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Breast cancer (BC) is the leading cause of cancer-related death among women worldwide. Due to limited
treatment options for patients with advanced BC, preventive and innovative therapeutic strategies are
essential to combat this disease. Therefore, finding safe and effective anticancer treatments remains
a significant challenge in the 21st century. Plant-derived triterpenoids, widely used for medicinal
purposes, exhibit various biological activities. Most triterpenoids are cytotoxic to multiple tumor cells and
demonstrate anticancer effects in preclinical animal models. One example is betulinic acid (BA), a natural
product mainly extracted from the bark of birch trees. BA is a promising anti-tumor compound with
numerous pharmacological properties. However, its poor water solubility limits its optimal therapeutic
potential. Additionally, the low BA content in plants hampers large-scale production from these sources.
To address these issues, extensive research has focused on producing BA through chemical synthesis

and biotransformation. Furthermore, several BA derivatives have been developed through structural
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Accepted 16th September 2025 modifications, and various delivery systems have been created to improve solubility and enhance
therapeutic efficacy. This review discusses recent advances and challenges related to BA and its

DOI: 10.1039/d5ra03190g derivatives in preventing and treating breast tumors, as well as the potential obstacles and future
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1. Introduction

1.1. The emergence of natural compounds to overcome
breast cancer

Breast cancer (BC) is characterized by the uncontrolled growth
of malignant cells in the mammary epithelium, affecting both
genders. It is the most common cancer and the leading cause of
cancer-related deaths among women worldwide."* The World
Health Organization (WHO) reported that 2.3 million women
were diagnosed with BC, resulting in 670 000 deaths globally in
2022. This disease develops due to various internal and external
factors, such as unhealthy lifestyle choices, environmental
influences, and sociopsychological factors.* Treatments for BC
include surgery, chemotherapy, radiotherapy, endocrine
therapy, targeted therapy, and immunotherapy.* Although these
treatments have proven effective and have improved over time,
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directions for improving delivery systems in BC therapy.

there are still significant challenges, such as cost-effectiveness
and tumor cell specificity.

Although 70-80% of patients with early BC are cured, late
metastasis remains an unresolved challenge. Currently,
chemotherapeutic drugs for BC have made significant prog-
ress, though their limited effectiveness is a concern. For
example, in addition to substantial side effects, the risk of
recurrence remains high.® Therefore, it is essential to explore
alternative treatments with fewer severe adverse effects.
Ongoing research focuses on novel therapeutics, combination
therapies, and biologically inspired drug delivery systems (e.g.,
nanomedicines and polymer-based drug carriers) to enhance
treatment outcomes while reducing side effects. Meanwhile,
natural products have been used to combat human diseases
for thousands of years due to their diverse biological proper-
ties that can be harnessed for medical use.*” As a result,
extensive research over the past decades has identified
numerous phytochemical compounds with chemopreventive
potential, which may serve as essential sources of anticancer
lead molecules.

Pentacyclic triterpenes are a class of organic compounds
widely found in various plant species. They have a broad range
of physiological and commercial uses because of their wide-
spread presence and structural diversity.® An example is betu-
linic acid (BA), a pentacyclic lupane-type triterpenoid found
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throughout the plant kingdom. Among lupane-type
compounds, BA has garnered significant interest due to its
extensive biological activities, including anti-inflammatory,
antiviral, and antitumor effects.” Because of its specific cyto-
toxicity against several tumor cells, it is considered a promising
anti-tumor agent for future development.*

Despite its potential for clinical use, the limited availability
of BA in its natural hosts poses a significant hurdle to its
commercialization. While birch bark is the primary plant
source for extracting BA, the low concentration of BA in its
tissues restricts large-scale production for the market."
Therefore, developing alternative methods to produce this
compound is a key research focus. Chemical synthesis, based
on betulin (BE), a structurally similar precursor, is widely re-
ported.”” However, it is complicated by several factors,
including harsh reaction conditions and high toxicity.
Biotransformation has gained increasing interest due to its
environmental friendliness and mild reaction conditions.
Large-scale BA production is possible through the develop-
ment of efficient production strains via biotransformation.*
Additionally, many studies suggest that BA has excellent
potential as an anticancer agent. However, its limited water
solubility, low bioavailability, and potential off-target toxicity
restrict its use.

In recent years, nano-drug delivery systems (NDDSs) have
gained significant attention as a method to substantially
improve low solubility and poor drug bioavailability, enhance
targeted drug delivery, and reduce side effects."*** A variety of
nanocarriers, including nanoparticles, liposomes, and micelles,
are combined with drug molecules, resulting in better drug
stability, increased bioavailability, and sustained and targeted
release.’® Extensive research has focused on leveraging the
advantages of NDDSs to overcome the limitations of bioavail-
ability (BA), particularly in improving cellular uptake,
increasing drug accumulation in tumor cells, and crossing
physiological barriers more effectively.'” A related strategy was
employed in developing bone-targeted hyaluronic acid-
alendronate bioactive glass nanocomposites for improved
osteosarcoma treatment, showing the potential for site-specific
drug delivery via ligand-functionalized systems.*®

Recent review articles have explored BA's diverse biological
activities and its therapeutic potential.>***° For example,
Hordyjewska et al.>*** published comprehensive reviews on BA
and its precursor, BE, emphasizing their significant biological
and pharmacological properties. These reviews highlighted
the strong biological effects of BA and BE, particularly their
anticancer properties, and encouraged further research into
their mechanisms and therapeutic applications. This also
prompted another review, focused explicitly on the anticancer
properties of BE and BA.*** Likewise, reviews by Simone
Fulda®** strengthened BA's potential for cancer treatment and
prevention, particularly its ability to selectively trigger
apoptosis in cancer cells while causing minimal harm to
normal cells. These findings underscore the importance of
ongoing research and development of BA as a promising
treatment for cancer.>?* Additionally, Hanghang Lou's review
provided a detailed look at BA's natural sources, biological
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traits, and methods of preparation, further supporting its
potential as a therapeutic agent due to its broad biological
effects.” Recently, Wang et al. reviewed advances in using
nanotechnology to improve the therapeutic effectiveness of BA
in cancer treatment, highlighting the promise of BA-loaded
nanoformulations for clinical use.” Despite extensive
research into BA's mechanisms, derivatives, methods, and
biological effects in BC therapy, several obstacles hinder its
translation into clinical practice and market availability. These
challenges include pharmacokinetic limitations, formulation
problems, regulatory barriers, and a lack of clinical validation.
Overcoming these obstacles could speed up BA's progress from
an experimental anticancer agent to an approved therapy for
BC patients.

This review presents a new perspective on BA by summa-
rizing recent advances in its preparation techniques and anti-
tumor uses, while also addressing key obstacles that have
limited its clinical use and market availability. It highlights
newly discovered sources of BA production and their biological
activity, offering insights into how these advances can improve
BA's therapeutic effectiveness. The primary focus of this review
is on developing new carriers and combining nanotechnology
with targeted therapies, which shows great potential for
increasing BA's bioavailability and clinical success, thereby
reducing the burden of BC. By exploring ongoing progress in
nanotechnology, this review highlights its role in bridging
research and clinical practice, paving the way for the commer-
cialization of BA and underscoring its essential contribution to
future BC treatments.

