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Biotin-functionalized nanoparticles: an overview
of recent trends in cancer detection
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Electrochemical bio-sensing is a potent and efficient method for converting various biological recognition
events into voltage, current, and impedance electrical signals. Biochemical sensors are now a common part
of medical applications, such as detecting blood glucose levels, detecting food pathogens, and detecting
specific cancers. As an exciting feature, bio-affinity couples, such as proteins with aptamers, ligands, paired
nucleotides, and antibodies with antigens, are commonly used as bio-sensitive elements in electrochemical
biosensors. Biotin—avidin interactions have been utilized for various purposes in recent years, such as tar-
geting drugs, diagnosing clinically, labeling immunologically, biotechnology, biomedical engineering, and
separating or purifying biomolecular compounds. The interaction between biotin and avidin is widely
regarded as one of the most robust and reliable noncovalent interactions due to its high bi-affinity and
ability to remain selective and accurate under various reaction conditions and bio-molecular attachments.
More recently, there have been numerous attempts to develop electrochemical sensors to sense circulating
cancer cells and the measurement of intracellular levels of protein thiols, formaldehyde, vitamin-targeted
polymers, huwentoxin-I, anti-human antibodies, and a variety of tumor markers (including alpha-fetopro-
tein, epidermal growth factor receptor, prostate-specific Ag, carcinoembryonic Ag, cancer antigen 125,
cancer antigen 15-3, etc.). Still, the non-specific binding of biotin to endogenous biotin-binding proteins
present in biological samples can result in false-positive signals and hinder the accurate detection of cancer
biomarkers. This review summarizes various categories of biotin-functional nanoparticles designed to
detect such biomarkers and highlights some challenges in using them as diagnostic tools.

(nearly 10 million) in 2020 highlight its ongoing burden.*®

Cancer remains a leading cause of premature death globally.' ™

Despite progress, new diagnoses (19.3 million) and deaths
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Rising incidence due to population growth and risk factors like
tobacco use and obesity demands continued advancements.®®
Early detection is key to reducing cancer death.’ Modern tech-
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niques like magnetic resonance spectroscopy (MRS), X-ray
computed tomography (CT), positron emission tomography
(PET), and molecular diagnostics offer rapid identification
but have limitations like cost, target selection, and artifacts
hindering precise diagnosis.'® Numerous cancer markers
have been acknowledged as reliable tools for predicting the
behavior of different malignancies and assisting clinical
scientists in understanding the genetic pathways behind
tumor formation.''* Enzyme-linked immunosorbent assays
(ELISAs), fluorescence-based assays, mass-based assays, and
electrochemical assays are some modern methods for finding
tumor markers. Although several of these approaches have
high selectivity, obstacles to their wider implementation, such
as low sample concentrations or measurement difficulties,
persist.">™"” Nanotechnology has enabled many studies on
designing and utilizing nanomaterials (NMs) in detection tech-
niques to target tumor markers at low concentrations.'®'® The
use of nanostructures, such as nanoparticles (NPs), has
evolved dramatically during the last several decades.
Hyperbranched  polymers, up-conversion nanoparticles
(UNPs), optical nanosensors, magnetic nanoparticles (MNPs),
quantum dots (QDs), metal NPs, carbon nanotubes (CNTs),
graphene nanosensors, carbon-based nanosensors, piezoelec-
tric biosensors, etc. are a few examples of these materials that
have shown high sensitivity and selectivity in the detection of
tumor indicators."®?%?! This review examines how biotin-func-
tionalized NPs are used in identifying cancer, highlighting the
importance of distinguishing between detection and treat-
ment. Detection involves the early recognition of specific bio-
markers or cancer cells through these NPs, utilizing their diag-
nostic capabilities.'>***® Conversely, targeted therapy employs
these NPs to deliver therapeutic agents directly to cancer cells
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once detected.”® Although both methods use similar targeting
strategies, their objectives are distinctly different, focusing on
diagnosis in one instance and treatment in the other.
Moreover, NPs can be used to deliver multiple agents simul-
taneously for combined treatment or to achieve simultaneous
diagnostic and therapeutic results.>*=° Identifying disease
markers at the molecular level is crucial to develop effective
diagnostic strategies using NMs. These markers can be used to
design ligands that bind specifically to related proteins on the
surface of cancer cells. These ligands may then be conjugated
to the NPs’ surface to improve their targeting’s effectiveness
and specificity.*"*?

2. Comparative overview of
functionalized NPs in cancer detection

Nanotechnology is rapidly advancing, introducing diverse
functionalized NPs specifically designed for cancer detection.
This section delves into the distinct characteristics and appli-
cations of prominent NP types, including gold nanoparticles
(AuNPs),* QDs,> and magnetic nanoparticles (MNPs),*
which are extensively studied for their unique properties. Our
focus is to underscore their critical roles in enhancing the pre-
cision of diagnostics.

AuNPs are renowned for their exceptional optical pro-
perties, making them ideal for photothermal therapy and
imaging techniques.*® Their ability to efficiently absorb and
convert light into heat is utilized in methods targeting the
precise destruction of cancer cells while sparing surrounding
healthy tissue.?” Furthermore, the surface plasmon resonance
feature of AuNPs significantly enhances imaging capabilities,
which is crucial for detecting tumor markers across various
imaging platforms.*®

QDs are highlighted for their outstanding brightness and
the ability to emit light at variable wavelengths, facilitating
multiplexed imaging. This capability allows for the simul-
taneous detection of multiple biomarkers, making QDs excep-
tionally useful for long-term cancer studies, especially in
monitoring tumor progression.*”

MNPs leverage their magnetic properties to enable not just
imaging but also remote manipulation. Typically composed of
iron oxides, MNPs are directed to specific bodily locations
using external magnetic fields, enhancing targeted therapy
applications.”® These NPs are often modified with specific
ligands or antibodies to target distinct cancer biomarkers,
thereby increasing the selectivity and sensitivity of detection
techniques. For example, MNPs attached to antibodies target-
ing cancer-specific antigens significantly aid in the early detec-
tion of several cancers."

While each NP type presents unique advantages, their
potential limitations, such as biocompatibility, toxicity, and
nonspecific binding, also pose significant challenges that
must be addressed to optimize their clinical utility. These chal-
lenges substantially influence the choice of NPs for specific
applications in cancer detection and therapy.*” In summary,
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with a thorough understanding of these NPs, we now shift our
focus to biotin-functionalized NPs in the subsequent section.
These NPs utilize the robust biotin-avidin interaction, provid-
ing a powerful platform for explicitly targeting and detecting
cancer cells. This specificity is crucial for developing diagnos-
tic strategies to minimize false positives and enhance detec-
tion accuracy.*?

3. Biotin in cancer diagnostics and
therapeutics: a nanotechnological
approach

The B complex vitamins encompass diverse compounds,
including biotin, which dissolves in water and is also
referred to as vitamin B7, vitamin H, and coenzyme R.**
Humans cannot synthesize biotin; thus, intestinal bacteria
and nutrition supply it to the small intestine. Cell growth,
proliferation, and differentiation require biotin, an essential
nutrient. To develop quickly, tumor cells produce high
biotin receptor rates.*> The avidin-biotin non-covalent inter-
action is one of nature’s strongest.*®™*® Avidin forms a probe
by binding to solid surfaces or biomolecules.’® Biotin may
bind to many proteins and nucleotides without changing
their main properties due to its small size and tendency to
not cross-link the carboxy-containing side chain with
avidin.>® A simple construction procedure that preserves
both attached portions’ chemical and biological properties
makes the avidin-biotin system a versatile nanotechnology
platform.>® Beyond their basic use in diagnostics, biotin-
functionalized NPs are now being explored for their thera-
peutic properties, showcasing a two-pronged strategy in bat-
tling cancer.>® This investigation underlines their ability to
profoundly influence both the detection and treatment
methods.

Biotin may pre-target several cancer cell lines, allowing the
targeted detection of synthetic materials in tumor locations.
Due to the preferential biotin uptake by tissues or malignant
cells, biotinylated viral vectors, nucleic acids, polypeptides,
liposomal chemicals, and artificial materials have been used
in biosensing and imaging.****> The distinctive binding
characteristics of avidin-biotin methodologies to diverse bio-
materials, such as DNA and RNA, NPs, antibodies, and
aptamers.*>>** Several biotinylated techniques can identify
Hodgkin lymphoma,®® breast,”” lung,”® prostate,>® and cervi-
cal®® cancer cells.

Maiti et al. reviewed only polymer-surfaced NPs and medi-
cines with biotin-mediated cancer theranostic methods.*" It
did not cover all NPs. Another study compares the efficacy of a
single NP vs. two NPs targeted with folic acid and biotin to
deliver anti-cancer drugs.® Biotin conjugation has been exten-
sively reviewed in biological imaging, sensing, and target deliv-
ery. We investigated this critical topic and its challenges
because biotin-conjugated NPs’ diagnostic applications in
cancer care have not been thoroughly studied.
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4. Biotin conjugates and their role as
targeting molecules in biomedicine

4.1. Biochemical structure and properties of biotin

Biotin, called vitamin B7, is a non-enzymatic with an utterly
unique structure involved in routine biochemical activities. It
plays a key role in metabolic processes such as carboxylation
and is crucial in macronutrient metabolism.*® Structurally, it
features a unique ureido ring and a carboxylic group, making
it suitable for biotinylation in various biochemical
applications.®*® In an amides ring, tetrahydrothiophene, and
the ureido ring are fused to each other. The nitrogen atom,
along with a lone pair of electrons in the ureido ring, forms
the central core of the biotin molecule’s functionality.*® This
specific configuration is crucial for binding CO, to the struc-
ture to boost the enzymes’ biotin-dependent reactions, such as
the tolerance of urea as a nitrogen source, which is very useful
for microorganisms,®” and the breakdown of isoprenoids in
bacteria and plants. The ureido ring is bound to two intra-
molecular hydride transfer reactions at the acyl carbon, where
ureido oxygen attack of the acyl group is more preferred when
it is attenuated than otherwise. This mechanism points out
the significance of the ureido group, which is required for car-
boxylation reactions as a part of many metabolic pathways.®®
Thus, the ureido ring of biotin acts as the carrier of the CO,
during the biotin-dependent enzymes, allowing microorgan-
isms to use urea along with geranyl-coenzyme A carboxylase to
occur isoprenoid catabolism in the fungi, plants, and microor-
ganisms.®® However, the chemical structure of biotin, mainly
the presence of ureido ring in its structure, makes it unique as
it is for the roles in carboxylation rather than any other distinct
role. Bearing a distinctive feature of the ureido group, biotin
can be a coenzyme for the carboxylase enzymes essential for
fatty acid synthesis, that of isoleucine and valine, as well as
other metabolic functions.”” Biotin deficiency can affect
metabolism and is found in red meat, egg yolks, and nuts,
while undiagnosed and non-treated biotinidase deficiency
remains a health concern.”*”?

4.2. Avidin-biotin interaction

Avidin-biotin interactions’ affinity for biotinylated cancer cells
makes them powerful cancer treatments. Biotin-avidin inter-
actions may be a thousand to a million times stronger than
those of avidin and other antibodies.””* High-binding affinity
links biotin and avidin.” Avidin is a tetrameric protein found in
bird, reptile, and amphibian egg whites.”*””® Esmond Emerson
Snell discovered avidin after seeing biotin deficiency in egg
white-fed chicks.”® This was found to be caused by avidin, an
egg-white glycoprotein that sequesters biotin.”® Unlike streptavi-
din (SA), avidin has six tyrosine (Tyr) residues per subunit,
while SA has one. Tyr-33 at avidin position 43 is similar to Tyr-
33 at SA spot 40 (40Thr-Gly-Thr-Tyr-Glu-Ser-Ala-Val).5>*! Biotin
changes conformation, stability, and flexibility when strept
(avidin) binds. This avidin-biotin interaction allows biotinylated
compounds to selectively target cancer cells.®?

This journal is © The Royal Society of Chemistry 2024
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Avidin-biotin interaction can deliver chemotherapeutic
agents, radionuclides,® and NPs® to cancer cells.’"*>®® Drugs
conjugated with biotinylated avidin can enter cancer cells
efficiently.’”®® Targeted delivery reduces the off-target effects
of chemotherapy and radiation. This increases therapeutic
agent concentration at cancerous growth sites. Many research-
ers have focused on biotin conjugation for bioimaging,®’
sensing,”® and targeted delivery (see Fig. 1).”' Cancer imaging
with conjugated avidin-biotin agents can help detect and
monitor cancer early.”?

4.3. Obtaining biotinylated nanosystems for drug and gene
delivery

Biotin is covalently added to biomolecules (oligonucleotides,
antibodies, proteins, and peptides) or NPs [liposomes, poly-
ethylene glycol (PEG), etc.] to enhance their properties.”®
Due to biotin’s small size, the reaction is fast, specific, and un-
likely to disrupt biomolecule or NP functions.”® Biotinylation

View Article Online
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also targets drugs and genes in particular cells, improving
delivery.®” Several methods can be used to obtain biotinylated
nanosystems for drug and gene delivery.

