].

Gold (Au) nanoparticles have emerged as a focus of can-
cer research. Investigations into the impact of surface coat-
ings on Au nanorods have highlighted how certain coatings,
like poly(diallyldimethylammonium chloride) [PDDAC],
can modulate cellular uptake rates. PEG-topped Au nano-
particles, enhanced with specific drug compositions, have
demonstrated increased effectiveness against particular
cancer cell lines. Furthermore, mesoporous silica nanopar-
ticles, when adorned with various functional groups, display
diverse endocytic pathways, emphasizing the role of surface
chemistry. Carbon nanotubes, when equipped with specific
chemical features, have proven to be potent carriers for sev-
eral therapeutic agents, including small interfering RNA
(siRNA) and certain anticancer drugs [136].

It's evident that the surface chemistry of nanoparticles can
fine-tune their therapeutic impact, dialing down unwanted
reactions and amplifying the desired outcomes. But, it's
crucial to meticulously analyze these surface modifications
before transitioning to clinical applications. Presently, there's
a plethora of tools and techniques to optimize nanoparticles
for targeting specific cells, including the use of antibodies,
peptides, aptamers, and other ligands. The choice of ligand
is pivotal for enhancing tumor cell targeting. Additionally,
after modifying the nanoparticle surface, it's essential to
analyze the subsequent effects on toxicity, specificity, and
sensitivity.In conclusion, elements like size, shape, and
surface charge, coupled with surface chemistry, govern a
nanoparticle's cellular interactions, therapeutic behavior, and
distribution. Other factors, like nanoparticle purity, stability,
chemical makeup, and aggregation state, among others, also
play significant roles in shaping their biological interactions
and outcomes [137].

Nano Drug Delivery Challenges and Prospects [138]

While the integration of varied nanomaterials in drug deliv-
ery has showcased potential in revolutionizing cancer treat-
ment, it's not without its challenges. The primary obstacles
include:

1. Safety Concerns: The interaction of nanomaterials
with biological systems can present toxicity concerns,
impacting both their biocompatibility and efficacy. There
are concerns that some nanocarriers might interact nega-
tively with biomolecules, which could compromise the
effectiveness of nanomedicines.

2. Manufacturing and Consistency: Scaling up the produc-
tion of nanomedicines is technically challenging. With
their intricate production processes, there are concerns
about consistency between batches and the overall cost
of production.

3. Regulatory Hurdles: The current regulatory landscape
lacks specific guidelines tailored for nanomedicines.
This absence can prolong the evaluation and approval
process, hindering commercialization.

4. Clinical Translation: The journey from lab to clinic is
fraught with challenges, primarily due to gaps in under-
standing the nano-bio interactions and the pharmacoki-
netics of drug-carriers.

While nanomedicine promises a new horizon in can-
cer treatment, its practical implementation is riddled with
complexities. A deeper understanding of the interactions
between nanoparticles and biological systems is pivotal.
Future strategies must focus on design innovations, targeted
deliveries, and more comprehensive regulatory guidelines to
fully harness the potential of nanomedicines in cancer care.

Bioimaging Techniques

Cancer, a major global health concern, often remains unde-
tected in its early stages due to the absence of clear genomic
markers and its complex nature. However, the advancement
in biophotonics offers promise in early cancer detection. This
approach leverages the fluorescence, scattering, and absorp-
tion properties of cells and tissues. The diagnostic methods
discussed herein are particularly sensitive to the cellular and
tissue changes during disease advancement. Techniques like
confocal and two-photon fluorescence (TPF) recognize shifts
in fluorescence signals in cells or tissues. Moreover, second
harmonic generation (SHG) microscopy identifies morpho-
logical alterations in specific tissue structures, such as col-
lagen. Raman spectroscopy, a non-invasive approach, acts
as a fingerprinting tool, distinguishing between benign and
malignant tissues. Finally, photoacoustic techniques offer
molecule-specific detection, combining high resolution with
deep tissue penetration [139].

Fluorescence Spectroscopy in Cancer Diagnosis [140]

Fluorescence spectroscopy is a vital diagnostic technique
that leverages the emission spectra from tissues to pin-
point cancerous changes. These spectra represent intensity
changes against varying wavelengths. The method offers two
main forms: steady-state and time-resolved. Among them,
steady-state fluorescence is popular due to its ability to ana-
lyze emission spectra without needing external fluorescent
labels, facilitating in vivo studies without any tissue prepa-
ration. Figure 15 shows the quantification of tumor fluores-
cence during intraoperative optical cancer imaging.

The application and parameters of fluorescence vary
based on its purpose—whether to diagnose an unidenti-
fied lesion, track its growth, assess the effectiveness of a
treatment, or guide surgical interventions [142]. Effective
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cancer detection using this method depends on the tumor's
structure, chemical composition, and metabolic activity. For
in vivo studies, factors like tissue pH, temperature, and cel-
lular ionic balance play a role in the fluorescence outcome.
Remarkably, certain molecules, such as serotonin, shift
their emission peaks based on pH levels, potentially act-
ing as markers for the acidic environment found in tumors
[143].0xygen deprivation or hypoxia, a common trait in
solid tumors, influences cellular metabolic processes. These
results in changes in the ratio of primary fluorescent coen-
zymes like nicotine adenine dinucleotide (NAD) and flavin
adenine dinucleotide (FAD), which can be detected through
their fluorescence patterns. Moreover, cancer cells often
exhibit increased metabolism, demanding a higher absorp-
tion of tryptophan from surrounding areas [144]. This amino
acid's fluorescence changes with pH fluctuations, making it
a potential cancer indicator. Notably, tumors degrade the tis-
sue's extracellular matrix, leading to decreased fluorescence
from structural proteins like collagen and elastin.
Interestingly, one early discovery in light-induced fluo-
rescence (LIF) was the alteration in endogenous porphyrin
fluorescence, which signaled pathological changes rang-
ing from infections to cancer. By comparing fluorescence
spectra between healthy and malignant tissues, researchers
found differences in the fluorescence emission patterns. This
highlighted the accumulation of porphyrins in cancerous
tissues. In addition, laser-induced autofluorescence (LIAF)
lifetime spectroscopy has shown its potential in differen-
tiating between healthy and cancerous tissues in various
cancers. For instance, the average fluorescence lifetime was
identified to be distinct between healthy and malignant tis-
sues [145].As cancer progresses, tissues undergo significant
morphological and chemical alterations. These changes lead
to noticeable variations in the fluorescence spectra, serv-
ing as potential markers for early detection or even pre-
dicting tumor progression. The application of fluorescence

spectroscopy spans various organs, from the lungs and brain
to the skin, gastrointestinal tract, and cervix [146].

Fluorescence Microscopy Techniques [147]

Confocal fluorescence microscopy (CFM) and Two-Photon
Fluorescence (TPF) microscopy are advanced imaging
techniques that offer non-invasive, high-resolution views of
untreated tissues in real-time. CFM achieves this by using a
pinhole to filter out-of-focus light, producing sharper three-
dimensional images. Depending on the pinhole's size, it
enables precise focus on specific tissue planes. CFM has
proven to be especially effective both in lab settings on tissue
samples and in real-time clinical procedures, particularly in
gastrointestinal investigations [148].

For CFM, the most commonly employed excitation
wavelength is 488 nm. This wavelength primarily high-
lights structural proteins like collagen and elastin in tissue
samples. In a living organism, coenzymes like NAD and
FAD also become visible. Despite its effectiveness, CFM has
limitations like significant photobleaching [149]. In contrast,
TPF, which requires two photons to simultaneously interact
with a molecule, offers deeper tissue penetration with less
damage, achieved using ultra-short pulse lasers. The TPF
technique is particularly advantageous because of its ability
to function within the therapeutic window of 600-1000 nm,
allowing for more profound tissue exploration.In practical
applications, a confocal endoscopy system was employed
to inspect colon tissues, revealing potential for high accu-
racy in detecting neoplastic alterations during colonosco-
pies. Another study by Clark and team demonstrated that
confocal techniques could discern features of oral cancers,
potentially aiding in real-time cancer detection and treatment
tracking [150].

TPF, on the other hand, has been employed in investi-
gations involving tumors tagged with green fluorescence
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protein (GFP). Results showed that as GFP-expressing
cells increased, there was a correlating surge in fluores-
cence signals [151]. This technique also proved effective
in identifying specific tumor targets in certain mouse
models. Additionally, studies conducted by Allocca's
team revealed that combining confocal and TPF tech-
niques can yield significant insights into cellular interac-
tions in bone cancers. Despite its potential, TPF's effec-
tive imaging depth is currently restricted due to various
factors, necessitating further technological advancements
[152].

Nonlinear Imaging with Second-Harmonic Generation
Microscopy [153]

While traditional microscopy relies on a direct proportional
relationship between a sample's optical response and inci-
dent light intensity, second-harmonic generation (SHG)
microscopy employs a nonlinear approach [154]. In SHG
microscopy, signals arise from the interaction of multiple
photons with non-centrosymmetric molecules within biolog-
ical samples. One of the notable advantages of this method
is its minimal photon toxicity, allowing for detailed 3D visu-
alizations of tissues and organs [155].A primary source of
SHG signals in the extracellular matrix (ECM) is collagen.
Collagen's structural alterations during cancer's advance-
ment play a critical role in diagnosing and predicting the
disease's course. By evaluating the shifts in collagen's SHG
signals, researchers can gain insights into cancer progres-
sion [156]. Figure 16 illustrates, the application of P-SHG
microscopy reveals distinct differences in tissue characteris-
tics at the tumor boundary, providing detailed visualization
of the transition from cancerous to normal tissue in human
lung samples.

Burke and colleagues demonstrated the ability of SHG
signals to predict metastasis in specific cancer patients.
They focused on determining the risk in lymph node-nega-
tive (LNN) and estrogen receptor-positive (ER+) patients,
hoping to better tailor treatments. Their approach, which
centered on the SHG signal ratio from fibrillar collagen,
showed promise as a supplementary tool to traditional cellu-
lar diagnostic methods.Furthermore, the use of polarization-
resolved SHG microscopy has gained traction in oncology
[158]. This advanced method can shed light on the minus-
cule structural changes in tissues. Researchers have used
this technique, specifically Double Stokes-Mueller polari-
metric SHG imaging, to differentiate between normal and
cancerous breast tissues. The findings suggested that shifts
in collagen orientation during cancer evolution could serve
as crucial indicators of the disease.

Zhuo et al. utilized multiphoton microscopy, a combina-
tion of TPF and SHG techniques, to delve into the early
detection of cervical cancer [147]. This study highlighted

the structural intricacies of cervical tissues and explored
metabolic markers to discern between healthy and malignant
states.Another innovation in this field is the development of
an endoscope designed for SHG imaging. This tool offers
high-resolution insights into cervical collagen and its altera-
tions, which are linked to conditions like preterm birth. Ini-
tial studies showed that this non-invasive approach provided
more accurate data than traditional benchtop SHG devices,
especially regarding collagen shifts during pregnancy. Fur-
ther research showcased SHG's potential in studying col-
lagen changes in post-menopausal women, shedding light
on the physiological changes during menopause [156, 158].

Raman Spectroscopy [159]

Raman spectroscopy, which examines molecules based on
their scattering characteristics, has garnered significant
interest due to its non-invasive nature and precision at the
molecular level. A standout feature is its ability to func-
tion without prior sample preparation, facilitating in vivo
studies. The resulting Raman spectra offer insights into a
molecule's vibrational mode density, which is then trans-
lated into its chemical composition [148]. Such molecular
"fingerprints" pave the way for distinguishing benign from
malignant tissues across various cancers.A noteworthy
application has been in skin cancer detection. By leveraging
confocal Raman spectroscopy, researchers have pinpointed
differences between Basal Cell Carcinoma (BCC) and adja-
cent healthy tissues, especially focusing on unique Raman
spectral variations. These differences have highlighted the
technique's potential for diagnostic applications.Further, the
technique has been extended to detect lung cancer. Using
confocal Raman microscopy, researchers have employed
Principal Component Analysis (PCA) to discern between
healthy and malignant lung tissues [160]. This combination
yielded promising results, allowing for differentiation based
on the subtleties in spectral intensities.

Figure 17 demonstrates, the combined use of white light
micrography, Raman spectroscopy, and cryo-transmission
electron microscopy offers a multifaceted approach to the
preparation and analysis of tumor tissues and biological flu-
ids for the early detection and study of cancer. Advanced
Raman processes, such as Coherent Anti-Stokes Raman
Scattering (CARS) and Stimulated Raman Scattering
(SRS), have emerged with heightened sensitivity, contrast,
and functionality. Specifically, SRS employs a laser-driven
approach to induce specific molecular vibrations, resulting
in either gain or loss of photons [161].There's an increased
emphasis on augmenting the selectivity of imaging. By fus-
ing single-frequency SRS imaging with traditional Raman
spectroscopy, researchers can achieve this. For instance,
specific spectral ranges can be attributed to DNA, proteins,
and lipids. Thus, by identifying these distinct Raman shifts,
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Fig. 16 Multimodal P-SHG Microscopic Analysis of a Tumor Mar-
gin in Lung Tissue. Presented are images of an extensive section of
human lung tissue: a a white-field image with Hematoxylin and Eosin
staining, b visualization based on Second-Harmonic Generation
intensity, ¢ R-ratio mapping, d Degree of Circular Polarization, and
images demonstrating e SHG circular dichroism and f linear dichro-

Fig. 17 Preparatory Methods for Raman Spectroscopic Analysis
of Tumor Tissues: a White light micrographs of both stained and

unstained frozen sections of healthy breast tissue; b Raman spectral
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ism. The scale bar represents 500 pm. Enlarged views within the
green-outlined area highlight the polarimetric parameter variations
between the tumor tissue (left) and the adjacent normal-appearing tis-
sue (right), in figures (g)—(k). The scale bar for these close-up images
is 200 pm [157]
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analysis of various human body fluids (plasma, serum, urine, saliva)
for cancer detection; ¢ Cryo-transmission electron microscopy visu-
alization of extracellular vesicles (EVs) [162]
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scientists can differentiate healthy cells from cancerous
ones.A fascinating observation using SRS imaging was the
unusual accumulation of certain fats in cancerous tissues.
Specifically, there were two predominant fat types in the
cancerous liver tissue. One type exhibited characteristics of
saturated lipids, while the other showcased traits of unsatu-
rated lipids. This stark contrast, combined with the analyti-
cal prowess of SRS, offers a promising avenue for in-depth
cancer diagnostics [148].