1.2. Betulinic acid

Triterpenes are a group of chemically diverse compounds that
are highly relevant to human health. They are divided into four
main categories based on their skeletal structures: oleanane,
ursane, lupane, and friedelane.”® The related chemical classifi-
cations and detailed structures of each group are shown in
Fig. 1(a). BA is a naturally occurring pentacyclic lupane-type
triterpenoid with a molecular weight of 456.71 g mol ™, widely
distributed in the outer bark of various plant species, especially
Betula spp. It is usually isolated from medicinal plants and
found in multiple species. The compound exists in the plant as
either a free aglycon or a glycosylated derivative and can be
easily isolated using various solvents, such as ethanolic extrac-
tion and dichloromethane.”**-* Fig. 1(b) and (c) display the
representative chemical structures of lupane-type triterpenoids
in BE and BA. Compound purification is easily achieved by
combining different chromatographic techniques with crystal-
lization, resulting in white powder compounds.** BA exhibits
a wide range of pharmacological effects, with significant
research highlighting its antiviral and anticancer proper-
ties.?”?»3 It is important to note that the anticancer effects of BA
on different types of tumors are more potent at a pH lower
than 6.8.*

To gain a comprehensive understanding of the research
landscape surrounding BA in BC, an analysis was conducted to
examine publication trends and research output from 2016 to
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(a) Chemical classifications and detailed structures of each group. The chemical structures of (b) Betulin (BE) and (c) Betulinic acid (BA).

This figure has been reproduced from ref. 8. Copyright: 2024 by the authors. This article is an open access article distributed under the terms and
conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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Fig. 2 The number of articles published (book chapters, reviews, and
research articles) on BA in the last nine years (search conducted using

keywords "betulinic acid” and "breast cancer” according to the Science
Direct database on 07 January 2025, from 2016 to 2024).

2024, as shown in Fig. 2. The systematic investigation followed
the guidelines outlined in the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA).***¢ The
electronic database and search engine Science Direct were
used to gather relevant research on the inhibitory effects of BA
against BC cells. The selection criteria for included papers
were limited to those published in peer-reviewed journals from
2016 onward, with the most recent search conducted in
January 2025. This study employed a search strategy that

34876 | RSC Adv, 2025, 15, 34874-34901

combined the keywords “betulinic acid” and “breast cancer” to
retrieve relevant articles. The reviewed literature indicates
a steady increase in the number of reviews, research articles,
and book chapters published on BA during this period.
Notably, from 2016 to 2024, there has been consistent growth
in publications, with a significant spike in 2021. This upward
trend likely reflects the growing interest in BA's therapeutic
potential, particularly in oncology and the management of
infectious diseases.'®*" Research articles from this period have
explored various aspects of BA, including its synthesis,
encapsulation, and antitumor activity.”> Additionally, several
studies have reported the successful development of new BA
derivatives with enhanced cytotoxicity against a broad range of
human cancer cell lines compared to native BA.'” Furthermore,
the encapsulation of BA using different delivery systems, such
as polymeric nanoparticles (PNPs) and liposomes, has been
investigated, providing evidence for an apoptotic mode of cell
death.

Several important biological properties of BA, such as hypo-
glycemic, anti-inflammatory, antioxidant, and anticancer effects,
have been detailed in the literature. Fig. 3 illustrates these health
benefits and the related mechanisms of triterpenes.

Among the various biological and pharmacological activities
linked to BA, its antitumor activity has been the most thor-
oughly researched. This is because of its specific cytotoxicity
against turmeric cells. BA is regarded as a promising anti-tumor
compound. However, despite its significant potential, the
production of BA from plants remains limited. In particular, the
demand for BA for medical and nutritional uses can no longer
be satisfied by natural resources. Therefore, alternative
methods are needed to produce BA in large quantities.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Highlights the various health benefits of BA along with their associated mechanisms. This is an original drawing, and the diagram was

created using Biorender.

2. Preparation and isolation of BA

BA is primarily found throughout the plant kingdom, mainly in
the outer bark of trees. However, the low concentration of plant-
derived BA limits its research and applications. The reported
concentration of BA extracted from plants was approximately
5%, and the yield was primarily influenced by factors such as
the type of extraction solvent and method. Besides the low yield,
the extraction process is unsustainable and environmentally
unfriendly.’”*® Another approach is chemical synthesis, where
BE, a structurally similar compound, serves as a precursor.
However, this method presents challenges, including harsh
reaction conditions and high toxicity. Recently, biotransfor-
mation has gained importance in producing BA due to its
environmental friendliness and mild reaction conditions. By
developing efficient production strains, biotransformation can
facilitate the large-scale production of BA. Researchers have
focused on developing new synthetic methods to produce BA at
high concentrations, thereby overcoming these issues. Here, we
summarize (Fig. 4) the most advanced techniques for BA prep-
aration and their recent developments, including production
from natural sources, chemical synthesis, and microbial
biotransformation.

2.1. Extraction of BA from various plants

So far, BA has been chiefly found in the outer bark of white birch
trees. The amount of BA extracted from the bark was reported to
be around 0.002-2%, and the yield varied based on the

© 2025 The Author(s). Published by the Royal Society of Chemistry

extraction solvent and method. Mukherjee et al.** used 70%
ethanol to extract BA, yielding 23.76 mg per 10 g of birch bark.
Similar results were reported by Kim et al., who obtained a yield
of BA of approximately 0.0021% from birch bark via ultrasonic
extraction.”® Ethyl acetate has also been used in the maceration
extraction of BA, yielding 3.07 mg g~ " of birch bark.”’ New
environmentally friendly technologies have been developed to
address environmental challenges and reduce hazardous waste
produced by these BA extraction methods. Optimization could
potentially increase the yield to approximately 28.3 mg per 10 g
of birch bark.*> BA has also been found in various other plant
tissues. The bark of the plane tree was identified as a BA-
containing plant in 1948.** Galgon et al.** quantified BA in the
cork of the plane tree in 1999. The analysis revealed a concen-
tration level of approximately 3.3%. Comparative research
showed that using ethanol as a cosolvent with CO, in super-
critical fluid extraction resulted in a high BA extraction yield of
4.34% from dried bark of the plane tree (Platanus acerifolia L.),
while also consuming nearly one-third less organic material
than methods like solid-liquid extraction (SLE), ultrasound-
assisted extraction (UAE), and pressurized liquid extraction
(PLE)* BA has also been identified in the leaves, stems, and
bark of Syzygium aromaticum L (SA).*® The botanical materials
were initially extracted with a Soxhlet extractor using methanol,
and then the extracts were converted into a solid form. The leaf
extracts of SA contained more BA than those from the stem and
bark, which included 16.9 + 0.9 um mL™ %, 3.5 £+ 0.2 pm mL 7,

and 3.8 & 0.4 um mL ", respectively.®® In addition to other plant

RSC Adv, 2025, 15, 34874-34901 | 34877
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Fig. 4 BA is a plant-derived pentacyclic lupane-type triterpenoid obtained through plant extraction, chemical synthesis, or microbial
biotransformation. This is an original drawing, and the diagram was created using Biorender.

species, BA was also found in Eucalyptus spp., which is a crucial
fiber source for pulp and paper production. BA could be
extracted from biomass residues of the pulping industry*”** and
isolated from the Lamiaceae plant family.* Although BA is
mainly isolated from various plants, its natural yield remains
low, making large-scale production and pharmaceutical appli-
cations challenging.