Biotinylated NPs are produced using various methods,
including conjugation with biotin-modified polymers like
PEG. This approach allows for injecting drugs or genes within
NPs, enabling targeted delivery to cells that overexpress biotin
receptors on their surface (Fig. 2A). A recent study’® demon-
strated the potential of this strategy by developing a biotin-con-
jugated PEG-poly(glutamic acid) for in vitro cargo delivery to
lung epithelial cells. The success of this approach in both
intracellular delivery and linking avidin to fluorescent DNA
highlights the broad applicability of biotin-PEG copolymers in
various biomedical applications, including drug delivery.

An alternative strategy is to use biotinylated liposomes,
lipid-based spherical NPs, as shown by Wang et al. (2010).”°
Further enhancing their specificity for specific cell types can
be achieved by functionalizing biotinylated liposomes with
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Fig. 1 Multifaceted applications of the avidin—biotin complex in biomedicine, including diagnostic imaging, biological sensing, targeted therapeutic
delivery, and treatment strategies. This schematic highlights the pivotal role of biotin in enhancing the specificity and efficiency of medical techno-

logies and treatments across different medical fields.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Possible applications of biotinylated NPs in drug and gene delivery; biotins could be attached to the (A) PEG when forming a polymeric NP
(Li et al. (2023)°® or B) antibody (Ab) molecules to make the whole particle targetable (Wartlick et al. (2004)1°%).

other targeting ligands. This was demonstrated by Gautam
et al. (2023), who enhanced the specificity of biotinylated lipo-
somes for targeted cell types using a “nano-on-nano” biotin-
SA-biotin system, showcasing advanced precision in drug
delivery.

Nanosystems and biotinylated antibodies are another
option (Fig. 2B)."% Wartlick et al. (2004) manipulated NP sur-
faces by covalently attaching biotin-binding protein.***
Herceptin®-conjugated NPs target human epidermal growth
factor receptor 2 (HER2)-overexpressing cells using avidin-
biotin complexes, demonstrating how biotinylation improves
drug delivery systems. Biotin-conjugated polymers, liposomes,
or antibodies allow nanosystems to selectively target specific
cell types, enhancing efficacy and reducing off-target effects.®

4.4. Internalization of biotinylated nanosystems in tumor cells

The body generally does not metabolize biotin extensively,
with over half of the consumed amounts remaining
unchanged in the urine.’®>™*** Vitamin B7 is nontoxic due to
its high solubility in water, and the half-life of biotin usually
varies from 1.8 hours to 18.8 hours, depending on the ingested
dose.'® A sodium-dependent multivitamin transporter (SMVT)
and a high-affinity biotin transporter are responsible for
biotin’s cellular internalization.'®*1°6-108

The SLC5A6 gene, located on chromosome 2p23, encodes
the SMVT responsible for transporting essential nutrients like
biotin into cells. Interestingly, cancer cells often have higher
SMVT expression or take up more biotin than healthy
cells."® " Interestingly, cancer cells often have higher SMVT
expression or take up more biotin compared to healthy cells.
This characteristic makes SMVT receptors valuable for cancer
diagnosis. Researchers can develop tools that target these
receptors to identify cancer.'’? Additionally, scientists are
designing biotin nanocarriers to enhance transporter-targeted
nano-drug delivery via regulating SMVT expression.'™*'"
These nanocarriers can be loaded with drugs or genes and

12754 | Nanoscale, 2024, 16, 12750-12792

then delivered specifically to cancer cells for targeted
therapy.“5‘117

Biotinylated NPs exploit receptor-mediated endocytosis for
cellular uptake by tumor cells (Fig. 3). Like how cells import
nutrients, these NPs bind to biotin receptors on the cell
surface, triggering an inward folding of the membrane and
engulfment into vesicles."'® Inside the cell, various mecha-
nisms like enzymes or acidic environments within endosomes
and lysosomes can break down the nanocarriers, releasing
their cargo.'**'?°

4.5. Biotinylated antibodies/antigens used in immunoassay

Researchers depend on biotinylated antibodies in immuno-
assays. Immunoassays detect high-specificity and sensitivity
biomolecules using antibodies and antigens (Ag).'*"'?*?
However, biotinylated antibodies have revolutionized immuno-
assay. Khosravi et al. (1991) compared cortisol-labeled SA to
unlabeled SA in biotin-binding.’*>"** In immunoassays, bioti-
nylated antibodies have many benefits. According to Mishra
et al. (2019), biotinylated antibodies first amplify detection
assay signals. This study used biotinylated secondary anti-
bodies and SA conjugated with poly-horseradish peroxidase
(HRP) to improve western blotting sensitivity.">® Besides being
versatile, biotinylated antibodies can be used in ELISA
assays,'*® western blot analysis,'”” and immunohistochemis-
try."*® Competitive and sandwich immunoassays'®® can
analyze biotinylated antibodies/Ag.**°

Competitive assays show how well-biotinylated analytes and
the Ag bind to SA molecules at a given concentration. Thus,
analytes are displaced from the SA surface and quantified,
accurately determining their number in a sample.
Additionally, biotinylated antibodies/Ag used in immunoassay
cannot bind or conjugate analytes without forming a stable
complex with SA. Then, conjugated analyte activity is
measured by concentration. Low analyte concentrations
increase signal response, while high concentrations decrease

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Cellular uptake of biotinylated nanosystems via receptor-mediated endocytosis. Biotin receptors on the cell membrane recognize and bind
to biotin-tagged agents, initiating endocytosis. The process is depicted through various stages including vesicle formation, fusion with endosomes,
transport to lysosomes, and eventual drug release inside the cell, aiming for precise therapeutic delivery to tumor cells. This mechanism ensures the
nanosystems' targeted entry into cells, enhancing the efficacy of drug delivery. Reproduced from ref. 119 with permission from [American Chemical

Societyl], copyright [2010].

it. High biotin levels strongly bind to these free molecules,
removing SA from beads. The biotinylated Ab binds the
analyte and conjugates during washing. False positives occur
when the calibration curve shows a high analyte level, and the
signal response is low. This method can target small mole-
cules like triiodothyronine (T3), thyroxine (T4), cortisol, testos-
terone, hydroxyvitamin D, and steroids. Sandwich or two-site
immunoassays use a capture Ab to bind the target molecule
and a detection Ab to detect it. These assays detect target ana-
lytes with biotinylated antibodies.

Additionally, some Abs are enzyme-conjugated secondary
antibodies or detection antibodies. SA and Ag bind differently
to biotinylated capture Ab in biotin-free samples. Ag
and labeled Ab form a tertiary complex. Ag is quantified and
linked to labeled enzyme activity. When biotin is unbound,
biotinylated capturing antibodies bind SA to the target.
A decrease in ternary compound protein content may
cause a false negative or overestimated sample Ag concen-
tration. Clinically, sandwich immunoassays measure large to
extremely large molecules, including pituitary, stimulating,
parathyroid, glycoprotein, insulin-like growth factor-1,
human chorionic gonadotropin (hCG), insulin, thyroglobulin,
C-peptide, follicle-stimulating hormone, luteinizing hormone,
and thyrotropin.™!

This journal is © The Royal Society of Chemistry 2024

4.6. Biotin-functionalized NPs: advancing cancer precision
medicine

Precision medicine tailors treatment to each patient’s needs.
This effort covers genomics, drug discovery, health communi-
cation, genetics, and causal inference.'**"** Precision medi-
cine formalizes action recommendations based on current
patient data into decision rules per decision point. Precision
medicine can be transformed by biotin-functionalized NPs.
These particles are a few nanometers wide."*® Biotin-functio-
nalized NPs can deliver drugs directly to disease-causing cells
without harming healthy cells."*>"?® This section lists recent
precision medicine and biotin-functionalized NP results to
demonstrate the importance of this field (see Table 1).

5. Biotin-functionalized NPs for
cancer detection

Biotin-functionalized NPs have been extensively studied for
cancer detection. Biotin-functionalized NPs can target cancer
cells, which have more surface receptors than healthy cells.
NPs can deliver diagnostic or therapeutic agents directly to
cancer cells, improving treatment specificity and efficacy.
Cancer imaging with biotin-functionalized NPs is promising.

Nanoscale, 2024, 16, 12750-12792 | 12755
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Table 1 Precision medicine and biotin-functionalized NPs
NPs Drug delivered ~ Advantages Outcome Indication Ref.
Biotin Irinotecan During colon cancer cell invasion, the This conjugate showed low Colon tumors 137
functionalized conjugate (C60-PEI-Biotin/IRI) toxicity to vital organs and high
fullerenes successfully crosses the cell membrane  efficacy against tumor cells
through overexpressed biotin receptors
Biotin-enriched — A robust Ab enrichment method based  High consistency was obtained by Ovarian cancer 138
dendritic on fluorescent signal reporters can using this method
mesoporous Silica simultaneously detect two ovarian
cancer biomarkers in human serums
Biotinylated Ab to — Provide telomerase assays for early A novel biosensor platforms for Immunosensing of 139
poly(chitosan) gold cancer prognosis based on a unique point-of-care diagnostics for telomerase
NPs method telomerase management
Biotinylated — Increases the ability to image epidermal Using the developed nanoprobes, Cancer 140
fluorescent growth factor receptors (EGFR) on the disease biomarkers can be
polymeric NPs surface of cells significantly detected very efficiently and with
high sensitivity
SA Fe,0;-gold NPs Thymol Highly selective towards bacteria Effective drug delivery was Antibiotic-resistant 141
demonstrated using the model bacteria
system
Biotin- — The use of these NPs also improved Great potential systems for Gliobastoma 142
functionalized silica protection against photobleaching photodynamic therapy multiforme
NPs applications
Avidin-Biotin — Enhancement in the targeting efficiency Reduced side effects and more Lung cancer 143
functionalized apoptosis of cells
protein NPs
Biotin- Ru"-Pt" metal  Effectively suppresses the innate activity Potent antitumor activity against ~ Cancer 144
functionalized DNA  complexes of telomerase in cancer cells that are tumor cells that are resistant to
cages resistant to cisplatin cisplatin

Researchers can attach biotin to NPs to add antibodies, pep-
tides, or aptamers that bind to cancer cell receptors. Targeted
binding enhances imaging contrast, improving malignancy
detection sensitivity and specificity. Cancer treatment also
uses biotin-functionalized NPs."*>'*® Researchers can selec-
tively deliver drugs or siRNA molecules to cancer cells while
minimizing their toxicity to healthy cells by attaching them to
the NPs. Scientists can reduce side effects and maximize
efficacy by adjusting NPs’ size, shape, and surface properties to
optimize therapeutic agent pharmacokinetics and biodistribu-
tion."” The possible applications of NPs in cancer detection
are summarized in Fig. 4.

5.1. Cancer cell detection in circulation

Circulating cancer cells (CTCs) are essential for cancer detection
and treatment. Cancer cells that have spread from primary or
metastatic cancers are CTCs. Metastasis—cancer cells detach-
ing, migrating, and invading other body parts—determines
disease progression.'*® Immunological, molecular, and physical
methods detect bloodstream CTCs. CTCs in the bloodstream
reveal cancer evolution, prognosis, and treatment response.
CTC detection early in the disease’s progression improves treat-
ment outcomes.'*® CTC prevalence is inversely related to tumor
aggressiveness and metastasis. Thus, peripheral blood CTC
levels may predict disease progression and lifespan.

Monitoring the efficacy of cancer therapies like chemo-
therapy, targeted therapy, and immunotherapy may be easier
with CTC detection. CTC levels in the blood may indicate
therapy efficacy and help choose a different treatment.'*
Investigating CTCs for molecular characteristics like gene

12756 | Nanoscale, 2024,16,12750-12792

expression patterns, mutations, and protein expression may illu-
minate the tumor’s biology and help develop personalized treat-
ments. CTCs are rare and heterogeneous, making identification
difficult. CTCs may change during circulation, making them
more elusive. CTC detection technologies must be sensitive and
targeted for accurate cancer diagnosis and treatment."" An intri-
guing study created a reversible, well-organized bio-interface
that captures CTCs without harming them (Fig. 5). Boronic acid
moieties at the interface make it reversible and order affinity
ligands. Carbon nitride nanosheets lined with boronic acid
could support biotinylated aptamers by glycosylating avidin with
boronate. This organized arrangement of aptamers reduced
inter-strand entanglement and increased cell affinity for CTC
capture. The boronate conjugation also delicately discharged
highly viable CTCs by treating them with acid fructose. The
engineered bio-interface isolated CTCs for mutation analysis
and drug susceptibility testing have been done in cancer
patients and tumor-bearing mice. These findings show bio-inter-
face potential for early cancer detection and precision medicine.

