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Biotin receptors, as biomarkers for cancer cells, are overexpressed in various tumor types. Compared to
other vitamin receptors, such as folate receptors and vitamin B12 receptors, biotin receptor-based target-
ing strategies exhibit superior specificity and broader potential in treating aggressive cancers, including
ovarian cancer, leukemia, colon cancer, breast cancer, kidney cancer, and lung cancer. These strategies
promote biotin transport via receptor-mediated endocytosis, which is triggered upon ligand binding.
Biotin, as the ligand of the biotin receptor, can be conjugated to anti-cancer drugs to form targeted
therapies that bind to receptors overexpressed on tumor cells, thus increasing drug uptake. Despite these
advantages, many candidate drugs have progressed slowly and remain in the preclinical stage, impeding
clinical translation. This is mainly due to the effects of various conjugation methods and drug formulations
on their functionality and efficacy. Therefore, developing novel biotin-based therapeutics is crucial. The
innovation of this strategy lies in its multifunctionality—researchers can use different conjugation
methods to design and synthesize these drugs, enabling precise targeting of various tumor types while
minimizing toxicity to normal cells. These drugs include small-molecule-biotin conjugates (SMBCs) and
nano-biotin conjugates (NBCs). This dual-platform approach represents a significant advancement in tar-
geted therapy, offering unprecedented flexibility in drug design and delivery. Compared to chemotherapy
drugs and traditional delivery systems, biotin-based drugs with tumor-specific targeting demonstrate
enhanced targeting, improved efficacy, and reduced toxicity. This review examines strategies and appli-
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cations for enhancing the delivery of chemotherapy drugs to cancer cells, highlighting the need for high-
quality conjugates and strategies. It not only summarizes the latest progress but also provides key insights
into how this emerging field could revolutionize personalized cancer treatment, especially in the context

rsc.li/nanoscale of precision medicine. Additionally, it offers perspectives on future research directions in this field.

rates and improving treatment efficacy. However, the complex
pathological nature of cancer presents challenges to effective

1. Introduction

In recent years, global cancer patients have been increasing.
The International Agency for Research on Cancer (IARC) con-
ducted a comprehensive assessment of cancer incidence and
mortality across 185 countries, analyzing data from 36 types of
cancer. The findings indicate a concerning trend of rising
cancer incidence and mortality rates globally (Fig. 1)." Cancer
treatment has garnered significant attention in the past,
present, and future with the aim of reducing tumor mortality
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treatment, leading to a persistent increase in mortality rates.
Traditional cancer therapies are inadequate to address these
challenges. Consequently, an increasing number of scientists
are dedicating their efforts to ongoing research aimed at
designing and developing innovative anti-tumor drugs and
therapeutic modalities to address this pressing issue.

In consideration of cancer’s primary etiological factors,
which stem from genetic alterations resulting in specific
mutations, unrestricted tumor proliferation, infiltration into
normal cells, and ongoing genetic changes, achieving a cure is
challenging. Additionally, treatment resistance often develops,
rendering drugs ineffective.>® The drug resistance of cancer
cells during treatment and the recurrence and metastasis of
residual cancer cells are also the leading causes of treatment
failure. These factors together make tumors difficult to cure.
At present, chemotherapy is a common form of cancer
treatment.®” It is a systemic treatment method to kill cancer
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Fig. 1 Biotin is getting more and more attention. Biotin’s journey since its development to the present day.

cells using chemical drugs. After entering the human bodyn b,
chemotherapy drugs will circulate throughout most body organs
and tissues. Chemotherapy can have a lot of side effects. Simple
chemotherapy treatments can significantly impact patients, and
nowadays, the sole reliance on chemotherapeutic drugs for treat-
ment has largely been abandoned. Scientists are initiating the
design and modification of chemotherapy drugs to synergize with
other substances. The integration of targeted agents has signifi-
cantly enhanced drug efficacy while mitigating their toxic side
effects. Recognition of the benefits of targeted drugs has spurred
continuous development in this field. Both Chinese and Western
pharmaceutical industries are actively engaged in the advance-
ment of targeted drug therapies.®

Tumor-targeted drug delivery systems (TTDDSs) offer a
promising cancer treatment strategy by selectively delivering
cytotoxic agents to tumor cells, minimizing side effects.” For
optimal efficacy, the chosen receptor should be highly
expressed on tumor cells and efficiently localized to the cell
surface. Biotin receptors, which are overexpressed in various
tumor types such as ovarian, breast, and lung cancers, are
ideal candidates due to their high affinity for biotin and their
ability to facilitate tumor-specific uptake through endocytosis.®?
Biotin’s small size, tumor specificity, and biocompatibility
make it a valuable targeting agent for drug delivery (Fig. 3).>°
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The main challenge in current cancer treatment is how to
maximize the destruction of cancer cells while minimizing
damage to normal tissues. Traditional chemotherapy drugs
often cause severe side effects due to their lack of selectivity.
Although the emergence of targeted therapy strategies has pro-
vided a new direction for addressing this issue, there is still a
need for the development of more effective targeting
systems.'' In recent years, research on biotin conjugates has
received significant attention. Compared to other targeted
ligands, biotin offers notable advantages. First, biotin recep-
tors (Sodium-dependent multivitamin transporter, SMVT) are
encoded by the SLC5A6 gene and are highly expressed in
various cancer cells, with their uptake rate being much higher
than that of normal cells.'”> Additionally, the biotin-targeting
system demonstrates superior specificity compared to other
vitamin receptors, such as folate receptors, and has shown sig-
nificant efficacy in various aggressive cancers, including
ovarian and breast cancers.'® Third, biotin can conjugate to
various therapeutic molecules (such as chemotherapy drugs,
genes, and protein-based drugs), demonstrating great flexi-
bility in application. Various biotin conjugates have been suc-
cessful in cultured cells, animal models, and human clinical
trials. These advantages have been confirmed in multiple
studies. For example, in drug-resistant breast cancer cells
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Fig. 2 Biotin has the advantages of small molecular weight, tumor
specificity, simple biochemical structure, high affinity and specificity,
easy modification and labeling, and biocompatibility.
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(MCF-7/ADR), Dbiotin-modified nanocarriers significantly
increased drug uptake, reduced drug efflux, and showed a
clear reversal of drug resistance.™* In 2004, Russell-Jones com-
piled the information on different surface molecules and
toxin-binding subunits from various organisms, proposing
them as potential carriers for orally delivering other molecules.
Specifically, the discussion highlighted the receptor-mediated
absorption of molecules like folic acid, vitamins, and VB12,
which can be conjugated with active drug substances.'> Many
ligands can act as such targeting agents, e.g., micro-biotin
B12, folic acid, and hyaluronic acid, but Gregory Russell-Jones
et al. suggested that treatment of mice carrying Colo-26 with a
doxorubicin-polymer coupling resulted in a greatly enhanced
killing of the biotin-targeting drug-polymer complex, but no
enhancement of killing was seen with either folic acid or
vitamin B12."® In 2010, Shuyi Chen et al."” devised an efficient
tumor-targeting drug delivery system relying on tumor-specific
vitamin receptor-mediated endocytosis. Significantly, they pio-
neered the use of biotin conjugation with drugs to synthesize a
biotin conjugate. Biotin-based therapeutic agents, a type of
TTDDS, represent a method to mitigate the adverse side
effects commonly associated with conventional chemotherapy.
Biotin-based therapeutics not only reduce the systemic toxicity
of chemotherapy drugs through specific targeting but also
enhance therapeutic efficacy through multi-drug delivery strat-
egies. Studies have shown that biotin-modified nanocarriers
can deliver both chemotherapy drugs and chemosensitizers
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Fig. 3 Biotin has a variety of binding modes to drugs, which can be classified into two main groups: the SMBCs and the NBCs. Tumor cells have a
greater abundance of biotin receptors guided by these receptors compared to normal cells. Biotin translocates and binds to them, facilitating the

uptake of biotin by tumor cells.
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simultaneously, significantly improving treatment outcomes
for drug-resistant tumors. This multifunctionality gives biotin-
based therapies a unique advantage in overcoming the limit-
ations of current cancer treatments. This review will spotlight
the recent strides made in leveraging biotin receptors, particu-
larly the biotin receptor, as the primary target for tumor-tar-
geted drug delivery systems. The understanding and appli-
cations of biotin have evolved since its discovery in 1916, and
people are gradually discovering new functions for biotin. In
2004, Russell-Jones et al. discovered a new field of biotin by
applying it for the first time in the field of anti-tumor. After
that, biotin will be continuously used in anti-tumor appli-
cations, and people are more and more discovering how biotin
goes hand in hand with organic molecules and conducting
anti-tumor tests. However, the various binding modes between
biotin and anti-tumor agents wield significant influence over
the efficacy and toxicity of tumor treatment. Consequently,
there is a continuous exploration of different binding modes
to ascertain the optimal approach yielding the most favorable
outcomes. However, this presents a significant challenge,
encompassing the selection of targets, the variety of linking
methods, drug selection, inefficient delivery, low release rates,
and drug inactivation post-conjugation, all of which impede
the development of patentable drugs (Fig. 2).

In conclusion, side effects greatly affect patient outcomes
during conventional radiation therapy. Biotin-based thera-
peutic agents serve as a viable targeted drug that can signifi-
cantly reduce the side effects of drugs on patients and
enhance their effectiveness against tumors. However, the
strength of this therapeutic strategy is highly dependent on
the specific binding mode between biotin and antitumor
drugs. Research efforts to explore the binding modes and
coupling drugs of biotin couplers are ongoing, laying the
groundwork for the introduction of biotin-based therapeutic
agents.'® This article provides an in-depth analysis of the
recent discoveries of biotin couplers and the progress in the
development of the new generation of biotin-based therapeutic
agents (biosmall molecule couplers, biomacromolecule cou-
plers). This review aims to increase our understanding of this
emerging field and contribute substantially to the advance-
ment of biotin coupler-based cancer therapy.

2. The advantages and limitations of
biotin

Biotin-targeted drug delivery systems have shown significant
potential in cancer treatment, but they also face multiple clini-
cal challenges. In drug delivery, biotin can selectively deliver
drugs to cancer cells through receptor-mediated endocytosis.
This is because many cancer cells (such as leukemia L1210FR,
ovarian cancer Ov2008, colon cancer Colo-26, lung cancer
M109, and breast cancer 4T1, among others) overexpress
biotin receptors compared to normal tissues.'””'® However,
studies have found that the expression patterns of biotin recep-
tors exhibit significant cell specificity. For example, in breast

This journal is © The Royal Society of Chemistry 2025
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cancer cell lines, the MCF-7 and MDA-MB-231 cell lines show
higher levels of biotin receptor expression, while the
MDA-MB-157 cell line demonstrates markedly lower
expression. This expression difference is closely related to the
molecular characteristics of the cells, especially in claudin-low
subtype breast cancer. MDA-MB-157, as a typical claudin-low
cell line, not only exhibits low biotin receptor expression but
also shows enrichment of epithelial-mesenchymal transition
(EMT) characteristics. This heterogeneity in expression profiles
suggests that when developing biotin receptor-based targeted
therapeutic strategies, the impact of tumor molecular subtypes
must be carefully considered, providing crucial insights for the
development of personalized treatment plans.'® This finding
also opens new directions for understanding the role of biotin
receptors in tumor progression."?

Biotin, folate, vitamin B12, and riboflavin are essential for
all cells, especially for tumor cell division, and have recently
been tested experimentally as targeted drugs.?® Biotin seems to
be associated with sodium co-transport, as biotin uptake into
PBMCs decreases when extracellular sodium is replaced by
choline, lithium, or ammonium.>' However, it is important to
note that biotin-conjugated drugs have shown good targeting
properties in cell culture and animal models, but their immu-
nogenicity may affect their clinical application. Moreover, high
concentrations of endogenous biotin can interfere with the
effect of biotin-conjugated drugs, thus limiting their effective-
ness as targeting agents. Attaching biotin to small molecules
can also affect cell permeability and phenotypic outcomes,
which could be a drawback when handling live cells.*
Treating cells with biotinylated compounds can reduce IL-2
production, and in shortterm cell culture assays, this
reduction may not have immediate harmful effects, but it can
limit immune cell activation and proliferation, potentially
affecting their response to immune challenges.”>** These
limitations are challenges that biotin-based drugs must over-
come in their clinical application.

Biotin-targeted therapy has shown unique advantages in
the field of anticancer treatment, but its effectiveness and
applicability still need to be further explored compared to
other targeted drugs. First, biotin receptors are commonly
overexpressed in various cancer types (such as leukemia,
ovarian cancer, and breast cancer), which allows biotin-based
drugs to more effectively target tumor cells. For example,
studies have shown that biotinylated antibodies or drugs can
promote drug internalization by binding to biotin receptors on
the surface of tumor cells, thereby enhancing therapeutic
efficacy. Compared with targeted drugs such as folic acid,
biotin has a wider applicability. Folate receptors are mainly
expressed in certain types of tumors (such as ovarian cancer,
breast cancer, lung cancer, endometrial cancer, colorectal
cancer, brain tumors),”>*® while biotin receptors are highly
expressed in a wider range of cancer cells, and the expression
level is higher than that of folate. This specificity allows biotin-
based therapies to be effective across a broader patient popu-
lation. Additionally, biotinylated drugs typically have a smaller
molecular weight and better tissue permeability, which helps

Nanoscale, 2025,17,1812-1873 | 1815
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enhance their accumulation in the tumor microenvironment.””
In the case of antibody-drug conjugates (ADC), although ADCs
achieve precise tumor targeting by linking cytotoxic drugs with
specific antibodies, their efficacy is often influenced by the
expression levels of the target antigen and the cellular internal-
ization process. In contrast, biotinylated drugs can achieve
more efficient cellular uptake through biotin receptor-
mediated endocytosis, thereby enhancing the anticancer
effect. For example, studies have shown that biotin-conjugated
chemotherapy drugs exhibit significantly enhanced cytotoxicity
in HER2-positive breast cancer cells, whereas traditional ADCs
may lose their effectiveness due to insufficient antigen
expression. However, despite the numerous advantages of
biotin-targeted therapies, there are also some limitations. For
instance, resistance mechanisms may affect their long-term
efficacy, as certain tumor cells could evade treatment by down-
regulating biotin receptors or altering metabolic pathways.
Furthermore, the optimal dose and dosing regimen have yet to
be determined, which may lead to uncertainty in clinical appli-
cations. Therefore, when further developing biotin-based
therapeutic strategies, these factors must be carefully con-
sidered to ensure their efficacy and safety in clinical practice.

3. Small-molecule-biotin conjugates
(SMBCs)

3.1. Biotin-drug conjugates

Traditional chemotherapy drugs, due to their unique mole-
cular composition and structural characteristics, often exhibit
low specificity, high cytotoxicity, and significant drug resis-
tance. To address these limitations and improve the practical-
ity of chemotherapeutic agents, biotin has been conjugated
with chemotherapy drugs to synthesize biotin-based small
molecule therapeutics, forming an implementable targeting
strategy. This strategy involves conjugating biotin with che-
motherapeutic drugs (such as antitumor drugs and photosen-
sitizers®®) through chemical bonds, such as disulfide bonds®’
and pH-sensitive bonds.?® This strategy has clear advantages:
using biotin allows for more flexible targeting of specific pro-
teins while maximizing the reduction of off-target effects,
enhancing selectivity towards the desired target proteins, and
minimizing interactions with non-specific cellular com-
ponents. Furthermore, this method allows for potential modi-
fications or adjustments based on emerging scientific knowl-
edge or new drug development strategies without the need to
completely redesign the entire compound structure from
scratch. This strategy offers a more practical approach to over-
coming the challenges associated with traditional chemo-
therapy drugs.

3.1.1. Targeting DNA. Cisplatin, as the first metal-based
anticancer drug to be approved, has been an effective treat-
ment for various tumors since its approval by the FDA in
1978.%' Cisplatin primarily exerts its anticancer effects by
binding to DNA, thereby blocking cell division and prolifer-
ation, ultimately inducing necrosis or apoptosis. However, it

1816 | Nanoscale, 2025, 17, 1812-1873
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also causes significant toxicity to normal tissues, leading to
severe side effects during treatment such as nausea, vomiting,
renal dysfunction, and neurotoxicity. Moreover, with continued
treatment, cancer cells gradually develop resistance to cisplatin
through mechanisms such as enhanced DNA repair, increased
drug efflux, and alterations in the intracellular microenvi-
ronment, resulting in a marked reduction in drug efficacy.
This issue is particularly pronounced in recurrent tumors.
These challenges not only diminish patients’ quality of life but
also limit the long-term application of cisplatin. Consequently,
reducing cisplatin’s toxicity and overcoming drug resistance
have become key driving forces in the development of next-
generation platinum-based anticancer drugs. Researchers are
actively exploring approaches such as chemical structure modi-
fications or conjugation with other biomolecules to develop
platinum compounds with better tumor selectivity, lower tox-
icity, and the ability to effectively overcome resistance.***?