2.2. Chemical synthesis

The excellent bioactivities of BA boost the high demand for the
compound. Although the birch tree is the primary source of BA,
the small amount of BA produced in its tissues limits large-scale
manufacturing. Therefore, finding alternative methods to
produce this compound has become a key research focus, as
extraction isn't suitable for mass production. In this context,
chemical synthesis of BA using various precursors has been
documented. Using BE as a precursor is the most common
method. BE is attractive because it is abundant in birch trees,
often reaching up to 34% compared to BA; however, its bio-
logical activity is less notable. BA is produced through semi-
synthesis, involving Jones oxidation of the primary hydroxyl
group of BE, followed by reduction of the resulting ketones. A
five-step process is typically used to prevent isomerization. First,
the primary alcohol is protected, then the secondary alcohol is
acetylated, followed by deprotection, oxidation of the primary
alcohol, and finally, deacetylation of the secondary alcohol to
yield BA.*® Using a biphasic system, significant amounts of BE
can be extracted from industrial birch bark byproduct with n-

34878 | RSC Adv, 2025, 15, 34874-34901

butyl acetate and an aqueous phosphonium hydroxide solution
at room temperature. The same biphasic system facilitates the
conversion of BE to BA through oxidation with TEMPO and
hypervalent iodine(u) reagents, achieving an 85% yield. Overall,
this method proves to be environmentally friendly, cost-
effective, reliable, and energy-efficient.

Inspired by the biological importance of BA, its derivatives
are currently the focus of extensive research. For example,
Debasmita Dutta synthesized 2c, (3S)-3-[2-(4-hydroxymethyl-1H-
1,2,3-triazol-1-yl) acetyloxy]-lup-20(29)-en-28-oic acid, a potent
inducer of apoptosis in HT-29 human colorectal carcinoma
cells. This compound was found to be a highly effective inhib-
itor of human colorectal carcinoma. When tested with encap-
sulation using an aptamer to address its insolubility, off-target
cytotoxicity, and for tumor-specific targeting, Apt-2cNP induced
autophagy, S-phase arrest, and apoptosis, while activating
immune cells and exerting a positive anti-tumor effect in the
tumor microenvironment. Fig. 5 illustrates the preparation of
the BA derivative bound to an aptamer specific for epithelial cell
adhesion molecule.”

2.3. Biotechnological biosynthesis techniques

Synthetic biology, also known as genome engineering, presents
significant opportunities to accelerate the development of
various strains that aim to optimize biosynthetic pathways.
Biotechnological biosynthesis techniques are a subset of
genome engineering. They involve microbial biotransformation
processes that utilize microbes or enzymes to produce

© 2025 The Author(s). Published by the Royal Society of Chemistry
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biological molecules or compounds such as BA. In this process,
lupeol is first synthesized through 2,3-oxidosqualene cycliza-
tion, followed by the oxidation of the primary hydroxyl group by
cytochrome P450 (CYP) enzymes.”>** More possibilities for
producing BA are constantly being discovered with the identi-
fication of genes encoding enzymes critical for these reactions.
One of the systems currently used is SCRaMbLE. Fig. 6 provides
an overview of the SCRaMbLE system for BA preparation.® This
system is inducible for rearrangement and in vivo deletion of
synthetic yeast chromosomes, resulting in strains with
improved biosynthetic phenotypes. Gowers and colleagues
prepared BA using engineered yeast strains optimized by
SCRaMDbLE, producing a higher volume of BA per minute
compared to natural extraction methods.

Using a gene that encodes a lupeol C-28 oxidase, BA was
engineered in yeast platforms with both the WAT11 strain and
the CEN.PK strain. The WAT11 strain proved to be a more
effective host for the BA pathway compared to CEN.PK strain.>*
Thus, the host for BA production greatly influences the amount
produced. While using cytochrome P450 enzymes to convert
lupeol into BA has been successful, these enzymes are not
specific for this biosynthesis and have not demonstrated high
yields in metabolic engineering. Alternative methods, such as
implementing multiple module biosynthetic pathways using

o} OH O

H L
CoA -8 Ol

HMG-CoA

Betulin

Lupeol

Betulinic aldehyde

Betulinic acid

RoCYP01 (CYP716A155)—an enzyme identified from the BA-
producing plant Rosmarinus officinalis—have been explored.
BA biosynthetic modules using RoCYP01 have also been re-
ported. The first module involves the mevalonate-dependent
(MVA) pathway, which produces dimethylallyl diphosphate
(DMAPP) and isopentenyl diphosphate (IPP) precursors from the
central metabolite acetyl-CoA. The second module is concerned
with the production of the triterpenoid precursor 2,3-oxi-
dosqualene (0xSQ). The final module concerns the conversion of
lupeol into BA, but the description is incomplete RoCYP01.>
Fig. 7(a) illustrates the biosynthesis of BA using yeast.
Saccharomyces cerevisiae is genetically modified to produce BA
via the mevalonate pathway and the intermediate molecule
squalene 2,3-epoxide. Key enzymes involved in converting
acetyl-CoA to squalene include HMG-CoA reductase (HMGR),
squalene synthase (ERG9), and bifunctional farnesyl-
diphosphate farnesyltransferase. Additionally, the oxidation of
nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) to NADP+ is crucial. After this, squalene mono-
oxygenase (ERG1) converts squalene into squalene 2,3-epoxide.
The cyclization of this substrate by Arabidopsis lupeol synthase
(AtLUP1) leads to lupeol formation. Furthermore, the Cathar-
anthus roseus P450 monooxygenase (CrAO) catalyzes the
oxidation of NADPH to NADP+ to transform lupeol into BA.**>¢

pTDH3 pCCW12 PPGK1 PRNR1
T [ [T
AtLUS1 BPLO tHMG1 ERG9
URA+ CEN/ARS
pTEF1
AtATR1 HIS3

HO locus integration

Fig. 6 SCRaMbLE of a BA-producing strain, followed by quick screening, creates a diverse library. BA synthesis involves rerouting flux from the
natural mevalonate pathway (top left) through three foreign enzymes: AtLUS1, BPLO, and AtATR1. Four genes—AtLUS1, BPLO, tHMGL1, and
ERG9—are expressed from a URA+ CEN/ARS plasmid, while AtATR1 is inserted into the genome at the HO locus on chromosome IV (right). This
figure has been reproduced from ref. 52. Copyright: 2020 by the authors. This article is an open access article distributed under the terms and
conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 34874-34901 | 34879


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03190g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 September 2025. Downloaded on 6/18/2026 8:26:35 PM.

(cc)

RSC Advances

View Article Online

Review

HMGR
NH,
(a) ERGY
0 0 </N XN
YS\/\NJJ\/\NM/O\[,/O\F/O N N)
o ,|, ,|, . n()/ \\0 uo/ \\() w NADPH NADP* Squalene
o\

Oxygen

\//l_o ot [ ERG1
[¢]

o)

2,3-Epoxysqualene

NADPH NADP*

Betulinic acid

GAP

—N@“’“
glucose: 1,3-DPG—> pyruvate—> citrate

Lipid biosynthesis |
& B-oxidation

betulinic
Acyl-CoA acid

»

2,3-oxidosqualene

PEX10

Fig. 7 (a). Reaction scheme showing the biosynthetic pathway of BA using engineered yeast S. cerevisiae. (b). Overview of the multimodular
strategy for producing BA-related triterpenoids in Y. lipolytica. The BA biosynthesis pathway is divided into four modules: the red arrow indicates
the heterologous CYP/CPR module (CYP-lupeol C-28 oxidase, CPR-CPR-NADPH-cytochrome P450 reductase). The yellow arrow shows the
MVA module, which includes three genes (ERG1, ERG9, and HMG1). The green arrow depicts the redox cofactor supply module, featuring four
introduced genes (EMC, EMT, and Rtme — encoding malic enzyme, responsible for NADPH generation, and Gapc — encoding glyceraldehyde-3-
phosphate dehydrogenase, responsible for NADH production). The blue arrow represents the acetyl-CoA generation module, with seven
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and TGL3, which participate in the B-oxidation pathway and are responsible for fatty acid catabolism to produce acetyl-CoA). This figure has
been reproduced from ref. 57. Copyright: 2019 by the authors. This article is an open access article distributed under the terms and conditions of
the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Jin and colleagues®” also used a multimodular strategy with
Y. lipolytica for BA production. Their approach involved four
modules: the heterogenous CYP/CPR, MVA, acetyl-CoA genera-
tion, and redox cofactor supply. Fig. 7(b) shows the multi-
modular strategy applied in Y. lipolytica for BA production.