For early cancer diagnosis, biotin-activated immunomag-
netic methods can extract rare, pure CTCs. Peptide-tagged anti-
bodies chemically linked to protein-coated magnetic particles
catch and release CTCs via biotin-mediated breakage of the
modified protein-peptide connection. Peptides help antibodies
co-immobilize on protein-coated magnetic beads (MBs),
improving CTC capture. Can isolate and grow 79% of whole
blood cancer cells. Biotin releases 70% of cells, 85% of which
survive. Anti-Epithelial cell adhesion molecule (EpCAM), anti-
HER2, and anti-EGFR immune-MNPs identified CTCs in 17
cancer patients’ peripheral blood samples. They found 215-215
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pure CTCs in peripheral blood. These findings prove CTCs’
molecular profiling, diagnosis, and treatment reliability.'>*

In situ overexpression of CTCs allows hybrid nanoparticles
(HNPs) collection and analysis. These HNPs allow antibodies,
QDs, and biotinylated DNA to capture heterogeneous CTCs,
including those lacking EpCAM. This strategy was tested by sim-
ultaneously detecting EpCAM, HER2, and EGFR in breast
cancer subtype cells. 92.4% of CTCs were detected and 87.5%
collected. Restriction enzymes released trapped cells with 86.1%
efficiency, and later, research showed that they were alive and
could proliferate in vitro (Fig. 6). To improve clinical decision-
making, HNPs can be used for molecular and cellular research,
including medication screening and tailored treatment.™*

A novel CTC isolation method uses peptide-functionalized
iron oxide MNPs. MNPs were coated with Pep10, a novel
EpCAM-targeting peptide. This method isolates CTCs using the
Pep10 recognition peptide instead of NMs or nanostructured
surfaces functionalized with EpCAM antibodies. Pep10’s binding
affinity for EpCAM was equal to anti-EpCAM, and biotin-avidin
connected the peptides to MNPs. Like anti-EpCAM@MNPs,
Pep10@MNPs captured breast, prostate, and liver cancer cells
from spiking blood with over 90% efficiency and 93% purity.
Molecular biology may be performed on the acquired cells for
further study. This peptide-based separation technology can
improve stability, reproducibility, cancer prognosis, and meta-
stasis reduction for clinical treatment assessment and research.">

Non-small cell lung cancer (NSCLC) blood samples may have
low EpCAM and cytokeratin expression, making CTC detection
difficult. Researchers solved this problem by developing MNPs
functionalized with biotin peptides with excellent NSCLC thera-

This journal is © The Royal Society of Chemistry 2024

peutic results. Two NSCLC cell lines were used to compare the
novel method to Ab-based detection. The recognition peptide’s
identical binding affinity to A549 and NCI-H1975 allowed the
Tumor Fisher method to capture CTCs in 71.4% of early-stage
NSCLC patients, better than Cell Search and with fewer false
negatives. The study included seven early-stage cancer patients
and 81 NSCLC stages I-IV patients. Tumor Fisher had a
72.8% detection rate across stages in a larger clinical cohort,
suggesting it could be used for early-stage NSCLC screening,
prognosis, and treatment assessment (Fig. 7). Peptide-MNPs
isolated CTCs from NSCLC patients in the first study.">®

The well-matched hepatocellular carcinoma (HCC) cell lines
MHCC97-L with low metastatic potential and HCCLM9 with
high metastatic potential were used to find molecular probes
for biomedical applications. Using MHCC97-L as subtractive
cells and HCCLM9 as target cells, the scientists created apta-
mers that targeted HCCLM9 surface molecules but not
MHCC97-L. The chosen aptamers’ binding affinity and speci-
ficity were tested by flow cytometry. The candidate DNA-apta-
mers were coupled to biotin to create unique bioprobes for cul-
tured cells, animal models, and human HCC tissues. HCC
cells were captured by magnetic particles and biotin-conju-
gated aptamers in peripheral blood-like conditions. In a whole
live cells-SELEX method, aptamer LY-1 identified highly meta-
static human HCC cells. They proved sensitive and specific as
molecular probes. The aptamer LY-1-QDs conjugates could
detect highly metastatic HCC cells in liver and lung tissue sec-
tions and clinical samples when conjugated with fluorescent
QDs. The aptamer LY-1-magnetic particle conjugates isolated
and identified metastatic HCC cells from whole blood. This
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suggests that aptamer LY-1 may be an excellent molecular
probe for early HCC metastatic prediction.">”

5.2. Protein thiols detection

An increase in oxidative stress often accompanies malignant
cells’ aberrant growth and reproduction. Reactive oxygen
species (ROS), which are crucial for preserving cellular homeo-
stasis and redox signaling, are created as a consequence of cel-
lular metabolism. However, unlike normal cells, cancer cells
can utilize ROS for signaling pathways that promote their sur-
vival. Overproduction of ROS may still harm cellular constitu-
ents, including DNA, proteins, and lipids, in addition to
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causing DNA mutations and genomic instability."”® Thiol-
containing amino acids, such as glutathione (GSH), cysteine (Cys),
and homocysteine (Hcy), control the redox equilibrium in
cancer cells."> These amino acids function as antioxidants
and prevent oxidative damage by scavenging ROS. Fig. 8
depicts the complex biochemical reactions involved in amino
acid metabolism, highlighting the interplay between different
amino acids and their derivatives, as well as enzymes and cofac-
tors involved in these reactions.'®® Notably, cancer cells often
have greater access to thiol-containing amino acids than normal
cells. This difference and the ability to cleave disulfide bonds
(-S-S-) create a crucial mechanism for maintaining redox
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balance and persisting in a highly oxidizing environment.®"'%*

Disulfide bond cleavage by free thiols regenerates reduced
forms like GSH and Cys, further aiding in ROS detoxification.
This process is essential for the longevity of cancer cells because
it protects them from oxidative stress-induced cell demise. The
intricate processes involved in producing, eliminating, and sig-
naling ROS are further illustrated in Fig. 9.'® In conclusion, the
preferential availability of thiol-containing amino acids and the
ability to cleave disulfide bonds are crucial mechanisms that
allow cancer cells to maintain redox balance and survive.
Targeting these mechanisms offers a promising avenue for
developing novel anticancer drugs with potentially higher speci-
ficity and fewer side effects than traditional therapies.

Recent advancements in fluorescent sensors offer promis-
ing tools for monitoring intracellular thiols in living organ-
isms, particularly cancer cells. Jung et al'® developed a
biotin-disulfide-coumarin conjugate that enables real-time
monitoring of reduced thiols like GSH, Cys, and Hcy within
cells. This approach addresses limitations of earlier probes,
such as poor water solubility, high background signals, and
restricted applicability in biological systems. The conjugate’s
design incorporates a disulfide bond that undergoes cleavage
upon encountering intracellular thiols. This cleavage triggers
the release of a biotinylated coumarin unit, leading to a sig-
nificant increase in fluorescence intensity. The researchers
confirmed that biologically relevant thiols effectively induced
this response in cell imaging experiments. Furthermore, the
study demonstrated successful cellular uptake of the probe via
receptor-mediated endocytosis following thiol-mediated di-
sulfide bond cleavage. This uptake enhanced fluorescence
within the cells, particularly in the endoplasmic reticulum

This journal is © The Royal Society of Chemistry 2024

(ER) and mitochondria, where disulfide bonds are abundant.
These findings demonstrate the potential of this approach for
in vivo detection of intracellular thiols like GSH, Cys, and Hcy.
Building on the concept of thiol-mediated activation,
another study explored the ranostic prodrug design for tar-
geted delivery and monitoring of the potent anticancer drug
SN-38.1°>1%¢ This design utilizes a self-immolating linker con-
taining a disulfide bond. The high concentration of intracellu-
lar thiols, particularly GSH, within cancer cells, is expected to
trigger the cleavage of this linker. This cleavage event would
release a fluorophore (N-biotinylated piperazinerhodol) and
activate the therapeutic SN-38 molecule. The presence of
biotin in both the precursor and the final prodrug allows for
potential targeted delivery to cancer cells, which express abun-
dant biotin receptors. This targeted uptake would concentrate
the prodrug within cancer cells, maximizing therapeutic effect.
The key to this approach lies in the cleavable disulfide bond.
This bond breaks apart within the thiol-rich environment of
cancer cells, releasing the active SN-38 and the N-biotinylated
piperazinerhodol, which acts as a fluorescent reporter for
monitoring drug release. The recovered fluorescence signal of
the reporter molecule at its peak emission wavelength can be
used to track the release of SN-38 within the cells.'®” In con-
clusion, the preferential availability of thiol-containing amino
acids and the ability to cleave disulfide bonds are crucial
mechanisms for cancer cells to maintain redox balance and
survive. Targeting these mechanisms offers a promising
avenue for developing novel anticancer drugs with potentially
higher specificity and fewer side effects compared to tra-
ditional therapies. Recent advancements in fluorescent
sensors and theranostic prodrugs that exploit the reducing
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environment of cancer cells provide valuable tools for
researchers to monitor and deliver therapeutic agents more
effectively.'®®

Thiols perform various biological tasks, such as signaling,
antioxidant defense, and cell development. GSH, the most
abundant thiolated tripeptide in human cells, has been impli-
cated in several diseases, including liver diseases'®® and
cancers.””® Accurately measuring intracellular thiol levels is
crucial for disease progression assessment, early diagnosis,
and treatment efficacy evaluation. Researchers have focused on
developing bio-probes to visualize and quantify intracellular
thiols in this context. A recent study'’' described a new cell-
specific light-up probe designed to target integrin avp3, a
protein receptor overexpressed in some cancers. While tra-
ditional thiol detection methods often utilize fluorescence
sensors and thiol-addition reactions with electrophiles, these
probes usually suffer from limitations such as poor water solu-
bility and high background signals due to aggregation.'** The

This journal is © The Royal Society of Chemistry 2024

newly developed probe addresses these challenges by incorpor-
ating a disulfide bond that selectively reacts with intracellular
thiols. The researchers demonstrated that this probe exhibits a
significant increase in fluorescence upon encountering GSH,
indicating successful thiol-mediated cleavage of the disulfide
bond. This finding highlights the potential of such bio-probes
for non-invasive, high signal-to-noise ratio imaging of intra-
cellular thiol levels, paving the way for improved diagnosis and
treatment strategies for various diseases.

Fluorescence-based methods have gained popularity for
biothiol detection due to their non-invasive and sensitive
nature. However, traditional probes often suffer from limit-
ations in both sensitivity and selectivity, leading to back-
ground noise and inaccurate measurements. Another study'*>
introduced a novel design concept called DQ Probe 1 (Dual-
Quenching Probe 1) to address these limitations. This innova-
tive probe incorporates both dual-quenching and dual-reactive
groups on the fluorophore molecule. Traditional mono-
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quenching probes (MQ-probes), like Probe 2 mentioned in the
original text (details likely limited), typically possess a single
quenching group and a reactive group for thiol interaction. DQ
Probe 1 builds upon this concept by combining two MQ-
probes, resulting in a more focused response upon thiol detec-
tion due to its dual-quenching mechanism. This dual-quench-
ing mechanism likely involves photoinduced electron transfer
and intramolecular charge transfer (ICT). In photoinduced
electron transfer, an excited fluorophore transfers an electron
to a nearby quencher, reducing fluorescence. ICT involves elec-
tron density movement within the molecule, further suppres-
sing fluorescence. Both mechanisms keep the probe in an
“off” state until a specific thiol reaction disrupts them, trigger-
ing a fluorescence turn-on signal for thiol detection.
Experiments demonstrated DQ Probe 1’s exceptional sensi-
tivity, detecting Cys concentrations as low as 20 nM. This
superior sensitivity is attributed to the dual-quenching mecha-
nism requiring specific interactions for activation.
Additionally, DQ Probe 1 displayed superior selectivity com-
pared to earlier probes, differentiating between various amino
acids and responding primarily to thiols. Finally, the probe’s
good cell permeability allows it to effectively target and detect
intracellular thiols within living cells. DQ Probe 1 represents a
significant advancement in fluorescence-based thiol detection.

12762 | Nanoscale, 2024, 16,12750-12792

Its innovative design with dual quenching and dual-reactive
groups offers superior sensitivity and selectivity compared to
traditional probes. This allows for more accurate and specific
detection of crucial thiol molecules within complex biological
environments, including living cells. These features make DQ
Probe 1 a valuable tool for studying thiol dynamics and their
potential roles in various diseases.