To alleviate the side effects of cisplatin, researchers have
utilized the targeting properties of biotin by integrating it into
platinum-based compounds, aiming to enhance their target-
ing capability and efficacy. ** Leveraging this feature, in 2019,
Suxing Jin et al synthesized a novel Pt(iv) complex
(DPB, Fig. 4, compound 1), which uniquely combined biotin,
cisplatin, and dichloroacetic acid (DCA).*® Pt(iv) complexes are
typically synthesized by oxidizing Pt(u) precursors and conju-
gating axial ligands to incorporate biotin and DCA (Fig. 4A).
Biotin played a critical role in this complex; experimental
results demonstrated that DPB significantly increased tumor
cell uptake due to biotin’s tumor-targeting capability, which
promoted drug accumulation in tumor cells, thereby enhan-
cing efficacy. Additionally, the introduction of DCA allowed
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DPB to further disrupt cancer cell glycolysis, improving its
therapeutic effects. DPB also exhibited enhanced lipophilicity
and reactivity, interfering with cellular energy metabolism and
deepening its tumor selectivity through biotin’s targeting
action, which reduced side effects on normal cells.
Subsequently, to further validate biotin’s role in cisplatin-
based therapies, in 2020, Xing Wang et al. developed a trifunc-
tional Pt(u) complex incorporating biotin.?® They synthesized
compound 2 (Fig. 5) by introducing biotin into the Pt(u)
complex DN604 and conjugating biotin with a group of
naphthalimide compounds. Compound 3 (Fig. 5) was then
synthesized by combining compound 2 with the known Pt(u)
complex DN604. Compound 3 not only retained the targeting
and fluorescent diagnostic capabilities of compound 2 but
also introduced DN604’s ability to induce apoptosis and
inhibit DNA damage repair. Biotin again played a pivotal role
in enhancing drug uptake in A549/cDDP and A2780/cDDP
tumor cells, effectively overcoming these cells’ resistance to cis-
platin. In this complex, biotin binds to biotin receptors on the
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tumor cell surface, improving drug targeting, significantly
reducing off-target toxicity, and mitigating the common off-
target effects encountered during chemotherapy. In in vitro
experiments, compound 3 exhibited a 21.41% higher apoptosis
induction rate in A549/cDDP cells compared to cisplatin, and
the accumulation of Pt(u) in DNA was 1.6 times that of cispla-
tin. This effect was directly attributed to biotin’s efficient tar-
geting action, which not only increased Pt drug accumulation
in tumor cells but also elevated intracellular ROS levels, dis-
rupting the redox balance in tumor cells. This eventually led to
mitochondrial damage, accelerated mitochondrial membrane
depolarization, and induced tumor cell death (Fig. 5A). These
studies not only highlighted the immense potential of biotin
in drug targeting delivery but also provided important direc-
tions for developing more effective platinum-based anticancer
drugs in the future.

Despite the clinical success of platinum-based anticancer
drugs, they face challenges of resistance and severe side
effects.’” To address these issues, ruthenium-based anticancer
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complexes have recently emerged as alternative candidates,
offering lower cytotoxicity and reduced cross-resistance to
platinum drugs.*® In 2019, Leonor Corte-Real et al. designed a
series of biotin-conjugated ruthenium(u) complexes (Fig. 6).*
To further investigate this family of compounds, the authors
modified the structure of compound 4 and synthesized two
novel compounds, compound 5 (Fig. 6) and compound 6
(Fig. 6), expanding the compound family. Biotin played a key
role in these compounds as well, improving drug selectivity in
invasive MDA-MB-231 cells by binding to biotin receptors on
the cell membrane. Additionally, as a P-glycoprotein (P-GP)
inhibitor, biotin exhibited pronounced selectivity and showed
significant anti-metastatic potential. Studies demonstrated
that when biotin was conjugated to ruthenium complexes, the
drugs exhibited significant distribution on cancer cell mem-
branes, improving drug accumulation and activity in tumor
cells. In a zebrafish model, these compounds displayed lower
ICs, values, induced apoptosis-mediated cell death, inhibited
cancer cell colony formation, and exhibited higher tolerance
than non-biotinylated compounds (Fig. 6A-D). Furthermore,
the introduction of biotin enabled these ruthenium complexes
to outperform non-biotinylated counterparts in inhibiting
cancer cell colony formation, inducing apoptosis, and enhan-
cing tolerance. This strategy offers valuable insights for the
future development of metal-based anticancer drugs,
especially as alternatives to platinum-based therapies.

In conclusion, biotin-conjugated platinum and ruthenium
drugs have demonstrated excellent antitumor activity. Biotin’s
targeting capability not only enhanced the antitumor efficacy
of these drugs but also significantly improved their utilization
and selectivity. However, these biotin-based drugs have yet to
reach the market, indicating that further optimization of syn-
thesis techniques is needed. This discovery provides broad pro-
spects for the application of biotin in targeted anticancer drug
delivery and opens new avenues for future drug development.

3.1.2. Targeting DNA  topoisomerase I  (TOP1).
Topoisomerases resolve topological barriers during DNA repli-
cation, transcription, recombination, and chromatin remodel-
ing by triggering transient single- or double-stranded DNA
breaks, which are essential for maintaining the stability of
DNA structure and therefore play an indispensable role in cel-
lular growth, development, and reproduction.’® Their main
function is to prevent the accidental release of broken DNA
strands by creating temporary covalent bonds between pro-
teins and broken DNA strands and thus avoiding genomic
damage.*’ This suggests that topoisomerase plays a crucial
role within cells, and any abnormalities in it could potentially
trigger apoptosis in both normal and tumor cells. Thus, inhi-
bition of topoisomerases has become an effective method to
suppress cancer. Its main function is to prevent the accidental
release of broken DNA strands by creating temporary covalent
bonds between proteins and broken DNA strands, thus avoid-
ing genome damage. Inhibition of topoisomerases has thus
become an effective method of suppressing cancer. In 1966,
Wall and Wani discovered a pentacyclic monoterpene alkaloid,
comedophylline (CPT), from the Chinese arborvitae tree, Tree
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of Hibiscus.*” CPT was found to be effective in inhibiting
topoisomerases, and has been shown to be effective in the
treatment of tumors. However, CPT suffers from poor water
solubility and low bioavailability, and the o-hydroxyl lactone
ring in its chemical structure is prone to hydrolysis under
neutral or alkaline conditions to form an inactive ring-opening
carboxylic acid form, which results in reduced stability and
efficacy in vivo.*® In addition, CPT may also cause compli-
cations, such as hemorrhagic cystitis.** In an effort to over-
come these limitations, in recent years researchers have
attempted to conjugate biotin to CPT to improve its efficacy
conjugated with biotin to improve its efficacy and stability.

In 2018, to address the side effects of CPT, Yuanwei Liang
et al. integrated biotin, disulfide bonds, and CPT.*> A com-
pound named Biotin-SS-CPT was designed by fully utilizing
the properties of disulfide bonds (35) and biotin (compound 7,
Fig. 7).*° Biotin confers a targeting effect and S-S confers a
controlled release capability. The S-S bond is reduced by
thiols upon uptake, leading to intramolecular cyclization and
subsequent cleavage of the adjacent organic carbonate bond,
which releases CPT. The authors performed toxicity assess-
ment, magnetic resonance imaging, and pathological analysis
of compound 7 and free CPT. The experimental results showed
that compound 7 exhibited excellent antitumor activity in
MGC803 cells. Notably, compound 7 was able to significantly
release CPT under specific pH (5.3, 6.8 and 7.4) conditions,
suggesting that CPT may achieve efficient release in tumor
cells. High pressure liquid chromatography (HPLC) analysis
further confirmed the stability of compound 7 under physio-
logical conditions. In the presence of biotin, the uptake of
compound 7 in normal cells was significantly reduced. In
addition, compound 7 exhibited inhibitory effects on both cell
cycle progression and migration of tumor cells (Fig. 7). The
pre-drug compound 7 synthesized by the authors was able to
specifically and selectively identify cancer cells, effectively loca-
lize and accumulate at the tumor site, and precisely release
CPT through biological response, showing good potential for
clinical application. The present study not only validated the
effectiveness of the drug, but also significantly demonstrated
that the introduction of biotin reference enhanced its efficacy.

Unlike the approach of Yuanwei Liang et al*® in 2022,
Lingyan Liu et al. developed a prodrug system activated by ROS
in order to solve the problem of the low targeting efficiency of
CPT on tumor cells, and four candidate products were
obtained, which were named as Bio-(8)-MB-CPT (Fig. 8, com-
pound 8), Bio-(4)-MB-CPT, (8)-MB-CPT and (4)-MB-CPT.*’
Subsequent validation revealed that the fluorescence intensity
of compound 8 was significantly enhanced in the presence of
reactive oxygen species (ROS), which demonstrated that the
release of CPT was triggered by ROS. Furthermore, stability
analysis showed that the lactone ring of compound 8 was more
stable than the parent CPT. The authors observed no signifi-
cant pathologic damage to major organs by H&E staining, and
the compound has a favorable safety profile and targeted
efficacy. When biotin was present, the drug showed significant
efficacy in inhibiting tumor cell viability (Fig. 8A-D). These

This journal is © The Royal Society of Chemistry 2025
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findings suggest that compound 8 can specifically target
tumor cells, release CPT, and exert potent antitumor effects.
The approach adopted by the authors provides a promising
strategy for the development of effective treatments for region-
ally metastatic cancers.

3.1.3. Targeting DNA topoisomerase II (TOP II). DNA TOP
II enzymes are ubiquitous in all branches of life and can
modify the DNA superhelix and separating double-stranded
DNA fragments during key cellular processes such as replica-
tion and transcription. Specifically, type II topoisomerases play
a crucial role in unraveling newly replicated sister chromatids
within the cell.*® DOX,* which is a DNA topoisomerase II
inhibitor, has been playing an important role in antitumor

1820 | Nanoscale, 2025, 17, 1812-1873

therapy for many years and has demonstrated broad efficacy in
clinical applications. As an antitumor antibiotic, DOX disrupts
RNA and DNA synthesis by interfering with TOP, leading to
DNA insertion and disrupting TOP II-mediated DNA repair
Due to its potent inhibition of RNA synthesis and broad antitu-
mor spectrum, DOX efficiently hinders the growth of many
tumor types, earning its status as a versatile anticancer agent.
Due to its non-cell cycle specificity, it has cytotoxic effects at
all stages of tumor cell growth. However, the clinical appli-
cation of DOX has been hampered by its lack of tumor speci-
ficity, severe cardiotoxicity and hematotoxicity. However, the
emergence of pre-targeting strategies offers a promising
avenue for its highly targeted tumor therapy.>°

This journal is © The Royal Society of Chemistry 2025
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Therefore, in 2019, Meinan Yao et al.”*

targeting system that couples DOX to mini-polyethylene glyco-
lized biotin via pH-sensitive bonds to produce DOX prodrugs
(bDOX) (Fig. 9, compound 9). pH-Sensitive bond breaking
varied with pH level; at pH 6.0, the release rate of DOX was
approximately 64%, while at pH 5.0 at pH 5.0, the release rate
of DOX increased to 97%. In pretargeted therapy, bDOX selec-
tively enters tumor cells and is taken up in large quantities
under the influence of affinities and biotin, followed by release
of DOX in the uniquely acidic pH environment of the tumor

designed a new pre-

This journal is © The Royal Society of Chemistry 2025

cells (typically around pH 5.3). Pretargeted bDOX was uptaken
by human colorectal tumor cells (LS180 and HT-29 cells)
increased as compared to free DOX (Fig. 9A-C). In vivo studies
using an LS180 xenograft animal model demonstrated that
pre-targeted bDOX had better tumor inhibitory effects com-
pared to free DOX. Notably, there was a significant reduction
in cytotoxicity as evidenced by changes in body weight, cardio-
myocyte apoptosis, routine blood parameters, and splenic
pathologic changes. In summary, the pre-targeting strategy
using bDOX provides a promising approach to enhance tumor-

Nanoscale, 2025, 17,1812-1873 | 1821
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specific drug delivery and minimize systemic toxicity, thereby
improving the therapeutic index of DOX in cancer therapy.

In 2020, Minh Phuong Nguyen et al>> in an effort to
further advance this field, designed a multifunctional bio-
polymer (Fig. 10, compound 10) to further mitigate the side
effects associated with DOX on top of enhancing drug delivery
efficiency. Compound 10 is a mixture of polyaspartic acid (PA)
with biotin and DOX functional groups supplemented with
superparamagnetic  iron (SPIONSs)
designed to improve targeting and drug delivery to cancer
tumors. Validation of the in vitro uptake of the polymers con-

oxide nanoparticles

sisted of examining cellular uptake under the influence of
biotin via Prussian blue stained images. The results showed
enhanced uptake of biotin by tumor cells, particularly 4T1
cells, indicating the efficacy of biotin in improving tumor cell
uptake. In vitro drug release studies showed that less than 60%
of DOX was released within 72 h at pH 6.0 and 7.4, whereas
more than 70% of DOX was released at pH 5.0, suggesting that
the polymer has the potential to promote significant drug
release from the tumor microenvironment (TME). Cytotoxicity
assessment using MTT assay in normal (3T3) and cancerous
(4T1) cells showed that the cellular activity was higher than

1822 | Nanoscale, 2025, 17,1812-1873

85% in 3T3 cells and lower than 50% in 4T1 cells, suggesting
that cancerous cells were selectively damaged (Fig. 10A-D).
The results indicate that compound 10 has good selectivity
and low toxicity to normal cells. Moreover, these results
emphasize the important role of biotin in this regard. The
authors further validated the efficacy of tumor treatment in
BALB/c mice, in which tumor growth was significantly inhib-
ited in mice injected with DOX polymer compared to controls.
PA, as a multifunctional polymer, combined with biotin and
DOX functional groups, enhanced the targeting of cancer cells
and induced damage to cancer cells. In vivo tumor experiments
demonstrated a three-fold reduction in tumor volume growth
after injection of this polymer compared to controls, highlight-
ing its potential for effective cancer treatment. The develop-
ment of multifunctional biopolymers could improve DOX and
increase its efficacy in cancer treatment.

3.1.4. Targeting nuclear factor erythroid 2-related factor 2
(Nrf2). Brusatol (Bru) is a potent inhibitor of the Nrf2 pathway,
showing promise as an adjuvant chemotherapy compound for
various tumor types. It induces rapid and transient depletion
of Nrf2 protein in mouse Hepa-2clcl hepatoma cells through
post-transcriptional mechanisms and also inhibits Nrf2 in

This journal is © The Royal Society of Chemistry 2025
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primary human hepatocytes.”® While Bru has been demon-
strated to disrupt redox homeostasis and act as a sensitizer in
combination with other anti-cancer therapies, its efficacy as a
monotherapy against certain cancers raises concerns about
target specificity and systemic toxicity.”*
In 2022, Shangping Xing et al>’
complex by coupling biotin with Bru (Fig. 11, compound 11).
Notably, the ICs, values of Bru and Bio-Bru are 5 nM and 5000
nM, respectively, indicating a significant decrease in cyto-
toxicity for the complex compared to the parent compound.
We investigate whether Bio-Bru exhibits comparable anti-

synthesized a Bio-Bru

cancer potential to Bru. The ICs, values of Bru at 48 h are
56.23 nM and 46.28 nM, while those of compound 11 are
980.12 nM and 762.65 nM for H1299 and A549 cells, respect-
ively (Fig. 11A). Despite compound 11 demonstrating lower
cytotoxicity compared to the parent compound, it still exhibits
promising anticancer effects in vitro. Additionally, both Bru
and compound 11 induce G0/G1 phase arrest in non-small cell
lung cancer (NSCLC) cells, as depicted in Fig. 11B and C.
Compound 11 exerts a potent effect on NSCLC cells, influen-
cing their proliferation, migration, invasion, and Nrf2 protein
levels. This suggests that the addition of biotin does not alter

This journal is © The Royal Society of Chemistry 2025
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the anti-cancer mechanism of Bru and retains its anti-cancer
activity. While the specific targeting effect of compound 11
requires further investigation, its potential merits attention.