In a vein similar to SRS, CARS microscopy provides a
detailed analysis combined with high-definition 3D imag-
ing. It is especially adept at identifying lipid-rich structures,
making it a valuable tool for studying cellular content. Stud-
ies have noted an increase in lipid content in specific can-
cers, further accentuated by hormone treatments [147, 148].
CARS microscopy has played a pivotal role in identifying
and characterizing these cellular lipid accumulations.In
essence, Raman spectroscopy, with its diverse applications
and techniques, stands as a beacon in molecular analysis,
especially in the realm of cancer diagnostics.

An Overview of Photoacoustic Spectroscopy (PAS) [163]

Photoacoustic spectroscopy (PAS) operates on the prin-
ciple of molecule absorption of modulated optical radia-
tion, which subsequently generates an acoustic signal. This
acoustic signal can be captured using a microphone, espe-
cially if the modulation frequency matches the molecule's
non-radiative relaxation period [164]. The PAS technique
produces an absorption spectrum when a laser beam spans
a specific wavelength range over a spectral period.The inten-
sity modulation essential for generating the acoustic signal
can be achieved through techniques such as mechanically
interrupting a continuous laser beam or employing lasers
with nanosecond pulse durations. The design of the photoa-
coustic detector (PAD) plays a pivotal role in determining
the sensitivity of the PAS method.Laser sources, particularly
Optical Parametric Oscillators (OPOs), have been widely
adopted in PAS due to their tunable nature across extensive
spectral ranges. For instance, an OPO-based PAS instru-
ment was developed to detect gases like propane, ethane, and
methane, boasting an impressive detection limit of 100 ppm.
The obtained results showed good agreement with estab-
lished databases, such as HITRAN, with minor deviations
in relative error [165].

PAS has been instrumental in detecting Volatile Organic
Compounds (VOCs) related to lung cancer. VOCs like iso-
prene, styrene, and hexanal were evaluated as potential lung
cancer biomarkers using an OPO laser source. When com-
pared to the National Institute of Standards and Technol-
ogy (NIST) reference data, the observed spectra for certain
compounds displayed minor shifts.Researchers have also
explored the potential of PAS in diagnosing respiratory

diseases by analyzing exhaled air. A study involving patients
with lung cancer, pneumonia, chronic obstructive pulmo-
nary disease, and healthy volunteers used the PAS technique
combined with advanced analysis tools such as the support
vector machine (SVM) and Principal Component Analysis
(PCA). The results exhibited commendable binary classi-
fication accuracy.In another study focusing on breast can-
cer monitoring, PAS was used to analyze the progression
of breast tumors in mice. Researchers pinpointed specific
frequencies that allowed them to differentiate tumor stages
with high accuracy. Similarly, PAS has been employed to
study ovarian tissues, differentiating healthy samples from
those with anomalies. Multiple algorithms, including ANN,
k-NN, and SVM, were utilized for data analysis, demonstrat-
ing high levels of specificity and sensitivity [164]. Figure 18
reveals, through the use of photoacoustic imaging, one can
distinctly observe the physiological differences within tumor
environments, such as variations in oxygen saturation, offer-
ing a non-invasive method to study tumor hypoxia and vas-
cular structure.

PAS has also proven effective in distinguishing between
blood samples from breast cancer patients and healthy indi-
viduals. This differentiation was achieved using a combi-
nation of wavelet analysis, PCA, and logistic regression
applied to selected frequency regions.However, there are
certain limitations to PAS. The detection limit is tethered
to the laser radiation source's power, making high-power
lasers more desirable. Effective PAS requires standard pres-
sure conditions, as its sensitivity wanes significantly under
reduced pressures. Additionally, ensuring accurate measure-
ments mandates regular calibration of PAS instruments.

Photoacoustic Imaging Techniques and Applications [165]

The last decade has seen a surge in the adoption of pho-
toacoustic microscopy and tomography for various imaging
purposes, including single cells, tissues, and live specimens
[99]. This imaging approach combines optical excitation and
acoustic detection. It branches into three specific techniques:
photoacoustic computed tomography (PACT), acoustic-res-
olution photoacoustic microscopy (AR-PAM), and optical-
resolution photoacoustic microscopy (OR-PAM) [167].The
depth and resolution of PAM are primarily determined by
the optical beam's focus. A tighter focus results in enhanced
spatial resolution but reduced imaging depth. Generally,
there's an inverse correlation between imaging depth and
PAM's spatial resolution, with an approximate ratio of 200:1.
The choice of transducer also influences the axial resolution.
PACT stands out for its ability to achieve micrometer-level
spatial resolution over extensive depths, reaching several
centimeters. Meanwhile, OR-PAM and AR-PAM differ
based on their reliance on optical or acoustic focusing. Spe-
cifically, OR-PAM boasts a finer lateral resolution, while
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Fig. 18 Photoacoustic (PA) Imaging of Tumor Structures with Intrin-
sic Contrast: a Three-dimensional PA tomography of an LS174T
tumor, 8 days post-inoculation, captured at 600 nm with a step size
of 70 pm. b x—y and x—z plane maximum intensity projection images
of a larger SW1222 tumor, 12 days post-inoculation, obtained at
758 nm, with imaging depths reaching at least 9 mm. ¢ Oxygen satu-
ration (SO,) mapping of a glioblastoma xenograft in a nude mouse

AR-PAM shines in axial resolution. Depending on the exper-
imental setup, PAM can operate in either transmission mode
(where the light source and detector are on opposing sides of
the sample) or reflection mode (where they are on the same
side) the latter being more apt for in vivo studies [168].
Several factors influence PAM's detection threshold,
including laser intensity, tissue properties, and the ultra-
sound transducer's efficiency. Notably, PAM can analyze
tissues without any labels, leveraging inherent chromophores
like hemoglobin, melanin, and cellular DNA/RNA. By
adjusting the excitation wavelength, researchers can target
specific chromophores. For instance, the differential absorp-
tion between oxyhemoglobin and deoxyhemoglobin can be
utilized to determine blood oxygen levels with impressive
precision.Furthermore, PAM has shown potential in detect-
ing glucose levels in tissue, paving the way for molecular-
specific imaging [169]. However, water absorption in tissues
can overshadow other signals in PAM, necessitating tech-
niques like stimulated Raman processes to overcome this.
Another innovative application is the photoacoustic flow
cytometry (PAFC), which excels in analyzing cells or nano-
particles in blood flow. Its sensitivity has been highlighted
in detecting circulating tumor cells in vivo, showcasing its
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brain via PA imaging, indicating hypoxic areas within the brain
tumor; the tumor location is marked with a red arrow and is charac-
terized by lower SO, levels compared to the adjacent vascular struc-
tures. d A graph showing the comparative SO, levels between normal
and tumor vasculature in three mice, distinctly revealing the reduced
oxygenation in tumor regions [166]

superiority over traditional in vitro methods.The versatil-
ity of photoacoustic imaging extends to vascular imaging,
allowing for detailed analysis of angiogenesis a process
linked with tumors. The heightened vascular density in
malignant tissues offers increased PAM contrast, making
tumor detection more straightforward [168]. Innovations
like photoacoustic angiography further enhance the preci-
sion of vascular imaging, with resolutions capturing vessels
less than 100 pm in diameter.In conclusion, photoacoustic
imaging techniques, due to their exceptional resolution and
penetration capabilities, hold significant promise for various
medical applications. These range from monitoring brain
activity and diagnosing skin conditions to assessing tumor
progression and aiding surgical procedures.

Terahertz Spectroscopy in Medical Diagnostics [170]

Terahertz (THz) waves have a unique interaction with water,
largely because of the absorption by hydrogen bonds in this
frequency range. This characteristic has been exploited
in the detection of cancerous regions, which often have
elevated water content due to heightened metabolic activ-
ity. Figure 19 shows, the THz spectrum system and THz
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imaging system are pivotal in biomedical analysis, offering
a detailed spectral assessment of biological molecules and
precise imaging diagnostics for different cancer types.How-
ever, the strong attenuation posed by water molecules pre-
sents a challenge for THz waves. To counteract this, various
methods like tissue freezing, embedding, vaporization, and
the use of penetration boosters have been explored. Despite
these hurdles, THz spectroscopy has been effectively used
to analyze biological fluids like blood, saliva, and urine.For
instance, the presence of sialic acid in saliva, an early breast
cancer marker, was emulated using sialic acid powder dis-
solved in deionized water, combined with silver (Ag) and
gold (Au) nanoparticles. THz investigations in the range
of 0.2 to 1.8 THz showed that the nanoparticles slightly
amplified absorption at 1.32 THz [171]. Concurrently, time-
domain THz spectroscopy was used to identify oral lichen
planus (OLP), a potential precursor to oral cancer. A detailed
examination of 30 patients yielded exceptionally accurate
results in distinguishing between different forms of OLP.
Another intriguing application of THz spectroscopy lies
in the detection of microRNAs in biological fluids. These
small, single-stranded RNA molecules can act as markers
for various cancers, especially the miR-200 family. Addi-
tionally, exosomes, tiny vesicles produced within cells, were
also analyzed using THz laser spectroscopy, showcasing the
potential of this technique in diagnosing colorectal cancer.
Blood studies have further highlighted the versatility of THz
spectroscopy [172]. For instance, when examining the blood
serum of rats with certain cancers, changes in protein lev-
els and biochemical composition became evident. Another
study focused on homocysteine, a compound linked to can-
cer risk, found in blood and urine. This compound was ana-
lyzed using a Fourier transform infrared (FTIR) spectrom-
eter, offering a detection limit of about 10 pmol/L. When

Fig. 19 Terahertz (THz) Tech-
nology in Biomedical Analysis.
The left panel (THz spectrum
system) illustrates the spectral
analysis of biomolecules such
as nucleic acids, proteins, cells,
and tissues using THz radiation.
The right panel (THz imaging
system) displays the application
of THz imaging in diagnos-

ing various types of cancer,
including breast, skin, brain,
and colon cancer, by creating
detailed visual representations
of the biological samples
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juxtaposed with Raman spectroscopy, THz spectroscopy
exhibited superior correlation metrics [173].

Nanotoxicity and Safety Considerations

The surge in nanomaterial production poses potential risks
to both human health and the environment. The potential
harmful effects of nanomaterials, especially in the realm of
biomedical applications, raise significant concerns. Many
initiatives have been launched to delve into nanotoxicity and
its interactions with biological entities. Yet, evaluating nano-
toxicity within living systems remains a complex endeavor.
Our focus is to explore the complexities surrounding the
toxicity assessments of nanomaterials. This review delves
into the challenges faced in examining the effects of nano-
materials on various biological platforms, including in-vitro,
in-vivo, and in-silico studies. Each method of assessing
toxicity has its unique challenges, especially when dealing
with nanomaterials in different states—powder, dissolved,
or when interacting with biological entities. Proper tools and
methodologies are crucial in navigating these challenges,
and it's essential to consider factors like the shape, size, and
morphology of nanoparticles during cytotoxic evaluations
[174].

The unique properties of nanomaterials (NMs) arise from
their diminutive size and increased surface area. However,
when these materials come into contact with biological sys-
tems, they can elicit unexpected biological reactions. Nota-
bly, their minute size allows them to traverse further within
the body compared to larger materials. As the production
and application of NMs expand, so does the risk of occu-
pational exposure. There are also growing concerns about
potential disruptions to the environment and natural ecosys-
tems [1-4]. Given these issues, researchers have been moti-
vated to delve into the potential negative impacts of NMs
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on health and the environment. While numerous studies on
NM toxicity have emerged over the years, comprehensively
understanding the interactions between nanoparticles and
biological systems remains intricate. This complexity often
stems from the challenges in experimental methodologies
and accurate characterization during toxicological evalua-
tions. Alarmingly, as nanotechnology products become more
prevalent, there's an escalating risk to human health upon
exposure or consumption through various means [6].

Issues in Detailing and Analysis

Understanding the toxicity of chemical entities necessitates
thorough detailing and analysis of the materials. Today's
technologically advanced landscape offers an array of meth-
ods for detailing nanomaterials in various states, such as
powder, film, or solution, and for examining their interac-
tion with biomolecules [3]. However, the intricacies multi-
ply when dealing with nanomaterials. Their varied forms,
encompassing diverse shapes, sizes, surface areas, charges,
chemistries, crystalline structures, porousness, agglom-
erative tendencies, and solubility, call for more meticulous
attention [4]. Ensuring consistent and reproducible results
in experimental nanomaterials is paramount. Comprehen-
sive examination of nanomaterials demands state-of-the-art
equipment and adept professionals. The nuanced characteris-
tics of nanoparticles and their associated toxicological impli-
cations remain largely uncharted. Hence, for nanomaterials,
a holistic examination, covering facets such as size distribu-
tion, form, surface attributes, crystalline nature, porosity,
agglomeration tendencies, charge, solubility, and more, is
advocated to discern the interplay between their physical and
chemical attributes and the resultant biological responses.
However, researchers often operate within the constraints of
their available resources and tools, underscoring the pivotal
role that detailing methodologies play in deciphering the
essence of nanomaterials. In terms of toxicity evaluation, the
size of a nanomaterial can profoundly influence its behavior
and interactions with biological entities [5, 6]. Techniques
like Brunauer—Emmett-Teller (BET), dynamic light scat-
tering (DLS), and transmission electron microscopy (TEM)
aid in determining nanoparticle size [4]. A persisting hurdle,
though, is to accurately ascertain average sizes and their
spread, as various methods often yield disparate results.
This stems from the distinct underlying principles of these
techniques. Moreover, discrepancies can arise due to varia-
tions in sample preparation or instrumental procedures. Such
disparities can lead to confusion in pinning down the precise
size metrics, underscoring the importance of a solid grasp
over the fundamentals and technical intricacies of the tools
employed.

@ Springer

Evaluating Nanomaterial Toxicity: In-Vivo, In-Vitro,
and In-Silico Techniques

The journey and persistence of nanomaterials within organ-
isms, including their assimilation methods, are better
understood by examining the behavior and interactions of
nanoparticles (NPs). Various methodologies exist to track
the movement and impacts of NPs within organisms, pre-
dominantly categorized into in-vivo, in-vitro, and in-silico
evaluations [6].

In-Vitro Techniques [175] In-vitro methodologies are often
favored for toxicity testing due to their reliability, cost-
effectiveness, broad applicability, extensive accessibility,
and ethical advantage, as they often reduce the need for
animal testing. These approaches attempt to replicate cel-
lular interactions, providing insights into how organisms
might respond. Such tests play a pivotal role in determining
safe dosage levels and understanding the behavior of for-
eign substances within the body. By exposing various cell
cultures to nanomaterials and subsequently evaluating cell
growth and metabolic reactions, researchers can gain valu-
able insights. While drawing physiological inferences and
predicting the behavior of foreign agents can be intricate,
initial evaluations usually leverage in-vitro techniques due
to their straightforwardness and ready accessibility [176].
The widespread adoption of in-vitro methods for rapid and
thorough examination is testament to their efficacy. Various
tests, differing mainly in how they discern cellular responses
and their detection methods, are employed to investigate
cytotoxicity.