Researchers have developed novel biotin-PEG-gold nano-
particle (AuNP) probes for sensitive and specific detection of
biomarkers, such as proteins and nucleic acids."”> These
probes offer a promising approach for multiplexed analysis,
potentially enabling the detection of several biomarkers from a
single sample. As illustrated in Fig. 104, the biotin-PEG linker
plays a crucial role in this assay. Biotin facilitates target
capture through its strong interaction with SA, while the PEG
linker minimizes non-specific interactions between the probe
and other biomolecules, enhancing assay specificity. The
biotin-PEG linker’s design significantly impacts the AuNP
probes’ stability. The study compared probes constructed with
monothiol, dithiol, and trithiol anchors (Fig. 10B-F).
Experiments revealed that dithiol- and trithiol-linked AuNP
probes exhibit superior colloidal stability compared to mono-
thiol-linked ones. This enhanced stability is likely due to the
formation of multiple covalent linkages between the linker

This journal is © The Royal Society of Chemistry 2024
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and the AuNP surface, leading to a more robust structure. The
assay utilizes a sandwich format, leveraging the high-affinity
interaction between biotin and SA to capture and immobilize
the target biomolecules. This approach enables sensitive detec-
tion of biotinylated targets with a limit of detection (LOD) as
low as 50 fM for both nucleic acid targets and the prostate-
specific Ag (PSA). Additionally, the high throughput nature of
this assay makes it suitable for efficiently analyzing large
numbers of samples. Future studies will explore the potential
of this platform for the simultaneous detection of multiple
biomarkers, allowing for more
diagnosis.

In another study, a novel probe named Ac was introduced,
which was designed for the specific and sensitive detection of
cancer cells. This innovative probe utilizes a fluorescein deriva-
tive as the fluorophore, enabling fluorescence-based detection.
The efficacy of Ac is attributed to several key features it incor-
porates. Biotin serves as a targeting moiety in Ac, specifically
binding to receptors that are overexpressed on the surface of
cancer cells. This targeted approach enhances the selectivity of
the probe towards malignant cells. The probe exhibits excel-
lent biocompatibility and water solubility, which allows for its
safe and efficient application in biological systems. Ac demon-
strates high selectivity for Cys, a biothiol abundantly present
in cells, with a low detection threshold of 307 nM. Upon
binding to Cys residues on cancer cells, Ac triggers a turn-on
response, resulting in increased fluorescence emission. This

comprehensive disease

This journal is © The Royal Society of Chemistry 2024

feature facilitates the clear visualization and identification of
malignant cells. In cell line experiments, Ac successfully differ-
entiated between healthy and cancerous cell lines, including
HeLa, B16, RAW264.7, and NIH-3T3 cells. This finding under-
scores the potential of Ac as a valuable tool for early cancer
detection and targeted therapeutic strategies. Developing such
innovative probes paves the way for advancements in cancer
diagnosis and treatment.'”?

5.3. Formaldehyde sensing

Formaldehyde (FA) is a compound that occurs naturally and is
also a consequence of cellular metabolism.'”* Reports have
shown that occupational exposure to FA led to the occurrence
of some cancers."”> Cancer detection and diagnosis require
sensitive and selective FA sensors. Biotin-conjugated probes
have been studied for FA sensing in cancer detection due to
their high sensitivity and selectivity.'’® Biotin can be conju-
gated to FA-reactive groups like hydrazines or amines to bind
specifically to cancer cell FA. The FA-reactive group can be
detected and quantified because biotin binds to SA or avidin.
Biotin-hydrazine and biotin-amine probes have been devel-
oped for FA sensing in cancer detection. These tools have been
used to detect cancer cell FA and assess chemotherapeutic
response. Biotin-hydrazine probes are biotin-conjugated FA
sensors for cancer detection. This probe forms a stable hydra-
zone bond with cancer cell FA, which SA-conjugated fluo-
rescent or colorimetric probes can detect. The biotin-amine

Nanoscale, 2024, 16, 12750-12792 | 12763


https://doi.org/10.1039/d4nr00634h

Published on 10 2024. Downloaded on 08.1.2026 12:28:55.

Review

probe reacts with cancer cell FA to form a Schiff base detect-
able by SA-conjugated fluorescent or colorimetric probes.'””

Hydrazone formation and photo-induced electron transfer
effect suppression were used to create a biotin-pendant-deco-
rated naphthalimide-based FA sensor for cancer cells. After
adding FA to a phosphate-buffered saline PBS-buffered
aqueous sensor solution, absorbance at 428 nm increased
slightly, and fluorescence enhancement at 541 nm increased
140-fold. In physiological conditions, the probe can detect FA
with a dynamic range of 400 M FA in 1 M dye. After
20 minutes of pre-experiment FA (40 mM) incubation, biotin
receptor-positive 4T-1 cells received probes 1 and 2. Probe 1
fluoresced more than probe 2 in one- and two-photon modes.
Sensor 1’s stronger fluorescence in biotin receptor-positive
cells is crucial for tissue FA reporting. Probe 1 was tested for
detecting endogenous FA concentrations in tumor tissues
using two-photon excitation. Fluorescence intensity dropped
dramatically after 20 minutes of incubation for probe 1. Probe
1 appears to only detect FA in tumor tissues. The researchers
developed cancer-specific FA sensors to detect endogenous FA
in cancer cells and tissues.'”® These innovative platforms may
help us understand FA’s complex relationship with various dis-
eases, particularly cancer development. Clinical use of these
platforms may improve patient early detection, prognoses, and
treatment options. Continued research and development of
biotin-conjugated platforms is a crucial step toward better
managing and preventing FA-related diseases using cutting-
edge diagnostic tools and therapies.

5.4. Lysosome-specific biotin-conjugated probes

Lysosomes are vital for cell degradation and recycling.
Dysregulated lysosomal function can cause cancer.'”*'®° Thus,
lysosome-specific assays are desired to study cancer cell lysoso-
mal function and identify therapeutic targets. Biotin-conju-
gated probes provide effective lysosomal function analysis in
living cells. Targeting lysosomal proteins or lipids allows selec-
tive labeling and live imaging of cancer cell lysosomes."
Targeting lysosomal pH with fluorescent probes has been
widely used to study lysosomal function and physiology. These
instruments usually use moderately basic lysosomotropic com-
pounds that can bind to the lysosome and disrupt cell viabi-
lity. These new probes aim to achieve similar sensitivity and
accessibility while minimizing lysosomal dysfunction.'®!

The first two-photon fluorescent probe with tumor-targeting
and lysosome-specific capabilities, BN-lys, was created to
assess live cell pH changes. In this work, malignancies were
targeted with biotin, and fluorescence was controlled by mor-
pholine as the pH site and lysosome-specific group using
photoinduced electron transfer. Under the direction of the
biotin group, BN-lys demonstrated robust fluorescence
responses in cancer cells as opposed to modest fluorescence in
normal cells. The instrument showed how well chloroquine
changed the pH of lysosomes in natural cells. This probe com-
prises a tumor-targeting unit, a fluorophore with two photons,
and a lysosome-specific group. The fluorophore serves as a
fluorescence signal reporter. BN-lys has shown greater affinity
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to cancer cells as a two-photon fluorescence probe that can
measure lysosomal pH in live cancer cells.'®?

5.5. Sensing vitamin-targeted polymers within cancers

Recently, sophisticated vitamin-targeted polymers have been
created as sensors to find cancer cells. Based on cancer cells’
increased expression of vitamin receptors, these polymers have
been designed to adhere to them alone. Including biotin mole-
cules in these polymers is essential for enhancing the selective
binding process.'® Biotin conjugates enable the targeted
administration of medicinal or imaging substances to cancer
cells by attaching biotin to the polymer and preferentially
binding to cancer cells that need additional biotin."®* It has
been reported that biotin-linked polymers could increase the
contrast and selectivity of cancer imaging in vivo and the
efficiency of medication administration to tumor locations.
These polymers are excellent candidates for further clinical
research because of their superior pharmacokinetics and
safety characteristics.'®’

Solid cancer cells overexpress biotin receptors, which are
essential for tumor growth, metabolism, and metastasis.
Researchers targeted solid cancer cells that overexpress
biotin receptors with PG4.5 dendrimer NPs and biotin
to improve chemotherapy efficacy and reduce side effects
(Fig. 11). As determined by spectroscopy, the NPs have a
spherical shape, 81.6 + 6.08 nm size, and 0.47 + 1.25 mV
zeta potential. NPs had a maximum drug dosage of 10.84 +
0.16% and an encapsulation efficiency of 47.01 + 0.71. At pH
values of 6.5 and 5, the NPs released 60.54 + 1.99% and
73.96 + 1.14% of gemcitabine (GEM). In vitro tests showed
that the NPs selectively targeted HeLa cancer cells, reducing
cell viability and apoptosis. This study found that biotin-
coupled PG4.5-DETA nanovehicles selectively deliver GEM to
tumor cells. The study suggests using vitamin-targeted NPs
for tumor-specific drug delivery, with further research into
an in vivo delivery system."%¢

5.6. Sensing huwentoxin-I

The peptide toxin Huwentoxin-I (HWTX-I) in spider venom is
antimicrobial, neurotoxic, analgesic, cytotoxic, necrotizing,
and hemagglutinating.'®” Several peptide poisons in arachnid
venom may treat cancer.'®® These toxins control the cell
cycle, activate caspase, and deactivate mitochondria, killing
cancer cells. Spider venom peptides with an inhibitor cystine
knot (ICK) motif can target ion channels and other pain-
related targets, providing neuroprotective, antimicrobial,
anticancer, and analgesic effects.'® Spider venom biotoxins
have been shown to damage tumor cell membranes, inhibit
proliferation, and induce apoptosis, suggesting antitumor
potential. Psalmotoxin 1 (PcTx1), a spider peptide toxin, inhi-
bits cation currents in malignant astroglioma cells and
freshly removed glioblastoma (GBM) cells without affecting
normal human astrocytes, making it a promising candidate
for improving GBM patients’ prognoses with epileptic sei-
zures.'®® Other spider venom toxins, like those from the
Macrothele raven, can induce apoptosis and necrosis in
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Fig. 11 (A) Schematic representation of PG4.5-DETA and PG4.5-DETA-biotin synthesis. (B) This diagram demonstrates the delivery mechanism of
GEMNPs via biotin receptor-mediated endocytosis, leading to the release of GEM inside Hela cells, inducing apoptosis. Reproduced from ref. 186

under the terms and conditions of the Creative Commons Attribution (CC

various tumor cells, inhibit DNA synthesis, affect cell viabi-
lity, and stop the cell cycle. Spider peptides may inhibit
cancer by regulating intracellular osmotic pressure and down-
stream signal molecules."® Drug discovery and research use
biotinylated HWTX-1, a peptidic neurotoxin. Biotinylation of
HWTX-I isolates and identifies target proteins, which can
help develop new drugs. It can also be used to study HWTX-I-
receptor protein interactions and ion channel modulation,
particularly voltage-gated calcium channels. Biotinylated
HWTX-I can be used as a molecular probe to study its struc-
ture, function, and localization in cells and tissues, making it
a useful neurobiology tool.®*
Yan et al.'®®> optimized a biotin labeling method for the
spider toxin HWTX-I, achieving over 50% labeling without
compromising its bioactivity. This enabled them to identify
receptor proteins in nerve synapses using affinity purification.
This method offers advantages over traditional techniques like
voltage clamps in identifying toxin-binding proteins.

In another study,'®® researchers employed biotin-tagged
HWTX-IV to identify its interacting proteins. They confirmed
that monobiotinylated HWTX-IV retained bioactivity and used
various techniques to pinpoint interacting membrane pro-
teins. This approach provides valuable insights into
HWTX-IV’s mechanism of action and a useful methodology for
future research.

This journal is © The Royal Society of Chemistry 2024

BY) license (https://creativecommons.org/licenses/by/4.0/).

5.7. Detection of anti-human antibodies

Detecting anti-human antibodies is crucial in numerous diag-
nostic and research applications. A competitive immunoassay
with a biotin probe is one method for detecting anti-human
antibodies. In this procedure, the anti-human Ab sample is
incubated with a biotinylated Ag and anti-biotin Ab solution.
The MNPs conjugated with anti-biotin Ab are then separated
using an external magnet, and the supernatant is removed.
The particles are then rinsed twice with buffer 1 M PBS."**
Anti-biotin antibodies can enrich biotinylated peptides within
complex peptide mixtures.'®® In situ hybridization can utilize
biotinylated probes, whose signal can be amplified through
the use of anti-biotin antibodies."*®

Using self-assembly techniques on gold,
created a high-throughput (HTP) protein chip platform to test
the viability of protein sensors for detecting blood antibodies.
Biotinylated single-layer structures were used to immobilize
densely packed SA surfaces, which were then used to identify
serum IgM antibodies in Lyme borreliosis patients. Using bio-
tinylated peptide AAOspC8 test probes and blood samples as
small as 1 L/spot and a high signal-to-noise ratio, the scientists
were able to generate highly specific data on protein inter-
actions. The biochip test requires only 1 L of reagent, com-
pared to 2 L for ELISA. Self-assembled monolayers on gold

researchers
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Fig. 12 (A) This panel illustrates the immobilization of biotinylated
probes on a sensor chip through biotin—SA binding for high-density
detection. (B) Schematic depicting the use of FITC-labeled anti-human
IgM antibodies in detecting the presence of Lyme disease Ag in a sand-
wich assay format. Reproduced from ref. 197 with permission from
[American Society of Chemistry], copyright [2016].

made it possible to evaluate surface properties with optical,
mechanical, and electrochemical instruments (Fig. 12).'%’
Using protein microarrays, it is anticipated that HTP protein
interaction studies for disease diagnosis will be conducted fre-
quently in the near future.