3.1.5. Targeting ribonucleotide reductase (RR). Triapine is
a synthetic heterocyclic carboxaldehyde thiosemicarbazone
with potential antineoplastic activity (PubChem CID:
9571836). Triapine can inhibit RR, thereby blocking the con-
version of diphosphoribonucleotides to deoxyribonucleotides
necessary for DNA synthesis. Although Triapine has demon-
strated tumor growth inhibition in vitro, its effectiveness in
actual tumor treatment needs to be improved. In 2018,
Sebastian Kallus et al.>® synthesized three biotin-thiosemicar-
bazone conjugates: BioTriapine, BioFTSC1 and BioFTSC2
(Fig. 12, compounds 12, 13 and 14) and their metal complexes
with biologically relevant metal ions, Cu-BioTriapine (Cu(u))
and Fe-BioTriapine (Fe(m)) (Fig. 12, compounds 15 and 16). It
is noteworthy that the anticancer activity of Triapine was
slightly reduced after coupling with biotin (Fig. 12A). The anti-
cancer activity of the ethylene-conjugated derivative (com-
pound 13) was lower than that of the butene-conjugated
derivatives (compounds 14 and 12). In addition, the coordi-
nation of the metal complexes Cu(u) and Fe(u) significantly
weakened the activity of compound 12. However, for the
whole, the introduction of biotin improved its targeting pro-
perties. The authors evaluated the antitumor activity of com-
pound 12 and triazepam using CT-26 colon cancer mice and
showed that tumors treated with BioTriapine had a higher sur-
vival rate (Fig. 12B) and a higher safety profile compared to
tumors treated with triazepam alone. To assess the role of
SMVT in drug uptake by cancer cells, the authors performed
inhibition experiments with the SMVT inhibitor indometha-
cin. Indomethacin significantly reduced the uptake of FITC-
labeled biotin by MCF-7 cells, but not by HCT-116 cells, but
did not prevent the accumulation of compound 15 (or Cu-
Triapine) in the cells (Fig. 12C and D). Although biotin referen-
cing reduced the antitumor activity of Triapine, it greatly
improved its safety. Biotin-Triapine coupling strategies still
need to be improved.

3.1.6. Targeting tubulin. Microtubules, composed of
microtubulin dimers, form long, hollow cylinders and play
crucial roles in cell structure and division.”” These proteins,
belonging to five distinct families, are primarily found in kine-
toplastid protozoa. Tubulin family members o-tubulin and
B-tubulin play essential roles in microtubule formation, dis-
tributed throughout the cytoplasm as vital components of the
cytoskeleton. Alongside microfilaments and intermediate fila-
ments, microtubules participate in various cellular processes,
including cell structure maintenance and intracellular trans-
port. They serve as tracks for the movement of organelles,
secretory vesicles, and other cellular materials. Given their
critical role in cell division, microtubules represent intriguing
targets for anticancer drugs.’® Colchicine is a natural com-
pound known for its inhibitory properties. Derived from the
toxic meadow saffron plant, colchicine was the first micro-
tubule protein destabilizer discovered. It exhibits a strong
affinity for microtubulin and can polymerize with it to form

Nanoscale, 2025,17,1812-1873 | 1823
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microtubules. When colchicine binds to p-tubulin, it induces a
conformational change in the microtubule dimer, preventing
it from assuming a linear structure due to spatial conflicts
with o-tubulin, thus impeding microtubule assembly.”®
Despite its potential in tumor treatment, colchicine’s broad
cytotoxicity affects normal cells more severely, resulting in a
lower therapeutic index that limits its precise application in
cancer therapy.®®'

This side effect hinders the extensive clinical use of this
drug. In 2022, Chao Wang et al®® addressed this issue by

1824 | Nanoscale, 2025,17,1812-1873

coupling biotin with colchicine using a reduction-sensitive di-
sulfide bond as a linker to target colchicine enrichment in
tumor cells. This strategy significantly reduces the side effects
of colchicine on normal cells. The antiproliferative activity of
Deac-SS-Biotin (depicted in Fig. 13, compound 17) was evalu-
ated on SGC-7901, A549, and HeLa cell lines (gastric adeno-
carcinoma SGC-7901 cells, lung adenocarcinoma A549 cells,
and cervical cancer HeLa cells). Results from the CCK-8 assay
demonstrated that compound 17 exhibited similar biological
activity to colchicine alone, indicating its potent antitumor

This journal is © The Royal Society of Chemistry 2025
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efficacy. The study also investigates the release profile of com-
pound 17, revealing its slow release with significantly reduced
reactivity. Mechanistically, compound 17 undergoes physio-
logical cleavage by dithiothreitol (DTT), selectively releasing
colchicine, which exhibits preferential targeting towards tumor
cells. Moreover, the inclusion of biotin enhances the targeting
ability of the compound. Tubulin polymerization experiments
further confirmed that compound 17 (with DTT) effectively
inhibits tubulin polymerization, highlighting its potential as a
novel antitumor agent (Fig. 13A and B). These findings shed
light on biotin receptor-targeted chemotherapy and offer
promising avenues for the development of new antitumor
drugs.

PTX is a naturally occurring anticancer agent, characterized
by its tricyclic diterpene structure with a molecular formula of
C,7H5:NOy,. Initially isolated from the stem bark of Taxus chi-
nensis in 1971 by American chemists M.C. Wani and Monroe
E. Wall, PTX has since been recognized for its therapeutic
potential. PTX exerts its antitumor effects by disrupting the
dynamic equilibrium of tubulin and tubulin dimers in vivo. It
promotes tubulin polymerization and microtubule assembly
while preventing depolymerization, thereby stabilizing micro-
tubules. Within cells, microtubules play critical roles in main-
taining cell shape, facilitating cellular movement, and trans-
porting intracellular materials. By stabilizing tubulin, PTX
inhibits cancer cell mitosis and induces apoptosis, effectively
impeding cancer cell proliferation and exerting its anticancer
activity. However, despite its therapeutic benefits, PTX suffers
from limitations such as poor water solubility, limited tumor
cell targeting, significant impact on normal cells, and notable
side effects.®®

DTX and PTX are both novel PTX analogs currently available
in the clinic. They share major parts of their structure and
mechanism of action, but there are differences between them
and PTX. They differ in microtubule protein polymer gene-

1826 | Nanoscale, 2025, 17,1812-1873

ration, with DOX being twice as active in depolymerization
inhibition. In vitro, DOX also tends to be more effective in
various cell lines and research models.®* Taxane are potent
antitumor compounds isolated from plants, and a range of
derivatives have been synthesized through structural modifi-
cations of these active ingredients. Major taxane drugs include
PTX, DTX, and various derivatives with a taxane skeleton
structure.

In 2014, Jacob G. Vineberg and colleagues developed new
tumor-targeting dual-payload conjugates, compound 18 and
compound 19 (Fig. 14), which used the targeting function of
biotin for precise drug delivery to cancer cells.®® These conju-
gates consist of paclitaxel and camptothecin as the two pay-
loads, self-cleaving disulfide bonds for drug release, biotin for
tumor targeting, and 1,3,5-triazine as a scaffolding module.
Compounds 19 also included tetraethylene glycol diamine to
improve water solubility. The functionalized 1,3,5-triazine
TTDDS platform is versatile and suitable for various drug com-
binations and tumor-targeting modules. In vitro experiments
showed that compound 19 had a significantly lower ICs, value
for BR-positive cancer cells compared to normal cells, indicat-
ing that biotin’s targeting ability effectively improved the
drug’s selectivity and anticancer activity. By combining the
properties of nanomaterials, these conjugates achieved higher
water solubility and drug loading efficiency through the tetra-
ethylene glycol diamine and 1,3,5-triazine structures, enhan-
cing the overall stability and effectiveness of the delivery
system. The combination of biotin’s targeting ability and the
drug-carrying properties of nanomaterials opens promising
possibilities for precise and efficient cancer treatment.

Jacob G. Vineberg and colleagues focused on using biotin
as a targeting molecule to develop new therapeutic and diag-
nostic drugs by combining it with paclitaxel conjugates.®® The
authors designed and synthesized two tumor-targeting conju-
gates: compound 20 and compound 21 (Fig. 15). These conju-

This journal is © The Royal Society of Chemistry 2025
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gates consist of a tumor-targeting module, a cytotoxic payload
with a smart linker, and a triazine cleavable group with an
acetylene tether. The fluorine-labeled therapeutic diagnostic
compound 20 was designed for 18F-PET radioactive labeling
and '°F NMR analysis. Compound 21, which carries fluor-
escein, was designed as a fluorescence imaging probe, creating
a diagnostic-therapeutic system for precise targeted drug deliv-
ery. They also designed a smaller drug conjugate, compound
22, which lacks the polyethylene glycol (PEG) oligomer and tri-
azine separator module, for comparison based on cytotoxicity.

This journal is © The Royal Society of Chemistry 2025

In experiments, biotin as the targeting molecule ensured that
the conjugates entered biotin receptor-positive (BR+) cancer
cells specifically through receptor-mediated endocytosis
(RME). Flow cytometry and confocal fluorescence microscopy
(CFM) confirmed that compound 21 was efficiently interna-
lized in BR+ cancer cells via RME, showing high specificity for
these cells. The study also evaluated compound 1 on various
cancer cell lines (MX-1, L1210FR, ID8 BR+) and normal human
lung fibroblasts (L1210 BR—, WI38) to test its potency and
selectivity. Notably, in the presence of glutathione ethyl ester
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Fig. 15 Chemical structures of compound 20, compound 21 and compound 22. Reproduced with permission.®® Copyright 2015, ACS.
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(GSH-OEt), only compound 20 entered the cells through RME
in the first 24 hours and showed cytotoxic effects. Compared
to normal cells, the conjugate showed significantly higher cyto-
toxicity against cancer cells. The intensity of cytotoxicity was
closely related to the expression of biotin receptors, confirm-
ing the critical role of biotin in targeted drug delivery. This
study further demonstrated the dual function of biotin in
therapeutic diagnostic drugs: it enables both tumor imaging
and efficient delivery of therapeutic agents, thus improving
drug selectivity and efficacy.

In 2017, Tao Wang et al.®” designed a novel type of tumor-
targeted therapy drug conjugate using taxane and biotin as
materials for SPECT (single photon emission computed tom-
ography) and PET (positron emission tomography) imaging.®®
The former is a biotin-ligand-taxane conjugate ((Fig. 16) com-
pound 23) containing 99mTc for SPECT, while the latter is a
biotin-ligand-DTX conjugate ((Fig. 16), compounds 24 and 25)
containing ®*Cu for PET imaging. Through chemical synthesis,
the authors successfully obtained these two compounds.
These tumor-targeted therapeutic drug conjugates hold
promise for significantly enhancing the efficacy of next-gene-
ration chemotherapy.

3.1.7. Targeting thioredoxin reductase (TrxR). Reactive
oxygen species (ROS) are pivotal radiation effectors, typically
elevated in tumor cells and their microenvironment, culminat-
ing in radiation-induced DNA damage and subsequent cancer
cell demise.®® The thioredoxin (Trx) system, comprising thiore-
doxin reductase (TrxR), NADPH, and Trx, stands as the
primary endogenous antioxidant mechanism.”® In various
cancers, such as cervical cancer, Trx and thioredoxin reductase
TrxR are commonly overexpressed to counteract oxidative
stress, which correlates with the proliferation and progression
of malignant tumor cells. TrxR plays a crucial role in scaven-
ging ROS by catalyzing the NADPH-dependent reduction of
Trx, providing electrons for antioxidant defense, especially in
response to radiation and other forms of damage.
Consequently, the redox TrxR/Trx system in cancer cells
emerges as a potential target for radiobiological intervention.
Gold (Au) compounds have demonstrated efficacy as TrxR
inhibitors and antitumor agents. Notably, the Au(i) compound
[Au (SCN)(PEt;)] exhibits radiosensitizing properties by imped-
ing TrxR activity in lung cancer cells. Furthermore, Au-contain-
ing compounds boast structural stability,”’ and their anti-
cancer effects have been extensively investigated both in vitro
and in vivo.”> However, challenges related to targeting remain,
warranting further exploration and refinement of these
compounds.

In 2022, Zhibin Yang et al.”® synthesized a series of novel
biotin-targeted Au(1) complexes and conducted a comprehen-
sive biological evaluation through a series of fundamental
experiments. Following rigorous comparison, the most potent
compound was identified: biotinylated Au(r) compound con-
taining triphenylphosphine ligand (Fig. 17, compound 26). By
incorporating the biotin group into the compound, the absorp-
tion of the compound by tumor cells is enhanced, with
notably stronger efficacy observed against HeLa cells in experi-

This journal is © The Royal Society of Chemistry 2025
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ments. Furthermore, in normal H8 cells under identical con-
ditions, the intracellular Au content after treatment with com-
pound 26 is lower than that in HeLa cells, while no significant
difference is observed with auranofin. This disparity suggests
the guiding function of biotin, with lower biotin receptor
content detected in normal cells compared to tumor cells. The
introduction of the biotin structure in compound 26 signifi-
cantly increased Au uptak(i). Their antiproliferative activity
against cervical cancer cells (SiHa and HeLa) and normal cervi-
cal cells (H8) is evaluated using the MTT assay. Results indi-
cate that all biotin-Au(r) complexes exhibit notable inhibitory
effects on HeLa cell proliferation. Through in vitro studies on
radiosensitization effects, the authors combine compound 26
with radiotherapy, leading to a significant inhibition of GPX4
expression and promotion of tumor cell ferroptosis (Fig. 17A).
Treatment with compound 26 alone also markedly suppresses
GPX4 expression and induces iron droop. Furthermore, the
authors utilize zebrafish to validate the efficacy of compound
26 in enhancing radiotherapy. This research introduces a
novel approach for developing tumor radiotherapy and chemo-
therapy drugs.

3.2. Biotin-photosensitizer conjugates

Photodynamic therapy (PDT) is a clinically approved, non-inva-
sive treatment modality that has demonstrated significant
efficacy across various medical disciplines, including oncology,
ophthalmology, and dermatology. PDT relies heavily on the
use of photosensitizers, which are integral to the treatment’s
mechanism of action. Photosensitizers, also referred to as
initiators or light-activated agents, are compounds capable of
absorbing energy from specific wavelengths in the ultraviolet
(250-420 nm) or visible light (400-800 nm) spectra. Upon
absorption, these compounds become excited and sub-
sequently generate reactive oxygen species (ROS), such as free
radicals and singlet oxygen. These reactive species are pivotal
in initiating processes like monomer polymerization, cross-
linking curing, and, crucially, inducing cytotoxic effects that
lead to targeted cell death in malignant tissues. One particu-
larly promising photosensitizer is Chlorin e6 (Ce6), typically
synthesized from pheophorbide a. Ce6 has gained attention
due to its high efficiency in producing singlet oxygen, making
it an ideal candidate for tumor-targeted photodynamic
therapy. The combination of PDT with chemotherapy has
emerged as a potent strategy to overcome drug resistance in
cancer treatment. Ce6, when used in conjunction with chemo-
therapy, enhances the anti-tumor response by exploiting its
strong phototoxic properties to damage cancer cells more
effectively.”*”> Despite its potential, photosensitizers, includ-
ing Ce6, face certain limitations, such as poor solubility, rapid
clearance from the bloodstream, and non-specific distribution.
To address these challenges, researchers have explored various
strategies, including the conjugation of photosensitizers with
biotin. Biotin-photosensitizer conjugates have shown promise
in improving the targeted delivery and retention of photosensi-
tizers within tumor tissues, thereby enhancing the therapeutic
efficacy of PDT.”®’”” Recent studies have focused on optimizing
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Fig. 16 Chemical structures of compounds 23, 24 and 25.
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Fig. 17 Chemical structures of compound 26. (A) Mechanism of com-
pound 21. Reproduced with permission.”* Copyright 2022, ACS.

these conjugation strategies, exploring different linker chem-
istries, and evaluating the pharmacokinetics and biodistribu-
tion of these conjugates in preclinical models. These efforts
are laying the groundwork for the development of next-gene-
ration anti-tumor photosensitizers, with the potential to
advance to clinical trials. Such advancements could signifi-
cantly enhance the effectiveness of PDT, offering a more
precise and potent approach to cancer treatment. The incor-
poration of biotin into PDT has emerged as a pivotal advance-
ment in the development of photosensitizers. Recognizing the
limitations of conventional photosensitizers, such as poor
selectivity and rapid clearance, researchers have turned to
biotin, a naturally occurring vitamin with strong affinity for
biotin receptors, which are often overexpressed in cancer cells.
By conjugating biotin with photosensitizers, scientists aim to
enhance the targeting and retention of these compounds
within tumor tissues, thereby addressing some of the key
shortcomings of traditional PDT. This biotin-enhanced
approach not only improves the precision and efficacy of
photodynamic therapy but also opens new avenues for the
design of more effective anti-tumor treatments.