In-Vitro Toxicity Testing: Popular Assays

(a) MTT Assay [6]

This colorimetric assay measures cell viability based on
cellular metabolic activity. Active cells convert the MTT
compound, a yellowish substance, into a purple-colored
formazan product. The darker the color, the more viable
cells are present. However, it's essential to note that some
studies have revealed discrepancies, highlighting potential
overestimations of viability in certain contexts [177].

(b) LDH Release Assay

When cellular damage occurs, the enzyme Lactate dehy-
drogenase (LDH) leaks from cells. By measuring LDH lev-
els outside the cells, researchers can gauge cellular mem-
brane damage and infer cytotoxicity. Nanoparticles might
interfere with LDH activity, which requires careful consid-
eration [178].

(c) Trypan Blue Staining

A classic method, the Trypan blue dye is absorbed only
by dead cells, making it a tool to discern viable cells from
non-viable ones based on color differences [179].

(d) Apoptosis Detection.
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Apoptosis signifies programmed cell death. Several tech-
niques, like TUNEL and Apostain, detect different apoptosis
stages. TUNEL focuses on DNA fragmentation at apopto-
sis's end stages, while Apostain spots early-stage apoptosis
by identifying specific enzymes [180].

(e) DCFH-DA Assay

This assay evaluates oxidative stress in cells, a factor
often associated with toxicity. The non-fluorescent dye
DCFH-DA enters damaged cells and, upon reacting with
reactive oxygen species (ROS), emits fluorescence. The fluo-
rescence intensity gives an idea of ROS levels and thus cell
stress [181].

(f) Comet Assay

Also known as single-cell gel electrophoresis, this assay
evaluates DNA damage within cells. Cells with DNA dam-
age spread out in an electrophoresis gel, resembling a com-
et's shape, with the comet's tail indicating DNA fragments,
offering insights into the extent of DNA damage [181].

In-Vivo Methods In-vivo evaluations remain the gold stand-
ard in toxicity assessments. These evaluations use live ani-
mals, which raises ethical concerns. However, they offer
real-world insights, and the findings are more consistent
with how the human body might respond, offering advan-
tages in both time and cost.The outcomes from in-vivo
assessments differ from in-vitro evaluations because of the
complexities of living organisms. These include hormo-
nal fluctuations, interactions between cells, and long-term
chronic effects. These cannot be replicated in vitro. But in-
vivo evaluations come with their challenges. The dosage
given to animals must be precise, ensuring nanoparticles are
dispersed uniformly. The potential of nanoparticles to clus-
ter together can lead to inconsistent distribution and unpre-
dictable outcomes. Once inside an organism, nanoparticles
might interact with proteins, changing their characteristics,
behavior, and distribution [182].

In a study by Chen and colleagues, the effects of 21 nm
gold nanoparticles (AuNPs) were observed in male C57BL/6
mice. They used SEM for visual observations and real-time
PCR to observe macrophage numbers and proinflamma-
tory cytokine expressions. They found that AuNPs were
largely compatible with tissues. They noted an accumula-
tion in abdominal fat and traces in the liver, which led to
fat reduction in treated mice.Another study by Rizzo et al.
aimed to align in-vitro results with in-vivo observations
using zebrafish embryos. They tested various nanoparti-
cles, noting that those coated with biocompatible polymers
were less toxic. While in-vitro studies on various cell lines
showed minimal toxicity, zebrafish embryos exhibited lethal
reactions to the same nanoparticle doses. They proposed
that the lethal effects might be due to the aggregation of
uncoated nanoparticles, which might block vital passages
in the embryos [183].

Another research focusing on zebrafish embryos
highlighted stage-dependent toxic effects of AgNPs
(97 +£13 nm). Different developmental stages exhibited
varied sensitivities to nanoparticle concentrations. The
earliest stages showed prominent abnormalities, such as
deformities in head and eyes, while later stages were less
affected. This suggests that early developmental events
like cell signaling and gene transcription are highly sensi-
tive to nanoparticles. These nanoparticles were found in
various parts of the embryo, with their specific locations
verified using LSPR spectra [184].

Digital Simulations in Toxicity Analysis Given the urgency
for time-efficient, ethical, and reliable results, researchers
are veering towards alternative methods of toxicity evalu-
ation. In-silico analysis emerges as a pioneering technique
compared to traditional approaches, relying on theoretical
predictions and computerized simulations of molecular
properties. Although rich in advantages, in-silico methods
are not without challenges, especially when they need to
be validated experimentally. The gap in data and a lim-
ited scope in assessing the risk of nanomaterials on online
platforms remains a concern. Present techniques focus on
the production and manufacturing stages but often neglect
the usage and disposal phases of nanomaterials. Modi-
fied computational methods like nano-QSAR or QNAR
are being tailored to cater to nano-based models.In-silico
techniques employ models that have a well-documented
history or are at the cutting edge of toxicity assessment.
Models based on structural alerts and rules help predict
toxicity. While structural alerts identify specific chemi-
cal structures indicating toxicity, rule-based models are
anchored in human expertise, literature, or data-driven
simulations, relying heavily on statistical likelihood [185].

European projects, such as the GUIDEnano tools and
the SUNDS, offer insights into the practical application of
tools for assessing the full life cycle of nano-based prod-
ucts. These online resources are invaluable for the holistic
assessment of nanomaterials, from production to disposal.
It's crucial to adopt a life cycle analysis to gauge the envi-
ronmental implications of nanomaterials. Risk prediction
tools can be enhanced by assimilating data on nanomate-
rials' properties, behavior, and transformations.Neverthe-
less, some assays produce unreliable results due to issues
like nanoparticle solubility, clumping, sedimentation, and
protein corona formation. A standardized protocol, adap-
tive to the diverse nature of nanomaterials, can rectify this.
Metallic nanoparticles and carbon-based nanotubes, for
instance, display varying behaviors in physiological con-
ditions, necessitating different approaches in assessment
[186].
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Key Parameters for Evaluating Nanomaterial Toxicity

Nanomaterial characteristics are intrinsically tied to their
cellular interactions. Recent breakthroughs in material sci-
ence have enabled the precise creation of nanomaterials with
specific attributes. Factors like size, surface texture, charge,
and composition play pivotal roles in determining nanotox-
icity [187].

(a) Importance of Size

The size of nanomaterials is integral in influencing their
interactions within cells. Notably, smaller nanoparticles are
frequently associated with heightened cytotoxic effects [83,
85]. Bharadwaj and team highlighted how varying nanopar-
ticle sizes, between 20 to 500 nm, demonstrated differential
accumulation in brain tissue sections. Moreover, the toxicity
relationship between quantum dot size and their production
methods has been observed [188].

(b) Surface Morphology

The shape of nanoparticles dictates their uptake and
subsequent cellular impacts. Nanomaterials exist in diverse
forms like spheres, rods, and needles. These different shapes
can cause cellular membrane alterations, sometimes leading
to ionic imbalances. Chithrani et al. documented that rod-
shaped nanoparticles show a 500% increase in uptake when
compared to spherical ones [189].

(c) Coating and Surface Charge Dynamics

Coatings on nanoparticles serve as the bridge between
nanomaterials and cellular interfaces, influencing factors
like cellular contact and internalization. Surface charges
can modulate a material's cytotoxicity [190]. Predominantly,
positively charged materials exhibit heightened toxicity lev-
els compared to their neutral or negatively charged counter-
parts. Coatings can be classified into three categories based
on interaction types. Furthermore, coatings can have pivotal
roles in applications ranging from drug delivery to imag-
ing. It's worth noting that coatings can mitigate or heighten
the toxic effects of nanomaterials, as seen in the case of
chitosan-coated CuNPs and Fe,O; NPs [191].

Looking Ahead and Concluding Thoughts

The rapid advancements in nanotechnology are ushering in a
plethora of new materials. This underscores the importance
of ensuring their safe application. Therefore, understanding
the ecological implications and biological impacts of these
materials is paramount, not to merely discard potentially
harmful ones but to engineer safer alternatives. While vari-
ous methods have been established to gauge the toxicity of
nanomaterials, the varied nature of nanoparticles and the
multiplicity of factors influencing their behavior complicate
a straightforward understanding of their toxic effects. Gen-
erally, nanotoxicity investigations are bifurcated into two
domains: environmental and biological.

@ Springer

Environmental factors, like temperature variations, ionic
concentration, and internal transformations within biologi-
cal systems, play a pivotal role in determining nanomaterial
toxicity. It's crucial to study the behavior of nanoparticles
in their aggregated form, the physicochemical alterations
they undergo, and their interactions at the nano-bio interface.
Many assessments focus on the toxicity of pristine nanopar-
ticles. Yet, it's the transformed or decomposed versions that
typically enter the environment, and these warrant attention,
particularly concerning carbon-based materials on biological
systems [192].

The second realm of study revolves around the biological
destiny of nanoparticles. This demands high-end instrumen-
tation, advanced culture mediums, and reliable in vitro and
in vivo tests. While traditional viability tests remain foun-
dational, we must also consider other metrics, such as the
nanoparticles' stability within cells, their degradation poten-
tial, and excretion routes. Addressing nanotoxicity demands
a harmonized, interdisciplinary approach to delve into the
intricacies of nanoparticle-cell interactions. Especially chal-
lenging are the intracellular molecular processes and their
connection to overarching biological functions. Contem-
porary methods lean towards exploring adverse outcome
pathways, seeking more efficient, predictive mechanisms.
These pathways shed light on early-stage molecular events,
potentially traceable using sophisticated electroanalytical
techniques. Parallelly, in-silico methods for assessing nano-
toxicity have emerged as a promising, more ethically sound
complement to traditional in vivo and in vitro tests. While
computational simulations often rest upon experimental
results, they offer a prospective avenue to predict nanotox-
icity effects prior to production. With evolving technologies,
it's envisioned that the future holds distinct predictive mod-
els for correlating nanomaterial properties with biological
outcomes. Key challenges entail shifting from mere corre-
lational studies to causative analyses, mitigating nanoparti-
cle interference for clear in vitro assessments, deciphering
cellular responses at a single-cell level, and elucidating the
kinetic parameters governing nano-bio interactions [193].

Clinical Translation and Commercialization

Nanotechnology stands as a beacon of promise in the fight
against cancer. Its applications extend beyond the medi-
cal realm, potentially offering solutions to reduce pollution,
decrease energy consumption, mitigate greenhouse gas emis-
sions, and stave off diseases. NCI's Alliance for Nanotech-
nology in Cancer emphasizes the responsible development of
these groundbreaking technologies. While nanotechnology
might seem novel, the concept of nanosized particles isn't new.
Nature has produced nanoparticles for eons, evident in phe-
nomena like volcanic ash and sea spray. Additionally, human
activities, such as the use of fire, have produced nanoparticles
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in the form of smoke and soot. Given the pervasive presence
of natural nanoparticles in our environment, scientists often
face challenges in exposure studies, distinguishing between
natural and engineered particles [194].

Safety remains paramount when exploring any novel
technology and nanotechnology is no exception. The unique
properties of nanomaterials that make them attractive for
biomedical and industrial uses have also sparked discussions
regarding their environmental, health, and safety (EHS)
impacts. Notably, recent debates have arisen over the poten-
tial adverse effects of certain nanomaterials, such as carbon
nanotubes (CNTs), after they were linked to tissue damage in
animal studies. However, the prevailing sentiment suggests
that nanoparticles, as a material category, don't inherently
possess unique toxicities. Many engineered nanoparticles
exhibit toxicity levels substantially below that of everyday
products, like household cleaners, pet insecticides, or com-
mon anti-dandruff solutions [195]. Notably, nanoparticles
utilized in drug delivery systems, particularly for chemo-
therapy, prioritize safety, ensuring drug transportation to
tumors while sparing healthy tissues.

The NCI Alliance for Nanotechnology in Cancer extends
the capabilities of its Nanotechnology Characterization
Laboratory (NCL) to bolster nanotech safety research. This
specialized unit within the Alliance performs rigorous safety
and toxicity assessments of nanomaterials in controlled
laboratory environments and through animal studies. The
NCL’s comprehensive evaluation approach delves deep
into the interaction, biocompatibility, and efficacy of nano-
particles tailored for cancer treatments and diagnoses. The
laboratory's extensive work has allowed them to assess over
125 distinct nanoparticles intended for medical purposes.
Collaborating with esteemed institutions like the U.S. Food
and Drug Administration (FDA) and National Institutes of
Standards and Technology (NIST), the NCL aims to cre-
ate relevant experiments and validate testing procedures for
various nanomaterial types. This collaboration also aids in
framing consensus-driven standards to gauge the environ-
mental, health, and safety implications of nanotech applica-
tions consistently [196].

In summary, while nanotechnology offers immense
potential benefits, it is crucial to navigate its development
with an emphasis on safety. By proactively addressing both
real and perceived risks, we can harness the transformative
power of nanotechnology, especially in arenas like cancer
research and treatment.

Conclusions

The merger of nanotechnology with biomedical imaging
has unveiled groundbreaking opportunities for early cancer
detection, greatly refining the sensitivity, resolution, and

targeted capabilities of imaging techniques. This review
offers a comprehensive exploration of the state-of-the-art
innovations in nanoplatforms-based imaging for cancer
diagnosis. Through a detailed categorization of nanoma-
terials, from their dimensions to their origins, the review
illustrates their critical roles in cancer detection, with 2D
nanomaterials being prominently spotlighted. As we delve
deeper, it becomes evident that nanotechnology not only
enhances the quality of cancer imaging but also provides
unique advantages in cancer treatment, enabling precise
tumor targeting and facilitating the crossing of tissue bar-
riers. The multimodal imaging segment brings forth an
integration of various imaging modalities, emphasizing
the potential of quantum dots and the revolutionary ben-
efits of molecular MRI and radionuclide techniques. Fur-
thermore, the review shifts its focus towards the strategic
delivery of drugs, presenting a clear demarcation between
passive, active, and precision-targeting in nanotherapy.
While discussing drug delivery, the importance of nano-
particle physicochemical attributes and their implications
on therapeutic efficiency are elucidated. The incorporation
of bioimaging techniques, ranging from fluorescence spec-
troscopy to the innovative terahertz spectroscopy, rein-
forces the expanding horizons of diagnostic possibilities.
However, while the advantages of these nanoplatforms are
evident, the review doesn't shy away from addressing the
pertinent concerns regarding nanotoxicity. Through rigor-
ous in-vivo, in-vitro, and digital simulation methods, the
review underscores the need for a meticulous evaluation of
nanomaterial safety. Collectively, this exhaustive overview
highlights the transformative potential of nanoplatforms in
cancer diagnosis and treatment, but it also emphasizes the
necessity for rigorous research, especially pertaining to
safety considerations. The momentum in this field holds a
promise, hinting at a future where early and accurate can-
cer detection becomes a standard, rather than an exception.