Ultra-sensitive detection of molecules in biological samples
can be made using nanohybrid materials. In a study, research-
ers used ZnO@Au nanocomposites and Biotin-SA as a mole-
cular connector to bind antibodies and signal molecules. This
resulted in forming a composite material consisting of gold
nanorods (GNRs)-SA-biotinylated secondary antibodies (Biotin-
Ab2), increasing the refractive index and permitting more sig-
naling molecules. Thus, the surface plasmon resonance (SPR)
signal intensity in biosensors was increased.'®®
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Recent research employed the conventional sandwich tech-
nique with biotin-SA and a sensitive SPR biosensor based on
ZnO@Au NPs to identify human immunoglobulin G (hIgG)
(Fig. 13). Nano-zinc oxide (ZnO) was combined with gold-
coated ZnO nanocrystals to construct a sensing substrate on a
mercaptan-treated gold film. This enhanced the biocompatibil-
ity and optical properties of ZnO and its load capacity. Using
the biotin-avidin technique, the SPR signal was improved.
Under optimal experimental conditions, the secondary gold-
SA-biotinylated antibodies (GSAB-Ab2)-conjugate SPR bio-
sensor was able to detect hIgG in the range of 0.0375-40 g
mL™" with a minimum detection concentration approximately
67-fold lower than a conventional gold-plated SPR sensor. The
sensitivity of SPR biosensors has increased within a specific
range.'*’

Although the gold standard measurement is an electro-
chemiluminescence (ECL) dot blot test based on a chicken
anti-human thymidine kinase 1 (hTK1) IgY polyclonal Ab on a
biotin-SA platform, measuring the amount of STK1p in serum
enables accurate detection of early tumor progression. In
addition to operator talent, the diversity of chicken antibodies
can affect STK1p levels. Researchers have developed a fully
automated sandwich-BSA technology to overcome these
obstacles based on (hTK1)-IgY-rmAb#5, a stable recombinant
chicken IgY monoclonal antibody (mAb). By immunizing hens
with a 31-peptide sequence of hTK1, the researchers compiled
a library of phage display SCFvs. Using hTK1 calibrators, this
recombinant mAb demonstrated efficacy based on its high
affinity and high sensitivity. As a result, it was highly accurate
across multiple cohorts and extremely specific at low or elev-
ated STK1p levels of 0.92 to 0.963 (Fig. 14).>*°

5.8. Tumor marker detection

Multi-tumor marker monitoring is a promising method for
detecting tumor Ag, which is crucial for cancer diagnosis and
disease indicators. Several serum biomarkers have been linked
to cancer diagnosis. These biomarkers are valuable for diag-
nosing and treating various cancers. Biomarkers such as
alpha-fetoprotein (AFP), Epidermal growth factor receptor
(EGFR), prostate-specific antigen (PSA), carcinoembryonic Ag
(CEA), cancer Ag 125 (CA 125), cancer Ag 15-3 (CA 15-3), Matrix
Metalloproteinase-1 (MMP-1), HER2, cytokeratin protein frag-
ment 21-1 (CYFRA21-1), cancer Ag 19-9 (CA 19-9), beta-human
chorionic gonadotropin (B-hCG), Serum pepsinogens (PGI/
PGII), and Neuron-specific enolase (NSE) are notable. These
markers indicate malignancy and progression. To provide
quality care, medical staff must understand these markers and
their role in cancer diagnosis.>*’ An electrochemical immuno-
sensor is a sensitive and accurate tumor marker detection and
analysis platform. Both unlabeled and labeled bedside immu-
nosensors can analyze tumor Ag. Non-labeled immunosensors
are used for quantitative Ag sensing, while labeled ones use
sensitively detectable labels.>*> An unlabeled immunosensor’s
electrochemical efficacy was improved by adding AuNPs to an
electrode. Nanostructured electrode arrays and multi-label
immunocomplexes improve unlabeled voltametric immuno-

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 The scheme illustrates the assembly of a SPR biosensor, starting with a ZnO@Au nanocomposite base layer. Bovine serum albumin (BSA)
and primary antibodies (Abl) are applied to capture Ag, followed by SA and biotin—Ab2 to enhance the signal. GNRs and GSAB-Ab2 are then intro-
duced for signal amplification, creating a sensitive, sandwich-type biosensor for detecting higG. Reproduced from ref. 199 with permission from

[Elsevier], copyright [2022].
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Fig. 14 The scheme illustrates two assays for detecting hTK1 using
recombinant monoclonal antibodies (rmAb). The first panel (I) shows an
ECL dot blot assay for hTK1 identification using hTK1-IgY-rmAb coated
on MBs. The second panel (l) depicts an automated chemiluminescence
analyzer using the same antibodies for hTK1 detection in serum. These
methods provide sensitive detection of hTK1, a potential biomarker for
cell proliferation. Reproduced from ref. 200 under the terms and con-
ditions of the Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/).
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sensor sensitivity. Sandwich assay detects tumor Ag by sand-
wiching them between detection and tracer antibodies. Novel
nanocomposites for tumor marker detection have been devel-
oped alongside NM research. Biomedical research uses anti-
bodies to functionalize NPs. Electrostatic, direct covalent, or
molecular interactions like SA-biotin make it possible to attach
antibodies to NPs. Researchers used biotin-SA quantum-dot
tagging to label extracellular vesicles for rigorous and repeata-
ble immunophenotypic evaluation fluorescently. Indirect
biotin labeling with NP allows regulated Ab bioconjugation,
which may alter target binding site orientation and reduce Ab
reactivity.>*?%*

5.8.1. AFP. AFP is an albuminoid gene family glycoprotein
that regulates cancer and fetal development.>® This protein is
overexpressed in liver carcinomas and necessary for tumor
suppression.”’® AFP serum levels can also identify high- and
low-risk chromosomal abnormalities.>®” Biomarker detection
helps detect and predict cancer and other diseases early.
Therefore, precise and sensitive AFP measurement methods
are needed.”®® Jiang et al. developed an electrochemical immu-
nosensor for AFP detection using AuNPs and a biotin-functio-
nalized amination magnetic NP composite (B-APTES@FeO,)
label. The immunosensor transported B-Ab2 using a cross-
shaped SA with three B-APTES@Fe;0,4-conjugated binding
sites and one open biotin-binding site. SA and
B-APTES@Fe;0, were deposited on the electrode for signal
amplification. According to the immunosensor, HIgG is a
promising method for recognizing macromolecules in blood
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samples with a linear range of 1 pg mL ™" to 10 ng mL " and a
low LOD of 0.33. AFP is detected by the immunosensor, which
is easy to make and sensitive.>*®

In addition, click chemistry, biotin-SA-biotin sandwich
techniques, and Ag-Ab interactions created AFP-detecting fluo-
rescent immunosensors. Three functionalized glasses were
biotinylated with various click chemistry analogs after immo-
bilizing anti-AFP antibodies with biotin, SA, and biotin sand-
wiched together. This study compared biotin functionalization
and click-chemistry immobilization methods for six AFP
microarray sensor fabrication methods. Two functionalization
methods improved microarray sensor performance: epoxy-
silane immobilization with biotin-amine and thiol-silane with
biotin-maleimide. The array’s 9.8 + 2.9 g mL™" sensitivity
made it a fast and affordable screening sensor compared to
more sensitive methods. Sandwiching a second biotinylated
Ab with a fluorescently tagged SA allows label-free detection
(Fig. 15). New antifouling and wettability surfaces should
boost sensitivity. The study shows that binding chemistry can
make sensitive protein biomarker sensors.*'°

A photoelectrochemical (PEC) sensor’s anodic photocurrent
is proportional to solution-solubilized electron donor concen-
tration within a specific range. The multilayer of insulating
protein blocks electrons from the solution’s electron source
from reaching the electrode surface, reducing photocurrent.
Chen, Jiexia, and Guang-Chao Zhao developed encapsulated
electron donors. Electrode electron donors can be created and
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released by enzymatic digestion using this method.
Photocurrent and a signal-on PEC immunosensor improve
AFP detection selectivity and sensitivity. Bio-APOAA and CdSe
QDs were the amplification and photoactive units, respectively.
Physicians can detect tumor markers like AFP with its linear
range of 0.001 to 1000 ng mL™" and low LOD of 0.31 pg mL™".
Clinical laboratories can use the immunosensor to detect AFP
and other tumor markers before cancer screening or monitor-
ing. The PEC immunosensor can detect novel tumor markers,
and this research detects AFP sensitively and accurately. It also
detects trypsin activity and inhibitors.*"*

Identifying alpha-fetoprotein-L3 (AFP-L3) is crucial for diag-
nosing HCC, but current techniques are hampered by low sen-
sitivity and complex procedures. To resolve these issues, scien-
tists have developed a straightforward and highly sensitive
method for detecting AFP-L3, which is essential for diagnosing
HCC. This novel technique employs biotinylated Lens culinaris
agglutinin-linked silver NPs (B-LCA-AgNPs) to circumvent the
insensitivity and complication of existing methods. The
specific bond between Lens culinaris agglutinin and AFP-L3
enables direct AFP-L3 detection via the electrochemical signal
output of AgNPs, circumventing the distinct processes typically
required in clinical contexts. Following the recognition process
between B-LCA-AgNPs and AFP-L3, avidin-biotin interactions
accumulate many AgNPs at the binding site, amplifying the
signal and enabling highly sensitive AFP-L3 detection. This
novel method has a lower detection threshold (12 pg mL™)
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Fig. 15 Representation of the process to create an AFP microarray. The method involves incubating SA with a biotinylated surface, attaching bioti-
nylated anti-AFP antibodies, and reacting with NHS-rhodamine to produce fluorescently labeled AFP. Fluorescence intensity is measured to assess
the microarray’s sensitivity at various AFP concentrations. The microarrays are produced in a controlled humidity environment and imaged after
incubation to confirm pattern integrity. Reproduced from ref. 210 under the terms and conditions of the Creative Commons Attribution (CC BY)

license (https://creativecommons.org/licenses/by/4.0/).
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and a stronger linear correlation (25-15 000 pg mL™") than pre-
vious techniques. In addition, it exhibits outstanding stability
and consistency when analyzing AFP-L3 in human serum
samples, making it a promising diagnostic instrument for
clinical use.*"?

The exceptionally malignant tumor known as HCC exhibits
rapid growth.”"* AFP is the most significant biomarker for
HCC. Due to the unpredictability and instability of antibodies,
Ab-based immunoassays have limitations. In recent research,
aptamer was used instead of immunoassay to recognize AFP
specifically. Aptamer-functionalized magnetic NPs (Ap-MNPs)
were created by attaching the AFP-specific ssSDNA aptamer to
MNPs (Fe;0,@Si0,) via the avidin-biotin interaction. Ap-
MNPs showed a high degree of targeting specificity. Ap-MNPs
and HPLC were used to develop a label-free method for detect-
ing AFP in blood. This technique demonstrates linearity
between 1 ¢ mL™" and 50 ¢ mL™" with a correlation coefficient
of 0.99999 and a LOD of 0.27 g mL™". Ap-MNPs were revealed
to be less effective than IgG, human serum albumin (HSA),
and FIB.*"

5.8.2. EGFR. Overexpression of the epithelial cell prolifer-
ation-regulating EGFR protein is found in NSCLC, breast, and
colorectal cancers.>'® Gefitinib and erlotinib are only used to
treat these cancers in patients with activating EGFR
mutations.>'® Drug sensitivity/resistance mutations predomi-
nate in the Tyr kinase domain (exons 18-21). Searching for
EGFR gene alterations before or during therapy can predict
drug response, but current methods are expensive and time-
consuming. A novel microarray technology using AuNPs and
silver staining can detect EGFR gene mutations faster and
more accurately, enabling personalized therapy. DNA frag-
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ments from EGFR exons 18, 19, and 21 were amplified by poly-
merase chain reaction (PCR). Formulations contained biotin.
Amino-modified oligonucleotides attached biotinylated target
DNA to glass surfaces as capture probes. PCR products’ 5-term-
inal biotin transferred SA-coated AuNPs to the microarray,
enhancing and illuminating hybridization signals. A microar-
ray-based on AuNPs identified EGFR mutations in 286 cancer
patient samples, which were confirmed by Sanger DNA
sequencing. The researchers developed a visual DNA microar-
ray that can detect EGFR mutations in tumor tissue samples
and 5% gene mutations in mixed samples with a LOD of
10-9 mol L™'. Fast, simple, inexpensive, and sensitive, this
technique could be used in clinical settings.*"”