34880 | RSC Adv, 2025, 15, 34874-34901

First, the best BA-producing strains were identified by screening
the cytochrome P450 monooxygenases. Using these modules
together, approximately 23.71% BA was obtained.?” The use of
plants as hosts for the biosynthesis of BA has also been docu-
mented. Therefore, using the Lotus japonicus tree as the host,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Suzuki and coworkers®® prepared BA with the help of the Ia
bHLHs clade. They later studied the transcription regulation of
BA in hydroponically cultivated Fabaceae Lotus japonicus
compared to plants grown in soil. Higher levels of secondary
aerenchyma (SA) and overexpression of LjbHLH50 and
LjbHLH32 were observed in the hydroponically cultivated
Fabaceae Lotus japonicus, which enhanced the accumulation of
BA.” The medicinal mushroom Inonotus obliquus was used to
investigate the effect of fungal elicitor and oleic acid on the
biosynthesis of BA from BE. Fungal elicitor and oleic acid
promote the expression of squalene synthase and HMG-CoA
reductase, key genes involved in BA production biosynthesis.*®

2.4. Critical appraisal of chemical and biotechnological
constraints hindering scalable derivatization of BA

While BA is a promising lead compound due to its potent
anticancer, anti-inflammatory, and antiviral properties, large-
scale chemical derivatization remains a significant challenge.
This difficulty largely stems from chemical complexity and
biotechnological limitations that hinder its synthetic versa-
tility and industrial scalability. Chemically, the rigid structure
of the lupane-type pentacyclic triterpenoid in BA presents
significant obstacles to site-selective modifications. Although
the molecule has multiple functional groups (e.g., a C-3
hydroxyl and a C-28 carboxylic acid), it lacks activated posi-
tions for easy substitution, which restricts chemical diversifi-
cation without harsh reaction conditions or protection/
deprotection steps.®® These issues increase costs, decrease
yield, and make the synthesis of analogues more difficult on
a commercial scale. Moreover, chemical derivatization often
requires toxic solvents, expensive reagents, or catalysts, which
may not be environmentally sustainable or aligned with the
principles of green chemistry.

Regarding biotechnological constraints, enzymatic or
microbial derivatization methods, which could offer greener
and regioselective alternatives, are still underdeveloped for the
synthesis of BA. The absence of robust biocatalysts or engi-
neered microbial strains capable of selectively converting BA
into pharmacologically enhanced derivatives remains a bottle-
neck. Moreover, low expression levels, substrate specificity,
and poor enzyme stability in non-native hosts have hindered
the application of such biocatalytic processes to industrial
settings.*>*> Additionally, sourcing BA on a large scale presents
another challenge. Although it can be extracted from natural
sources such as birch bark or obtained through semi-synthesis
from BE, these methods are limited by biomass scarcity, low
extraction efficiency, and the presence of structurally similar
impurities that complicate downstream processing. In
summary, while BA's biological activity makes it a valuable
pharmacophore, the absence of scalable, efficient, and envi-
ronmentally friendly chemical or biotechnological derivatiza-
tion methods remains a significant obstacle. Therefore,
addressing this issue requires the development of novel cata-
lytic systems, metabolic engineering strategies, and green
extraction technologies to fully realize BA's potential for clin-
ical use.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. BA cancer mechanisms and
treatment

Despite significant advances in cancer treatment, toxic side
effects and high mortality rates still pose challenges in cancer
therapy. Therefore, the search for an effective anti-tumor
treatment with fewer toxic effects has gained momentum over
the years. Due to its potential anti-tumor properties, BA has
been tested both in vitro and in vivo on various cancer cells,
successfully inhibiting tumor growth without causing toxicity.
Initially, it was known for its cytotoxic effects against human
melanoma cancer cells. Later, it was found to have a wide range
of effects against different cancers, including but not limited to
gallbladder, gastric, ovarian, breast, bladder, and colorectal
cancers, with ICs, values ranging from 1 to 13.0 pg mL™~*.2> The
effects of BA against cancer cells have shown selectivity,
although the mechanisms behind this selectivity are still
unknown. Although BA is widely studied across various cancer
types, its mechanisms in BC are influenced by different
molecular contexts. In ER+ BC, estrogen receptor interaction
with mitochondrial apoptotic regulators, such as Bcl-2 family
proteins, reduces BA-induced mitochondrial depolarization,
requiring higher doses or combination therapy with anti-
estrogen or taxane agents. BA treatment has been shown to
lower Bcl-2 expression and increase Bax, resulting in the acti-
vation of caspase-9 and caspase-3 through the mitochondrial
pathway.®* Additionally, BA causes mitochondrial depolariza-
tion and apoptosis, which can be partly prevented by Bcl-2
overexpression and cyclosporin A, indicating mitochondrial
involvement controlled by Bcl-2 family proteins.*** Although
these studies do not explicitly mention estrogen receptor
crosstalk, they demonstrate how regulation by Bcl-2 family
proteins can weaken BA-induced mitochondrial apoptosis,
implying the need for higher doses or combined treatments in
ER+ cases.

In contrast, TNBC models with mutant p53 remain sensitive
to BA through the GRP78-PERK-elF2a-CHOP-mediated ER
stress pathway, revealing a p53-independent apoptotic route
that is less common in other cancers. BA directly targets GRP78,
triggering ER stress by activating the PERK-eIF20-CHOP
apoptotic cascade, which increases apoptosis and chemo-
sensitivity in BC models, including both MCF-7 and MDA-MB-
231 cells.®®* A related study also demonstrated GRP78-
mediated signaling involving PERK, phosphorylation of elF2a,
and downstream effects on f-catenin/Myc and glycolysis
suppression.®” Although p53 status was not always specified in
this context, the ER stress-induced apoptotic mechanism
mediated by GRP78 appears to be p53-independent, supporting
the idea that TNBC models remain sensitive via this pathway.

Moreover, BA's ability to chemosensitize BC cells to taxanes
highlights its importance in situations of drug resistance, which
are especially challenging in BC. Additionally, BA synergistically
makes breast cancer cells more sensitive to taxol, increasing G2/
M arrest and apoptosis through GRP78-mediated ER stress.®®
Adaptive responses such as SESN2-driven autophagy under
hypoxic conditions further point to BA's activity in breast
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tumors, indicating subtype-specific vulnerabilities and resis-
tance mechanisms. Under hypoxia, BA strongly increases SESN2
expression. Reducing SESN2 levels enhances BA-induced ROS
production, DNA damage, and radiosensitivity, while
decreasing autophagic flux, indicating that SESN2-mediated
autophagy serves as a protective adaptive response.*®

Notably, HER2+ models remain underexplored, highlighting
a significant gap in future mechanistic research. One study
showed that BA inhibits growth and induces apoptosis in
HER2+ models, BT474, and MDA-MB-453 by downregulating Sp
transcription factors, YY1, and ErbB2 through a cannabinoid
receptor-dependent miR-27a-ZBTB10-Sp axis.®® This provides
some emerging insights, although the underlying apoptotic or
resistance-related mechanisms in HER2+ BC are still less thor-
oughly explored overall.