Acknowledgments One of the authors Dr. Kovuri Umadevi, acknowl-
edges the Department of Pathology, Government Medical College and
Hospital for providing constructive support.

Author contribution Kovuri Umadevi: Conceptualization (equal);
Data curation (lead); Formal analysis (lead); Investigation (equal);
Methodology (equal); Writing-original draft (lead); Writing-review &
editing (equal). Dola Sundeep: Conceptualization (equal); Data cura-
tion (lead); Formal analysis (lead); Investigation (equal); Methodology
(equal), and Writing-review & editing (equal). Alluru Raghavendra
Vighnesh: Conceptualization (equal); Methodology (equal); Formal
analysis (lead); Investigation (equal); Writing-review & editing (lead).
Aroonima Misra: Formal analysis (lead); Investigation (equal); Meth-
odology (equal); Writing-original draft (lead); Writing-review & edit-
ing (equal). Alluru Gopala Krishna: Formal analysis, Funding acqui-
sition, Methodology, Project administration, Supervision, Validation,
Visualization, Writing — original draft, Writing — review & editing.

Data Availability Data will be made available on request.

@ Springer



170

Indian Journal of Microbiology (Jan-Mar 2025) 65(1):137-176

Declarations

Conflict of interest All the authors declare that they don’t have any
financial or any other competing interests.

References

11.

13.

Sundeep D, Ephraim SD, Satish N (2014) Use of nanotechnol-
ogy in reduction of friction and wear. Int J Innov Res Adv Eng
(IJIRAE) 1:1-7

Dola S, Kumar TV, Ephraim SD (2015) Synthesis and spectro-
scopic analysis of CuM00O,-MoO; nanocomposite. Adv Eng
Appl 5:1-6

Krishna AG, Ravikumar RVSSN, Kumar TV, Ephraim SD, Ran-
jith B, Pranoy M, Dola S (2016) Investigation and comparison
of optical and Raman bands of mechanically synthesisedMoO;
Nano powders. Mat Today Proc 3:54-63. https://doi.org/10.
1016/j.matpr.2016.01.121

Sundeep D, Vijaya Kumar T, Rao PSS et al (2017) Green syn-
thesis and characterization of Ag nanoparticles from Man-
gifera indica leaves for dental restoration and antibacterial
applications. Prog Biomater 6:57-66. https://doi.org/10.1007/
s40204-017-0067-9

Sundeep D, Kumar TV, Kumar MK et al (2019) Mechanical
milling influence on lattice vibrational behaviour of MoO;-V,05
composite nanopowders. SILICON 11:1517-1524. https://doi.
org/10.1007/s12633-018-9972-3

Umadevi K, Sundeep D, Jhansi R et al (2023) Effect of func-
tionalization of 2D graphene nanosheets on oxidation stress of
BEAS-2B cells. BioNanoSci 13:1262—-1277. https://doi.org/10.
1007/s12668-023-01155-5

Chenthamara D, Subramaniam S, Ramakrishnan SG et al
(2019) Therapeutic efficacy of nanoparticles and routes of
administration. Biomater Res 23:20. https://doi.org/10.1186/
$40824-019-0166-x

Khan FA (2020) Nanomaterials: types, classifications, and
sources. In: Khan F (ed) Applications of nanomaterials in
human health. Springer, Singapore. https://doi.org/10.1007/
978-981-15-4802-4_1

Jeevanandam J, Barhoum A, Chan YS, Dufresne A, Danquah MK
(2018) Review on nanoparticles and nanostructured materials:
history, sources, toxicity and regulations. Beilstein J Nanotechnol
9:1050-1074. https://doi.org/10.3762/bjnano.9.98

Barhoum A, Garcia-Betancourt ML, Jeevanandam J, Hussien
EA, Mekkawy SA, Mostafa M, Omran MM, Abdalla MS,
Bechelany M (2022) Review on natural, incidental, bioinspired,
and engineered nanomaterials: history, definitions, classifica-
tions, synthesis, properties, market, toxicities, risks, and regu-
lations. Nanomaterials 12:177. https://doi.org/10.3390/nanol
2020177

Malakar A, Kanel SR, Ray C, Snow DD, Nadagouda MN (2021)
Nanomaterials in the environment, human exposure pathway,
and health effects: a review. Sci Total Environ 10(759):143470.
https://doi.org/10.1016/j.scitotenv.2020.143470

Harish V, Ansari MM, Tewari D, Gaur M, Yadav AB, Garcia-
Betancourt M-L, Abdel-Haleem FM, Bechelany M, Barhoum A
(2022) Nanoparticle and nanostructure synthesis and controlled
growth methods. Nanomaterials 12:3226. https://doi.org/10.
3390/nano12183226

An C, Sun C, Li N et al (2022) Nanomaterials and nanotechnol-
ogy for the delivery of agrochemicals: strategies towards sus-
tainable agriculture. J Nanobiotechnol 20:11. https://doi.org/10.
1186/512951-021-01214-7

@ Springer

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Debela DT, Muzazu SG, Heraro KD et al (2021) New
approaches and procedures for cancer treatment: current per-
spectives. SAGE Open Med. https://doi.org/10.1177/20503
12121103436

Derakhshi M, Daemi S, Shahini P, Habibzadeh A, Mostafavi E,
Ashkarran AA (2022) Two-dimensional nanomaterials beyond
graphene for biomedical applications. J Funct Biomater 13:27.
https://doi.org/10.3390/jfb13010027

Davis R Jr, Urbanowski RA Jr, Gaharwar AK (2021) 2D layered
nanomaterials for therapeutics delivery. Curr Opin Biomed Eng
20:100319. https://doi.org/10.1016/j.cobme.2021.100319
Malik S, Muhammad K, Waheed Y (2023) Nanotechnology: a
revolution in modern industry. Molecules 28:661. https://doi.org/
10.3390/molecules28020661

Nagamune T (2017) Biomolecular engineering for nanobio/bio-
nanotechnology. Nano Convergence 4:9. https://doi.org/10.1186/
s40580-017-0103-4

Hegde MM, Prabhu S, Mutalik S et al (2022) Multifunctional
lipidic nanocarriers for effective therapy of glioblastoma: recent
advances in stimuli-responsive, receptor and subcellular targeted
approaches. J Pharm Investig 52:49-74. https://doi.org/10.1007/
s40005-021-00548-6

Tharkar P, Varanasi R, Wong WSF, Jin CT, Chrzanowski W
(2019) Nano-enhanced drug delivery and therapeutic ultrasound
for cancer treatment and beyond. Front Bioeng Biotechnol 7:324.
https://doi.org/10.3389/fbioe.2019.00324

Sriraman SK, Aryasomayajula B, Torchilin VP (2014) Barriers to
drug delivery in solid tumors. Tissue Barriers 2:629528. https://
doi.org/10.4161/tisb.29528

Kher C, Kumar S (2022) The application of nanotechnology
and nanomaterials in cancer diagnosis and treatment: a review.
Cureus 14:¢29059. https://doi.org/10.7759/cureus.29059

Bi WL, Hosny A, Schabath MB, Giger ML, Birkbak NJ,
Mehrtash A, Allison T, Arnaout O, Abbosh C, Dunn IF, Mak
RH (2019) Artificial intelligence in cancer imaging: clinical chal-
lenges and applications. CA Cancer J Clin 69:127-157. https://
doi.org/10.3322/caac.21552

Arami H, Kananian S, Khalifehzadeh L et al (2022) Remotely
controlled near-infrared-triggered photothermal treatment of
brain tumours in freely behaving mice using gold nanostars.
Nat Nanotechnol 17:1015-1022. https://doi.org/10.1038/
s41565-022-01189-y

Zottel A, VideticPaska A, Jovcevska I (2019) Nanotechnology
meets oncology: nanomaterials in brain cancer research. Diagno-
sis Therapy Mater 12:1588. https://doi.org/10.3390/mal12101588
Kim S, Zhang L, Ma K et al (2016) Ultrasmall nanoparticles
induce ferroptosis in nutrient-deprived cancer cells and suppress
tumour growth. Nat Nanotech 11:977-985. https://doi.org/10.
1038/nnano.2016.164

Hartshorn CM, Bradbury MS, Lanza GM, Nel AE, Rao J, Wang
AZ, Wiesner UB, Yang L, Grodzinski P (2018) Nanotechnology
strategies to advance outcomes in clinical cancer care. ACS Nano
12:24-43. https://doi.org/10.1021/acsnano.7b05108

Zhou W, Gao X, Liu D, Chen X (2015) Gold nanoparticles for
in vitro diagnostics. Chem Rev 115:10575-10636. https://doi.
org/10.1021/acs.chemrev.5b00100

Bailey RC, Kwong GA, Radu CG, Witte ON, Heath JR (2007)
DNA-encoded antibody libraries: a unified platform for multi-
plexed cell sorting and detection of genes and proteins. ] Am
Chem Soc 129:1959-1967. https://doi.org/10.1021/ja065930i
Shao H, Yoon TJ, Liong M, Weissleder R, Lee H (2010) Mag-
netic nanoparticles for biomedical NMR-based diagnostics. Beil-
stein J Nanotechnol 1:142-154. https://doi.org/10.3762/bjnano.
1.17

. Choi J, Gani AW, Bechstein DJ, Lee JR, Utz PJ, Wang SX

(2016) Portable, one-step, and rapid GMR biosensor platform


https://doi.org/10.1016/j.matpr.2016.01.121
https://doi.org/10.1016/j.matpr.2016.01.121
https://doi.org/10.1007/s40204-017-0067-9
https://doi.org/10.1007/s40204-017-0067-9
https://doi.org/10.1007/s12633-018-9972-3
https://doi.org/10.1007/s12633-018-9972-3
https://doi.org/10.1007/s12668-023-01155-5
https://doi.org/10.1007/s12668-023-01155-5
https://doi.org/10.1186/s40824-019-0166-x
https://doi.org/10.1186/s40824-019-0166-x
https://doi.org/10.1007/978-981-15-4802-4_1
https://doi.org/10.1007/978-981-15-4802-4_1
https://doi.org/10.3762/bjnano.9.98
https://doi.org/10.3390/nano12020177
https://doi.org/10.3390/nano12020177
https://doi.org/10.1016/j.scitotenv.2020.143470
https://doi.org/10.3390/nano12183226
https://doi.org/10.3390/nano12183226
https://doi.org/10.1186/s12951-021-01214-7
https://doi.org/10.1186/s12951-021-01214-7
https://doi.org/10.1177/2050312121103436
https://doi.org/10.1177/2050312121103436
https://doi.org/10.3390/jfb13010027
https://doi.org/10.1016/j.cobme.2021.100319
https://doi.org/10.3390/molecules28020661
https://doi.org/10.3390/molecules28020661
https://doi.org/10.1186/s40580-017-0103-4
https://doi.org/10.1186/s40580-017-0103-4
https://doi.org/10.1007/s40005-021-00548-6
https://doi.org/10.1007/s40005-021-00548-6
https://doi.org/10.3389/fbioe.2019.00324
https://doi.org/10.4161/tisb.29528
https://doi.org/10.4161/tisb.29528
https://doi.org/10.7759/cureus.29059
https://doi.org/10.3322/caac.21552
https://doi.org/10.3322/caac.21552
https://doi.org/10.1038/s41565-022-01189-y
https://doi.org/10.1038/s41565-022-01189-y
https://doi.org/10.3390/ma12101588
https://doi.org/10.1038/nnano.2016.164
https://doi.org/10.1038/nnano.2016.164
https://doi.org/10.1021/acsnano.7b05108
https://doi.org/10.1021/acs.chemrev.5b00100
https://doi.org/10.1021/acs.chemrev.5b00100
https://doi.org/10.1021/ja065930i
https://doi.org/10.3762/bjnano.1.17
https://doi.org/10.3762/bjnano.1.17

Indian Journal of Microbiology (Jan-Mar 2025) 65(1):137-176

171

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

with smartphone interface. Biosens Bioelectron 85:1-7. https://
doi.org/10.1016/j.bi0s.2016.04.046

Feng Z, Wu J, Lu Y, Chan YT, Zhang C, Wang D, Luo D,
Huang Y, Feng Y, Wang N (2022) Circulating tumor cells in
the early detection of human cancers. Int J Biol Sci 18:3251—
3265. https://doi.org/10.7150/ijbs. 71768

Snow A, Chen D, Lang JE (2019) The current status of the
clinical utility of liquid biopsies in cancer. Expert Rev Mol
Diagn 19(11):1031-1041. https://doi.org/10.1080/14737159.
2019.1664290

Bargahi N, Ghasemali S, Jahandar-Lashaki S et al (2022)
Recent advances for cancer detection and treatment by micro-
fluidic technology, review and update. Biol Proced Online
24:5. https://doi.org/10.1186/s12575-022-00166-y
Perez-Gonzalez VH et al (2016) Emerging microfluidic devices
for cancer cells/biomarkers manipulation and detection. IET
Nanobiotechnol 10:263-275. https://doi.org/10.1049/iet-nbt.
2015.0060

Hussain S, Mubeen I, Ullah N, Shah SSUD, Khan BA, Zahoor
M, Ullah R, Khan FA, Sultan MA (2022) Modern diagnostic
imaging technique applications and risk factors in the medical
field: a review. BioMed Res Int. https://doi.org/10.1155/2022/
5164970

Desai N (2012) Challenges in development of nanoparticle-
based therapeutics. AAPS J 14:282-295. https://doi.org/10.
1208/512248-012-9339-4

Rudin M, Weissleder R (2003) Molecular imaging in drug dis-
covery and development. Nat Rev Drug Discov 2:123-131.
https://doi.org/10.1038/nrd1007

Sundeep D, Varadharaj EK, Umadevi K, Jhansi R (2023) Role
of nanomaterials in screenprinted electrochemical biosensors
for detection of Covid-19 and for post-Covid syndromes. ECS
Adv 2:016502. https://doi.org/10.1149/2754-2734/acb832
Ishikawa-Ankerhold HC, Ankerhold R, Drummen GPC (2012)
Advanced fluorescence microscopy techniques—FRAP, FLIP,
FLAP, FRET and FLIM. Molecules 17:4047-4132. https://doi.
org/10.3390/molecules 17044047

Luengo Morato Y, Ovejero Paredes K, Lozano Chamizo L,
Marciello M, Filice M (2021) Recent advances in multimodal
molecular imaging of cancer mediated by hybrid magnetic nan-
oparticles. Polymers 13:2989. https://doi.org/10.3390/polym
13172989