EGFR was detected by a sandwich electrochemical aptamer/
Ab immunosensor with high sensitivity and specificity in a
second experiment. Biotinylated anti-human EGFR Apts were
immobilized on SA-coated MBs as capture probes and Abs as
signaling probes. Apt-EGFR-Ab sandwiched between MBs was
tested for EGFR complexation using AuNPs in HCI and differ-
ential pulse voltammetry (DPV). The immunosensor had a
dynamic concentration range of 1 to 40 ng mL™", a low LOD of
50 pg mL™", and a relative standard deviation (RSD) of less
than 4.2% under optimal conditions (Fig. 16). Magnetic par-
ticles separated samples quickly and precisely. This study
shows immunosensors assess chemotherapy efficacy in breast
cancer samples.”'®

Scientists developed an automated DNA modification detec-
tion method. With the right treatments, this cutting-edge
method can identify somatic EGFR gene mutations and treat
NSCLC. BacMPs from Magnetospirillum magneticum AMB-1
were linked to SA to determine the minimum tumor cell

EGFR biomarker
(antigen)

@)

E

Fig. 16 The main steps of the protocol for an assay to detect the EGFR biomarker using SA-coated MBs and AuNPs. The process involves attaching
a biotinylated EGFR aptamer to the beads, blocking with dried milk, binding the EGFR Ag, and linking AuNP-tagged anti-EGFR antibodies to form a
sandwich complex. This complex is isolated with a magnet, and the presence of EGFR is quantified using the DPV of the AuUNPs. The method allows
for sensitive detection of EGFR in varying concentrations, demonstrated through DPV measurements. Reproduced from ref. 218 with permission

from [Elsevier], copyright [2015].
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count, speeding up the procedure and eliminating the labor-
ious task of removing normal cells. The target PCR products
from these BacMPs were biotin-labeled. The detection process
integrated target PCR results with markers and fluorescent
signals. An XYZ movable hand, 96-way automatic pipetter,
solution dispenser, and fluorescent reader were used for novel
automatic processing. Clinical lung cancer EGFR gene testing
is possible with this versatile method. In less than 3.5 hours, it
can detect in-frame deletions and point substitutions in the
EGFR gene, even at low mutation rates.*"’

5.8.3. PSA. PSA is the greatest indicator for diagnosing
prostate cancer and azoospermic sperm in sexual assault
patients.*”* Most PSA assay techniques require specialized
testing centers with large analyzers, increasing costs and delay-
ing patient care. For point-of-care patient management, novel
biosensor detection technologies may be compacted.”*' This
section will investigate novel PSA detection methods based on
biotinylated NPs. A novel form of portable biodevice with a
sandwich structure and high sensitivity has been developed to
detect PSA. The device was created by modifying graphene
GQDs nanoink with citrate-capped AgNPs. In addition, AuNPs
functionalized with cysteamine (Cys-AuNPs) were used to
amplify the signal, as they afforded a large surface area for
immobilizing biotinylated PSA Ab. The immuno-device was
made by directly printing citrate-AgNPs-GQD nano-ink on cell-
ulose paper and then modifying it with cys-AuNPs. The
immuno-device was created when PSA and Ab1l (Ag) were
added. DPV in immunosensors was used to detect PSA.
Although the initial immuno-device had a low LOD of 0.07 g
L' and a linear calibration plot range of 0.07 to 60 g L™, it
made a good impact. With a linear range between 10 and
0.05 g L™, the lower limit of quantitation (LLOQ) for the
second immunodevice was between 0.05 and 0.05 g L*
(Fig. 17). Due to its effective ability to monitor PSA glyco-
protein in untreated human serum samples, the immunosen-
sor may be utilized as a portable biotechnology device for PSA
testing.”*?

[ (¥
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paper electrode
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Recent advancements in ECL have led to the development
of more sensitive magnetic microbiosensors. Improvements in
the distribution and enrichment of sandwich MBs have been
achieved through double magnetic field actuation. Innovations
include the use of circular-disc magnets, diamagnetic com-
ponents, and external magnet actuation to preconcentrate
MBs. These enhancements have significantly increased the
sensitivity of ECL biosensors, demonstrating their potential to
detect cancer biomarkers and exosomes with superior
efficiency.**?

5.8.4. CEA. Normal fetal development generates a protein
known as CEA, while healthy adult tissues produce little to no
CEA. Nevertheless, several malignancies may stimulate or
elevate CEA levels, including pancreatic, colorectal, lung, and
breast tumors. CEA blood tests may be used as tumor markers
to monitor cancer progression and evaluate treatment
efficacy.>**

Using redox probe tag identification technology, immuno-
sensors were developed to detect four Ag, including CEA simul-
taneously. To immobilize capture antibodies on an electrode
surface, a hybrid graphene/gold coating was co-deposited.
Additional signal markers were added to the immunosensor in
order to increase its sensitivity by detecting Ab bioconjugates
via hybridization chain reaction (HCR) and biotin/SA methods.
The signal was enhanced and amplified using AuNPs. The
novel immunosensor detects AFP, CEA, CA 125, and PSA bio-
markers within specific concentration ranges with greater sen-
sitivity than comparable devices. The immunosensor demon-
strated linear correlations between 0.2 and 800 pg mL ™" for
AFP, CEA, CA 125, and PSA, with respective LODs of 62, 48, 77,
and 60 fg M~*.>*?

Innovative techniques include a single-particle, inductively
coupled plasma mass spectroscopy (ICP-MS)-based magnetic
immunoassay for the simultaneous detection of CYFRA21-1,
CEA, as well as CA 15-3. Antibodies were labeled with AuNPs,
ZnSe QDs, and AgNPs so that single-particle ICP-MS would be
sensitive enough to identify the target Ag. Biomarkers were

Fig. 17 This illustration shows the steps for fabricating a paper-based electrochemical biosensor. It begins with a bare electrode modified with
AgNPs and GQDs, followed by Ab immobilization, blocking with BSA to prevent non-specific binding, Ag capture, and finally, detection with a sec-
ondary antibody (Ab2), leading to signal generation for analysis. Reproduced from ref. 222. with permission from [Elsevier], copyright [2020].
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effectively collected using MNPs coated with biotinylated anti-
bodies (Fig. 18). With LODs of 0.02 ng mL™*, 0.006 ng mL™",
and 0.25 mU mL™', CYFRA21-1, CEA, and CA 15-3 exhibited
linear concentration ranges of 0.05-50 ng mL ™", 0.02-100 ng
mL ™", and 0.6-250 mU mL™", respectively. Blood samples from
patients with lung cancer revealed simultaneous detection of
all three biomarkers, with recovery rates ranging from 89.8 to
101.0%. The biomarkers’ RSDs were 3.2%, 4.4%, and 4.4%,
respectively, indicating their precision.?*°

5.8.5. CA 125. Because the epithelial cells of the ovaries
produce the biomarker CA 125, which is frequently used to
detect ovarian cancer, healthy women typically have low levels
of it. However, CA 125 blood levels may be significantly higher
in ovarian cancer patients.””” QDs are a prospective replace-
ment for organic pigments in fluorescence imaging owing to
their distinctive refractive and electrical characteristics. QDs
possess more excellent photostability, broader absorption
spectra, narrower, symmetrical, and adjustable emission
spectra, and greater fluorescence and quantum efficiency than
natural dyes.””® CA 125 is essential for clinical diagnosis
because it is overexpressed in over 80% of nonmucinous
ovarian carcinomas.?®” Wang et al. directly detected CA 125 in
cells and tissue slices by combining biotin-SA with ZnS-encap-
sulated CdSe QDs. The scientists discovered that QDs pro-
duced more vivid images than FITC and had extraordinary
photostability under continuous illumination, making them
ideal for imaging dense specimens.>*°

Recombinant DNA technology has combined the variable
domain of a single-chain Ab with the core-SA domain in order
to precisely deliver biotinylated therapeutic drugs to ovarian
cancer cells. The bifunctional fusion protein (bfFp) was syn-
thesized in Escherichia coli using the T7 expression method,
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then isolated and purified using an immobilized metal chelate
affinity chromatography (IMAC) column. Confocal laser scan-
ning microscopy (CLSM), ELISA, and western blotting all
demonstrated that bfFp binds to biotin and anti-CA 125,
respectively. CLSM was utilized to verify the specificity and
bifunctional activity of bfFp’s binding to OVCAR-3 cells, while
ELISA and western blot analyses confirmed its specificity and
bifunctional activity. bfFp increased the binding of biotiny-
lated Ag and liposomes to OVCAR-3 cells as compared to
control EMT6 cells lacking CA 125 expression. Using bfFp to
target biotinylated medicinal medications, NPs, proteins, or
liposomes may be feasible and effective for treating ovarian
cancer patients. By administering the bfFp-therapeutic combi-
nation intraperitoneally, the most common site of metastasis
may be effectively targeted.?**>*!

5.8.6. CA 15-3. Breast cancer cells generate the protein CA
15-3, which is then secreted into the circulation.>*! Its concen-
trations are employed as a biomarker to track the development
of breast cancer, gauge how well treatments are working, and
identify any recurrences following therapy.”*> For breast cancer
treatment to be successful, CA 15-3 must be accurately and
promptly quantified.”®® In order to resolve this problem,
Nakhjavani, Sattar Akbari, et al. performed research to create a
trustworthy approach for spotting even the smallest change in
CA 15-3 that would enable quick quantification of patients.
The scientists created an easy-to-use immunogen that is very
sensitive and specific for detecting CA 15-3, even in human
serum. They used SA binding to alter a gold electrode such
that biotinylated monoclonal antibodies directed against CA
15-3 could be immobilized. Utilizing a sandwich signal boost
consisting of SA-coated MNPs and biotinylated HRP, the anti-
CA 15-3 biotinylated mAb’s sensitivity was significantly

o—o=-&

"4 BSA ©CA15-3 (B3 nenes

O CYFRA21-1
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Fig. 18 The serum of those with lung cancer may be analyzed using magnetic immunoassay and single molecule inductively coupled plasma mass
spectrometry to identify three tumor biomarkers. To achieve this, a sandwich assay employing Ab-immobilized magnetic NP is used. Reproduced

from ref. 226 with permission from [Elsevier], copyright [2020].
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increased. Albumin from bovine serum was used to prevent
non-specific binding. Based on square wave voltammetry
experiments conducted under improved electrochemical con-
ditions, a lower LOD of 15 106 U mL™" was determined, with a
linear range of CA 15-3 values from 50 to 15106 U mL™". The
designed immunosensor was more sensitive and stable than
the industry-standard ELISA technique. As a result, it is
advised to use the developed immunosensor for the clinical
diagnosis of CA 15-3 and other cancer biomarkers to guarantee
precise and fast patient quantification for efficient breast
cancer treatment.>**

Different research used enzyme immunoassay with scan-
ning electrochemical microscopy (SECM) to identify CA 15-3.
First, two matching antibodies were used in a sandwich
approach to concentrate and immobilize CA 15-3 on a flat sub-
strate. While the second Ab was marked with HRP, the first Ab
was collected on a substrate coated with SA. When H2Q and
H,0, were combined, HRP on the combination of CA 15-3
with the two antibodies catalyzed a process that changed H2Q
into benzoquinone (BQ), an electroactive compound. The
quantity of CA 15-3 that SECM measured and captured was in
line with the reaction’s produced reduction current of BQ. The
researchers concentrated the Ab-Ag-Ab* combination on the
substrate using a microcell to boost the method’s sensitivity.
The LOD for CA 15-3 determined by this approach was 2.5 U
mL™%. In conclusion, CA 15-3 was concentrated and immobi-
lized on a substrate, and its detection by SECM-enzyme
immunoassay was accomplished by observing the reduction
current of the electroactive product produced by the HRP-cata-
lyzed reaction. The concentration of the Ab-Ag-Ab* combi-
nation in a microcell boosted the method’s sensitivity.>*’

5.8.7. MMP-1. Because it aids tumor cell invasion and
migration, the extracellular matrix (ECM) protein-degrading
enzyme MMP-1 is regarded as a cancer biomarker.>*®
Increased MMP-1 levels have been linked to a poor prognosis
and worse survival rates in several cancer types.*?”*3®
Researchers have raised the possibility of using MMP-1 as a
biomarker for cancer diagnosis, prognosis and treatment.>*’
Researchers have developed a sensitive biosensor that ident-
ifies MMP-1 using a magnet separation method and an avail-
able pregnancy screening strip. Two DNA biomarkers, peptide-
DNA1 and hCG-DNA2, are coupled with SA-modified biotin-
labeled magnetic NP-binding peptides. hCG probes in a solu-
tion can impart color to test strips for MMP-1 detection follow-
ing magnetic separation. Peptide-DNA1 and hCG-DNA2 are
discharged into the solution after MMP-1 has degraded them.
This technique surpasses ELISAs for specificity and interfering
resilience in biological specimens. It has been demonstrated
to be an effective method for detecting oral cancer, particularly
when used for extensive screening (Fig. 19).>*°

5.8.8. Human epidermal growth factor receptor 2 (HER2).
Breast, ovarian, and gastric cancers are among the cancer
types in which the cancer biomarker HER2 is frequently
observed at elevated levels.”*' This transmembrane receptor
protein is crucial in regulating cell division, proliferation, and
differentiation. However, excessive HER2 expression can con-
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tribute to tumor development and therapy response.”*> As a
result, HER2 is an essential biomarker for detecting and treat-
ing cancer, particularly since its overexpression is associated
with poor prognoses and shorter survival rates.”*
Biodegradable NPs comprised of gelatin and HSA were
designed to employ them as efficient drug delivery systems for
tumor cell targeting. Through the surface modification with
the biotin-binding protein NeutrAvidin™, these NPs were able
to form avidin-biotin complexes and bind biotinylated drug-
targeting ligands. Trastuzumab (Herceptin®), which was
attached to the surface of these NPs and demonstrated precise
targeting of HER2-overexpressing cells, was also utilized in the
study. It was discovered that the quantity and timing of Ab-
conjugated NP attachment to the surface of HER2-overexpres-
sing cells are crucial. NPs were effectively ingested by HER2-
overexpressing cells via receptor-mediated endocytosis, as
demonstrated by confocal laser scanning microscopy.
According to these findings, combining NPs and antibodies
directed against specific tumor Ag may be an efficient method
of selective drug delivery for treating cancers that express these
Ag. This is the first study to demonstrate the effectiveness and
precise targeting of protein-based NPs as drug delivery
systems.'!