Currently, BA is regarded as a mitocan, an anticancer drug
that acts on mitochondria. It increases ROS production,
decreases the mitochondrial outer membrane potential
(MOMP), and elevates the levels of proapoptotic proteins while
inhibiting anti-apoptotic ones. This leads to the activation of
P38 Mitogen-activated protein kinase (p38 MAPK), the release of
cytochrome C, apoptosis-inducing factor (AIF), and a second
mitochondria-derived activator of caspase (Smac) into the
cytosol, while increasing the levels of Caspase-3 and Caspase-9,
ultimately inducing cell apoptosis. p38 MAPK causes ROS
generation, leading to direct cell death, while Caspase-3 induces
apoptosis or activates poly-ADP-ribose polymerase (PARP) to
promote caspase-dependent cell death.**”®”* BA also induces
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cell apoptosis by acting on the p53 gene, which promotes gene
expression that affects superoxide dismutase 2 (SOD2) in
mitochondria, leading to apoptosis. The mitochondria-specific
nuclease, endonuclease-G, then moves to the nucleus and
cleaves chromatin DNA. Across BC models, BA triggers
apoptosis through at least two experimentally supported axes:
a direct, mitochondria-centric mechanism that can proceed
even with limited BAX/BAK dependence and is modulated by
permeability-transition pore inhibitors, and ER-stress/GRP78-
PERK-eIF20-CHOP signaling, which also links to mitochondrial
damage via calcium flux. Importantly, ER-stress targeting of
GRP78 is supported by target engagement (DARTS) and func-
tional genetics, and BA synergizes with paclitaxel at sub-
cytotoxic concentrations. It can also increase autophagic flux;
knocking down SESN2 amplifies ROS, DNA damage, and radi-
osensitization, implying that stress-adaptive autophagy can
blunt BA efficacy under hypoxia. Collectively, these data argue
that BA's efficacy depends on dose/exposure, subtype/p53
status, hypoxia, and combination partners, and that mecha-
nistic readouts strengthen claims beyond descriptive apoptosis
markers.

Fig. 8 shows BA's activated mitochondrial pathway in cancer
cells.”®”> Combining BA with other anticancer drugs, such as
actinomycin D, doxorubicin, and Taxol, induces cancer cell
apoptosis through different pathways while also preventing
resistance in cancer cells.” BA also reduces doxorubicin toxicity
indicators, which have strong cardiotoxic activity. This includes
the generation of ROS, alteration of mitochondrial membrane
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Fig. 8 Apoptosis induction through the mitochondrial pathway in activated cancer cells by BA, involving (a) p53 gene and (b) Smac and AlF
proteins. This figure (a) has been reproduced from ref. 70 with permission from Elsevier Science Ltd, Copyright 2016. This figure (b) has been
reproduced from ref. 72. Copyright: 2021 by the authors. This article is an open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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potential, production of inflammatory cytokines (TNF-a or IL-
12), and various histochemical and morphological changes,
including apoptosis.”™

BA suppresses the signal transducer and activator of tran-
scription (STAT) 3 signaling pathways, which are involved in
angiogenesis, apoptosis, proliferation, metabolism, metastasis
formation, and differentiation. In BC models, BA attenuates
STAT3 signaling, which plays a central role in promoting
angiogenesis, invasion, metastasis, and immunosuppression.
BA's inhibition of STAT3, as well as FAK, leads to decreased
expression of MMPs and elevated TIMP-2, thereby impairing
cancer cell migration and invasion. A pivotal study by Zeng
et al.”® demonstrated that BA impairs metastasis and modulates
immunosuppressive mechanisms in BC models. The authors
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Fig. 9 NF-kB Inhibition by BA in cancer treatment. This figure has
been reproduced from ref. 70 with permission from Elsevier Science
Ltd, Copyright 2016.
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found that BA inhibits STAT3 activation, along with FAK,
leading to systemic BA administration markedly suppressing
4T1 tumor growth and pulmonary metastases, partly through
reducing myeloid-derived suppressor cells (MDSC) accumula-
tion in tumors and lungs, thereby overcoming tumor-associated
immunosuppressive barriers.”

This compound also impacts the NF-kB signaling pathway,
a transcription factor that regulates cytokine production, DNA
transcription, and tumor cell survival. BA prevents the activa-
tion of IKK via IKKb by reducing the expression of tumor
necrosis factor (TNF), a membrane protein on the cell surface,
thus inhibiting its interaction with membrane receptors. In
MDA-MB-231 TNBC cells, BA suppresses NF-kB activity by
reducing levels of phosphorylated p65 and p-IkBa, and by
inhibiting nuclear translocation of the NF-kB/p65 complex. This
interferes with downstream ¢-Myc and glycolytic gene expres-
sion via the caveolin-1/NF-kB/c-Myc.”®

Additionally, BA can directly inhibit phosphorylation of p65,
phosphorylation of IkBa, and IKK activation, as well as restrict
nuclear translocation of NF-kB/p65, thereby preventing its
binding to DNA. This leads to the inhibition of metastasis,
angiogenesis, epithelial-mesenchymal transition, invasion,
drug resistance, immunosuppression, epigenetic changes, and
proliferation by decreasing the levels of proteins such as ¢-Myc,
P21Wafl1, and vasodilator-stimulated phosphoprotein (VASP),
ultimately causing cancer cell death.”*” Fig. 9 illustrates the
NF-kB signaling pathway in turmeric cells. Additionally, BA has
demonstrated significant control over cancer growth by inhib-
iting the epithelial-to-mesenchymal transition (EMT), modu-
lating DNA topoisomerase, and altering the transcription of
specificity protein (Sp) transcription factors, as well as inducing
autophagy.”® The changes in gene expression and cellular
pathways such as PERK, phosphatase and tensin homolog
deleted on chromosome ten (PTEN), SUMO1/sentrin-specific
peptidase (SENP), and miR-27a in cancer cells are observed in
the presence of BA. Sp inhibition reduces cancer gene expres-
sion, inhibiting cancer cell growth. It increases cell numbers in
the G2/M phase, leading to cell cycle arrest. Additionally, it
promotes caspase expression, inducing apoptosis in cancer

Inhibiting of gene expression
Cell cycle arrest
Spl

Activating apoptosis

DNA damage

Fig. 10 Regulation of the growth of the cancer cell via Sp transcription factors. This figure has been reproduced from ref. 72. Copyright: 2021 by
the authors. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).
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cells. Furthermore, it causes DNA damage, thereby inhibiting
the progression and invasion of cancer cells.” Fig. 10 illustrates
the regulation of cancer cell growth by Sp transcription factors.

3.1. Nanoparticles in BC therapy

Current cancer therapies rely on surgical methods, radiation
therapy, and chemotherapy, each carrying the risk of damaging
healthy tissues and failing to eliminate cancer cells. Nano-
technology offers a solution to these issues by enabling the
precise and targeted delivery of chemotherapy drugs to cancer
cells and tumors, thereby aiding in tumor removal and
enhancing the effectiveness of radiation and other treatments.
This advancement promises to reduce patient risks and
increase the chances of successful outcomes survival.”” Further
advancements in nanotechnology-based cancer treatment have
gone beyond simply improving drug delivery to developing new
options made possible by the unique properties of nano-
materials. NPs' large surface area can be customized with
ligands, such as antibodies and aptamers.”” These ligands can
serve both therapeutic functions and guide the NP carrier
within the body. Moreover, their versatile properties enable
combination drug delivery, multimodal treatment, and the
integration of therapy and diagnosis, known as “theranostic”

View Article Online
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action.”” Notably, NPs used in cancer therapy include polymeric
NPs, micelles, liposomes, and inorganic NPs, among others, as
shown in Fig. 11, with each type possessing unique properties
that make it suitable for specific applications.