Wagner AM, Knipe JM, Orive G, Peppas NA (2019) Quan-
tum dots in biomedical applications. Acta Biomater 94:44-63.
https://doi.org/10.1016/j.actbio.2019.05.022

Zrazhevskiy P, Gao X (2009) Multifunctional quantum dots for
personalized medicine. Nano Today 4:414-428. https://doi.org/
10.1016/j.nantod.2009.07.004

Iranmakani S, Mortezazadeh T, Sajadian F et al (2020) A
review of various modalities in breast imaging: technical
aspects and clinical outcomes. Egypt J Radiol Nucl Med 51:57.
https://doi.org/10.1186/s43055-020-00175-5

Zdobnova TA, Lebedenko EN, Deyev SM (2011) Quantum dots
for molecular diagnostics of tumors. Acta Naturae 3:29-47
Wu P, Hoying JB, Williams SK et al (1994) Integrin-bind-
ing peptide in solution inhibits or enhances endothelial cell
migration, predictably from cell adhesion. Ann Biomed Eng
22:144-152. https://doi.org/10.1007/BF02390372

Zhu Y, Hong H, Xu ZP, Li Z, Cai W (2013) Quantum dot-
based nanoprobes for in vivo targeted imaging. Curr Mol Med
13:1549-1567. https://doi.org/10.2174/156652401366613
1111121733

Liang Z, Khawar MB, Liang J, Sun H (2021) Bio-conjugated
quantum dots for cancer research: detection and imaging. Front
Oncol 11:749970. https://doi.org/10.3389/fonc.2021.749970

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Xie J, Lee S, Chen X (2010) Nanoparticle-based theranostic
agents. Adv Drug Deliv Rev 62:1064—1079. https://doi.org/10.
1016/j.addr.2010.07.009

Goldman ER et al (2002) Conjugation of luminescent quan-
tum dots with antibodies using an engineered adaptor protein
to provide new reagents for fluoroimmunoassays. Anal Chem
74:841-847. https://doi.org/10.1021/ac010662m

Probst CE, Zrazhevskiy P, Bagalkot V, Gao X (2013) Quantum
dots as a platform for nanoparticle drug delivery vehicle design.
Adv Drug Deliv Rev 65:703-718. https://doi.org/10.1016/j.addr.
2012.09.036

Aumann S, Donner S, Fischer J, Miiller F (2019) Optical coher-
ence tomography (OCT): principle and technical realization. In:
High resolution imaging in microscopy and ophthalmology: new
frontiers in biomedical optics, pp 59-85. https://doi.org/10.1007/
978-3-030-16638-0_3

Koksharov YA, Gubin SP, Taranov IV et al (2022) Magnetic
nanoparticles in medicine: progress, problems, and advances. J
Commun Technol Electron 67:101-116. https://doi.org/10.1134/
$1064226922020073

Jeong Y, Hwang HS, Na K (2018) Theranostics and contrast
agents for magnetic resonance imaging. Biomater Res 22:20.
https://doi.org/10.1186/s40824-018-0130-1

Kim D, Kim J, Park YI, Lee N, Hyeon T (2018) Recent develop-
ment of inorganic nanoparticles for biomedical imaging. ACS
Cent Sci 4:324-336. https://doi.org/10.1021/acscentsci.7b00574
Carovac A, Smajlovic F, Junuzovic D (2011) Application of
ultrasound in medicine. Acta Inform Med 19(3):168—171. https://
doi.org/10.5455/aim.2011.19.168-171

Klibanov AL (2009) Preparation of targeted microbubbles: ultra-
sound contrast agents for molecular imaging. Med Biol EngCom-
put 47:875-882. https://doi.org/10.1007/s11517-009-0498-0
Rhyner MN, Smith AM, Gao X, Mao H, Yang L, Nie S (2006)
Quantum dots and multifunctional nanoparticles: new contrast
agents for tumor imaging. Nanomedicine (London) 1(2):209—
217. https://doi.org/10.2217/17435889.1.2.209

Mastrogiacomo S, Dou W, Jansen JA et al (2019) Magnetic reso-
nance imaging of hard tissues and hard tissue engineered bio-
substitutes. Mol Imaging Biol 21:1003-1019. https://doi.org/10.
1007/s11307-019-01345-2

Yang H, Wang H, Wen C et al (2022) Effects of iron oxide nano-
particles as T,-MRI contrast agents on reproductive system in
male mice. J Nanobiotechnol 20:98. https://doi.org/10.1186/
s12951-022-01291-2

Jiao T, Yan X, Balan L, Stepanov AL, Chen X, Michael ZHu
(2014) Chemical functionalization, self-assembly, and appli-
cations of nanomaterials and nanocomposites. J] Nanomater
2014:2-2. https://doi.org/10.1155/2014/291013

Fu S, Zhao Y, Sun J, Yang T, Zhi D, Zhang E, Zhong F, Zhen Y,
Zhang S, Zhang S (2021) Integrin o, ;-targeted liposomal drug
delivery system for enhanced lung cancer therapy. Colloids Surf
B Biointerfaces. https://doi.org/10.1016/j.colsurfb.2021.111623
Pradhan R, Dey A, Taliyan R, Puri A, Kharavtekar S, Dubey SK
(2023) Recent advances in targeted nanocarriers for the man-
agement of triple negative breast cancer. Pharmaceutics 15:246.
https://doi.org/10.3390/pharmaceutics 15010246

Ful,RenJ, Zou L, Bian G, Li R, Lu Q (2008) The thrombolytic
effect of miniplasmin in a canine model of femoral artery throm-
bosis. Thromb Res 122:683-690. https://doi.org/10.1016/j.throm
res.2008.01.007

Lanza GM, Yu X, Winter PM, Abendschein DR, Karukstis KK,
Scott MJ, Chinen LK, Fuhrhop RW, Scherrer DE, Wickline
SA (2002) Targeted antiproliferative drug delivery to vascu-
lar smooth muscle cells with a magnetic resonance imaging
nanoparticle contrast agent: implications for rational therapy

@ Springer


https://doi.org/10.1016/j.bios.2016.04.046
https://doi.org/10.1016/j.bios.2016.04.046
https://doi.org/10.7150/ijbs.71768
https://doi.org/10.1080/14737159.2019.1664290
https://doi.org/10.1080/14737159.2019.1664290
https://doi.org/10.1186/s12575-022-00166-y
https://doi.org/10.1049/iet-nbt.2015.0060
https://doi.org/10.1049/iet-nbt.2015.0060
https://doi.org/10.1155/2022/5164970
https://doi.org/10.1155/2022/5164970
https://doi.org/10.1208/s12248-012-9339-4
https://doi.org/10.1208/s12248-012-9339-4
https://doi.org/10.1038/nrd1007
https://doi.org/10.1149/2754-2734/acb832
https://doi.org/10.3390/molecules17044047
https://doi.org/10.3390/molecules17044047
https://doi.org/10.3390/polym13172989
https://doi.org/10.3390/polym13172989
https://doi.org/10.1016/j.actbio.2019.05.022
https://doi.org/10.1016/j.nantod.2009.07.004
https://doi.org/10.1016/j.nantod.2009.07.004
https://doi.org/10.1186/s43055-020-00175-5
https://doi.org/10.1007/BF02390372
https://doi.org/10.2174/1566524013666131111121733
https://doi.org/10.2174/1566524013666131111121733
https://doi.org/10.3389/fonc.2021.749970
https://doi.org/10.1016/j.addr.2010.07.009
https://doi.org/10.1016/j.addr.2010.07.009
https://doi.org/10.1021/ac010662m
https://doi.org/10.1016/j.addr.2012.09.036
https://doi.org/10.1016/j.addr.2012.09.036
https://doi.org/10.1007/978-3-030-16638-0_3
https://doi.org/10.1007/978-3-030-16638-0_3
https://doi.org/10.1134/S1064226922020073
https://doi.org/10.1134/S1064226922020073
https://doi.org/10.1186/s40824-018-0130-1
https://doi.org/10.1021/acscentsci.7b00574
https://doi.org/10.5455/aim.2011.19.168-171
https://doi.org/10.5455/aim.2011.19.168-171
https://doi.org/10.1007/s11517-009-0498-0
https://doi.org/10.2217/17435889.1.2.209
https://doi.org/10.1007/s11307-019-01345-2
https://doi.org/10.1007/s11307-019-01345-2
https://doi.org/10.1186/s12951-022-01291-2
https://doi.org/10.1186/s12951-022-01291-2
https://doi.org/10.1155/2014/291013
https://doi.org/10.1016/j.colsurfb.2021.111623
https://doi.org/10.3390/pharmaceutics15010246
https://doi.org/10.1016/j.thromres.2008.01.007
https://doi.org/10.1016/j.thromres.2008.01.007

172

Indian Journal of Microbiology (Jan-Mar 2025) 65(1):137-176

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

of restenosis. Circulation 106:2842-2847. https://doi.org/10.
1161/01.CIR.0000044020.27990.32

Lanza GM, Abendschein DR, Hall CS, Scott MJ, Scherrer DE,
Houseman A, Miller JG, Wickline SA (2000) In vivo molecu-
lar imaging of stretch-induced tissue factor in carotid arteries
with ligand-targeted nanoparticles. ] Am Soc Echocardiogr
13:608-614. https://doi.org/10.1067/mje.2000.105840
Cedrowska E, Pruszyniski M, Gaweda W, Zuk M, Krysiriski P,
Bruchertseifer F, Morgenstern A, Karageorgou M-A, Bouziotis
P, Bilewicz A (2020) Trastuzumab conjugated superparamag-
netic iron oxide nanoparticles labeled with 23Ac as a perspec-
tive tool for combined a-radioimmunotherapy and magnetic
hyperthermia of HER2-positive breast cancer. Molecules
25:1025. https://doi.org/10.3390/molecules25051025
Mitchell MJ, Billingsley MM, Haley RM et al (2021) Engi-
neering precision nanoparticles for drug delivery. Nat
Rev Drug Discov 20:101-124. https://doi.org/10.1038/
$41573-020-0090-8

Duclos V, Iep A, Gomez L, Goldfarb L, Besson FL (2021)
PET molecular imaging: a holistic review of current practice
and emerging perspectives for diagnosis, therapeutic evalua-
tion and prognosis in clinical oncology. Int J Mol Sci 22:4159.
https://doi.org/10.3390/ijms22084159

Vladimirov N, Perlman O (2023) Molecular MRI-based moni-
toring of cancer immunotherapy treatment response. Int J] Mol
Sci 24:3151. https://doi.org/10.3390/ijms24043151

Schwarz A, Shemer A, Danan Y, Bar-Shalom R, Avraham H,
Zlotnik A, Zalevsky Z (2020) Gamma radiation imaging sys-
tem via variable and time-multiplexed pinhole arrays. Sensors
(Basel) 20:3013. https://doi.org/10.3390/s20113013

Peng XH, Qian X, Mao H, Wang AY, Chen ZG, Nie S, Shin
DM (2008) Targeted magnetic iron oxide nanoparticles for
tumor imaging and therapy. Int J] Nanomed 3:311-312. https://
doi.org/10.2147/1JN.S2824

Li H, Liu Z, Yuan L, Fan K, Zhang Y, Cai W, Lan X (2021)
Radionuclide-based imaging of breast cancer: state of the art.
Cancers 13:5459. https://doi.org/10.3390/cancers13215459
Hu G et al (2007) Imaging of Vx-2 rabbit tumors with avf3-
integrin-targeted 111In nanoparticles. Int J Cancer 120:1951-
1957. https://doi.org/10.1002/ijc.22581

Shukla AK, Kumar U (2006) Positron emission tomography:
an overview. ] Med Phys 31:13. https://doi.org/10.4103/0971-
6203.25665

Liu Z, Tabakman S, Welsher K, Dai H (2009) Carbon nano-
tubes in biology and medicine: in vitro and in vivo detection,
imaging and drug delivery. Nano Res 2:85-120. https://doi.org/
10.1007/512274-009-9009-8

Hong H, Zhang Y, Sun J, Cai W (2009) Molecular imaging and
therapy of cancer with radiolabeled nanoparticles. Nano Today
4:399-413. https://doi.org/10.1016/j.nantod.2009.07.001
Howell RW, Rao DV, Sastry KS (1989) Macroscopic dosimetry
for radioimmunotherapy: nonuniform activity distributions in
solid tumors. Med Phys 16:66—74. https://doi.org/10.1118/1.
596404

Cai W, Hsu AR, Li ZB, Chen X (2007) Are quantum dots ready
for in vivo imaging in human subjects? Nanoscale Res Lett
2:265-281. https://doi.org/10.1016/J.ENG.2016.01.027
Refaat A, Yap ML, Pietersz G et al (2022) In vivo fluorescence
imaging: success in preclinical imaging paves the way for clini-
cal applications. J Nanobiotechnol 20:450. https://doi.org/10.
1186/512951-022-01648-7

Agrawal N, Dasaradhi PV, Mohmmed A, Malhotra P, Bhat-
nagar RK, Mukherjee SK (2003) RNA interference: biology,
mechanism, and applications. Microbiol Mol Biol Rev 67:657—
685. https://doi.org/10.1128/mmbr.67.4.657-685.2003

@ Springer

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Cheng Z, Li M, Dey R et al (2021) Nanomaterials for cancer
therapy: current progress and perspectives. ] Hematol Oncol
14:85. https://doi.org/10.1186/s13045-021-01096-0

Krauss AC et al (2019) FDA approval summary: (daunoru-
bicin and cytarabine) liposome for injection for the treatment of
adults with high-risk acute myeloid leukemia. Clin Cancer Res
25:2685-2690. https://doi.org/10.1158/1078-0432.CCR-18-2990
Ahmadi M, Emzhik M, Mosayebnia M (2023) Nanoparti-
cles labeled with gamma-emitting radioisotopes: an attractive
approach for in vivo tracking using SPECT imaging. Drug
Deliv Transl Res 13:1546-1583. https://doi.org/10.1007/
$13346-023-01291-1

Xu M, Han X, Xiong H, Gao Y, Xu B, Zhu G, LiJ (2023) Cancer
nanomedicine: emerging strategies and therapeutic potentials.
Molecules 28:5145. https://doi.org/10.3390/molecules28135145
Wong C, Stylianopoulos T, Cui J, Martin J, Chauhan VP, Jiang
W et al (2011) Multistage nanoparticle delivery system for
deep penetration into tumor tissue. Proc Natl Acad Sci USA
108:2426-2431. https://doi.org/10.1073/pnas.1018382108