Wang and colleagues have created a novel method for
testing the HER2 tumor biomarker-binding capacity of pep-
tides. Utilizing in situ single-bead sequencing on a microarray,
this method proved successful in identifying two peptides with
nanomolar affinity for HER2. Breast cancer, the most prevalent
cancer among women, often exhibits overexpression of HER2.
Peptides have significant advantages over antibodies as mole-
cular probes for tumor detection and therapy monitoring
owing to their small size, low immunogenicity, high pene-
tration, biocompatibility, and simplicity of chemical modifi-
cation. Two new octapeptides, H6 and H10, were found when
the researchers used the OBOC combinatorial library tech-
nique to screen 7 x 10° candidates for affinity peptides. Several
techniques, including cell culture, confocal fluorescence
imaging, SPR imaging, and in vivo, fluorescence imaging, were
used to establish the selectivity of these peptides towards
HER2. These peptides showed HER2 with excellent affinity and
specificity. In contrast to traditional QDs-only probes, these
peptides might be turned into useful in vivo imaging probes
when paired with NMs (Fig. 20). In conclusion, the effective
in situ single-bead sequencing technique used in this work is a
potential tool for peptide probe validation in live cancer cells
and in vivo explant mouse models, and it may be helpful in
breast cancer imaging and diagnostics.>**

5.8.9. CYFRA21-1. A fragment of protein known as
CYFRA21-1 is excreted by cancer cells and is readily detectable
in the blood, making it a useful biomarker for lung cancer
detection.”*® Cancer or its recurrence after treatment can be
detected by measuring CYFRA21-1 levels in the blood, making
it a valuable tool for tracking its progression.>*® Biotin-conju-
gates can be employed to detect CYFRA21-1 cancer bio-
markers, and SA-conjugated detection reagents can visualize
the binding event when biotin-conjugated antibodies bind

This journal is © The Royal Society of Chemistry 2024
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Fig. 19 (A) To detect MMP-1, peptide-DNA, and hCG-DNA sensors are combined with pregnancy test strips. A diagram depicting the detection pro-
cedure is presented. (B) The relationship between the highest value of the T-line on a pregnancy test sheet and the MMP-1 levels is inverse. (C) The
development of color findings to identify MMP-1 at an amount of 50 ng mL™! and the outcomes for possible interfering substances at a concen-
tration of 1 M are displayed. Using data points between 0 and 10 ng mL™* MMP-1, the curve for the pregnancy strip test and ELISA detection signal is
fitted. (D) The detection of MMP-1 in human saliva samples is reported using both pregnancy test strips and the ELISA method. Comparing points of
data that range from 0 to 10 ng mL™* MMP-1, the ELISA detecting signal and the fitting curve derived from pregnancy test strip results are examined.
(E) The error bars in the MMP-1 detection results from human saliva specimens using the pregnancy test strip and ELISA techniques represent the
standard deviation of trials conducted in triplicate. Reproduced from ref. 240 with permission from [American Chemical Society], copyright [2022].
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(A) A diagram showing two newly found peptides, H6 (YLFFVFER) and H10 (KLRLEWNR), which have a KD of 10-8 M and display a strong

affinity for the HER2 tumor biomarker. These peptides were extracted using a screening approach from a library of 10° peptides. When conjugated
to NPs in vivo, H6 and H10 probes predominantly accumulated in HER2-positive tumor tissues of xenografted mice. Using H6-QD and H10-QD
probes, in vivo and ex vivo imaging of tumors in mice was performed. Imaging in vivo with fluorescence (I, Il) revealed the accumulation of peptide
probes in malignancies. Experiments involving biodistribution and ex vivo fluorescence imaging were conducted on tumor-bearing null mice that
had been dissected. After quantifying the fluorescence signals from ex vivo experiments, the mean fluorescence intensity of three separate obser-
vations was calculated. Reproduced from ref. 244 with permission from [American Chemical Society], copyright [2015].

specifically to CYFRA21-1.>” Zhang and team have innovated
a PEC immunosensor that can detect the biomarker CYFRA21-
1 with high precision by switching signal polarity. They have
leveraged the unique properties of PTCA, enhanced with SnS2,
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to improve the immunosensor’s signal and stability. Using
biotin-labeled antibodies and avidin-functionalized NPs
enables the sensor to reverse its photocurrent polarity, heigh-
tening the detection sensitivity. This sensor stands out for its
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broad linear detection range and exceptionally low detection
limit, showing promise for advanced protein detection
methods.**®

5.8.10. CA19-9. The biomarker CA19-9 is frequently
detected in blood samples from people with pancreatic ductal
adenocarcinoma (PDAC), a severe type of pancreatic cancer.
Surprisingly, increased CA19-9 levels may also indicate colorec-
tal, ovarian, gastric, bile duct, and stomach cancers. With a
sensitivity of around 80%, CA19-9 is an effective pancreatic
cancer biomarker, predictor, and promoter. False-negative
results may happen in those missing the Lewis Ag, which
impacts the generation of CA19-9. In contrast, false positive
results can happen in inflammatory illnesses and non-pan-
creatic malignancies. Six tumor markers—AFP, CEA, -hCG, CA
125, CA 19-9, and CA 15-3—were combined into a multiplex
immunoassay method to solve this problem. Utilizing F(ab’)2
fragments of the capture antibodies, sandwich immunoassays
improved fluorescence signals. On silylated slides, microarrays
were produced employing capture antibodies. Using F(ab’)
2 microarrays to detect various Ag concentrations, the
researchers produced calibration curves and identified the
exact combinations of markers to be detected concurrently.
They compared the findings with the immunoradiometric test
results and derived a broad-range calibration curve and an
R-value for each analyte based on clinical samples. The cali-
bration curves for AFP, CEA, and -hCG ranged from 0 to 640 g
17", whereas those for CA 125, CA 19-9, and CA 15-3 ranged
from 0 to 1280 kU 17*.>*° various medical disciplines, includ-
ing cancer, may benefit from evaluating series indicators using
Ab fragment microarrays, which have shown encouraging
results.

Another groundbreaking study proposes a biosensor that
measures 12 tumor markers concurrently using a giant magne-
toresistance (GMR) sensor chip (Fig. 21A), a microfluidic
system, and magnetic nano-beads. This biosensor can rapidly
and precisely identify tumor markers in blood samples using a
double Ab sandwich immunoassay technique. It could be used
for point-of-care testing (POCT) for the early identification of
cancer. Additionally, a more effective method for biotin label-
ing is offered, expanding the clinical uses for the biosensor.
These 12 tumor markers are AFP, CEA, CYFRA21-1, NSE, squa-
mous cell carcinoma Ag (SCC), human pepsinogens I (PGI)
and II (PGII), CA19-9, total PSA, free PSA, free-hCG, and thyro-
globulin (Tg). Numerous cancer types, including lung, liver,
digestive system, and prostate cancers, are associated with
these indicators. The detecting platform is a GMR sensor chip
comprising several GMR sensors that track changes in the
magnetic field brought on by magnetic nano-beads. These
nano-beads are covered with biotinylated detection antibodies
that bind to Ag on the sensor surface to capture the antibodies
that are caught. This creates a sandwich immunoassay con-
figuration, resulting in magnified magnetic signals when the
Ag is present. A microfluidic device controls the flow of
samples and chemicals using a microfluidic chip with several
channels and a syringe pump to control flow and rate. A
biotin-PEG-NHS ester is used as the biotinylation reagent in

This journal is © The Royal Society of Chemistry 2024
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the enhanced biotin labeling technique, which reacts with
primary amine groups on antibodies. This compound has a
lengthy PEG chain, which lowers steric resistance and boosts
Ab solubility. The 12 tumor markers tested showed broad cali-
bration curves, excellent specificity, and agreement with the
traditional immunoradiometric assay (IRMA) technique for
clinical samples in tests with standard solutions and clinical
samples (Fig. 21B). The biosensor also offers the advantages of
high throughput, small sample size, and quick assays.>*°

Table 2 provides a summary of biotin-based conjugates
designed for detecting tumor markers. The conjugates consist
of biotinylated antibodies, peptides, aptamers, NPs, and
additional agents that target various tumor markers. The table
also displays the detection techniques employed, including
electrochemical-immunosensor, ELISA, immunohistochemis-
try, and others.

6. Limitations and future directions
6.1 Biotin as a versatile molecular tag for cancer detection

The use of biotin as a molecular tool for cancer diagnosis has
gained significant attention in the scientific community.
Biotin possesses a strong binding affinity for avidin or SA,
which has paved the way for its incorporation into various
diagnostic platforms.>®® In the context of cancer diagnosis,
biotin has been extensively utilized as a versatile molecular tag
for the specific and sensitive detection of cancer biomarkers.
One prominent application of biotin in cancer detection is
through the functionalization of NPs. Biotinylated NPs offer
several advantages, including augmented target specificity,
signal amplification, and increased imaging contrast.
Furthermore, these NPs can be tailored to selectively identify
and adhere to biotin receptors, which are frequently over-
expressed on cancer cell surfaces.”> Through the conjugation
of biotin to NP surface, researchers can achieve precise tumor
targeting and visualization using imaging modalities such as
magnetic resonance imaging (MRI), PET scanning, and optical
imaging. This conjugation can be accomplished through
various strategies, such as covalent attachment or surface
modification techniques. For instance, tethering biotin mole-
cules to the NP surface via chemically stable covalent bonds
enhances long-term stability and target specificity.>*®
Alternatively, biotin can be incorporated through surface
coating or functionalization, enabling reversible interactions
with avidin or SA for efficient detection and imaging.

In diagnostic assays, biotin serves as an integral component
in immunoassays and biosensors utilized for detecting cancer
biomarkers.**® Biotinylated antibodies or aptamers, which are
specific to the target biomarkers, are used to sequester the
analyte of interest. The subsequent addition of avidin or SA
conjugated with fluorescent dyes, enzymes, or NPs, along with
robust interaction between biotin and avidin/SA, allows signal
amplification and ultrasensitive detection of.