3.2. Overview of various BA nanocarrier systems in BC

3.2.1. Polymeric NPs. Polymeric NPs for BA delivery in BC
provide enhanced solubility, bioavailability, and targeted
release through surface modifications and stimuli-responsive
mechanisms. Despite their promise, challenges persist in
formulation complexity and clinical translation. For example,
Lactoferrin (Lf)-conjugated BA NPs with an average particle size
of approximately 147.7 nm, { of —28.5 mV, and EE of 75%
showed increased cellular uptake in MDA-MB-231 TNBCs. The
system utilizes Lf-receptor-mediated targeting to improve
selectivity and anticancer effectiveness. However, current data
are limited to in vitro studies.” Moreover, the Pillar[6]arene-
based BA delivery system, measuring 124.78 nm with a {
potential of 25.01 mV, co-loaded with glucose oxidase, enables
dual GSH/ROS-triggered release, enhancing tumor selectivity
and multimodal anticancer effects.®” Another study reported
gelatin-based NPs functionalized with EGCD, TiO,, and RGD
peptide, measuring 293.7 nm in size, with { = 35.76 mV and EE

0-D Material 2-D Material
Q
O
Mesoporous Micelle
Dendrimer Polymeric Hydrogel
nanoparticles

Fig.11 Some common nanomaterials and carrier types used as controlled release systems for therapeutic applications, including 0D, 1D, and 2D
materials. This figure has been reproduced from ref. 78. Copyright: 2024 by the authors. This article is an open access article distributed under the
terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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= 95.37%. These NPs demonstrated improved circulation and
dual targeting toward tumor vasculature, although the
complexity limits their clinical translation.** However, their
clinical application is limited by formulation challenges and
variability in the tumor microenvironment.

3.2.2. Liposomes. Liposomes are biocompatible carriers
that improve the solubility and delivery of BA in BC therapy. For
example, a study on gold nanoshell-coated BA liposomes with
a size of approximately 149 nm showed synergistic chemo-
photothermal effects, achieving about 83% tumor inhibition in
vivo, and outperforming free BA.*> Additionally, folic acid-
coated micelle-in-liposome systems, approximately 100 nm in
size, enabled the sequential release of BA and celastrol, target-
ing both cancer-associated fibroblasts and tumors cells.*
Lastly, magnetoliposomes approximately 100-200 nm in size
enabled remotely triggered hyperthermia-induced BA release
(~43 °C), thereby enhancing cytotoxicity in MDA-MB-231 cells.
These advanced liposomal formulations enhanced therapeutic
effectiveness through targeted delivery and stimulus-responsive
mechanisms of release.®* However, clinical translation remains
limited because of its complex formulation and dependence on
external activation systems.

3.3.3. Inorganic NPs. Inorganic NPs for BA delivery in BC
offer enhanced ROS generation, mitochondrial targeting, and
imaging capabilities. A notable study of ZnO-BA NPs demon-
strated strong ROS generation and mitochondrial damage,
leading to apoptosis in BC cells.*® Furthermore, Au-BA NPs
significantly lowered ICs, values by improving mitochondrial
targeting and intracellular delivery accumulation.®® A different
study demonstrated a manganese-oleate complex in phytantriol
with pluronic F127, enabling dual imaging and therapy with
high drug loading and selectivity.”” In addition, PLL-g-PEG/
HAuCl,-3H,0/EGCG NPs promoted mitochondrial dysfunction
and targeted cancer cells uptake.®® Lastly, BA-CS-MNPs provided
magnetic responsiveness and efficient mitochondrial targeting,
but their multi-component design might hinder scalability.*
Despite promising efficacy, concerns about long-term toxicity,
instability, and complex synthesis restrict their clinical use.

3.3.4. Micelles. Micelles for BA delivery in BC therapy
provide improved solubility, redox- or pH-responsive release,
and targeted tumor delivery. Their nanoscale size and amphi-
philic nature enable deep tumor penetration and controlled
drug release. For example, mPEG 2K-SS-BA prodrugs combined
with F68-Cypate form redox- and NIR-responsive micelles
approximately 122 nm in diameter, allowing synergistic chemo-
photothermal therapy through controlled BA release within the
tumor's reductive environment.*® Another study shows that BA-
Cys-TPGS and HA-Cys-TPGS conjugates form stable micelles
approximately 134 nm in size with a high entrapment efficiency
of about 98%. These micelles utilize CD44 receptor-mediated
targeting through HA to enhance tumor cell uptake. The
redox-sensitive disulfide bonds allow glutathione-triggered
drug release specifically within the tumor microenvironment.
Co-delivery of paclitaxel (PTX) with HA-Cys-TPGS micelles
improves the effectiveness of combination therapy against BC.**
These systems demonstrate potent antitumor activity; however,
they are limited by their complex multi-component synthesis. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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summary, these micellar platforms show promise for targeted,
stimuli-responsive BC treatment, warranting further in vivo
validation.

3.3.5. Other NPs. Other NPs for BA delivery in BC include
advanced hybrid systems that combine chemotherapy with
photodynamic or immunotherapy. For example, chitosan
oligosaccharide (COS) NPs co-loaded with Ce6 enhance immu-
notherapy synergy and enable chemotherapeutic dormancy,
despite relying on effective light penetration for activation.**
Moreover, porphyrin derivative-based NPs self-assemble into
redox-responsive carriers, enabling GSH-triggered dual chemo-
photodynamic therapy with synergistic antitumor effects.”
Finally, CuCl,-2H,0 NPs co-delivering oleic acid (OA) and Ce6
offer tumor-homing capabilities and multimodal therapy,
thereby improving their accumulation and effectiveness.
Despite their multifunctionality, these systems face challenges
such as complex fabrication, scalability issues, and variability in
the tumor microenvironment responsiveness.” Overall, these
innovative platforms show promise for integrating BA with
advanced therapies, but they need further in vivo and clinical
evaluation.

In summary, polymeric NPs and micelles provide versatile,
stimuli-responsive platforms with high drug loading and tar-
geted release, boosting BA's therapeutic effectiveness in BC.
Although liposomes excel in co-delivery and combination
therapies, they face challenges in complex formulation and
scale-up. Inorganic NPs offer potent ROS-mediated cytotoxicity
and imaging capabilities but raise concerns about toxicity and
biocompatibility. Other hybrid NPs combine multimodal
therapy and immunomodulation; however, the complexity of
synthesis and tumor heterogeneity limits their application.
Overall, each nanocarrier type has unique advantages and
translational challenges, emphasizing the need for optimized,
scalable systems tailored to tumor microenvironment
dynamics. The characteristics of various BA-Loaded NPs are
summarized in Table 1.

3.3. Stability issues for polymeric NPs and micelles

Polymeric NPs and micelles are extensively studied as DDS due
to their customizable size, controlled release capabilities, and
ability to encapsulate hydrophobic drugs. These carriers have
become promising platforms to address the low solubility and
poor bioavailability of BA. However, their stability in physio-
logical conditions remains a key challenge for translation. A
major issue is the hydrolytic breakdown of polymers such as
poly(lactic-co-glycolic acid) (PLGA) and poly(e-caprolactone)
(PCL). Notably, polymeric NPs, often made from these biode-
gradable polymers, are vulnerable to this breakdown because
they undergo ester bond hydrolysis in aqueous environments,
leading to early drug leakage and unpredictable release
profiles.”> This degradation not only causes premature drug
leakage but also can change particle size and surface charge,
which can compromise circulation stability and drug release
behavior.*

Similarly, polymeric micelles formed from amphiphilic
block copolymers may dissociate upon dilution in blood due to
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their low critical micelle concentration (CMC), leading to rapid
drug release and reduced therapeutic effectiveness.’®®” Addi-
tionally, protein adsorption and opsonization can destabilize
nanoparticles by causing aggregation, opsonic clearance, and
changes in biodistribution.® Shelf-life stability is also limited
because hydrolysis and oxidation during storage can break
down polymers and decrease drug encapsulation efficiency. For
micelles, freeze-drying or lyophilization is often required, but
this process can cause destabilization or incomplete redis-
persion.”® Furthermore, in vivo physiological stressors such as
pH fluctuations, ionic strength, and enzymatic activity can
speed up polymer degradation or micelle destabilization,
further affecting pharmacokinetics and bioavailability.