He Q, Chen J, Yan J, Cai S, Xiong H, Liu Y, Peng D, Mo M, Liu
Z (2020) Tumor microenvironment responsive drug delivery sys-
tems. Asian J Pharm Sci 15:416-448. https://doi.org/10.1016/j.
ajps.2019.08.003

Muhamad N, Plengsuriyakarn T, Na-Bangchang K (2018)
Application of active targeting nanoparticle delivery system for
chemotherapeutic drugs and traditional/herbal medicines in can-
cer therapy: a systematic review. Int ] Nanomed 4:3921-3935.
https://doi.org/10.2147/IIN.S165210

Solaro R, Chiellini F, Battisti A (2010) Targeted delivery of pro-
tein drugs by nanocarriers. Materials 3(3):1928-1980. https://
doi.org/10.3390/ma3031928

Yu B, Tai HC, Xue W, Lee LJ, Lee RJ (2010) Receptor-targeted
nanocarriers for therapeutic delivery to cancer. Mol Membr Biol
27:286-298. https://doi.org/10.3109/09687688.2010.521200
Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAl-
lister F, Reichert M, Beatty GL, Rustgi AK, Vonderheide RH,
Leach SD, Stanger BZ (2012) EMT and dissemination precede
pancreatic tumor formation. Cell 148:349-361. https://doi.org/
10.1016/j.cell.2011.11.025

Manzari MT, Shamay Y, Kiguchi H et al (2021) Targeted drug
delivery strategies for precision medicines. Nat Rev Mater
6:351-370. https://doi.org/10.1038/s41578-020-00269-6
Bhattacharyya S, Khan JA, Curran GL, Robertson JD, Bhattacha-
rya R, Mukherjee P (2011) Efficient delivery of gold nanoparti-
cles by dual receptor targeting. Adv Mater 23:5034-5038. https://
doi.org/10.1002/adma.201102287

Heuer-Jungemann A, Feliu N, Bakaimi [, Hamaly M, Alkilany
A, Chakraborty I, Masood A, Casula MF, Kostopoulou A, Oh
E, Susumu K (2019) The role of ligands in the chemical syn-
thesis and applications of inorganic nanoparticles. Chem Rev
119:4819-4880. https://doi.org/10.1021/acs.chemrev.8b00733
Campbell F, Bos FL, Sieber S, Arias-Alpizar G, Koch BE, Huwy-
ler J, Kros A, Bussmann J (2018) Directing nanoparticle biodis-
tribution through evasion and exploitation of Stab2-dependent
nanoparticle uptake. ACS Nano 12:2138-2150. https://doi.org/
10.1021/acsnano.7b06995

Furneri PM, Fuochi V, Pignatello R (2017) Lipid-based nano-
sized delivery systems for fluoroquinolones: a review. Curr
Pharm Des 23:6696-6704. https://doi.org/10.2174/1381612823
666171122110103

Lin X, Wu X, Chen X, Wang B, Xu W (2021) Intellective and
stimuli-responsive drug delivery systems in eyes. Int J] Pharm
602:120591. https://doi.org/10.1016/].ijpharm.2021.120591
Danhier F, Feron O, Préat V (2010) To exploit the tumor micro-
environment: passive and active tumor targeting of nanocarriers


https://doi.org/10.1161/01.CIR.0000044020.27990.32
https://doi.org/10.1161/01.CIR.0000044020.27990.32
https://doi.org/10.1067/mje.2000.105840
https://doi.org/10.3390/molecules25051025
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.3390/ijms22084159
https://doi.org/10.3390/ijms24043151
https://doi.org/10.3390/s20113013
https://doi.org/10.2147/IJN.S2824
https://doi.org/10.2147/IJN.S2824
https://doi.org/10.3390/cancers13215459
https://doi.org/10.1002/ijc.22581
https://doi.org/10.4103/0971-6203.25665
https://doi.org/10.4103/0971-6203.25665
https://doi.org/10.1007/s12274-009-9009-8
https://doi.org/10.1007/s12274-009-9009-8
https://doi.org/10.1016/j.nantod.2009.07.001
https://doi.org/10.1118/1.596404
https://doi.org/10.1118/1.596404
https://doi.org/10.1016/J.ENG.2016.01.027
https://doi.org/10.1186/s12951-022-01648-7
https://doi.org/10.1186/s12951-022-01648-7
https://doi.org/10.1128/mmbr.67.4.657-685.2003
https://doi.org/10.1186/s13045-021-01096-0
https://doi.org/10.1158/1078-0432.CCR-18-2990
https://doi.org/10.1007/s13346-023-01291-1
https://doi.org/10.1007/s13346-023-01291-1
https://doi.org/10.3390/molecules28135145
https://doi.org/10.1073/pnas.1018382108
https://doi.org/10.1016/j.ajps.2019.08.003
https://doi.org/10.1016/j.ajps.2019.08.003
https://doi.org/10.2147/IJN.S165210
https://doi.org/10.3390/ma3031928
https://doi.org/10.3390/ma3031928
https://doi.org/10.3109/09687688.2010.521200
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1038/s41578-020-00269-6
https://doi.org/10.1002/adma.201102287
https://doi.org/10.1002/adma.201102287
https://doi.org/10.1021/acs.chemrev.8b00733
https://doi.org/10.1021/acsnano.7b06995
https://doi.org/10.1021/acsnano.7b06995
https://doi.org/10.2174/1381612823666171122110103
https://doi.org/10.2174/1381612823666171122110103
https://doi.org/10.1016/j.ijpharm.2021.120591

Indian Journal of Microbiology (Jan-Mar 2025) 65(1):137-176

173

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

for anti-cancer drug delivery. J Control Release 148:135-146.
https://doi.org/10.1016/j.jconrel.2010.08.027

Abed HF, Abuwatfa WH, Husseini GA (2022) Redox-Responsive
drug delivery systems: a chemical perspective. Nanomaterials
(Basel) 12:3183. https://doi.org/10.3390/nano12183183

Gao Y, Yang C, Liu X, Ma R, Kong D, Shi L (2012) A multi-
functional nanocarrier based on nanogated mesoporous silica for
enhanced tumor-specific uptake and intracellular delivery. Mac-
romol Biosci 12:251-259. https://doi.org/10.1002/mabi.20110
0208

Pillai SR, Damaghi M, Marunaka Y, Spugnini EP, Fais S, Gillies
RJ (2019) Causes, consequences, and therapy of tumors acido-
sis. Cancer Metastasis Rev 38:205-222. https://doi.org/10.1007/
$10555-019-09792-7

Wells CM, Harris M, Choi L, Murali VP, Guerra FD, Jennings
JA (2019) Stimuli-responsive drug release from smart polymers.
J Funct Biomater 10:34. https://doi.org/10.3390/jfb10030034
Yu H, Cui Z, Yu P, Guo C, Feng B, Jiang T, Wang S, Yin Q,
Zhong D, Yang X, Zhang Z (2015) pH-and NIR light-respon-
sive micelles with hyperthermia-triggered tumor penetration
and cytoplasm drug release to reverse doxorubicin resistance in
breast cancer. Adv Func Mater 25:2489-2500. https://doi.org/10.
1002/adfm.201404484

Chen Y, Ai K, LiuJ, Sun G, Yin Q, Lu L (2015) Multifunctional
envelope-type mesoporous silica nanoparticles for pH-responsive
drug delivery and magnetic resonance imaging. Biomaterials
60:111-120. https://doi.org/10.1016/j.biomaterials.2015.05.003
She W, Li N, Luo K, Guo C, Wang G, Geng Y, Gu Z (2013)
Dendronized heparin-doxorubicin conjugate based nanoparticle
as pH-responsive drug delivery system for cancer therapy. Bio-
materials 34:2252-2264. https://doi.org/10.1016/j.biomaterials.
2012.12.017

Xing L, Zheng H, Cao Y, Che S (2012) Coordination polymer
coated mesoporous silica nanoparticles for pH-responsive drug
release. Adv Mater 24:6433-6437. https://doi.org/10.1002/adma.
201201742

Shi P, Qu K, Wang J, Li M, Ren J, Qu X (2012) pH-responsive
NIR enhanced drug release from gold nanocages possesses high
potency against cancer cells. Chem Commun 48:7640-7642.
https://doi.org/10.1039/C2CC33543C

Vivek R, Nipun Babu V, Thangam R, Subramanian KS, Kannan
S (2013) pH-responsive drug delivery of chitosan nanoparticles
as Tamoxifen carriers for effective anti-tumor activity in breast
cancer cells. Colloids Surf B Biointerfaces. https://doi.org/10.
1016/j.colsurfb.2013.05.018

Aryal S, Hu CMJ, Zhang L (2010) Polymer— cisplatin conju-
gate nanoparticles for acid-responsive drug delivery. ACS Nano
4:251-258. https://doi.org/10.1021/nn9014032

Jhansi R, Sundeep D, Umadevi K, Varadharaj EK, Chebiyyam
CS, Krishna AG, Sleeva Raj N, Patil S (2023) Mechanical and
spectroscopic investigation of novel f-MWCNTS/g-C3N4/TiO2
ternary nanocomposite reinforced denture base PMMA. Phys
Scr. https://doi.org/10.1088/1402-4896/acecb0

Xiao D, Jia HZ, Ma N, Zhuo RX, Zhang XZ (2015) A redox-
responsive mesoporous silica nanoparticle capped with amphi-
philic peptides by self-assembly for cancer targeting drug deliv-
ery. Nanoscale 7:10071-10077. https://doi.org/10.1039/C5NRO
2247A

SuY,HuY, Du Y, Huang X, He J, YouJ, Yuan H, Hu F (2015)
Redox-responsive polymer—drug conjugates based on doxoru-
bicin and chitosan oligosaccharide-g-stearic acid for cancer ther-
apy. Mol Pharm 12:1193-1202. https://doi.org/10.1021/mp500
710x

Zhai S, Hu X, Hu Y, Wu B, Xing D (2017) Visible light-induced
crosslinking and physiological stabilization of diselenide-rich
nanoparticles for redox-responsive drug release and combination

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

chemotherapy. Biomaterials 121:41-54. https://doi.org/10.
1016/j.biomaterials.2017.01.002

Tang Z, Zhang L, Wang Y, Li D, Zhong Z, Zhou S (2016) Redox-
responsive star-shaped magnetic micelles with active-targeted
and magnetic-guided functions for cancer therapy. Acta Biomater
15:232-246. https://doi.org/10.1016/j.actbio.2016.06.038

Gao C, Liu T, Dang Y, Yu Z, Wang W, Guo J, Zhang X, He G,
Zheng H, Yin Y, Kong X (2014) pH/redox responsive core cross-
linked nanoparticles from thiolated carboxymethyl chitosan for
in vitro release study of methotrexate. Carbohydr Polym 13:964—
970. https://doi.org/10.1016/j.carbpol.2014.05.012

Ghorbani M, Hamishehkar H (2017) Redox and pH-responsive
gold nanoparticles as a new platform for simultaneous triple anti-
cancer drugs targeting. Int J Pharm 520:126—138. https://doi.org/
10.1016/j.ijpharm.2017.02.008

Nguyen CT, Tran TH, Amiji M, Lu X, Kasi RM (2015) Redox-
sensitive nanoparticles from amphiphilic cholesterol-based block
copolymers for enhanced tumor intracellular release of doxoru-
bicin. Nanomedicine 11:2071-2082. https://doi.org/10.1016/j.
nano.2015.06.011

Hayashi K, Nakamura M, Miki H, Ozaki S, Abe M, Matsu-
moto T, Sakamoto W, Yogo T, Ishimura K (2014) Magneti-
cally responsive smart nanoparticles for cancer treatment with a
combination of magnetic hyperthermia and remote-control drug
release. Theranostics 4:834-844. https://doi.org/10.7150/thno.
9199

LiM, Bu W, RenJ, LiJ, Deng L, Gao M, Gao X, Wang P (2018)
Enhanced synergism of thermo-chemotherapy for liver cancer
with magnetothermally responsive nanocarriers. Theranostics
8:693-709. https://doi.org/10.7150/thno.21297

Wang G, Gao S, Tian R, Miller-Kleinhenz J, Qin Z, Liu T, Li
L, Zhang F, Ma Q, Zhu L (2018) Theranostic hyaluronic acid-
iron micellar nanoparticles for magnetic-field-enhanced in vivo
cancer chemotherapy. Chem Med Chem 13:78-86. https://doi.
org/10.1002/cmdc.201700515

Voulgari E, Bakandritsos A, Galtsidis S, Zoumpourlis V, Burke
BP, Clemente GS, Cawthorne C, Archibald SJ, Tucek J, Zbofil
R, Kantarelou V, Karydas AG, Avgoustakis K (2016) Synthesis,
characterization and in vivo evaluation of a magnetic cisplatin
delivery nanosystem based on PMAA-graft-PEG copolymers. J
Control Release 10(243):342-356. https://doi.org/10.1016/j.jconr
¢l.2016.10.021

Sabnis S, Sabnis NA, Raut S, Lacko AG (2017) Superparamag-
netic reconstituted high-density lipoprotein nanocarriers for mag-
netically guided drug delivery. Int J Nanomed 22(12):1453-1464.
https://doi.org/10.2147/1IN.S122036

Liu JF, Jang B, Issadore D, Tsourkas A (2019) Use of magnetic
fields and nanoparticles to trigger drug release and improve
tumor targeting. Wiley Interdiscipl Rev Nanomed Nanobiotech-
nol 11:e1571. https://doi.org/10.1002/wnan.1571

Dong X, Yin W, Yu J, Dou R, Bao T, Zhang X, Yan L, Yong
Y, Su C, Wang Q, Gu Z (2016) Mesoporous bamboo charcoal
nanoparticles as a new near-infrared responsive drug carrier for
imaging-guided chemotherapy/photothermal synergistic therapy
of tumor. Adv Healthcare Mater 5:1627-1637. https://doi.org/10.
1002/adhm.201600287

Li F, Li T, Cao W, Wang L, Xu H (2017) Near-infrared light
stimuli-responsive synergistic therapy nanoplatforms based on
the coordination of tellurium-containing block polymer and cis-
platin for cancer treatment. Biomaterials 133:208-218. https://
doi.org/10.1016/j.biomaterials.2017.04.032

Zhang H, Zhang H, Zhu X, Zhang X, Chen Q, Chen J, Hou L,
Zhang Z (2017) Visible-light-sensitive titanium dioxide nano-
platform for tumor-responsive Fe2+ liberating and artemisinin
delivery. Oncotarget 8:58738-58753. https://doi.org/10.18632/
oncotarget.17639