In 2021, Wei Liu et al.”® developed a novel tumor-targeting
photosensitizer, Ce6-biotin, by coupling biotin with Ce6
(Fig. 18, compound 27). Upon coupling, compound 27 exhibits
improved water solubility and reduced aggregation. The
authors evaluated the photophysical properties of compound
27 and compared its fluorescence with that of Ce6 in PBS.
Although the fluorescence of compound 27 is slightly weaker
than that of Ce6, likely due to minimal alteration in Ce6’s
basic structure, it emits strong fluorescence in the infrared
region, making it suitable as a fluorescent probe in vivo.

This journal is © The Royal Society of Chemistry 2025
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Additionally, compound 27 demonstrates a slightly increased
singlet oxygen generation rate compared to Ce6. Notably, at
concentrations ranging from 1.0 pM to 2.0 pM, compound 27
exhibits significantly higher therapeutic efficacy than Ce6 at
equivalent concentrations. Moreover, cytotoxicity assays con-
ducted in HeLa (BR+) and B16 (BR—) cells show that under the
same light dose (20 ] em™?) and compound 27 concentration
(2.0 uM), the cytotoxicity of compound 27 to HeLa cells is
greater than that to B16 cells. The cellular uptake of Ce6 and
compound 27 in HeLa cells is examined using flow cytometry,
given the overexpression of biotin receptors in HeLa cells.
Photodynamic sensitizers (PSs) at a concentration of 2 pM are
incubated with HeLa cells for varying durations (0.5, 1, 2, 4,
and 6 h). Following that, the internalized PSs were quantified
via flow cytometry. As illustrated in Fig. 18B, the uptake of
compound 27 in HeLa cells markedly surpasses that of Ce6
after 6 hours. Quantitative analysis (Fig. 18C) reveals that the
cellular uptake of compound 27 following 6 h of incubation is
approximately four times higher than that of Ce6. The pro-
nounced disparity in cellular uptake between Ce6 and com-
pound 27 supports the notion that conjugating Ce6 with
biotin molecules enhances the affinity of Ce6 towards biotin
receptor-positive HeLa cells. To evaluate the anticancer efficacy
and dark toxicity of Ce6 and compound 27, we utilize the 3-
(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay to assess cell viability post-treatment with both
photosensitizers (PS). In the absence of irradiation, Ce6 and
compound 27 exhibit minimal inhibitory effects on HeLa cells
at concentrations ranging from 0.25 to 4 pM (Fig. 18D and E).
These findings demonstrate that compound 27 enhances
therapeutic efficacy against BR-positive cancer cells without
increasing dark cell toxicity. This biotin-conjugate effectively
addresses the toxic and side effects of Ce6 while enhancing its
therapeutic efficacy. Biotin plays a key role in this system, but
the results show that the current coupling method needs to be
further improved to continue to improve efficacy.
Curcumin-Pt(u) mixed ligand complexes and 1,10-phenan-
throline bases have been developed as potent anticancer drugs
and photosensitizers for targeted cancer cell phototoxicity.”*°
In 2019, Aarti Upadhyay et al.®' conjugated these compounds
with biotin to form compound. The authors synthesized three
compounds referred to as “complexes 2, 3 and 4” with com-
plexes 3 (Fig. 19, compound 28) demonstrating the most favor-
able efficacy, thus warranting detailed description herein.
Upon interaction with tumor cells, these complexes exhibit
robust cytotoxicity under visible light, as evidenced by their
low ICs, values, leading to early apoptosis in HeLa, HepG,,
and A549 cancer cells with minimal dark toxicity. Notably,
these complexes demonstrate efficacy against the multi-drug-
resistant MDA-MB-231 cell line. The cancer-selective conju-
gates are successfully developed: compound 28 with biotin
and sugar components, aiming to mitigate the adverse effects
commonly associated with traditional Pt-based drugs. com-
pound 28 incorporates biotin. compound 28 exhibits signifi-
cant uptake in HepG, cells, while compound 28 demonstrates
high cellular uptake in HeLa cells, albeit minimal uptake in
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Fig. 18 Chemical structures of compound 27. (A) Flow cytometry analyses of Hela cells incubated with Ce6 and Ce6-biotin. (B) Uptake isotherms
of Ce6 and Ce6-biotin toward Hela cells. Cytotoxicity against Hela cells of Ce6 and Ce6-biotin in the dark (C) or upon irradiation (D). Reproduced

with permission.”® Copyright 2021, MDPI.

HPL1D standard cell lines. It is imperative that drugs exhibit
selectivity towards cancer cells rather than normal cells. To
investigate this, the authors employ HPL1D cells to assess the
uptake of complexes 2, 3, and 4 by normal cells. Additionally,
HeLa and HepG, cell lines are chosen due to their documen-
ted overexpression of GLUT-1 (glucose transporter) and biotin
receptors compared to complexes 2 (15 pM) and complexes 4
(15 pM), with compound 28 (15 pM) featuring a biotin com-
ponent. Notably, complexes 2 exhibit enhanced uptake in
HepG2 cells, indicating the targeting role of biotin (Fig. 19A-
C). Furthermore, these complexes preferentially localize to the
nucleus, as observed in Pt estimation studies using ICP-MS.
Given DNA’s susceptibility as a potential target, the complexes’
DNA binding and photocleavage properties were thoroughly
examined. Complexes containing 1,10-phenanthroline exhibit
enhanced DNA binding tendencies. Mechanical DNA photo-
lysis studies have demonstrated that light exposure is the

1832 | Nanoscale, 2025, 17,1812-1873

primary inducer of reactive oxygen species (ROS). This mecha-
nism involves light exposure inducing hydroxyl radicals, which
in turn convert O, into the precursor of ROS, O, . Overall, Pt
() complexes demonstrate significant anticancer potential as
curcumin-based phototoxic drugs. Their enhanced ability to
selectively deliver the dye to cancer cells compared to normal
cells underscores their potential for targeted cancer therapy.

In 2020, Summer Y. Y. Ha et al.%® introduced an advanced
multifunctional molecular therapeutic agent that integrates
three key components: a tumor-targeting biotin moiety, a glu-
tathione (GSH)-activated zinc(u) phthalocyanine (ZnPc)-based
photosensitizer, and a reactive oxygen species (ROS)-responsive
CA4 unit (Fig. 20, compound 29).** This creative compound,
referred to as compound 29, is designed to combine dual
chemical and photodynamic therapy, leveraging the unique
properties of each component. The ZnPc unit in the com-
pound features a DNBS substituent that enhances both fluo-

This journal is © The Royal Society of Chemistry 2025
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rescence emission and singlet oxygen generation upon acti-
vation. The GSH activation further amplifies the intracellular
fluorescence intensity and photocytotoxicity, illustrating the
synergistic effects of biotin targeting and GSH reactivity.
During the photodynamic process, the generated singlet
oxygen not only induces cytotoxic effects but also cleaves the
amino acrylate linker, triggering the release of the CA4 unit.
This mechanism enables a synergistic dual therapeutic
approach, combining chemical and photodynamic modalities.
To evaluate the efficacy of this multifunctional agent, the
authors conducted cellular uptake studies using HepG,
human hepatoma cells, which exhibit high biotin receptor
expression, and HCT-116 human colorectal cancer -cells,
characterized by low biotin receptor expression. The results
demonstrated that the intracellular fluorescence intensity in
HepG, cells was significantly higher than in HCT-116 cells,
indicating effective biotin-mediated targeting. Importantly, the
addition of GSH did not alter the photosensitizer’s effect, con-
firming the robustness of the therapeutic agent. Moreover, the
authors observed no cytotoxicity in the absence of light, while
the ICso value under light exposure was 48 nM, underscoring
the potent cytotoxic effect of the photosensitizer on tumor
cells (Fig. 20A). This study highlights the potential of integrat-
ing biotin targeting with GSH activation and ROS-responsive
elements to develop highly effective multifunctional thera-
peutic agents for cancer treatment.

This journal is © The Royal Society of Chemistry 2025

Johannes Karges et al.®* devised a Ru(u)-based PDT anti-
cancer drug delivery system. The metal compound were encap-
sulated within polymer nanoparticles featuring biotin groups
at their termini (Fig. 21, compound 30). This study unveiled
that Ru nanoparticles (NPs) exhibited selective accumulation
in two-dimensional monolayer cancer cells and three-dimen-
sional multicellular tumorspheres. This unique design endows
the particles with high selectivity towards cancer cells, surpass-
ing non-cancerous cells in both 2D monolayer models and 3D
multicellular tumor spheres. Employing an equivalent amount
of Ru(u) polypyridine complex in vivo, the researchers note
enhanced particle accumulation within tumors compared to
the complex alone, confirming its effectiveness in targeting
cancer. Under clinically relevant single-photon (500 nm) or
two-photon (800 nm) excitation, the nanoparticles demon-
strate notable phototoxic effects in both 2D monolayer cells
and 3D multicellular tumor spheres, leading to tumor eradica-
tion in mouse models (Fig. 21A-D). The encapsulation method
proposed for the Ru(u) polypyridine complex in this investi-
gation holds significant promise for advancing cancer-targeted
PDT.

3.3. Combination of biotin and immunotherapy

Immunotherapy has shown significant antitumor activity in
cancer treatment. It can specifically target tumor cells, activate
the body’s immune system to enhance antitumor responses,
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and generally has fewer side effects and better long-term survi-
val rates compared to traditional chemotherapy. Furthermore,
immunotherapy can improve efficacy through personalized
approaches, especially showing significant effects in certain
cancer types. However, immunotherapy also faces several
major drawbacks, including resistance caused by individual
differences, potential immune-related adverse reactions (such
as attacks on healthy cells), high treatment costs, and uncer-
tainty in efficacy. Additionally, there is currently a lack of
reliable biomarkers to predict patients’ responses to immu-
notherapy, making the selection of the appropriate treatment
plan more complex (high specificity of engineered T cells with
third-generation CAR (CD28-4-1BB-CD3-{) based on biotin-
bound monomeric potential  tumor
immunotherapy).

As an excellent targeting agent, biotin can effectively facili-

streptavidin ~ for

tate drug uptake in tumor cells through receptor-mediated
endocytosis.”” Thus, some have proposed using biotin to con-
jugate antibodies (such as biotinylated trastuzumab) to
enhance targeting of HER2-positive tumor cells, thereby
improving treatment efficacy. In immunotherapy, biotin can
also act as a “molecular switch” to enhance immune responses

1834 | Nanoscale, 2025, 17,1812-1873

by binding to specific antibodies or cytokines. For example, a
biotin-based CAR T cell (UniCAR) has been developed, which
can target various tumor antigens by recognizing antibodies
bound to biotin. This method not only improves T cell reco-
gnition of tumor cells but also enhances its cytotoxicity.
Notably, in three-dimensional tumor spheroid models, biotiny-
lated CAR T cells can effectively penetrate the tumor micro-
environment and induce cell death in the core region, over-
coming the limitations of traditional CAR T cells in solid
tumors. Currently, several preclinical studies are exploring
biotin-based immunotherapy strategies.®

For example, in mouse models, researchers have shown sig-
nificant antitumor activity using biotin-linked anti-PD-L1
inhibitors (such as SWS1). These inhibitors not only effectively
block the PD-1/PD-L1 pathway but also promote an increase in
tumor-infiltrating lymphocytes, thereby enhancing immune
response.®® Furthermore, these studies indicate that biotiny-
lated drugs accumulate significantly more in tumor tissues
than in normal tissues, further enhancing the therapeutic
effect.

Although biotin has potential in enhancing immunother-
apy, its clinical application still faces several challenges. First,

This journal is © The Royal Society of Chemistry 2025
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determining the optimal dose remains a key issue. Overuse of represent a significant obstacle, as certain tumor cells may
biotin may lead to off-target effects and interfere with the evade treatment by downregulating biotin receptors or altering
efficacy of other drugs. Additionally, resistance mechanisms metabolic pathways.
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4. Nano-biotin conjugates (NBCs)

Nanomaterials consist of crystals or amorphous superparticles
with a nanometer-scale (1-100 nm) as the basic structural
unit. Nanodrug delivery systems (NDDS), utilizing nano-
materials to transport antitumor drugs, have emerged as
promising cancer treatments with numerous advantages over
traditional small-molecule drugs. NDDS has been extensively
studied and utilized due to its ability to improve drug pharma-
cokinetic (PK) profiles. Recently, researchers have focused on
the interaction between NDDS and anti-tumor drugs. By com-
bining NDDS with antitumor drugs, several benefits can be
achieved. Firstly, encapsulating antitumor drugs in nano-
carriers significantly extends their blood circulation time com-
pared to their free-form counterparts, allowing for continuous
release at the tumor site. Secondly, NDDS can facilitate passive
targeting by enhancing permeability and retention (EPR)
effects, thereby improving tumor distribution. Lastly, NDDS
strategies may promote cellular uptake of antitumor drugs, as
nanoparticles possess unique properties that facilitate efficient
internalization into cells through mechanisms such as endocy-
tosis or receptor-mediated pathways. However, the combi-
nation of NDDS and antitumor drugs alone may not provide
optimal targeting or therapeutic effects, posing a significant
challenge in NDDS.*” Therefore, the combination of biotin,
NDDS, and antitumor substances has shown promise in tar-
geted drug transport and enhancing tumor therapeutic per-

1836 | Nanoscale, 2025, 17,1812-1873

formance. By enhancing tumor distribution efficiency, extend-
ing blood circulation duration, and facilitating cellular uptake,
this combination may offer a novel therapeutic approach for
cancer treatment, while mitigating adverse effects on healthy
tissues. The advancements in nanomedicine and nanocarriers
in recent years have provided valuable insights and directions
for the future development of antitumor drugs using
nanotechnology.®®

4.1. Targeting asialoglycoprotein receptor (ASGPR)

Liposomes (Lip) are hollow vesicles prepared from lecithin and
ceramide, possessing a bilayer structure identical to that of the
cell membrane. Due to their unique structure, Lip serve several
functions: targeting and lymphatic orientation, sustained
release, reduction of drug toxicity, and improvement of stabi-
lity. Lip consists of lipid bilayers with an aqueous phase
inside, initially proposed as a model by British scholar
Bangham in 1965 to study biofilms. This unique structure
enables Lip to encapsulate various substances within their
aqueous phase and membrane. Hemoglobin release from all
Lip remained insignificant below 800 nM phospholipids, with
a hemolysis rate of less than 10%, indicating their non-toxic
and biocompatible nature. Consequently, liposomes began to
be utilized as drug carriers to regulate drug release, aiming to
minimize side effects and enhance efficacy. Ligand-modified
liposomes are vital for targeted drug delivery, improving drug
efficacy, and reducing chemotherapy-related side effects.

This journal is © The Royal Society of Chemistry 2025
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However, existing single-target ligand-modified liposomes
have demonstrated inadequate precision in targeting tumor
cells, coupled with suboptimal delivery and release efficiency.
Consequently, it is imperative to develop and fabricate novel
compounds with improved characteristics to overcome these
shortcomings.®

In 2019, Ruihua Ding et al.’® engineered several novel liver
cancer cell-targeted lipid materials: Single-Gal-ST (monogalac-
tose), Di-Gal-ST (bisgalactose), Gal-Biotin-ST (galactose-biotin,
Fig. 22, compound 31). They employ a creative synthesis
method that preserves the properties of liposomes while utiliz-
ing the biotin-directed effect to enhance liposome accumu-
lation in tumor cells (Fig. 22A). Like previous biotin-conju-
gated drugs, compound 31 exhibits reduced drug release rates,
with HCPT-loaded liposomes releasing only about 5% of HCPT
compared to 35% for the free 10-Hydroxy-CPT (HCPT) solu-
tion. Galactose, a monosaccharide composed of six carbons
and one aldehyde, is introduced to improve the liver targeting
effect by specifically recognizing the overexpressed ASGPR on
hepatocyte surfaces. ASGPR autoantibodies are considered
specific markers of autoimmune hepatitis (AIH).”!
Interestingly, uptake experiments on these liposomes reveal
that the fluorescence intensity of compound 31 in HepG, (liver
cancer cells) is 1.3 times higher than that of single-gal-LPs and
5.0 times higher than that of Lips. While its uptake ability is
weaker than that without biotin, this demonstrates that the
addition of biotin can more accurately target tumor cells, high-
lighting a synergistic effect between galactose and biotin. This
synergy enhances liposomes’ ability to distinguish between
liver cancer cells and normal liver cells, showing a trend of
Lips < single-gal-LPs < Di-Gal-Lips < compound 31 (Fig. 22B
and C). Cytotoxicity experiments also demonstrate a survival
rate of over 90% for normal cells. Galactose competition
experiments further demonstrate that galactose-biotin-modi-
fied liposomes can penetrate hepatoma cells via ASGPR-
mediated endocytosis. Additionally, in vitro cytotoxicity assays
indicate high biosafety for these materials. Overall, this study
develops a range of creative lipid materials targeting hepatoma
cells for liposomal delivery, paving the way for more precise
treatments for HCC.