Strategies such as PEGylation, crosslinking of micellar cores
and shells, and optimizing polymer chemistry have been
investigated to enhance circulation stability and shelf life.’*
Therefore, although polymeric NPs and micelles show promise,
overcoming stability-related issues remains crucial. Compre-
hensive long-term stability and shelf-life studies of BA-loaded
NPs and micelles are limited, highlighting the need for thor-
ough evaluation before successful clinical use. Beyond tradi-
tional polymeric NPs and micelles, advanced nanocarriers such
as stimuli-responsive micelles and hybrid polymer-lipid
systems have been created to tackle drug delivery problems.
However, their stability still poses a significant challenge that
requires innovative design solutions.'****>

To better understand the stability challenges of polymer-
based nanocarriers, it is essential to differentiate between the
issues faced by polymeric NPs and polymeric micelles. Although
both systems improve the solubility and bioavailability of
hydrophobic drugs, such as BA, they each have unique limita-
tions under physiological and storage conditions. A comparison
of these stability issues, their causes, and potential solutions is
presented in Table 2, providing a clear framework for evaluating
the suitability of polymeric and advanced carriers in BC drug
delivery.

3.4. Properties of BC drugs

Therapeutic drugs for BC available commercially can be cate-
gorized as hydrophilic or hydrophobic based on their water
solubility. Additionally, they can be classified as either highly
charged or neutral based on their electrostatic properties. When
designing NPs to carry specific drug types, understanding the
drug's behaviors and characteristics is essential to achieve
optimal encapsulation and desired release features. Function-
alized or tailored NPs are especially promising in drug delivery
because of their unique sizes, adjustable surface properties, and
controlled release capabilities. Hydrophilic drugs play a vital
role in treating BC subtypes and include both large molecules
and various small compounds. Most therapeutic drugs used in
clinics for BC are hydrophobic, which continues to present
challenges for effective delivery to the target.'”’

Existing BC treatments face several challenges, including
alack of targeted toxicity, which reduces treatment effectiveness
and hampers medical diagnosis. These treatments harm
healthy tissues, forcing the use of lower doses of anticancer

RSC Adv, 2025, 15, 34874-34901 | 34887
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Table 2 Overview of stability issues, their underlying causes, and potential solutions
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Carrier system Material Stability issues Causes Strategies for improvement  Ref.
Polymeric NPs PLGA Hydrolysis — premature Ester bond hydrolysis in Polymer chemistry tuning; 95, 98 and 100
drug leakage; reduced aqueous/physiological surface PEGylation;
shelf-life media; enzymatic controlled crystallinity
degradation
PCL Aggregation & opsonization  Protein corona formation, PEGylation; surface charge
ionic strength effects optimization; zwitterionic
coatings
PEGylated  Oxidative degradation Reactive oxygen species Antioxidant incorporation;
polymers  during storage (ROS), light/temperature dark/cold storage;
exposure lyophilization
Polymeric micelles PEG-PLA Dissociation upon dilution = Low critical micelle Core/shell crosslinking; 96, 97 and 99
in blood; rapid drug release  concentration (CMC) higher molecular weight
block copolymers
PEG-PCL Instability in pH/enzymatic  Protonation/deprotonation = pH-responsive
environments of functional groups; stabilization; covalent
enzymatic cleavage of crosslinking
polymer backbone
PEG-PPO Poor redispersion after Dehydration-induced Cryoprotectants

freeze-drying

micelle collapse

(e.g., sugars, trehalose);

(lyophilization stress)

Stimuli-responsive
micelles

Sensitive to premature
activation in non-target
tissues

Hybrid polymer-
lipids NPs

Limited miscibility
between lipid and polymer
phases; instability at
physiological temperature

drugs to minimize this toxicity.'® Compared to tumor sites,
normal organs often receive 10-20 times more drug deposits.
Additionally, most chemotherapy drugs cannot diffuse beyond
40-50 mm from blood vessels, which can lead to multidrug
resistance (MDR) and treatment failure. When tumor cells
develop MDR after exposure to one anticancer drug, they may
become resistant to multiple drugs due to increased expression
of drug-removal mechanisms proteins.'®” Technological
advances in cancer treatment have significantly improved
standard therapeutic strategies for BC, leading to lower
mortality rates and helping many patients in their battle against
cancer recovery.''® However, challenges remain in treating BC
with current therapeutic approaches. As a result, there is an
urgent need for innovative new therapies to effectively manage
BC and address the critical medical needs of patients. Fig. 12
lists the FDA-approved drugs currently available on the market
for BC treatment.

3.5. Potential of BA as BC therapy

Several studies have documented the effects of BA as a single-
agent treatment against different BC cell lines. These studies
have demonstrated that BA can inhibit the growth and spread of
BC cells through multiple mechanisms. A notable study by Qi
et al.'™ enhanced the anticancer activity of BA against BC via
a copolymer-based micelles delivery system. As shown in

34888 | RSC Adv, 2025, 15, 34874-34901

Risk of off-target BA release

Phase separation;
inconsistent BA release

optimized lyophilization
protocols

Use of cleavable linkers
(disulfide, hydrazone);
tumor-microenvironment
triggered release
Incorporation of stabilizing
lipids (DSPC, cholesterol);
surface PEGylation

101, 103 and 104

102, 105 and 106

Fig. 13(a), Soluplus micelles exhibited low cytotoxicity toward
MDA-MB-231 cells, indicating that they function as non-toxic
drug delivery vehicles. Both Soluplus-BA and BA inhibited the
proliferation of MDA-MB-231 cells, with ICs, values of 38.81 £
4.9 mg mL ™" for free BA and 15.45 & 3.01 mg mL " for Soluplus-
BA micelles. At the same BA concentration, the inhibitory effect
of Soluplus-BA was more prominent, likely due to enhanced
cellular uptake of Soluplus-BA micelles compared to BA. The
colony formation results further supported this trend, as
Soluplus-BA showed a greater reduction in clone formation of
MDA-MB-231 cells than BA, as seen in Fig. 13(b). According to
the MTT assay results, Soluplus-BA micelles enhanced the
inhibitory effect of BA on MDA-MB-231 cells, primarily because
of increased levels of ROS and decreased MOMP. As demon-
strated in Fig. 13(c), after 5 minutes of treatment, the green
fluorescence was more intense compared to cou6, indicating
that Soluplus-cou6 micelles were quickly taken up by MDA-MB-
231 cells. These results suggest that Soluplus-BA micelles
increase ROS production in MDA-MB-231 cells. Additionally, JC-
1 assays showed that Soluplus-BA significantly reduced MMP in
MDA-MB-231 cells, implying that Soluplus-BA may exert anti-
tumor effects through ROS-mediated mitochondrial apoptosis,
as shown in Fig. 13(d). Moreover, the in vivo study demonstrated
that Soluplus-BA had improved antitumor effects and inhibited
angiogenesis, highlighting its potential as an effective anti-BC
drug delivery.'**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Docetaxel (C,;;H53NO,,)—
Antineoplastic,
photosensitizing, and
antimalarial agent

Doxorubicin
(CyHNO)—
Chemotherapeutic agent

Etoposide (C,oH3,0,3)—
Chemotherapeutic agent

Methotrexate
(CyoH2N505)—
Antimetabolite
chemotherapeutic agent
and immunosuppressant