@ Springer


https://doi.org/10.1016/j.jconrel.2010.08.027
https://doi.org/10.3390/nano12183183
https://doi.org/10.1002/mabi.201100208
https://doi.org/10.1002/mabi.201100208
https://doi.org/10.1007/s10555-019-09792-7
https://doi.org/10.1007/s10555-019-09792-7
https://doi.org/10.3390/jfb10030034
https://doi.org/10.1002/adfm.201404484
https://doi.org/10.1002/adfm.201404484
https://doi.org/10.1016/j.biomaterials.2015.05.003
https://doi.org/10.1016/j.biomaterials.2012.12.017
https://doi.org/10.1016/j.biomaterials.2012.12.017
https://doi.org/10.1002/adma.201201742
https://doi.org/10.1002/adma.201201742
https://doi.org/10.1039/C2CC33543C
https://doi.org/10.1016/j.colsurfb.2013.05.018
https://doi.org/10.1016/j.colsurfb.2013.05.018
https://doi.org/10.1021/nn9014032
https://doi.org/10.1088/1402-4896/acecb0
https://doi.org/10.1039/C5NR02247A
https://doi.org/10.1039/C5NR02247A
https://doi.org/10.1021/mp500710x
https://doi.org/10.1021/mp500710x
https://doi.org/10.1016/j.biomaterials.2017.01.002
https://doi.org/10.1016/j.biomaterials.2017.01.002
https://doi.org/10.1016/j.actbio.2016.06.038
https://doi.org/10.1016/j.carbpol.2014.05.012
https://doi.org/10.1016/j.ijpharm.2017.02.008
https://doi.org/10.1016/j.ijpharm.2017.02.008
https://doi.org/10.1016/j.nano.2015.06.011
https://doi.org/10.1016/j.nano.2015.06.011
https://doi.org/10.7150/thno.9199
https://doi.org/10.7150/thno.9199
https://doi.org/10.7150/thno.21297
https://doi.org/10.1002/cmdc.201700515
https://doi.org/10.1002/cmdc.201700515
https://doi.org/10.1016/j.jconrel.2016.10.021
https://doi.org/10.1016/j.jconrel.2016.10.021
https://doi.org/10.2147/IJN.S122036
https://doi.org/10.1002/wnan.1571
https://doi.org/10.1002/adhm.201600287
https://doi.org/10.1002/adhm.201600287
https://doi.org/10.1016/j.biomaterials.2017.04.032
https://doi.org/10.1016/j.biomaterials.2017.04.032
https://doi.org/10.18632/oncotarget.17639
https://doi.org/10.18632/oncotarget.17639

174

Indian Journal of Microbiology (Jan-Mar 2025) 65(1):137-176

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Meng L, Huang W, Wang D, Huang X, Zhu X, Yan D (2013)
Chitosan-based nanocarriers with pH and light dual response
for anticancer drug delivery. Biomacromol 14:2601-2610.
https://doi.org/10.1021/bm400451v

Jose A, Ninave KM, Karnam S, Venuganti VVK (2019) Tem-
perature-sensitive liposomes for co-delivery of tamoxifen and
imatinib for synergistic breast cancer treatment. J Liposome
Res 29:153-162. https://doi.org/10.1080/08982104.2018.
1502315

Fan X, Cheng H, Wang X, Ye E, Loh XJ, Wu Y-L, Li Z (2018)
Thermo-responsive supramolecular chemotherapy by “V”-shape
armed b-cyclodextrin star polymer to overcome drug resistance.
Adv Healthcare Mater 7:1701143

Wen Y, Oh JK (2015) Intracellular delivery cellulose-based bio-
nanogels with dual temperature/pH-response for cancer therapy.
Colloids Surf B Biointerfaces 1(133):246-253. https://doi.org/
10.1016/j.colsurfb.2015.06.017

Patra JK, Das G, Fraceto LF et al (2018) Nano based drug deliv-
ery systems: recent developments and future prospects. J Nano-
biotechnol 16:71. https://doi.org/10.1186/s12951-018-0392-8
Blanco E, Shen H, Ferrari M (2015) Principles of nanoparticle
design for overcoming biological barriers to drug delivery. Nat
Biotechnol 33:941-951. https://doi.org/10.1038/nbt.3330
Hargrove D, Liang B, Kashfi-Sadabad R, Joshi GN, Gonza-
lez-Fajardo L, Glass S, Jay M, Salner A, Lu X (2020) Tumor-
mesoporous silica nanoparticle interactions following intraperi-
toneal delivery for targeting peritoneal metastasis. J Control
Release 10(328):846-858. https://doi.org/10.1016/j.jconrel.2020.
11.003

Villanueva A, Caiiete M, Roca AG, Calero M, Veintemillas-
Verdaguer S, Serna CJ, Morales Mdel P, Miranda R (2009) The
influence of surface functionalization on the enhanced internali-
zation of magnetic nanoparticles in cancer cells. Nanotechnology
20:115103. https://doi.org/10.1088/0957-4484/20/11/115103
Ali M (2023) What function of nanoparticles is the primary factor
for their hyper-toxicity? Adv Colloid Interface Sci 314:102881.
https://doi.org/10.1016/j.cis.2023.102881

Dreaden EC, Austin LA, Mackey MA, El-Sayed MA (2012)
Size matters: gold nanoparticles in targeted cancer drug delivery.
TherDeliv 3:457-478. https://doi.org/10.4155/tde.12.21
Gessner I (2021) Optimizing nanoparticle design and surface
modification toward clinical translation. MRS Bull 46:643—-649.
https://doi.org/10.1557/s43577-021-00132-1

Afzal O, Altamimi ASA, Nadeem MS, Alzarea SI, Almalki WH,
Tariq A, Mubeen B, Murtaza BN, Iftikhar S, Riaz N, Kazmi I
(2022) Nanoparticles in drug delivery: from history to therapeu-
tic applications. Nanomaterials (Basel) 12:4494. https://doi.org/
10.3390/nano12244494

Rowe SP, Pomper MG (2022) Molecular imaging in oncology:
current impact and future directions. CA Cancer J Clin 72:333—
352. https://doi.org/10.3322/caac.21713

Sheppard CJR (1994) Confocal microscopy: basic principles and
system performance. In: Cheng PC, Lin TH, Wu WL, Wu JL
(eds) Multidimensional microscopy. Springer, New York. https://
doi.org/10.1007/978-1-4613-8366-6_1

Bukhari SNA (2022) Emerging nanotherapeutic approaches to
overcome drug resistance in cancers with update on clinical tri-
als. Pharmaceutics 14:866. https://doi.org/10.3390/pharmaceut
ics14040866

Farkas DL, Nicolau DV, Leif RC (2015) Imaging, manipulation,
and analysis of biomolecules, cells, and tissues XIII. In: Proceed-
ings of SPIE, vol 9328, pp 932801-932811

Borisova E, Genova T, Bratashov D, Lomova M, Terziev I,
Vladimirov B, Avramov L, Semyachkina-Glushkovskaya O
(2019) Macroscopic and microscopic fluorescence spectros-
copy of colorectal benign and malignant lesions—diagnostically

@ Springer

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

important features. Biomed Opt Express 10:3009-3017. https://
doi.org/10.1364/BOE.10.003009

Hwang JY, Park J, Kang BJ, Lubow DJ, Chu D, Farkas DL et al
(2012) Multimodality imaging in vivo for preclinical assess-
ment of tumor-targeted doxorubicin nanoparticles. PLoS ONE
7:€34463. https://doi.org/10.1371/journal.pone.0034463
Kiesslich R, Burg J, Vieth M, Gnaendiger J, Enders M, Delaney
P, Polglase A, McLaren W, Janell D, Thomas S, Nafe B, Galle
PR, Neurath MF (2004) Confocal laser endoscopy for diagnosing
intraepithelial neoplasias and colorectal cancer in vivo. Gastro-
enterology 127:706-713. https://doi.org/10.1053/j.gastro.2004.
06.050

Thomas TP, Myaing MT, Ye JY, Candido K, Kotlyar A, Beals
J, Cao P, Keszler B, Patri AK, Norris TB, Baker JR Jr (2004)
Detection and analysis of tumor fluorescence using a two-photon
optical fiber probe. Biophys J 86:3959-3965. https://doi.org/10.
1529/biophysj.103.034462

Zhuo S, Chen J, Luo T et al (2009) Two-layered multiphoton
microscopic imaging of cervical tissue. Lasers Med Sci 24:359—
363. https://doi.org/10.1007/s10103-008-0570-2

Folick A, Min W, Wang MC (2011) Label-free imaging of lipid
dynamics using Coherent Anti-stokes Raman Scattering (CARS)
and Stimulated Raman Scattering (SRS) microscopy. Curr Opin
Genet Dev 21:585-590. https://doi.org/10.1016/j.gde.2011.09.
003

Saalberg Y, Bruhns H, Wolff M (2017) Photoacoustic spectros-
copy for the determination of lung cancer biomarkers—a pre-
liminary investigation. Sensors 17:210. https://doi.org/10.3390/
s17010210

Orlova A, Sirotkina M, Smolina E, Elagin V, Kovalchuk A,
Turchin I, Subochev P (2018) Raster-scan optoacoustic angiog-
raphy of blood vessel development in colon cancer models. Pho-
toacoustics 23(13):25-32. https://doi.org/10.1016/j.pacs.2018.
11.005

Steinberg I, Huland DM, Vermesh O, Frostig HE, Tummers WS,
Gambhir SS (2019) Photoacoustic clinical imaging. Photoacous-
tics 8(14):77-98. https://doi.org/10.1016/j.pacs.2019.05.001
Barroso EM, Smits RW, van Lanschot CG, Caspers PJ, Ten Hove
I, Mast H, Sewnaik A, Hardillo JA, Meeuwis CA, Verdijk R,
Noordhoek Hegt V, Baatenburg de Jong RJ, Wolvius EB, Bakker
Schut TC, Koljenovi¢ S, Puppels GJ (2016) Water concentration
analysis by Raman spectroscopy to determine the location of the
tumor border in oral cancer surgery. Cancer Res 76:5945-5953.
https://doi.org/10.1158/0008-5472

Parodi V, Jacchetti E, Osellame R, Cerullo G, Polli D, Raimondi
MT (2020) Nonlinear optical microscopy: from fundamentals
to applications in live bioimaging. Front Bioeng Biotechnol
8:585363. https://doi.org/10.3389/fbioe.2020.585363
Dudenkova VV, Shirmanova MV, Lukina MM et al (2019)
Examination of collagen structure and state by the second har-
monic generation microscopy. Biochemistry Moscow 84(Suppl
1):89-107. https://doi.org/10.1134/S0006297919140062

Cao Y, Li J, Sun M, Liu H, Xia L (2022) Nonlinear optical
microscopy and plasmon enhancement. Nanomaterials 12:1273.
https://doi.org/10.3390/nano12081273

Golaraei A, Kontenis L, Cisek R, Tokarz D, Done SJ, Wilson
BC, Barzda V (2016) Changes of collagen ultrastructure in breast
cancer tissue determined by second-harmonic generation double
Stokes-Mueller polarimetric microscopy. Biomed Opt Express
7:4054-4068. https://doi.org/10.1364/BOE.7.004054

Judy R, Keating J, DeJesus E et al (2015) Quantification of tumor
fluorescence during intraoperative optical cancer imaging. Sci
Rep 5:16208. https://doi.org/10.1038/srep16208

Mertz J (2004) Nonlinear microscopy: new techniques and appli-
cations. Curr Opin Neurobiol 14:610-616. https://doi.org/10.
1016/j.conb.2004.08.013


https://doi.org/10.1021/bm400451v
https://doi.org/10.1080/08982104.2018.1502315
https://doi.org/10.1080/08982104.2018.1502315
https://doi.org/10.1016/j.colsurfb.2015.06.017
https://doi.org/10.1016/j.colsurfb.2015.06.017
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1016/j.jconrel.2020.11.003
https://doi.org/10.1016/j.jconrel.2020.11.003
https://doi.org/10.1088/0957-4484/20/11/115103
https://doi.org/10.1016/j.cis.2023.102881
https://doi.org/10.4155/tde.12.21
https://doi.org/10.1557/s43577-021-00132-1
https://doi.org/10.3390/nano12244494
https://doi.org/10.3390/nano12244494
https://doi.org/10.3322/caac.21713
https://doi.org/10.1007/978-1-4613-8366-6_1
https://doi.org/10.1007/978-1-4613-8366-6_1
https://doi.org/10.3390/pharmaceutics14040866
https://doi.org/10.3390/pharmaceutics14040866
https://doi.org/10.1364/BOE.10.003009
https://doi.org/10.1364/BOE.10.003009
https://doi.org/10.1371/journal.pone.0034463
https://doi.org/10.1053/j.gastro.2004.06.050
https://doi.org/10.1053/j.gastro.2004.06.050
https://doi.org/10.1529/biophysj.103.034462
https://doi.org/10.1529/biophysj.103.034462
https://doi.org/10.1007/s10103-008-0570-2
https://doi.org/10.1016/j.gde.2011.09.003
https://doi.org/10.1016/j.gde.2011.09.003
https://doi.org/10.3390/s17010210
https://doi.org/10.3390/s17010210
https://doi.org/10.1016/j.pacs.2018.11.005
https://doi.org/10.1016/j.pacs.2018.11.005
https://doi.org/10.1016/j.pacs.2019.05.001
https://doi.org/10.1158/0008-5472
https://doi.org/10.3389/fbioe.2020.585363
https://doi.org/10.1134/S0006297919140062
https://doi.org/10.3390/nano12081273
https://doi.org/10.1364/BOE.7.004054
https://doi.org/10.1038/srep16208
https://doi.org/10.1016/j.conb.2004.08.013
https://doi.org/10.1016/j.conb.2004.08.013

Indian Journal of Microbiology (Jan-Mar 2025) 65(1):137-176

175

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Magee ND, Beattie JR, Carland C, Davis R, McManus K,
Bradbury I, Fennell DA, Hamilton PW, Ennis M, McGarvey
JJ, Elborn JS (2010) Raman microscopy in the diagnosis and
prognosis of surgically resected nonsmall cell lung cancer. J
Biomed Opt 15:026015. https://doi.org/10.1117/1.3323088
Potcoava MC, Futia GL, Aughenbaugh J, Schlaepfer IR, Gib-
son EA (2014) Raman and coherent anti-Stokes Raman scat-
tering microscopy studies of changes in lipid content and com-
position in hormone-treated breast and prostate cancer cells. J
Biomed Opt 19:111605. https://doi.org/10.1117/1.JBO.19.11.
111605