4.2. Targeting ATF3

15,16-Dihydrotanshinone I (DI) occur extracted from the
rhizome of Salvia Miltiorrhiza.®” Salvia Miltiorrhiza itself has
demonstrated efficacy in treating gastric cancer, liver cancer,
cervical cancer, and other diseases. Dihydrotanshinone I
(DHTS I, DI) has been shown to effectively improve the overall
condition of mice with experimental ulcerative colitis, alleviat-
ing symptoms such as weight loss, diarrhea, bloody stool, and
mental distress, while also exhibiting antitumor activity. Being
a natural component derived from Salvia Miltiorrhiza, DI has
been found to be safe and effective, with no noticeable side
effects or toxic reactions observed during experiments.
However, DI's poor solubility has limited its efficacy. DHTS
has been observed to upregulate the expression of ATF3 (cyclic
AMP-dependent transcription factor ATF-3), thereby facilitating
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DHTS-induced apoptosis in both non-malignant SW480 and
malignant SW620 colorectal cancer cells.”® In 2018, Jingjing
Luo et al® synthesizes copolymers PEG-PLGA (PPA) and
Biotin-PEG-PLGA (BPA) by combining polylactic acid-glycolic
acid (PLGA) with polyethylene glycol (PEG) and biotin (Fig. 23,
compound 32). Utilizing PPA and BPA to load DI improves its
solubility and efficacy. DI-PPA-NPs and DI-BPA-NPs are
obtained, respectively. Biophysical methods are employed to
characterize the particle size, distribution, encapsulation
efficiency, and in vitro release profile of DI-BPA-NPs (Fig. 23A).
Altering the pH reveals that the cumulative release rate of DI is
slightly higher at pH 5.3, consistent with the pH of the tumor
microenvironment (TME). The antiproliferative activity of free
DI, DI-PA-NPS, and DI-BPA-NPS on human cervical cancer
HeLa cells is assessed using the MTT assay. Results show that
DI-BPA-NPS exhibits the highest IC5, value for HeLa cells at
4.55 + 0.631 pM, while the ICs, values of DI and DI-PPA-NPS at
72 h are 8.20 + 0.849 and 6.14 + 0.312 pM, respectively. The
presence of biotin in DI-BPA-NPs facilitates robust targeting,
preferentially taken up by tumor cells and accumulating
within them to exert more potent antitumor activity. In con-
clusion, DI-BPA-NPS exhibits a significantly enhanced inhibi-
tory effect on human cervical cancer cells compared to free DI.
This underscores the targeting efficacy of biotin within
DI-BPA-NPS, thereby enhancing the therapeutic potential of DI
in cancer therapy and offering a novel delivery strategy for DI.

Fig. 23 The structure of compound 32. (A) Assembly and mechanism
of action of drugs. Reproduced with permission.®* Copyright 2018, ACS.
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4.3. Targeting COX-2

COX-2 is released into the TME by cancer-associated fibro-
blasts, type 2 macrophages, and cancer cells. COX-2 induces
cancer stem cell-like activity and promotes resistance to apop-
tosis, proliferation, angiogenesis, inflammation, invasion, and
metastasis. In the TME, COX-2-mediated hypoxia interacts
positively with YAP1 and anti-apoptotic mediators, diminish-
ing cancer cell resistance to chemotherapy drugs.” The third-
generation PAMAM dendrimer (G3 PAMAM), with 32 amino
surface groups, is less toxic and easily modifiable. It exhibits
intense penetration through the biofilm. Biotinylated dendri-
mers and their conjugates with anticancer drugs exhibit elev-
ated cellular uptake and cytotoxicity when bound to biotin.
COX-2 is an inducible enzyme that catalyzes the conversion of
arachidonic acid to prostaglandins during the inflammatory
response in cancer development. COX-2 plays a crucial role in
cancer progression by promoting cell proliferation, migration,
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invasion, resistance to apoptosis, and angiogenesis.”®
Therefore, COX-2 inhibitors have potential in cancer preven-
tion. Peroxisome proliferator-activated receptor (PPAR-y) ago-
nists are transcription factors that regulate cell functions by
binding to various ligands. PPAR-y is overexpressed in tumor
cells and activation of PPAR-y may inhibit tumor growth,
induce apoptosis, cell cycle arrest, and redifferentiation, ulti-
mately leading to tumor cell death. Both COX-2 inhibitors and
PPAR-y agonists exhibit strong anti-tumor activity.”” However,
there is substantial evidence suggesting that COX-2 inhibitors
may increase the risk of cardiovascular events and elevate pro-
thrombotic activity.”®

In 2018, Lukasz Uram et al.®® utilized the characteristics of
biotinylated G3 PAMAM (Fig. 24, compound 33) to synthesize,
detect, and compare the effects of compound 33 dendrimers
binding to selective COX-2 inhibitors (celecoxib)'®® or/and
PPAR-y antagonists (Fmoc-LLeucine)'®" on the cytotoxicity of
four different types of human cell lines (Fig. 24A).
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Fig. 24 The structure of compound 33. Schematic formulae of studied conjugates: G3'83' (a=1,b=31,¢c,d, e =0); G3'®" (a=1,c=31,b,d, e =
0); G3*B16C15L (3 =1, b =16,c = 15,d, e = 0); G3'82°“¥F (a =1, b=20,c=0,d =1, e = 10); G3'¥2°"F (a =1, b = 0, c = 20, d = 1, e = 10); G3'BI°1F 4
=1,b=10,c=10,d = 1, e = 10). (A) Drugs and their effects on cell viability. Reproduced with permission.’® Copyright 2018, Elsevier.
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Additionally, the authors synthesize a series of drugs derived
from compound 33. Relatively high biotin uptake is observed
in normal fibroblasts (BJ), immortalized keratinocytes
(HaCaT), and glioblastoma (U-118 MG) cells, but significantly
decreases in SCC15 cells. COX-2 protein is constitutively
expressed in all studied cells, with substantially increased
levels observed in cancer cells. The authors validate the cyto-
toxicity of the newly synthesized compound 28 dendrimer
polymers by comparing them with the COX-2 inhibitor cele-
coxib and/or the PPAR-y receptor antagonist Fmoc-L-Leucine.
The dendrimer G3-1B16C15L combined with both drugs exhi-
bits the highest cytotoxicity. The focus is on evaluating the
cell’s capacity to uptake biotin. Time-dependent uptake of
biotin labeled with ATTO590 is carried out for 24 h. The
cancer cell lines SCC-15 and U-118 MG did not show clear
drug targeting effects in this study. In addition, when treating
skin squamous cell carcinoma, the drug was highly toxic to
L929 cells. This result was unexpected. This problem may be
linked to the transport mechanism of biotin. The main trans-
porter for biotin is SMVT. SMVT needs a free carboxyl group to
work properly. This group is important for transporting biotin
effectively. However, during the drug conjugation process,
biotin is often modified, especially the carboxyl group. This
modification may reduce the transport efficiency through
SMVT. When the conjugated biotin cannot bind well to SMVT,
it cannot enter the cancer cells efficiently. This results in poor
drug targeting. Moreover, in skin squamous cell carcinoma
(SCC), SMVT is not activated enough. This makes it harder for
biotin to be taken up by the cells. Even if the drug is designed
to target cancer cells, its effectiveness is reduced because of
the limited transport function of SMVT.

These problems highlight a major challenge for biotin-
based drugs in clinical use. It is difficult to balance drug modi-
fication and transport efficiency. In diseases like skin squa-
mous cell carcinoma, where SMVT is not fully understood,
biotin-based drugs face many challenges. More research is
needed to improve this. Researchers may need to find ways to
activate SMVT better or use alternative transport methods to
improve the drug’s targeting and delivery. In conclusion,
although biotin-based drugs show potential, their different
effects in various cancers show that improving drug design
and transport mechanisms is important. More studies are
needed to better understand these issues and find solutions
for using biotin-based drugs in the clinic.

4.4. Targeting DNA

In the method of combining metal with chemotherapy, Pt-
based chemotherapy therapeutics offer the ability to track bio-
logical distribution and pharmacokinetics while exerting
therapeutic effects. In 2022, Jie Yu et al.'® designed and syn-
thesized reducing agent-sensitive Bio-Pt-I NPs (Fig. 25, com-
pound 34) with high Pt and iodine content as a therapeutic
nano-drug aimed at improving the integration of tumor diag-
nosis and treatment (Fig. 25A). The incorporation of biotin
enables specific targeting of tumor cells, thereby increasing
the concentration of iodine-coupled Pt within tumor cells. The
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addition of iodine significantly enhances the CT imaging capa-
bility of Pt. CT imaging reveals observable tumor contours fol-
lowing injection of compound 34 NPs compared to compound
34, demonstrating the effectiveness of iodine-enhanced CT
imaging at the animal level (Fig. 25B). In vitro cytotoxicity
experiments demonstrate that Bio-Pt-I exhibits a notable
inhibitory effect on the growth of various tumor cells, includ-
ing cisplatin-resistant tumor cells, underscoring its diagnostic
and therapeutic potential. Compound 34 NPs (ICs5, = 74.2 uM)
and Pt(v)-I (ICso = 108.0 uM) significantly inhibit the prolifer-
ation of HepG2 cells, while compound 34 NPs (ICs, =
400.0 pM) exhibit lower cytotoxicity (Fig. 25C and D).
Subsequently, the beneficial role of iodine in sensitizing A549/
DDP cells to Pt-containing drugs is confirmed. The cytotoxicity
of compound 34 against A549 and A549/DDP tumor cells is
negligible, with the IC5, not detectable within the dose range.
In compound 34 NPs, a synergistic effect is observed among
Pt, iodine, and biotin, collectively enhancing the drug’s tox-
icity, with ICs, values of 60.8 pM and 74.2 pM for A549 and
A549/DDP, respectively (Fig. 25E and F). Moreover, both com-
pound 34 NPs and Bio-Pt-Cl NPs exhibit enhanced drug
uptake compared to their non-targeted counterparts at both
0.5 and 4 h (Fig. 25G). The authors further confirm that iodine
can inhibit the expression of Bcl-2 in tumor tissues, thereby
overcoming cisplatin resistance. This study represents a pio-
neering effort in combining diagnosis and treatment through
CT imaging and tumor suppression. The development of this
therapeutic system advances the potential clinical translation
of compound 34 NPs and provides a solid foundation for
future research in this area.

4.5. Targeting DNA TOP I

To address the challenges posed by CPT, scientists have
explored nanomaterial-based solutions. In 2022, Diptendu
Patra et al.'® designed and synthesized a therapeutic multi-
prodrug CP TP PG BN Fe (Fig. 26, compound 35), co-targeted
by biotin and mitochondria (Fig. 26A). The multi-prodrug
spontaneously self-assembled into nanospheres in water, effec-
tively targeting the biotin receptor and the mitochondria of
cancer cells. The iron complex provides MRI tracking capa-
bility, aiding in dose estimation during treatment.'®* The diag-
nostic potential of compound 30 was assessed through relax-
ation and DOI imaging experiments."®> Therapeutic multi-pro-
drugs can efficiently and precisely deliver CPT to mitochondria
in cancer cells, a pivotal event in regulating tumor cell apopto-
sis. To validate the mitochondrial targeting ability of thera-
peutic multi-prodrug CP TP PG BN Fe, fluorescence cell
imaging experiments were conducted on biotin receptor-posi-
tive human cervical cancer (HeLa) and breast cancer (MCF-7)
cell lines. The results demonstrate that compound 35 exhibits
continuous receptor and mitochondrial dual-targeting ability,
delivering CPT effectively and accurately to cancer cells com-
pared to CP PG BN. The fluorescence intensity is higher in
compound 30-treated cells than in CP PG BN-treated cells. The
introduction of Fe plays a significant role in enhancing this
effect. Cytotoxicity studies using MTT assay evaluate the effects
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of CPT (0.1-25 pg mL™") in compound 35 for two different
incubation periods (24 h and 48 h). Additionally, apoptosis
experiments show that the average percentage of active
caspase-3 positive cells is 3% in untreated cells, 15% in free
CPT-treated cells, and 35% in compound 35-treated cells
(Fig. 26B-E). The therapeutic multi-prodrug compound 35
demonstrates its ability to induce mitochondrial reactive
oxygen species (mtROS) to a greater extent than free CPT.
These experiments underscore the mitochondrial-targeted and
potent characteristics of therapeutic multi-prodrug compound
35, presenting a promising approach for tumor treatment.

In 2019, Cinzia Scialabba et al.'°® developed highly con-
trolled, well-defined red-emitting carbon nanodots with
surface-decorated biotin groups (Cyclodextrins (CDs)-PEG-BT)
connected by discrete PEG2000 chains (Fig. 27, compound
36).'"” This ligation method incorporates biotin, allowing the
group to specifically bind to the biotin receptor (BR) and
mediate endocytosis to target cancer cells. compound 36 were
found to efficiently capture a large amount of irinotecan
(>16%) released into the tumor through the NIR-triggered
photothermal (PT) effect (Fig. 27A).'°® Moreover, facilitated by
biotin action, it accumulates in numerous tumor cells, leading
to cell death. The authors conducted the infrared photother-
mal conversion of compound 36 (compound 36 @ IT) loaded
with imipridone and observed that the drug-loaded complex
exhibited efficient near-infrared photothermal conversion
(21.2%), enabling immediate payload release under low-power
810 nm laser irradiation (100% within 200 s). compound 36
demonstrates in vitro bioimaging capabilities in a transparent
window, facilitating the identification and monitoring of
cancer cells in complex tissues. Experimental findings confirm
that the targeted PT effect of compound 36 @ IT can specifi-
cally act on tumor cells to induce local hyperthermia and a sig-
nificant release of irinotecan, effectively eliminating cancer
cells in the vicinity. The authors established an in vivo solid
tumor model by co-culturing MCF7 or MDA-MB-231 cells with
human dermal fibroblasts (HDFa) to generate spheroids. The
cytotoxic effects of CDs-PEG-BT were evaluated after 48 hours
of incubation using the MTS assay. This value was compared
with the efficacy observed with free IT (Fig. 27B-I).
Surprisingly, biotinylated CDs exhibited cytotoxic effects com-
parable to those of free drugs. Additionally, these nanothermal
agents have demonstrated potent anti-cancer effects in human
biopsy patient-like organs, offering insights into tumor meta-
stasis potential and drug response in human subjects. This
complex exhibit high potential as an effective therapeutic tool
for image-guided PT treatment of BR-overexpressing cancers,
including breast cancer.

4.6. Targeting DNA TOP II

In 2017, Cenk Daglioglu et al.'% developed Fe;0,@Si0,(FITC)-
BTN/FA/DOX multifunctional nanoparticles with pH sensing
(Fig. 28, compound 37) to address anti-cancer drug efflux
activity and mitigate substantial side effects. These nano-
particles exhibit a higher release rate in environments with
lower pH. At pH 5 and pH 7.4, the release rate in the first 4 h
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increased by about 6.5 times. The synthesized nanoparticles
were equipped with two targeting groups, biotin and folic acid,
enhancing their uptake by cancer cells and reducing the likeli-
hood of drug resistance. DOX binds to the nanoparticle
surface through an acid-sensitive Schiff base. Moreover, the
presence of two active targeting ligands on the nanoparticle
surface improves the accumulation of nanoparticles in cells
and promotes their retention in the cytoplasm. The anti-
cancer activity of the nanoparticles demonstrated that, com-
pared with single-targeting agents, the dual-targeting agents
have a solid potential to overcome drug resistance, resulting in
increased toxicity and cancer cell apoptosis (Fig. 28A and B).
This multifunctional nanoparticle platform with dual targeting
and drug release characteristics holds promise as a promising
anti-cancer nanomedicine.