Despite the numerous advantages of using biotin in cancer
diagnosis, several limitations must be considered for the prac-
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system’s construction in (IV). The GMR multi-biomarker immunoassay's reaction mechanism is covered in the following component (V). (VI) The last
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copyright [2018].
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tical application of this approach. One major concern is the
potential for non-specific binding of biotin to endogenous
biotin-binding proteins in biological samples.>*® This nonspe-
cific binding can result in false-positive signals, compromising
cancer biomarker detection accuracy. Thus, careful optimiz-
ation of experimental conditions, such as the biotin density on
the diagnostic platform and the use of blocking agents, is
crucial to minimize non-specific interactions and enhance the
specificity of biotin-based assays.>>” Moreover, elevated levels
of biotin in blood samples due to supplementation can inter-
fere with certain biotin-based diagnostic tests. This biotin
interference is a critical factor that could result in inaccurate
test outcomes, thereby impacting clinical decision-making.>*®
In addition to NP-based applications, biotin has also
proven to be instrumental in developing biotin electrosensors,
which have shown promise in cancer diagnosis. These sensors
exploit the specific binding between biotin and avidin/SA to
enable sensitive and selective detection of cancer biomarkers.
These electrosensors typically consist of a biotinylated capture
probe immobilized on an electrode surface which is specifi-
cally designed to recognize and bind the target biomarker.
Upon binding, the sensor generates a measurable and quanti-
fiable electrochemical signal. Biotin electrosensors are advan-
tageous as they provide a label-free detection method, elimi-
nating the need for additional labeling steps and reducing
assay complexity. This simplifies the detection process and
improves the overall efficiency of the diagnostic assay.
Furthermore, biotin electrosensors can achieve high sensitivity
and selectivity due to the strong and specific interaction
between biotin and avidin/SA. The binding event between the
target biomarker and the biotinylated capture probe leads to a
measurable change in the electrochemical signal, enabling the
detection of cancer biomarkers even at low concentrations.
Biotin electrosensors offer exciting possibilities for cancer
diagnosis, but some hurdles need to be cleared for reliable
detection. A key challenge is optimizing the sensor’s perform-
ance. This involves selecting a high attraction and specificity
capture probe for the target cancer biomarker. Fine-tuning the
electrode surface’s chemistry and the detection conditions are
also crucial for maximizing sensitivity and achieving a wider
range of detectable concentrations with a low minimum detec-
tion level. Researchers are further exploring various electrode
materials and designs to improve sensitivity and stability.
Another significant hurdle is the non-specific binding of bio-
molecules in complex samples, leading to false-positive
signals. To address this, scientists are investigating appropri-
ate blocking agents to prevent unwanted interactions with the
electrode surface. Additionally, control experiments are essen-
tial to differentiate specific binding from non-specific inter-
actions. By overcoming these challenges, biotin electrosensors
can potentially become a valuable tool for cancer diagnosis.
Several strategies have been employed to improve the per-
formance of biotin electrosensors. One approach entails the
incorporation of NMs into sensor design. NMs, such as carbon
nanotubes, graphene, and metal NPs, have unique properties
that can enhance the electrochemical signal and improve the
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sensor’s performance. These NMs can serve as highly conduc-
tive platforms, providing an expansive surface area for immobi-
lizing the biotinylated capture probe and facilitating electron
transfer during the detection procedure. The integration of
NMs into biotin electrosensors has demonstrated enhanced
sensitivity, selectivity, and stability. Additionally, signal ampli-
fication techniques have been employed to improve the detec-
tion limits of biotin electrosensors, particularly when targeting
low-abundance cancer biomarkers. One commonly used ampli-
fication method involves enzymatic amplification, wherein
enzymes catalyze the conversion of a substrate into a detectable
product. For instance, SA-conjugated HRP can be employed
after binding the target biomarker to the biotinylated capture
probe. The HRP catalyzes the oxidation of a chromogenic sub-
strate, producing a colored or fluorescent product that can be
easily detected and quantified. This enzymatic amplification
step significantly enhances the sensitivity of the biotin electro-
sensor. Moreover, integrating microfluidics technology with
biotin electrosensors has shown great potential in improving
the efficiency and reliability of cancer diagnosis. Microfluidic
devices provide precise control over sample flow, enabling rapid
and accurate analysis of biological samples. By integrating
biotin-functionalized surfaces within microfluidic channels,
cancer biomarkers can be efficiently captured and detected,
with the added benefits of reduced sample volume, faster ana-
lysis time, and multiplexed detection capabilities.

In summary, integrating biotin as a molecular tag in cancer
diagnosis represents a versatile and robust approach for the
specific and sensitive detection of cancer biomarkers. Its appli-
cation in NP-based platforms and the development of biotin elec-
trosensors are particularly promising. Biotin electrosensors afford
label-free detection with high sensitivity and selectivity. However,
challenges remain, such as optimizing sensor performance and
addressing non-specific binding. Ongoing advancements in elec-
trode materials, NM integration, signal amplification strategies,
and microfluidics technology are expected to enhance the capa-
bilities of biotin electrosensors in cancer diagnosis, paving the
way for early and accurate detection of cancer biomarkers.

6.2 Regulatory and manufacturing challenges

The successful translation of biotin-functionalized NPs from
bench to clinical practice necessitates tackling regulatory and
manufacturing challenges. The regulatory pathway for nano-
medicines is rigorous and mandates exhaustive evaluation of
safety, efficacy, and quality assessments.”>® Additionally,
scaling up the production of biotin-functionalized NPs while
maintaining batch-to-batch consistency and quality control
poses significant manufacturing challenges. Future efforts
should be channeled toward establishing standardized proto-
cols and guidelines pertinent to the production, characteriz-
ation, and quality control of biotin-functionalized NPs.
Multidisciplinary collaboration between researchers, clini-
cians, regulatory agencies, and pharmaceutical manufacturers
is crucial to streamlining the translation pipeline and ascer-
taining the reproducibility, safety, and quality of these NPs for
widespread clinical use.*®°
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Overcoming the challenges associated with the diagnosis by
biotin conjugation on nanosensors requires careful consider-
ation and implementation of several strategies. One of the
primary challenges in utilizing biotin conjugation on nanosen-
sors for diagnosis is the potential for non-specific binding,
leading to false-positive signals and reduced specificity. To
overcome this challenge, researchers can employ several tech-
niques. Firstly, optimizing the density of biotin molecules on
the nano carrier’s surface is crucial. By controlling the density,
researchers can minimize the chances of non-specific inter-
actions while ensuring sufficient binding sites for the target
biomarkers.>®" Additionally, blocking agents, such as BSA or
casein, mitigate non-specific binding by occluding unoccupied
sites on the nanocarrier’s surface.

Achieving high target specificity is vital for accurate cancer
diagnosis. One strategy to enhance specificity is to carefully
select the targeting ligands in addition to biotin.**> By incor-
porating ligands specific to cancer cells or tumor biomarkers,
the nanosensors can be designed to specifically recognize and
bind to cancer cells, reducing off-target interactions. Moreover,
utilizing a combination of targeting ligands can further
enhance the specificity of the nanovehicles. For example, anti-
bodies or aptamers specific to cancer biomarkers can be con-
jugated along with biotin, allowing for dual targeting and
improved specificity.>®

Stability is crucial for successfully implementing biotin
conjugation on nanosensors for diagnostic purposes. Stable
and long-lasting conjugation is essential to ensure the integrity
of the NPs during storage, transportation, and analysis. The
covalent attachment of biotin to the nano carrier’s surface pro-
vides stable conjugation and long-term stability. Additionally,
proper surface modification techniques, such as functionaliz-
ing the NPs with hydrophilic polymers or introducing a protec-
tive coating, can enhance stability and prevent degradation or
detachment of the biotin conjugates.>®*

The development and optimization of diagnostic assays
play a vital role in overcoming challenges associated with
biotin conjugation on NPs.>®®> Optimization involves determin-
ing the optimal assay conditions, including incubation time,
temperature, and buffer composition, to maximize the binding
efficiency and non-specific  interactions.
Additionally, utilizing appropriate controls, such as negative
controls and isotype controls, helps validate the specificity of
the biotin-conjugated NPs in the diagnostic assays.>*®
Employing a multimodal detection approach by integrating
multiple techniques can further enhance the accuracy and sen-
sitivity of the diagnosis by biotin conjugation on nanosensors.

For instance, incorporating imaging modalities, such as
MRI, PET, or optical imaging, alongside the biotin-conjugated
nano-biosensors can provide multimodal detection and visual-
ization of cancer cells or tumors.>®” This integration allows for
complementary information from different detection modal-
ities, improving the overall diagnostic performance.

By implementing these strategies, researchers can overcome
the challenges associated with diagnosis by biotin conjugation
on nanosensors. These approaches contribute to developing

minimize
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more reliable and accurate diagnostic platforms, ultimately
improving patient outcomes through early and precise detec-
tion of cancer biomarkers.

7. Conclusion

Biotin-functionalized NPs represent a significant breakthrough
in the field of oncological diagnostics, showcasing exceptional
specificity and efficiency through targeted delivery and innova-
tive surface modifications. These NPs utilize the strong affinity
between biotin and avidin or streptavidin, facilitating precise
tumor targeting and enhanced imaging contrast that are crucial
for early detection and accurate cancer diagnosis. This review
systematically explores the application of biotin in various diag-
nostic platforms, where its conjugation to NPs significantly
improves signal sensitivity and diagnostic accuracy while also
enabling the detailed visualization of tumor sites. Despite their
numerous advantages, challenges such as non-specific binding
remain a concern. This issue can be effectively managed by opti-
mizing the biotin density on the NPs and employing robust
blocking agents to refine assay conditions, thereby minimizing
false positives and enhancing reliability. Looking to the future,
the potential integration of biotin-functionalized NPs with
cutting-edge developments in nanosensor technology, micro-
fluidics, and advanced signal amplification techniques is
expected to revolutionize cancer diagnostics. Such advance-
ments will not only enhance the capacity for early tumor detec-
tion but also significantly improve the precision of diagnostic
processes. This progress promises to pave the way for highly per-
sonalized therapeutic strategies, ultimately improving patient
management outcomes and reducing the overall burden on
healthcare systems. By pushing the boundaries of current
technologies and continuing to integrate these innovative tools
into clinical practice, biotin-functionalized NPs are composed
to transform the landscape of cancer diagnostics and therapy,
offering new hope for patients and clinicians alike.
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Abbreviations

Ag Antigen
CTC Circulating cancer cell
CA 125 Cancer Ag 125

CA 15-3 Cancer Ag 15-3

NPs Nanoparticles

NP Nanoparticle

MRS Magnetic resonance spectroscopy
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CT
PET
ELISAs
NMs
NM
UNPs
MNPs
QDs
CNTs
SA
Tyr
PEG
HER2
SMVT
HRP
T3

T4

Ab
hCG
EGFR
MBs
EpCAM
HNPs
NSCLC
HCC
ROS
SPR
GSH
Cys
NOXs
02’
H,0,
SODs
TRX
PRX
GPX
ER
Hcy
MQ
ICT
LOD
AuNP
FA
GEM
HWTX-1
ICK
PcTx1
GBM
PBS
HTTP
Zn0O
SPR
BSA
Ab1
Biotin-Ab2
GNRs

X-ray computed tomography
Positron emission tomography
Enzyme-linked immunosorbent assays
Nanomaterials

Nanomaterial

Up-conversion nanoparticles
Magnetic nanoparticles
Quantum dots

Carbon nanotubes

Streptavidin

Tyrosine

Polyethylene glycol

Human epidermal growth factor receptor 2
Sodium-dependent multivitamin transporter
Poly-horseradish peroxidase
Triiodothyronine

Thyroxine

Antibody

Human chorionic gonadotropin
Epidermal growth factor receptors
Magnetic beads

Epithelial cell adhesion molecule
Hybrid nanoparticles

Non-small cell lung cancer
Hepatocellular carcinoma
Reactive oxygen species

Surface plasmon resonance
Glutathion

Cysteine

NADPH oxidases

Superoxide

Hydrogen peroxide

Superoxide dismutases
Thioredoxins

Peroxiredoxins

Glutathione peroxidases
Endoplasmic reticulum
Homocysteine

Mono-quenching

Intramolecular charge transfer
Limit of detection

Gold nanoparticle

Formaldehyde

Gemcitabine

Huwentoxin-I

Inhibitor cystine knot
Psalmotoxin 1

Glioblastoma
Phosphate-buffered saline
High-throughput

Zinc oxide

Surface plasmon resonance
Bovine serum albumin

Primary antibodies

Biotinylated secondary antibodies
Gold nanorods
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GSAB-Ab2
higG

ECL

hTK1

CEA
CYFRA21-1
CA 19-9
B-hCG
PGI/PGII
NSE

PEC
AFP-L3
Ap-MNPs
HAS
PCR
DPV
RSD
Cys-AuNPs
LLOQ
Ab2
ICP-MS
bfFp
IMAC
CLSM
SECM
BQ
MMP-1
PDAC
GMR
POCT
SCC

PGI

Tg
IRMA
MRI
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Secondary gold-SA-biotinylated antibodies
Human immunoglobulin G
Electrochemiluminescence

Human thymidine kinase 1
Monoclonal antibody

Recombinant monoclonal antibodies
Alpha-fetoprotein

Carcinoembryonic Ag

Cytokeratin protein fragment 21-1
Cancer Ag 19-9

Beta-human chorionic gonadotropin
Serum pepsinogens

Neuron-specific enolase
Photoelectrochemical
Alpha-fetoprotein-L3
Aptamer-functionalized magnetic NPs
Human serum albumin

Polymerase chain reaction

Differential pulse voltammetry
Relative standard deviations

AuNPs functionalized with cysteamine
lower limit of quantitation

Secondary antibody

Inductively coupled plasma mass spectroscopy
Bifunctional fusion protein
Immobilized metal chelate affinity chromatography
Confocal laser scanning microscopy
Scanning electrochemical microscopy
Benzoquinone

Matrix Metalloproteinase-1

Pancreatic ductal adenocarcinoma
Giant magnetoresistance

Point-of-care testing

Squamous cell carcinoma

Human pepsinogens I

Thyroglobulin

Immunoradiometric assay

Magnetic resonance imaging
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