Short MA, Lam S, McWilliams A, Zhao J, Lui H, Zeng H
(2008) Development and preliminary results of an endoscopic
Raman probe for potential in vivo diagnosis of lung cancers.
Opt Lett 33:711-713. https://doi.org/10.1364/01.33.000711
Mirsanaye K, Uribe Castafio L, Kamaliddin Y et al (2022)
Unsupervised determination of lung tumor margin with wide-
field polarimetric second-harmonic generation microscopy. Sci
Rep 12:20713. https://doi.org/10.1038/s41598-022-24973-1
Wang LV (ed) (2017) Photoacoustic imaging and spectroscopy.
CRC Press, Cambridge. https://doi.org/10.1201/9781420059
922

Priya M, Rao BSS, Chandra S, Ray S, Mathew S, Datta A, Nayak
SG, Mahato KK (2016) Photoacoustic spectroscopy based inves-
tigatory approach to discriminate breast cancer from normal: a
pilot study. In: Photonic therapeutics and diagnostics XII, vol
9689, pp 416—420. SPIE. https://doi.org/10.1117/12.2210900
Liu W, Yao J (2018) Photoacoustic microscopy: principles and
biomedical applications. Biomed Eng Lett 8:203-213. https://
doi.org/10.1007/s13534-018-0067-2

Qi Y, Liu Y, Luo J (2023) Recent application of Raman spec-
troscopy in tumor diagnosis: from conventional methods to arti-
ficial intelligence fusion. PhotoniX 4:22. https://doi.org/10.1186/
s43074-023-00098-0

Oraevsky AA, Clingman B, Zalev J, Stavros AT, Yang WT,
Parikh JR (2018) Clinical optoacoustic imaging combined with
ultrasound for coregistered functional and anatomical mapping
of breast tumors. Photoacoustics 31:30-45. https://doi.org/10.
1016/j.pacs.2018.08.003

Manohar S, Gambhir SS (2020) Clinical photoacoustic imaging.
Photoacoustics 17:100196. https://doi.org/10.1016/j.pacs.2020.
100196

Strohm EM, Moore MJ, Kolios MC (2015) Single cell photoa-
coustic microscopy: a review. IEEE J Sel Top Quantum Electron
22:137-151. https://doi.org/10.1109/JSTQE.2015.2497323
Cheon H, Yang HJ, Son JH (2017) Toward clinical cancer imag-
ing using terahertz spectroscopy. IEEE J Sel Top Quantum Elec-
tron 23:1-9. https://doi.org/10.1109/JSTQE.2017.2704905
Belio-Manzano A, Espinosa-Vega LI, Cortes-Mestizo IE, Nav-
arro-Contreras H, Méndez-Garcia VH (2017) Evaluation of
sialic acid as a biomarker by THz spectroscopy. In: 2017 42nd
international conference on infrared, millimeter, and terahertz
waves (IRMMW-THz). IEEE, pp 1-1. https://doi.org/10.1109/
IRMMW-THz.2017.8067156

Wang L, Wu X, Peng Y, Yang Q, Chen X, Wu W, Zhu Y, Zhuang
S (2020) Quantitative analysis of homocysteine in liquid by tera-
hertz spectroscopy. Biomed Opt Express 11:2570-2577. https://
doi.org/10.1364/BOE.391894

Nazarov MM, Cherkasova OP, Lazareva EN et al (2019) A com-
plex study of the peculiarities of blood serum absorption of rats
with experimental liver cancer. Opt Spectrosc 126:721-729.
https://doi.org/10.1134/S0030400X 19060183

Ray PC, Yu H, Fu PP (2009) Toxicity and environmental risks of
nanomaterials: challenges and future needs. J Environ Sci Health
C Environ Carcinog Ecotoxicol Rev 27:1-35. https://doi.org/10.
1080/10590500802708267

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Khalili-Fard J, Jafari S, Eghbal MA (2015) A review of molec-
ular mechanisms involved in toxicity of nanoparticles. Adv
Pharm Bull 5:447-454. https://doi.org/10.15171/apb.2015.061
Leén-Silva S, Fernandez-Luquefio F, Lopez-Valdez F (2016)
Silver nanoparticles (AgNP) in the environment: a review
of potential risks on human and environmental health.
Water Air Soil Pollut 227:306. https://doi.org/10.1007/
s11270-016-3022-9

Hussain SM, Hess KL, Gearhart JM, Geiss KT, Schlager JJ
(2005) In vitro toxicity of nanoparticles in BRL 3A rat liver
cells. Toxicol In Vitro 19:975-983. https://doi.org/10.1016/j.tiv.
2005.06.034

Han X, Gelein R, Corson N, Wade-Mercer P, Jiang J, Biswas
P, Finkelstein JN, Elder A, Oberdorster G (2011) Validation of
an LDH assay for assessing nanoparticle toxicity. Toxicology
287:99-104. https://doi.org/10.1016/j.tox.2011.06.011

Fang 1J, Trewyn BG (2012) Application of mesoporous silica
nanoparticles in intracellular delivery of molecules and proteins.
Methods Enzymol 508:41-59. https://doi.org/10.1016/B978-0-
12-391860-4.00003-3

Goémez-Angelats M, Cidlowski JA (2002) Invited review: cell
volume control and signal transduction in apoptosis. Toxicol
Pathol 30:541-551. https://doi.org/10.1080/019262302901058
20

Rastogi RP, Singh SP, Hédder DP, Sinha RP (2010) Detection
of reactive oxygen species (ROS) by the oxidant-sensing probe
2°,7’-dichlorodihydrofluorescein diacetate in the cyanobacterium
Anabaena variabilis PCC 7937. Biochem Biophys Res Commun
397:603-607. https://doi.org/10.1016/j.bbrc.2010.06.006
Collins AR (2004) The comet assay for DNA damage and repair.
Mol Biotechnol 26:249-261. https://doi.org/10.1385/MB:26:3:
249

Guadagnini R, HalamodaKenzaoui B, Walker L, Pojana G,
Magdolenova Z, Bilanicova D, Saunders M, Juillerat-Jeanneret
L, Marcomini A, Huk A, Dusinska M, Fjellsbg LM, Marano
F, Boland S (2015) Toxicity screenings of nanomaterials: chal-
lenges due to interference with assay processes and components
of classic in vitro tests. Nanotoxicology 1:13-24. https://doi.org/
10.3109/17435390.2013.829590

Chen H, Dorrigan A, Saad S, Hare DJ, Cortie MB, Valenzuela
SM (2013) In vivo study of spherical gold nanoparticles: inflam-
matory effects and distribution in mice. PLoS ONE 8:e58208.
https://doi.org/10.1371/journal.pone.0058208

Browning LM, Lee KJ, Nallathamby PD, Xu XH (2013) Silver
nanoparticles incite size- and dose-dependent developmental
phenotypes and nanotoxicity in zebrafish embryos. Chem Res
Toxicol 26:1503-1513. https://doi.org/10.1021/tx400228p
Fourches D, Pu D, Tropsha A (2011) Exploring quantitative
nanostructure-activity relationships (QNAR) modeling as a tool
for predicting biological effects of manufactured nanoparticles.
Comb Chem High Throughput Screen 14:217-225. https://doi.
org/10.2174/138620711794728743

Fadeel B, Farcal L, Hardy B et al (2018) Advanced tools for the
safety assessment of nanomaterials. Nat Nanotech 13:537-543.
https://doi.org/10.1038/541565-018-0185-0

Kim IY, Joachim E, Choi H, Kim K (2015) Toxicity of silica
nanoparticles depends on size, dose, and cell type. Biol Med
11:1407-1416. https://doi.org/10.1016/j.nano.2015.03.004
Hao N, Li L, Tang F (2017) Roles of particle size, shape and sur-
face chemistry of mesoporous silica nanomaterials on biological
systems. Int Mater Rev 62:57-77. https://doi.org/10.1080/09506
608.2016.1190118

Salatin S, MalekiDizaj S, YariKhosroushahi A (2015) Effect of
the surface modification, size, and shape on cellular uptake of
nanoparticles. Cell Biol Int 39:881-890. https://doi.org/10.1002/
cbin.10459

@ Springer


https://doi.org/10.1117/1.3323088
https://doi.org/10.1117/1.JBO.19.11.111605
https://doi.org/10.1117/1.JBO.19.11.111605
https://doi.org/10.1364/ol.33.000711
https://doi.org/10.1038/s41598-022-24973-1
https://doi.org/10.1201/9781420059922
https://doi.org/10.1201/9781420059922
https://doi.org/10.1117/12.2210900
https://doi.org/10.1007/s13534-018-0067-2
https://doi.org/10.1007/s13534-018-0067-2
https://doi.org/10.1186/s43074-023-00098-0
https://doi.org/10.1186/s43074-023-00098-0
https://doi.org/10.1016/j.pacs.2018.08.003
https://doi.org/10.1016/j.pacs.2018.08.003
https://doi.org/10.1016/j.pacs.2020.100196
https://doi.org/10.1016/j.pacs.2020.100196
https://doi.org/10.1109/JSTQE.2015.2497323
https://doi.org/10.1109/JSTQE.2017.2704905
https://doi.org/10.1109/IRMMW-THz.2017.8067156
https://doi.org/10.1109/IRMMW-THz.2017.8067156
https://doi.org/10.1364/BOE.391894
https://doi.org/10.1364/BOE.391894
https://doi.org/10.1134/S0030400X19060183
https://doi.org/10.1080/10590500802708267
https://doi.org/10.1080/10590500802708267
https://doi.org/10.15171/apb.2015.061
https://doi.org/10.1007/s11270-016-3022-9
https://doi.org/10.1007/s11270-016-3022-9
https://doi.org/10.1016/j.tiv.2005.06.034
https://doi.org/10.1016/j.tiv.2005.06.034
https://doi.org/10.1016/j.tox.2011.06.011
https://doi.org/10.1016/B978-0-12-391860-4.00003-3
https://doi.org/10.1016/B978-0-12-391860-4.00003-3
https://doi.org/10.1080/01926230290105820
https://doi.org/10.1080/01926230290105820
https://doi.org/10.1016/j.bbrc.2010.06.006
https://doi.org/10.1385/MB:26:3:249
https://doi.org/10.1385/MB:26:3:249
https://doi.org/10.3109/17435390.2013.829590
https://doi.org/10.3109/17435390.2013.829590
https://doi.org/10.1371/journal.pone.0058208
https://doi.org/10.1021/tx400228p
https://doi.org/10.2174/138620711794728743
https://doi.org/10.2174/138620711794728743
https://doi.org/10.1038/s41565-018-0185-0
https://doi.org/10.1016/j.nano.2015.03.004
https://doi.org/10.1080/09506608.2016.1190118
https://doi.org/10.1080/09506608.2016.1190118
https://doi.org/10.1002/cbin.10459
https://doi.org/10.1002/cbin.10459

176

Indian Journal of Microbiology (Jan-Mar 2025) 65(1):137-176

191.

192.

193.

194.

195.

Li HY, Huang DN, Ren KF, Ji J (2021) Inorganic-polymer com-
posite coatings for biomedical devices. Smart Mater Med 2:1-14.
https://doi.org/10.1016/j.smaim.2020.10.002

Karimi Z, Karimi L, Shokrollahi H (2013) Nano-magnetic parti-
cles used in biomedicine: Core and coating materials. Mater Sci
Eng C 33:2465-2475. https://doi.org/10.1016/j.msec.2013.01.
045

Saini B, Srivastava S (2018). Nanotoxicity prediction using com-
putational modelling-review and future directions. In: IOP con-
ference series: materials science and engineering, vol 348. IOP
Publishing. https://doi.org/10.1088/1757-899X/348/1/012005
Qiu TA, Clement PL, Haynes CL (2018) Linking nanomaterial
properties to biological outcomes: analytical chemistry chal-
lenges in nanotoxicology for the next decade. Chem Commun
54:12787-12803. https://doi.org/10.1039/C8CC06473C
Grodzinski P, Silver M, Molnar LK (2006) Nanotechnology for
cancer diagnostics: promises and challenges. Expert Rev Mol
Diagn 6:307-318. https://doi.org/10.1586/14737159.6.3.307

@ Springer

196. Fairbrother A, Fairbrother JR (2009) Are environmental regula-
tions keeping up with innovation? A case study of the nanotech-
nology industry. Ecotoxicol Environ Saf 72:1327-1330. https://
doi.org/10.1016/j.ecoenv.2009.04.003

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.smaim.2020.10.002
https://doi.org/10.1016/j.msec.2013.01.045
https://doi.org/10.1016/j.msec.2013.01.045
https://doi.org/10.1088/1757-899X/348/1/012005
https://doi.org/10.1039/C8CC06473C
https://doi.org/10.1586/14737159.6.3.307
https://doi.org/10.1016/j.ecoenv.2009.04.003
https://doi.org/10.1016/j.ecoenv.2009.04.003

	Current Trends and Advances in Nanoplatforms-Based Imaging for Cancer Diagnosis
	Abstract
	Introduction
	Nanomaterials categorization
	Role of Nanomaterials in Cancer Detection
	Nanotechnology in Cancer Imaging
	Advantages of Nanotechnology in Cancer Treatment
	Enhanced Detection and Diagnosis Techniques

	Multimodal Imaging Techniques
	Molecular Imaging Overview
	Optical Imaging Insights 
	Delving into Quantum Dots 
	Quantum Dots with Peptide Linkers 
	Quantum Dots Linked with Antibodies 
	Other Nanoparticles 
	Computed Tomography (CT) Overview 
	Focused Ultrasound 
	Molecular MRI Insights 
	Radionuclide Imaging Techniques 

	Integrated Molecular Imaging Techniques
	Targeted Drug Delivery Systems

	Drug Delivery Approaches, Targeting, and Release in Cancer Therapy
	Passive Targeting [68]
	Active Targeting
	Precision Targeting in Nanotherapy
	Nanotherapy Drug Release Approaches
	Impact of Nanocarrier Physicochemical Attributes on Drug Delivery Efficiency
	Nano Drug Delivery Challenges and Prospects [138]

	Bioimaging Techniques
	Fluorescence Spectroscopy in Cancer Diagnosis [140]
	Fluorescence Microscopy Techniques [147]
	Nonlinear Imaging with Second-Harmonic Generation Microscopy [153]
	Raman Spectroscopy [159]
	An Overview of Photoacoustic Spectroscopy (PAS) [163]
	Photoacoustic Imaging Techniques and Applications [165]
	Terahertz Spectroscopy in Medical Diagnostics [170]

	Nanotoxicity and Safety Considerations
	Issues in Detailing and Analysis
	Evaluating Nanomaterial Toxicity: In-Vivo, In-Vitro, and In-Silico Techniques
	In-Vitro Techniques [175] 
	In-Vivo Methods 
	Digital Simulations in Toxicity Analysis 

	Key Parameters for Evaluating Nanomaterial Toxicity
	Looking Ahead and Concluding Thoughts

	Clinical Translation and Commercialization

	Conclusions
	Acknowledgments 
	References