In 2018, Zhen Li et al."*® used methoxy polyethylene glycol-
poly (t-histidine)-p-a-vitamin E succinate (MPEG-PLH-VES)
copolymer as a material to load DOX to form MPEG-PLH-VES
nanoparticles (NPs) containing DOX (Fig. 29A). Biotin was
added to MPEG-PLH-VES nanoparticles to target tumor cells to
form biotin-PEG-VES nanoparticles (MPEG-PLH-VES/B NPs)
(Fig. 29, compound 38). The loading rate of the two NPs to
DOX was about 90%, and the average particle size was about
130 nm. They were sensitive to pH and could increase the drug
release rate in an acidic environment. The results of confocal
laser scanning microscopy (CLSM) showed that DOX-loaded
NPs led to the effective delivery of DOX to MCF-/ADR cells and
significantly promoted the escape of the carrier from endo-
somal encapsulation. In vitro, cytotoxicity evaluation showed
that the toxicity of drug-loaded NPs was significantly higher
than that of free DOX, and the nanoparticles compound 38
NPs containing biotin were significantly higher than
MPEG-PLH-VES NPs. This result suggests that biotin does
indeed play a targeting role in the system of action. It was also
verified in the in vivo imaging study of MCF-7/ADR tumor
transplanted mice. In vitro, results showed that although com-
pound 38 NPs loaded with DOX had the most potent inhibi-
tory effect on MCF-7/ADR xenograft tumors, its systemic tox-
icity could be ignored, which was proved by histological ana-
lysis and weight change. The authors also explained the prin-
ciple that NPs can overcome multidrug resistance (MDR).
DOX-loaded compound 38 NPs have efficient DOX cell uptake
of MCF-7/ADR cells, drug-dependent release, PLH promotes
endosomal escape, high cytotoxicity to MCF-7/ADR cells, selec-
tive tumor accumulation in MCF-7/ADR xenograft tumor
model and significant tumor growth inhibition. These results
indicate the great potential of compound 38 nanocarriers in
overcoming multidrug resistance in cancer chemotherapy.

In the same year, Chandra Bhushan Tripathi et al.'"" engin-
eered a molecularly targeted nanostructured lipid carrier
(NLCs) designed to load Dox and deliver it to tumor cells,
thereby inducing apoptosis in breast tumor cells. NLCs were
crafted using perilla oil (#3-FA) as a lipid, and the encapsula-
tion of Dox was bolstered by molecular ion pairing.''? In vitro
and in vivo evaluation of biotinylated NLCs (Bio-Dox-NLCs)
was conducted (Fig. 30, compound 39). The nanoparticles

This journal is © The Royal Society of Chemistry 2025
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exhibited an entrapment efficiency of 99.15 + 1.71%, a drug measured at 98.67 + 2.43%. MTT assay and flow cytometry ana-
content of 19.67 = 2.6 mg g~ ', and a biotin content of 5.85 + lysis revealed that compound 39 demonstrated enhanced anti-
0.64 pg g¢~'. Under acidic pH conditions (mimicking the proliferative activity compared to Dox alone in MCF-7 cell
internal tumor environment), the drug release rate was lines, inducing apoptosis. The slower rate of drug release can
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maintain an effective drug concentration within tumor cells
for an extended duration, leading to tumor cell death
(Fig. 30A). Experimental findings highlighted that biotinylated
®-3 fatty acid-loaded Dox-enhanced NLCs could specifically
induce programmed cell death in breast cancer -cells.
Simultaneously, this coupling form exhibited minimal impact
on biotin and drugs, allowing biotin to effectively fulfill its tar-
geting role, thereby increasing efficiency and decreasing tox-
icity. Hence, it can serve as a safe and effective delivery system
with enhanced potential for breast cancer treatment.
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In 2022, Wenzhi Yang et al.’*® synthesized a series of bioti-
nylated p-cyclodextrin grafted pullulan (Bio-CDPu), character-
ized by Fourier transform infrared (FTIR) and hydrogen
nuclear magnetic resonance ("H NMR)."'**'*> These were then
self-assembled into spherical nanoparticles with a diameter
ranging from 110 to 200 nm, intended for loading DOX for
tumor therapy. Biotin within the Bio-CDPu served dual roles,
functioning both hydrophobically and in targeting (Fig. 31,
compound 40). Consequently, it was speculated that com-
pound 40 nanocarriers possessed amphiphilicity, safety, liver
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targeting, and excellent anti-cancer drug loading performance,
potentially effective for liver tumors and reducing drug side
effects. Drug release experiments were conducted under different
pH conditions. The results indicated that lower pH values corre-

This journal is © The Royal Society of Chemistry 2025

lated with increased solubility of DOX in nanoparticles, facilitat-
ing controlled drug release, particularly in tumor cells.
Specifically, the release rate exceeded 60% at pH 7.4 and exceeded
80% at pH 3.5. The release duration of compound 40 NPs was
approximately 12 h, with higher drug content correlating to lower
release rates. Notably, the cytotoxicity of compound 40 NPs to
normal cells was greatly reduced, even at concentrations in the
range of 10-300 pg mL™". However, the cytotoxicity of compound
40 to tumor cells Bel-7404 did not decrease, and the efficacy of
compound 40 was higher than that of DOX alone at 0.1-10 pg
mL™" concentration. To verify whether compound 40 NPs could
target biotin receptors, FITC-labeled compound 40 was utilized
for CLSM and FCM analysis. Results indicated enhanced uptake
of compound 40 NPs by Bel-7404 cells compared to free drugs.
Additionally, the authors demonstrated that the inhibitory effect
on tumor cells was stronger with higher biotin content.
Encapsulation of DOX by compound 40 NPs improved its action
efficiency and reduced associated side effects, leading to
improved bioavailability. Pharmacokinetic analysis of DOX/Bio-
CDPu NPs indicated higher AUC (551.04 mg L™" h™", 2.51 times),
slower CL (0.007 kg L™" h™", 5.57 times), longer t,/, (69.32 h, 5.96
times), and longer MRTO-¢ (21.28 h, 2.62 times). After two weeks
of treatment, the tumor inhibition rate of the DOX/Bio-CDPu
group was 64%, higher than that of the free DOX group (47%),
underscoring the potent anti-tumor therapeutic effect of DOX/
Bio-CDPu (Fig. 31A-D). This coupling not only ensures the proper
functionality of DOX but also minimizes side effects, with biotin
playing a pivotal role.

In 2019, Baskaran Purushothaman et al''® developed a
nanoparticle-based drug delivery system (NDDS), a new self-
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assembled photosensitizer (PS) nanoparticle based on DDSs
for chemical drugs.''” The author chooses chlorophyll
derivative tetraphenylporphyrin (TPP) as a PDT agent in the
complex. PDT can selectively kill cancer cells without
affecting adjacent normal cells, improving anticancer
efficacy and reducing side effects. This nanoparticle is a PS-
coupled amphiphilic biotinylated polymer (TPP-PEG-biotin)
(Fig. 32, compound 41) as a nanocarrier for DOX to develop
new self-assembled NPs for combination therapy. After coup-

1846 | Nanoscale, 2025, 17, 1812-1873

ling biotin with TPP and PEG, the author synthesizes it into
a nanocarrier compound 41 self-assembled nanoparticles
(SANs). To determine the effectiveness of the complex, the
nanocarrier-loaded DOX is a nanocarrier carrying drugs to
form DOX@compound 41 SANs. The experimental findings
demonstrate that DOX-loaded compound 41 SANs can effec-
tively penetrate the tumor area and exert a stronger antitu-
mor effect. Additionally, it is confirmed that compound 41
and its self-assembled nanoparticles target subcellular orga-

This journal is © The Royal Society of Chemistry 2025
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nelles, including mitochondria and lysosomes (Fig. 32A and
B). This paper proposes the synthesis of DOX@compound
41 SANs as a promising chemophotodynamic combination
anticancer drug with the potential for synergistic anticancer
effects and tumor targeting.

This journal is © The Royal Society of Chemistry 2025

4.7. Targeting DYRK2 and CTL epitope peptide
The authors have proposed that two ligands bind to drugs or

liposomes, which is more targeted than a single ligand. In
2019, Mengna Liu et al.''® designed an anti-tumor drug with
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sitive group in the nanocarrier is destroyed in an acidic
environment, making it easier for anticancer drugs to be released
in tumor cells. This method further enhances the targeting of
tumor cells and reduces the toxic and side effects on normal
cells. The addition of biotin and folic acid increases the targeting
effect.® Folate receptor is overexpressed in tumor cells, which
can preferentially uptake folic acid for tumor cells. In this study,
the cytotoxicity of compound 42 material, free Cur, free ICA, free
ICA & Cur, curs-loaded polymeric micelles, ICA-loaded polymeric
micelles, ICA & curs-loaded polymeric micelles on MCF-7 cells
and BCSCs is evaluated by MTT reagent. From the MTT experi-
ment, when the concentration of compound 42 material reaches
500 lg mL™", the survival rate of BCSCs and MCEF-7 cells is still
higher than 75%, indicating that compound 42 has low toxicity
and excellent safety. The cytotoxicity of ICA & curs-loaded poly-
meric micelles is significantly higher than that of the free Cur
group, free ICA group, free ICA & Cur group, curs-loaded poly-
meric micelles group, and ICA-loaded polymeric micelles group,
which may be due to the combination of icariin and curcumin.
And the authors also demonstrate that the co-delivery of curcu-
min and epimedium glycosides has a significant effect on the
invasion of MCF-7 cells and BCSCs (Fig. 33A). The above results
indicate that the compound 42 drug carrier has pH sensitivity
and multi-target characteristics and is reliable in targeting cancer
cells and cancer stem cells. The dual-targeted drug proposed by
the author utilizes the targeting of biotin and folic acid to carry
anti-tumor drugs to the tumor cells. This strategy provides a new
idea for the development of dual-targeted biotin antitumor
drugs.

4.8. Targeting phosphodiesterase (PDE)

Nanotubular kaolin, also referred to as kaolin nanotubes
(HNT) in certain materials science literature, represents the
predominant natural form of kaolin."** HNTs have garnered
significant interest in the biomedical realm. Possessing a
negatively charged outer surface and a positively charged inner
core under most natural pH conditions, kaolin allows for
various modifications as drug delivery carriers. Furthermore,
they exhibit commendable biocompatibility, cost-effectiveness,
and environmental friendliness. Surface modification of nano-
particles with PEG serves the purpose of mitigating their
immunogenicity, toxicity, protein adsorption, surface inter-
action, poor cell uptake, and cell adhesion. Quercetin (Que), a
flavonoid alcohol compound found abundantly in the plant
kingdom, is recognized for its diverse biological activities.
However, despite its anticancer potential, Que was classified as
a class 3 carcinogen by the International Agency for Research
on Cancer of the World Health Organization in 2017 due to its
carcinogenicity. In fact, Que exhibits anticancer properties.
Yet, its efficacy is hindered by factors such as poor water solu-
bility, low bioavailability, short half-life, and weak tumor
accumulation, impeding its application and antitumor effec-
tiveness in vivo.'** The principal mechanism underlying quer-
cetin’s antitumor effects lies in its ability to inhibit PDE
activity. Que has been shown to suppress the activity of phos-
phodiesterase, a group of enzymes responsible for regulating

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

intracellular second messengers, including cAMP phosphodi-
esterase and cGMP phosphodiesterase. These enzymes play a
pivotal role in modulating cell signaling pathways, and querce-
tin’s inhibition may influence processes such as cancer cell
proliferation and apoptosis, among other biological responses.

In 2018, Yamina Ait Mehdi et al.'®® synthesized HNTs-g-
PEG-CDs-Biotin (CDs multi-carbon dots) (Fig. 34, compound
43) using kaolin nanotubes as the base material, along with
PEG and biotin for modification (Fig. 34A). The grafted halloy-
site nanotubes (HNTs-g-PEG) were decorated with carbon
quantum dots for additive fluorescents properties. MTT ana-
lysis reveals that the cell viability remains above 80% even with
increased concentrations of blank nanoparticles containing
compound 43, indicating the low toxicity of the prepared nano-
particles themselves (Fig. 34D and E). Que is released from
both HNTs and compound 43 NPs in PBS solution at pH 7.4
(Fig. 34B and C). In addition, it is released from compound 43
in PBS solutions at pH 6.8 and pH 5.0 and compared to the
release carried out at pH 7.4. Biotin-based therapeutic agents
HNTs-g-PEG maintain the pharmacological effect of Que and
enhance its anticancer efficacy. The compound 43 loaded with
Que exhibits heightened cytotoxicity. This study underscores
the potential of PEG-grafted CDs and biotin NPs as effective
carriers for targeted drug delivery, both in vitro and in vivo.

In 2022, Kangkang Li et al.">* devised Que-loaded mixed
micelles (Que-MMICs) assembled from 1,2-distearoyl-sn-gly-
cerol-3-phosphate  ethanolamine-polyethylene glycol-biotin
(DSPE-PEG-biotin) and poly(ethylene glycol) methyl ether
methacrylate-poly[2-(dimethylamino)ethyl acrylate]-polycapro-
lactone (PEGMA-PDMAEA-PCL) (Fig. 35, compound 44) for
treating NSCLC (Fig. 35A). The blood compatibility of com-
pound 44 is evaluated via a hemolysis test, revealing its good
blood solubility and potential as a nanocarrier for drug
loading. Comprising hydrophilic PEMMA, PDMAEA, and hydro-
phobic PCL, the copolymer facilitates enhanced encapsulation of
Que in nanoparticles, thus improving its solubility and stability,
as evidenced by replacing Que with an NLR fluorescent probe.
The Que-loaded compound 44 mixed micelles (Que-MMICs) are
prepared using the thinfilm hydration method. Subsequent
uptake experiments demonstrate a 1.2-fold increase in cellular
uptake of biotin-conjugated nanoparticles compared to
NLR-MICs. Que alone exhibits a concentration-dependent effect
on A549 cells, albeit weakly. This suggests that Que’s anti-tumor
activity can be potentiated in the presence of nanoparticles.
Treatment with 10 mg mL™" Que-MMICs results in a significant
increase in the percentage of A549 cells in the G2/M phase, indi-
cating cell cycle arrest and apoptosis induction. Que-MMICs
effectively inhibit A549 cells by inducing apoptosis and cell cycle
arrest, demonstrating superior efficacy compared to Que-MICs
and free Que. Additionally, migration ability determination,
in vivo biodistribution, in vivo anti-tumor activity, ICH, and HE
safety evaluations consistently affirm the tumor-targeting and
anti-tumor effects of biotin-modified micelles. This enhancement
is attributed to the introduction of biotin (DSPE-PEG-biotin),
which facilitates drug accumulation in tumors via specific recep-
tor-mediated endocytosis. Overall, Que-MMICs exhibited robust
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anti-tumor efficacy against A549 cells in vitro and in vivo, promis-
ing further development as an effective drug delivery system.

4.9. Targeting T and B cells

CD20 x CD3, a T cell bispecific antibody, holds promise for
treating B-cell non-Hodgkin’s lymphoma by recruiting T cells
around B cells, thereby inducing a lethal effect on the B cells.
This dual-antibody approach targets tumor cell surface anti-
gens (CD20) and effector T-cell surface antigens (CD3), bring-
ing healthy T cells in close proximity to cancerous B cells to
facilitate their elimination.'*>'*® Chen Bai et al."*’ introduced
a groundbreaking method in 2020 by coupling biotinylated
CD20 and CD3 antibodies to the surface of streptavidin-modi-
fied ultrasmall Fe;O, nanoparticles to create a bispecific nano-
platform (BSNP, CD20&CD3@Fe;0,4) (Fig. 36A-D, compound
40). In vitro experiments demonstrate that compound 45 exhi-
bits a more potent cell-killing effect compared to monoclonal
CD20 antibodies. During the 24 h, 48 h, and 72 h co-incu-

This journal is © The Royal Society of Chemistry 2025

bation period with Raji cells, there is a progressive decrease in
the survival rate of RAJI cells, indicating significant cytotoxicity.
When exposed to the same concentration of CD20 antibody, the
survival rate of compound 45 against Raji cells is lower than that
of the monoclonal CD20 antibody, thereby significantly enhan-
cing the effect (Fig. 36E-G). Furthermore, the authors illustrate
that although compound 45 exhibits greater cytotoxicity,

induces less toxicity in K562 cells (Fig. 36H-]). In vivo experi-
ments demonstrate that the addition of biotin not only augments
the effect of CD20 but also reduces toxicity to normal cells,
thereby enhancing efficacy and minimizing adverse effects.
Additionally, compound 45 not only directly eliminates cancer
cells but also enhances antitumor immune function. Notably,
in vivo experiments show that compound 45 treatment does not
induce pathological damage to normal tissue in mice. This indi-
cates the potential of compound 45 to selectively target tumor
cells, thereby minimizing toxicity to normal cells. This is a prom-
ising finding that could significantly impact the development of
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cancer drugs. Additionally, the authors employ physical methods
to validate the stable physical and chemical properties of com-
pound 45, including an appropriate hydrodynamic size (approxi-
mately 30 nm), strong saturation magnetization (about 50 emus
g " [Fe]), and enhanced T1 contrast ability for acquiring bimodal
MRI-fluorescence images."?®

4.10. Targeting tubulin

Microtubule inhibitors have significant effectiveness in cancer
treatment, but traditional drug delivery methods lack tumor
specificity, which can lead to systemic toxicity and side effects,
limiting their therapeutic effect. To address this, researchers

1852 | Nanoscale, 2025, 17,1812-1873

have turned to nanotechnology to improve the targeting and
effectiveness of microtubule inhibitors. In 2008, Jingyi Chen
and colleagues developed a biotin-functionalized single-walled
carbon nanotube (SWNT) conjugate to enhance drug delivery
efficiency and precision.”” The nanometer size and high
surface area of the SWNT increased the drug loading capacity,
while biotin targeted the drug to cancer cells by binding to
biotin receptors, which are highly expressed on the surface of
cancer cells. This ensured that the drug was concentrated in
the tumor cells, reducing its impact on normal tissues. In later
studies, the authors combined paclitaxel with the SWNT to

form a Biotin-SWNT-linker-taxoid-fluorescein  conjugate

This journal is © The Royal Society of Chemistry 2025
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Reproduced with permission.??® Copyright 2008, ACS.

(Fig. 37, compound 46). Experimental results showed that this
conjugate entered cancer cells through receptor-mediated
endocytosis, and the released paclitaxel effectively bound to
microtubules, triggering specific toxicity in tumor -cells.
Compared to direct drug exposure, this delivery system signifi-
cantly increased the drug accumulation in cancer cells,
demonstrating the great potential of biotin-functionalized
SWNTs for tumor treatment.

This journal is © The Royal Society of Chemistry 2025

In 2018, Tao Wang and colleagues studied the design and
synthesis of asymmetric butterfly-shaped PAMAM dendrimers
(ABTD)."*° The ABTD scaffold was constructed using two half-
dendritic units (G3-HD and G1-HD), each functionalized to
carry different drug payloads. The G3-HD unit was attached to
16 biotin molecules, while the G1-HD unit carried 4 paclitaxel
molecules. The targeting ability of biotin allowed the ABTD
conjugates to specifically deliver therapeutic drugs, such as
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paclitaxel, to tumor cells, while avoiding damage to normal
cells. They used this method to synthesize a variety of effective
structures, of which compound 47, compound 48, and com-
pound 49 (Fig. 38) were the most effective. This significantly
improved the selectivity and effectiveness of the treatment.
Experimental results showed that the compound 47 conjugate
had remarkable selectivity, with an affinity for cancer cells
1400 to 7500 times higher than for normal cells, further
proving the advantage of biotin in enhancing the targeting
efficiency of drug delivery. Additionally, biotin’s role was not
limited to drug targeting; it also enhanced the internalization
efficiency of the conjugate in tumor cells. When compared to
paclitaxel labeled with a fluorescent probe, compound 49
showed stronger cellular uptake, highlighting the important
role of the multiple biotin-biotin receptor binding effects in
improving drug internalization and therapeutic efficacy
(Fig. 38A-F). This demonstrates that biotin’s multiple func-
tions in dendrimer-based drug delivery systems make it a
highly promising platform for targeted therapy.

Microtubule inhibitors represent a highly effective strategy
against tumors, yet conventional approaches to anti-tumor
treatment possess certain limitations. Consequently, research-
ers have turned to nanotechnology to enhance the efficacy of
microtubule inhibitors, aiming to unlock unforeseen thera-
peutic effects. In 2018, Sri Vishnu Kiran Rompicharla et al.™*
aimed to mitigate side effects and enhance drug efficacy by
developing and investigating a biotin-coupled-PEG-modified
multifunctional PAMAM dendrimer (G4-PTX-PEG-biotin)
system (depicted in Fig. 39 compound 50) for efficient delivery
of the chemotherapeutic drug PTX, known for its poor physical
and chemical properties. Fluorescence analysis revealed a sig-
nificant increase in geometric mean fluorescence, with biotin-
labeled dendritic molecular conjugates exhibiting 1.53 and
1.94 times higher absorption at 1 hour and 4 h, respectively
(Fig. 39A)."*% These findings indicate that biotin coupling
plays a crucial targeting role in this complex. The cytotoxicity
of dendritic molecule-drug conjugates is evaluated in A549
cells using the MTT assay. Results demonstrate that compound
50 outperforms both G4-PTX-PEG and free PTX after 24 h and
48 h of exposure, indicating superior cytotoxicity (Fig. 39B).
The heightened efficacy of compound 50 is attributed to its
enhanced enrichment in A549 cells facilitated by biotin target-
ing, consequently inducing greater cell death. The study
employs a 3D sphere model to emulate solid tumors and con-
ducts a multicellular tumor sphere experiment to assess the
efficacy of the complex (Fig. 39C and D). Results indicate that
biotin receptor-mediated uptake of F-G4-PEG-biotin facilitates
better diffusion of dendritic polymer conjugates within 3D
tumorspheres, with fluorescence concentrated in the micro-
sphere core. Additionally, surface biotin coupling significantly
enhances dendritic conjugate absorption, leading to notable
internalization into spheroids and increased drug availability
at the target site. This active targeting approach results in
superior PTX accumulation in cells, thus enhancing thera-
peutic effects. Variations in PTX treatment demonstrate signifi-
cant differences in antitumor capacity, with free PTX exhibit-
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ing limited penetration into the sphere mass. Overall, the
study suggests the potential of biotin-modified conjugates as a
promising treatment strategy for solid tumors, warranting
further investigation for clinical translation.

In 2018, Ishwor Poudel et al.'** developed biotinylated chit-
osan-modified DTX loaded nano-acid salt (BI-CHI-DTX-NC) to
achieve controlled drug release, improve bioavailability, tar-
geted drug delivery, and enhance anti-cancer ability while
reducing the systemic toxicity of DTX. Firstly, DTX is loaded
onto nano-salts (DTX-NC) by calcium-catalyzed di-meat bean
phosphatidylglycerol sodium (DMPG-Na) and cholesterol-
loaded liposomes. Then DTX-NC is encapsulated with BI-CHI
(Fig. 40, compound 51) (BI-CHI-DTX-NC) and compared with
DTX and DTX-NC. The release of DTX shows a strong pH
dependence, and the release rate is highest in the acidic
environment of tumor cells. The prepared compound 51
shows higher in vitro anticancer activity in biotin-overexpres-
sing human breast cancer MCF-7 cells. In vitro experiments
show that the drug concentration (GIs) required for free DTX
to inhibit 50% cell growth is 1.8 lg ml™', while DTX-NC
decreases by 33.34% (1.2 g m1™"). The GIj;, value of compound
51 is 0.2 g ml™", 88.89% lower than that of the DTX solution.
In addition, compound 51 shows a 10-fold increase in bio-
availability, longer cycle time, slower plasma elimination, and
lower tissue distribution than the free DTX solution. In vitro
drug release studies demonstrate the favorable drug release
kinetics and prolonged duration of action of the newly syn-
thesized compounds. These results indicate that the presence
of biotin effectively enhances both the drug release profile and
sustained action properties (Fig. 40A). These all suggest that
compound 51 has higher strength and accuracy. The presence
of this compound can increase the anti-tumor efficiency of
anticancer drugs and reduce side effects.

In 2020, Baolan Tang et al.** explored the impact of mul-
tiple biotin couplings to liposomes on their targeting efficacy.
They synthesized four biotin-modified Lip ligands: biotin-
cholesterols (Bio-Chol), Bio-Bio-Chol, Tri-Bio-Chol, and Tetra-
Bio-Chol, containing one, two, three, and four biotins, respect-
ively (Fig. 41, compounds 52, 53, 54 and 55). Subsequently,
Bio-Lip, Bio-Bio-Lip, Tri-Bio-Lip, and Tetra-Bio-Lip with
varying densities of targeted molecules are prepared for breast
cancer targeting (Fig. 41A). Their study of Lip-loaded PTX
(PTX) reveals that PTX-compound 54 exhibits both enhanced
anti-tumor efficacy and superior targeting ability. Notably, the
enrichment capacity within tumor cells follows the order: com-
pound 54 > compound 55 > compound 53 > compound 52 >
Lip. This research underscores that the strength of targeting is
not solely determined by the number of biotins; rather,
optimal targeting is achieved with three biotin couplings. In
the apoptosis assay, PTX-compound 54 modified with com-
pound 54 exhibits a greater propensity to induce apoptosis in
4T1 cells compared to other groups, consistent with the find-
ings of in vitro cytotoxicity assessments. Thus, this study not
only enhances the targeting ability of biotin against breast
cancer but also provides valuable insights for the advancement
of targeted drug delivery systems.

This journal is © The Royal Society of Chemistry 2025
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In the same year, Mengyi Huang et al.'** introduced and
designed biotin-glucose branched ligand-modified dual-tar-
geted liposomes (Bio-Chol, compound 56; Bio-Glu-Chol, com-
pound 57) (Fig. 42) and assessed their potential as targeted
chemotherapy drug delivery systems both in vitro and in vivo
(Fig. 42A). Cancer cells exhibit robust growth, development,

1856 | Nanoscale, 2025, 17,1812-1873

and reproduction, necessitating increased glucose uptake to
fulfill their energy demands. This heightened glucose uptake
is attributed to the overexpression of glucose transporter 1
(GLUT1) in various cancer cells, a phenomenon known as the
Warburg effect."*® Compared to non-targeted Lip, Bio-Lip, and
Glu-Lip, Bio-Glu-Lip demonstrates the highest uptake in 4T1

This journal is © The Royal Society of Chemistry 2025
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cells (3.00 times, 1.60 times, and 1.95 times higher, respect-
ively) and MCF-7 cells (2.63 times, 1.63 times, and 1.85 times
higher, respectively). The efficacy of Bio-Glu-Lip is further vali-
dated through stability and blood compatibility tests, crucial
for ensuring the therapeutic efficacy of liposomes under bio-
logical conditions. Lip containing PTX demonstrates slow-
release kinetics during the assessment of PTX release pro-
perties, with cumulative release rates remaining below 70%
after 48 hours. Notably, PTX-Bio-Glu-Lip displays similar
release properties to other PTX-loaded liposomes, indicating
its safety profile in vivo. In vivo imaging results in 4T1 breast
tumor-bearing BALB/c mice confirm the dual-targeted delivery
capability of biotin and glucose-modified liposomes to breast
tumors, thus validating the efficacy of PTX-Bio-Glu-Lip.
Overall, these findings highlight the potential of Bio-Glu-Lip
as a safe and effective drug delivery system for targeted chemo-
therapy, with promising implications for cancer treatment.

In 2020, Qijun Liu et al'®” addressed the challenges of
glioma chemotherapy, which often lacks specificity due to the
blood-brain barrier restricting drug penetration into the
central nervous system. To overcome this, they pioneered the
development of multi-targeted liposomes utilizing glucose and
biotin. Two ligands (Gluz-Chol, Bio,-Chol) were synthesized,

and three modified liposomes (Glus-Chol; Bio-Chol, com-

This journal is © The Royal Society of Chemistry 2025

pound 58; Bio,-Chol, compound 59) were prepared (Fig. 43).
Their investigation focuses on the uptake mechanism of the
PTX-loaded compound 59 (Fig. 43A). The findings reveal a sig-
nificant enhancement in targeting efficiency on U87MG and
C6 cells in vitro, showing 4.04 times and 3.49 times higher
uptake compared to uncoated Lip, respectively. Qualitative
research using confocal laser scanning microscopy (CLSM)
and flow cytometry demonstrates effective transfer of the drug-
loaded compound into the cytoplasm, with minimal entry into
the nucleus, facilitating drug release.'*® Further analysis of the
drug uptake mechanism reveals that pre-incubation with free
glucose or free biotin competitively inhibits the uptake of com-
pound 59 by both cell lines. The cellular uptake of the bitar-
geted compound 59 complex may be facilitated by GLUT1 and
SMVT transporters,'*® which are involved in energy-dependent
internalization through various endocytosis pathways (Fig. 43B
and C). These results underscore the significant enhancement
in tumor-targeting ability achieved through multi-targeting
ligands. This creative design strategy holds promise for explor-
ing multi-targeting systems as novel carriers for glioma
treatment.

In 2021, Monalisa Chowdhury et al.**® outlined the design
and synthesis of covalently customized biotinylated Fe** doped
carbon dots (FCDy).'"*' FCDy, (Fig. 44, compound 60) were
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Fig. 41 The structure of compounds 52, 53, 54 and 55. (A) Assembly
and mechanism of action of drugs. Reproduced with permission.***
Copyright 2020, Elsevier.

developed as a versatile platform for prodrug activation, diag-
nostic imaging, and targeted delivery of the anticancer drug
PTX for prodrug-free combination therapy in cancer treatment.

1858 | Nanoscale, 2025, 17,1812-1873
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The authors engineer FCDy, as carriers for PTX, intended for
use as an antitumor agent in drug-free combination therapy
(Fig. 44A). Hydrogen peroxide (H,O,) is employed as a
prodrug, with Fe** serving as a prodrug activator. FCD are syn-
thesized using the hydrothermal method. The carrier-loaded
PTX demonstrates precise delivery to cancer cells with robust
stability. H,O, acts as a prodrug within FCDy,, while the intrin-
sic fluorescence properties of FCDy, facilitate sensing and bio-
imaging. Sensing and imaging rely on Fe*"-induced ROS
(hydroxyl/superoxide radicals) generation from the precursor
drug H,0,, inhibiting the intrinsic emission of FCDy,.
Leveraging Fe-doped carbon dots-induced ROS production,
biotin-functionalized FCDb effectively distinguishes malignant
B16F10 cells from non-malignant NIH3T3 cells, as both biotin
receptors and H,O, are overexpressed in malignant cells. The
presence of biotin and H,0, in FCDb facilitates specific target-
ing of biotin receptors and H,0,, leading to increased uptake
of FCD;, by malignant cells and eventual accumulation within
them. FCDy, also exhibits excellent loading capacity for the
anticancer drug PTX (FCD,-PTX). Compared to current combi-
nation therapy in non-cancerous NIH3T3 cells, this newly
developed drug-free prodrug formulation displays 2.7 to 3.5
times higher cytotoxicity against BI6F10 cancer cells, primarily
through early and late apoptotic pathways. Hence, biotin-
modified Fe*'-doped carbon dots hold promise as potential
cancer-targeted therapeutic agents.

In 2021, Runxin Lu et al.*** introduced a novel and creative
TME-responsive nanocarrier termed Biotin/R8 peptide co-
modified nanocarrier (Fig. 45, compound 61) designed for
loading PTX/Glucose oxidase (GOX) (Fig. 45A). This develop-
ment represents a significant advancement in nanoparticle
technology, allowing for efficient loading of both GOX and
PTX. The nanoparticles are engineered to precisely target and
penetrate solid tumors through their biotin coupling. Once
internalized by cancer cells, GOX facilitates the decomposition
of glucose within the TME, thereby disrupting tumor survival
conditions. This process enhances the aggregation and intern-
alization of nanocarriers within the tumor, accelerating the
degradation of hydrazone bonds and amplifying the chemo-
therapy effect. Importantly, all components utilized in these
nanosystems are biocompatible and biodegradable, ensuring
minimal side effects. This creative multimodal synergistic
treatment strategy holds immense potential to revolutionize
cancer treatment paradigms and may pave the way for clinical
applications in the future.

In the meantime, Caixia Yan et al.'** developed a novel PTX
nanoparticle system based on biotin and arginine-modified
hydroxypropyl-g-cyclodextrin (Biotin-Arg  (Pbf)-HP-B-CD)
(Fig. 46, compound 62). The synthesis method involves using
arginine as a functional spacer to couple the hydroxyl group of
the main surface HP-p-CD with the carboxyl group of biotins.
PTX NPs are prepared by an improved emulsion solvent evap-
oration method using Biotin-Arg (Pbf)-HP-B-CD as a carrier
(Fig. 46A). The average diameter of the optimized PTX-loaded
compound 62 NPs is 121.9 nm, and the zeta potential is
—57.7 mV. In the NPs system, biotin is introduced to target

This journal is © The Royal Society of Chemistry 2025
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tumor cells specifically, while arginine is introduced to
improve the cell membrane permeability of NPs, facilitating
their cellular uptake. The synthesis process involves the
preparation of Fmoc-Arg (Pbf)-HP-B-CD followed by the syn-
thesis of biotin-NHS and the coupling reaction between
biotin-NHS ester and Fmoc-Arg (Pbf)-HP-B-CD to form com-
pound 62.'**
improved emulsion solvent evaporation method to prepare

The compound is then processed using an

This journal is © The Royal Society of Chemistry 2025

PTX-loaded compound 62 NPs. To verify its efficacy, the
authors conduct in vitro hemolysis and cytotoxicity tests.
The experimental results demonstrate that PTX-loaded NPs
exhibit good blood compatibility, reducing the side effects
associated with PTX use. Moreover, the cytotoxicity of the
blank NPs is negligible, with a cell survival rate of no less
than 98% in the studied concentration range, indicating
their safety. These findings suggest that compound 62 NPs
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could serve as a safe and effective PTX carrier system. In
vitro cell uptake experiments suggest that compound 62 NPs
can effectively facilitate PTX uptake by tumor cells, poten-
tially enhancing their therapeutic efficacy. During the
in vitro cellular uptake study, an increase in fluorescence
intensity is observed for compound 62 NPs compared to Arg
(Pbf)-HP-B-CD nanoparticles. This enhancement may be

1860 | Nanoscale, 2025, 17,1812-1873

attributed to the presence of biotin. Furthermore, the inhibi-
tory effect of PTX-loaded compound 62 NPs on tumor
growth is evaluated in U14 tumor-bearing mice, revealing a
significant inhibition of tumor growth. Overall, these experi-
ments confirm that PTX-supported compound 62 NPs hold
promise as a promising carrier system for tumor therapy,
offering targeted delivery and potent antitumor effects.

This journal is © The Royal Society of Chemistry 2025
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Solid-liquid nanocarriers (SLNs) are at the forefront of
rapidly developing medical applications and have a potential
role in the delivery of bioactive drugs."*® In 2020, Xianfu Sun
et al."*° reported a new natural deep eutectic solvent (NADES)
and biotin-conjugated lysine-polyethylene glycol copolymer
SLN. For the first time, the researchers develop biotin-targeted
solid-lipid nanocarriers (SLNs) encapsulating PTX and
7-hydroxycoumarin (7-HC) using secondary metabolites to
prepare natural deep eutectic solvents (NADES) (Fig. 47, com-
pound 63). As outlined in the introduction of the paper, it is
observed that the inner core and outer shell of the SLNs
exhibit hydrophobic and hydrophilic properties, respectively.
This structural arrangement suggests the potential of SLNs to
accommodate hydrophobic drugs in the core and hydrophilic
drugs in the outer shell, thereby enhancing their antitumor
efficacy. In vitro release experiments confirm the drug release
profile at different pH values, revealing a higher release rate
under acidic conditions. At pH 7.4, the release rate reaches
89%, while at pH 5.5, it reaches 92%, with a release duration
of up to 320 minutes. These findings indicate the capacity of
the drug to release effectively in the acidic TME, thereby exert-

loaded FCDb as a therapeutic agent. Reproduced with permission.'° ing a sustained therapeutic effect. In vitro antitumor assays

Copyright 2021, ACS.
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demonstrate that compound 63 exhibits significantly lower tox-
icity to normal cells (Fig. 47A) while displaying notable cyto-
toxicity against tumor cells (Fig. 47B). It can be seen from
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Fig. 45 The structure of compound 61. (A) Assembly and mechanism of action of drugs. Reproduced with permission.'*? Copyright 2021, RSC.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025, 17, 1812-1873 | 1861


https://doi.org/10.1039/d4nr03729d

Published on 06 2024. Downloaded on 13/02/2026 20:39:33.

Review

biotin-Arg(pbf)-HP-B-CD

Q HP-B-CD

cell membrane

/"= Arg(pbf) biotin

View Article Online

Nanoscale

PTX-loaded biotin-Arg(pbf)-
HP-B-CD nanoparticles

biotin
receptor

\ receptor-mediated

endocytosis

Fig. 46 The structure of compound 62. (A) Assembly and mechanism of action of drugs. Reproduced with permission.** Copyright 2019, Elsevier.

these results that the synthesized PTX and 7-HC-loaded SLN
system has a high value in preventing cancer cell proliferation.

In 2021, Haohui Shi et al.'*” designed and synthesized a
novel amphiphilic polymer based on aggregation-induced
emission (AIE) fluorine,"*® biotin, and disulfide-modified chit-
osan (TPE-bi(SS-CS-Bio)) (Fig. 48, compound 64). The primary
purpose of this polymer is to self-assemble into micelles, facili-
tating the loading of PTX and sealing it in the core area with
high drug loading. Fluorescence studies demonstrate that the

1862 | Nanoscale, 2025, 17,1812-1873

micelles exhibit good AIE characteristics and emit strong blue
fluorescence. In vitro drug release studies reveal that the
micelles can rapidly decompose in high glutathione levels.
Biotin modification enhances the uptake of polymers by
tumor cells, facilitating PTX release within tumor cells. Its
main advantages include high efficiency and low toxicity to
normal cells. Additionally, the toxicity to tumor cells is signifi-
cantly enhanced (Fig. 48A). Additionally, the drug-loaded
micelles exhibit significant cytotoxicity to MCF-7 cells, and

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr03729d

Published on 06 2024. Downloaded on 13/02/2026 20:39:33.

Nanoscale

M Unloaded SLN [l PTX, 7-HC loaded SLN

View Article Online

Review

S H

63

I unloaded SLN [l PTX, 7-HC loaded SLN

88

%

66

44

IC, Cell viability (%)

224

o
Control 10 25 50 75 100
Concentration (pg/mL™)

Fig. 47 The structure of compound 63. (A) Cell viability of L929 cell
Copyright 2020, RSC.

their distribution in cells can be tracked due to their excellent
AIE characteristics. These results indicate that compound 64
possesses biological imaging ability and holds potential as a
carrier for PTX. This result demonstrates that employing nano-
materials as drug carriers significantly enhances drug efficacy
while mitigating side effects, indicating a promising research
direction.

In 2022, Dan Gao et al.**® formulated a dual-targeted PTX
enzyme-sensitive hyaluronic acid nanogel (PTX/Biotin-NG),
incorporating CD44 as the targeting moiety and utilizing
biotin for tumor cell-specific guidance (Fig. 49A). The aim was
to enhance the efficacy of CD44 against breast cancer while
mitigating its adverse effects on normal cells (Fig. 49, com-
pound 65). Compound 65 is synthesized via in situ polymeriz-
ation of di (ethylene glycol) diacrylate (DEGDA) and CMHA.">°
Amphiphilic cholesterol-grafted methacrylic acid hyaluronic
acid is synthesized, and in situ free radical polymerization with
DEGDA is utilized to form NG. Biotin is further conjugated to
the surface of NG, serving as a targeting ligand. This step is
essential to facilitate the coupling of biotin to the NG surface
(Bio-NG, Fig. 49, compound 66). The surface biological
content of NG is measured to be 40.88 + 1.2 nmol mL™" using
the UV-Vis method. It is observed that Bio-NG can specifically
target tumor cells under the action of biotin. In the PTX
loading process, the melting point of PTX is found to be
214.7 °C, and the decomposition temperature is 236.4 °C. PTX/
Bio-NG and PTX/NG exhibit similar peaks to Bio-NG, indicat-
ing that PTX exists in NG in a molecular form. PTX/Bio-NG
demonstrates potent cytotoxicity to 4T1 cells through endocy-
tosis mediated by CD44 and biospecific receptors, primarily
through clathrin and caveolin.'>' The nanomedical drugs syn-

This journal is © The Royal Society of Chemistry 2025
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thesized by the authors exhibit excellent physical and chemical
properties, characterized by large drug load, robust stability,
and high encapsulation efficiency. These features are crucial
for their effectiveness in the anti-tumor process. The targeting
ability poses another challenge to the efficacy of nanogels.
However, the experimental results show that the cell uptake
rate of biotin-coupled compound 66 does not meet the ideal
requirements. In competitive inhibition experiments, it is
observed that the targeting ability of C6/Bio-NG is notably
inadequate. Cells are treated with HA, biotin, and a combi-
nation of HA and biotin, respectively. The findings reveal that
the uptake of C6/Bio-NG in HA-treated cells is only 54.9% com-
pared to the control group, while in biotin-treated cells, it is
50.1% of the control group. These results suggest that while
biotin contributes to cellular targeting, its effectiveness is still
insufficient. This further demonstrates the effective targeting
role of biotin in this context. HA and Bio contribute to the tar-
geting effect, allowing Bio-NG to target tumor cells more effec-
tively under these dual targeting mechanisms.

5. Clinical challenges

Biotin shows great potential in targeted drug delivery systems,
but its clinical application still faces multiple challenges. The
primary issue is dose-related uncertainty. Studies have shown
that excessive use of biotin (5-100 mg daily) can cause serious
interference with diagnostic tests. The FDA has set the biotin
interference threshold at 3510 ng mL™" (14367 nM), which
presents a significant challenge to immunoassay platforms
based on biotin-streptavidin chemistry. The FDA has also

Nanoscale, 2025, 17,1812-1873 | 1863
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found that high concentrations of biotin can lead to numerous
adverse reactions, including death in severe cases.”” In
addition, the use of biotin supplements can significantly affect
the accuracy of clinical test results. In some cases, differences
between results from various testing methods can reach up to
315-fold. Patients receiving high-dose biotin therapy may be
misdiagnosed with Graves’ disease, and thyroid function test
results may show false abnormalities.'>>*>*

1864 | Nanoscale, 2025, 17, 1812-1873

More challenging is the uncertainty regarding the drug
delivery mechanism of biotin-conjugated drugs. Research has
shown that the main transporter of biotin, SMVT, requires a
free carboxyl group to function properly. However, during drug
conjugation, this carboxyl group often needs to be modified,
which may significantly affect the transport efficiency.
Additionally, the absorption and transport of biotin are influ-
enced by various factors, and there are two primary uptake

This journal is © The Royal Society of Chemistry 2025
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systems: the SMVT system and another specific transporter
system. Some substances (e.g., lipoic acid and panthothenic
acid) can significantly inhibit sodium ion-dependent biotin
uptake, which further complicates drug design and optimiz-
ation of administration strategies (antenatal and postnatal
radiologic diagnosis of holocarboxylase synthetase deficiency:
a systematic review). Addressing these clinical challenges is
critical for advancing the use of biotin in drug delivery
systems. Future research needs to further clarify the mecha-
nisms of biotin conjugates, optimize administration strategies,
and establish more reliable clinical testing methods.

Moreover, the pharmacokinetic characteristics of biotin conju-
gates are highly complex. First, biotin conjugates must be trans-
ported through specific transporter systems, which can affect
their bioavailability. Second, modifications to the biotin mole-
cular structure during drug conjugation can impact its binding
affinity to receptors. In drug design, the biotin-linker-drug conju-
gate is mainly used, but the choice and design of the linker
directly impact the drug’s release efficiency at the tumor site.
Furthermore, dual-target strategies (such as folate/biotin dual-
functionalized liposomes) can improve targeting to certain
cancer cells, but they also increase formulation complexity and
stability requirements. In terms of safety, it is important to con-
sider the non-specific distribution of biotin conjugates in normal

This journal is © The Royal Society of Chemistry 2025

tissues, as well as potential immunogenicity issues. Addressing
these challenges is crucial for improving the clinical efficacy of
biotin-targeted drugs in cancer therapy.'>

As of October 2023, biotin-based anticancer drugs have not
yet entered clinical trials or been marketed, primarily due to
the lack of sufficient preliminary research data and evidence of
efficacy. The application of biotin in anticancer therapy has
mostly been confined to in vitro experiments and animal
models, and its mechanisms of action in tumor cells have not
been fully understood or verified. Moreover, biotin’s stability
and bioavailability in vivo are limited, making it challenging to
achieve effective drug delivery and tumor targeting, which pre-
sents technical hurdles in drug development. At the same
time, safety and toxicity concerns are significant factors hin-
dering its progress. High doses of biotin may cause side
effects, affecting normal cell function and increasing the risks
of clinical application. Additionally, market and economic
factors also influence the research and development process.
New drug development requires substantial financial invest-
ment, and the commercial potential of biotin-based drugs
remains unclear, leading to a lack of sufficient interest and
confidence from investors. Strict regulatory approval require-
ments and limited research resources further restrict the clini-
cal development of biotin-based anticancer drugs.
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6. Conclusions

Many years ago, researchers studied the structures of chemo-
therapy drugs to improve their various side effects and
explore how different structures affect drug efficacy. However,
this approach faced multiple limitations. In recent years, tar-
geted drug therapy has emerged as a highly promising treat-
ment modality, with an increasing number of targeted drugs
being developed. Biotin, an essential vitamin in the human
body, has shown excellent potential in targeting cells.
Consequently, biotin-based therapeutic drugs have demon-
strated significant potential in cancer treatment by enhan-
cing the efficacy of chemotherapy drugs and reducing side
effects through specific targeting of biotin receptors over-
expressed in tumor cells. These creative molecules offer fasci-
nating potential in the field of drug development. This tar-
geted delivery method holds great promise for overcoming
the poor cell permeability typically encountered with tra-
ditional small-molecule drugs, increasing the uptake ratio
between tumor cells and normal cells. Leveraging this advan-
tage, researchers continuously strive to optimize the structure
of biotin-based therapeutics through various conjugation
methods and drug combinations. However, despite the bright
prospects, biotin-based therapeutic drugs have yet to surpass
the clinical stage to become mainstream medications. The
ongoing exploration of biotin’s potential in anti-tumor
therapy opens new avenues for cancer treatment and drug
discovery.

While the structure of biotin-based therapeutics continues
to be refined, the complex conjugation mechanisms and
diverse anti-tumor drugs present significant challenges to
their development. Common strategies in this field include
SMBCs and NBCs, each with unique advantages. SMBCs’ sim-
plicity and efficiency have garnered considerable attention,
representing the traditional approach to synthesizing biotin-
based therapeutics. Within this framework, strategies based
on boron-sulfur, photo-triggered, enzyme-cleavable, and classi-
cal disulfide models are typically employed. However, tra-
ditional synthesis methods have proven insufficient to achieve
optimal efficacy and safety. Compared to SMBCs, nano-
particles provide superior drug loading and release capabili-
ties. Their inherent properties improve drug solubility and
stability, which increases bioavailability and efficacy while
reducing dosing frequency. NBCs provide a valuable research
pathway, addressing challenges associated with payload and
offering a versatile platform. Nanoparticle structures, such as
nanoparticles and nanotubes, also exhibit cytotoxic activity
and offer higher drug-loading capacity than SMBCs. Biotin-tar-
geted therapy still faces several challenges, including resis-
tance mechanisms, uncertainties about the optimal dosage
and dosing regimen, and potential off-target effects. To over-
come these challenges, future research should focus on devel-
oping new biotin—-drug conjugates that increase drug concen-
tration at tumor sites while reducing toxicity to normal tissues.
For example, combining biotin with nanocarriers through
nanotechnology can enable sustained targeting by adjusting
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the release rate. Additionally, exploring combinations with
other targeting ligands, such as antibodies or peptides, may
further enhance targeting and therapeutic efficacy.
Furthermore, combining biotin-targeted drugs with other
treatment modalities, such as chemotherapy, radiation, or
immunotherapy, could improve overall efficacy. Studies have
shown that biotinylated immune checkpoint inhibitors, for
instance, can enhance immune responses and increase tumor
cell clearance. This combination strategy holds great promise
in overcoming the limitations of single treatments and improv-
ing patient prognosis.

Nevertheless, drugs developed using these methods have
yet to reach the market, facing issues such as biotin interfer-
ing with drug action, suboptimal efficacy, lack of targeting,
and significant side effects. Despite these challenges, the
rapid development of biotin-based therapeutics remains
hopeful with the ongoing advancement of nanomaterials.
Scientists are tirelessly designing and synthesizing new
biotin conjugates to improve drug delivery efficiency,
efficacy, and safety, thereby opening new prospects for
cancer treatment.
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