Paclitaxel (C,;H5;NO,,)—
Chemotherapeutic agent

Cyclophosphamide
(CH;5CLN,0,P) —
Antineoplastic agent

Gemcitabine
(CoH,CIF,N;0,)—
Chemotherapeutic
anticancer agent

5- Fluorouracil
(CHLEN,O,)—
Anticancer agent

Vorinostat
(C14HyoN,O;) —Oral
histone deacetylase
inhibitor and
antineoplastic agent

Tamoxifen (C,,H,,NO)—
Nonsteroidal
antiestrogen

Fulvestrant
(CyHyrF5058)—
Antiestrogen agent

Lapatinib
(CooHpCIFN,O,8) —
Antineoplastic agent

Carboplatin
(CeH1oN,O,Pt) —
Chemotherapeutic agent

Eribulin (C4H5NO;;)—
Cytotoxic
chemotherapeutic agent

Vinorelbine
(C4sH54N,Og) —
Antimitotic
chemotherapy drug

Epirubicin
(CoHpoNO;y) —
Antineoplastic agent

Fig. 12 Several FDA-approved drugs are currently available to treat BC. This figure has been reproduced from ref. 78. Copyright: 2024 by the
authors. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).
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15 min

3 min 5 min

0 min

(c)

Control Soluplus-BA

2 —
o ,
DCFH-DA ~= 9n0d-snjdnjog

Fig. 13 Soluplus-BA micelles inhibit the proliferation of MDA-MB-231 cells. (a) MDA-MB-231 cells were treated with Soluplus, BA, and Soluplus-
BA micelles for 48 hours; cell viability was assessed using the MTT assay. (b) MDA-MB-231 cells were seeded in 6-well plates and treated with BA
and Soluplus-BA for 48 hours. After replacing the media with fresh culture medium, the cells were cultured for an additional 10 days and stained
with crystal violet. (c) Cell uptake assay. MDA-MB-231 cells were treated with free cou6 and Soluplus-cou6 micelles for 3, 5, and 15 minutes. (d)
Soluplus-BA micelles trigger a ROS-mediated mitochondrial apoptosis pathway. MDA-MB-231 cells were treated with Soluplus-BA and BA for 48
hours. After treatment, cells were stained with DCFH-DA for 20 minutes or JC-1 for 30 minutes and photographed under a fluorescence
microscope. This figure has been reproduced from ref. 111. Copyright: 2021 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Another study reported the encapsulation of BA into PLGA
NPs to improve the compound's solubility and therapeutic
effectiveness against breast tumor cells. The in vitro results
showed increased anti-proliferative effects on MCF-7 BC cells,
indicating the potential of this formulation for breast cancer
treatment. Further research also revealed that the PLGA-BA
formulation exhibited promising anticancer effects against
the A549 lung cancer cell line. These findings highlight the
significant potential of this approach, and further investigation
is needed to understand how PLGA-BA nano-formulation
distributes in the human body and the specific mechanisms
by which it inhibits tumor cell growth. These efforts provide
a crucial theoretical foundation for future advancements and
improvements in this vital field study.'** In a different
approach, BA was functionalized with various electrophilic
groups, producing 23 BA derivatives. Most of these derivatives
exhibited improved antiproliferative activity against MCF-7 and
MDA-MB-231 cells, as indicated by the MTT assay results.
Notably, compound 15b demonstrated excellent activity with an
IC50 of 1.09 uM against MCF-7 cells. The study further revealed
that compound 15b suppressed the migration and clone
formation of MCF-7 cells while inducing apoptosis, autophagy,
and cell cycle arrest at the G2/M phase. It also facilitated the
generation of intracellular ROS. Lastly, this compound inhibi-
ted tumor growth in the BC xenograft mouse model, demon-
strating a 36% reduction in tumor size while maintaining the
mouse's overall health and weight."*®

34890 | RSC Adv, 2025, 15, 34874-34901

In the study by Saneja et al.,"** BA-loaded PLGA-mPEG NPs
were developed to enhance BA's half-life and therapeutic
effectiveness. This formulation had a particle size of less than
200 nm with a spherical-like shape. The formulation demon-
strated increased cytotoxicity in the MCF7 and PANC-1 cell lines
compared to BA. Additionally, the in vivo test showed that the
formulation had superior antitumor efficacy compared to free
BA. These loaded NPs can serve as a promising drug carrier for
delivering BA. The animals treated with the formulation showed
no adverse effects on their blood or metabolic health, indicating
its potential as a safe and effective delivery system method.***

Findings from a recent study revealed that BA suppressed
aerobic glycolysis in MCF-7 and MDA-MB-231 BC cell lines by
reducing lactate production, glucose consumption, and the
extracellular acidification rate (ECAR). Additionally, it
decreased the expression of proteins associated with aerobic
glycolysis, including c¢-Myc, lactate dehydrogenase A (LDH-A),
and phosphorylated/p-PDK1/PDK1 (pyruvate dehydrogenase
kinase 1). Mechanistic studies confirmed Caveolin-1 (Cav-1) as
a key target of BA in reducing aerobic glycolysis. BA adminis-
tration increased Cav-1 levels; however, silencing Cav-1 elimi-
nated BA's effect. Further research showed that BA suppresses
aerobic glycolysis in BC cells through regulation of the Cav-1/
NF-kB/c-Myc pathway. BA inhibited BC growth and glycolytic
activity in both the transgenic MMTV-PyVT+/— model and the
zebrafish xenotransplantation model without causing adverse
effects.”®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Another notable study reported that BA derivatives treat
human BC using MBA-MD-231 and T47D cells, with 3-O-(E)-p-
coumaroylbetulinic acid (CB) resulting in dose- and time-
dependent inhibition of cell viability and G0/G1-phase cell
cycle arrest. A noticeable decrease in the expression of cyclin D1
and its associated enzyme cyclin-dependent kinase 2 was
observed, along with an increase in the cyclin kinase inhibitor
p21, active during the G1 phase of the cell cycle. CB treatment
induced early apoptosis in BC cells, evidenced by increased
levels of cleaved caspase-3, decreased expression of Bcl-2 and
survivin, a surge in ROS, and disruption of MOMP."**

A similar study reported on a distinct BA derivative aimed at
enhancing the drug's pharmacological properties, with fluorine
introduced as a single atom at C-2, resulting in two diastereo-
mers, or in a trifluoromethyl group at C-3. An evaluation of the
antiproliferative activity of these groups against five human
tumor cell lines was performed. 2-F-BA (compound 6) was
significantly more antiproliferative than its diastereomer
counterparts. It was also shown that 2 F-BA acts as a dual
inhibitor of topoisomerase (Topo) I and Ila in both cell-based
and cell-free systems assays.''” These findings highlight the
potential of BA derivatives as effective anticancer agents with
enhanced pharmacological properties and tumor-suppressing
activity. Fig. 14 shows the % cell viability of MCF-7 and MCF-
10A in relation to 2-F-BA and free BA.

While BA exhibits cytotoxic effects on various BC cell lines
and has shown tumor-suppressing potential in preclinical
studies, it is not currently used as a standalone therapy for the
treatment or prevention of BC in clinical settings. The current
evidence suggests that BA and its derivatives could be prom-
ising as single-agent therapies for BC (Table 3). However,
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additional research, including clinical trials and improved
formulation strategies, is necessary to confirm its potential as
an effective treatment option.

3.6. Combination therapy of BA with other anticancer agents
in combating BC

Combination therapy using BA and other anticancer agents has
become a promising approach to boost treatment effectiveness
against BC by harnessing synergistic effects to improve
outcomes and potentially lower side effects. Several studies
have investigated the combination of BA with other drugs to
enhance its efficacy against various cancers. These combina-
tions aim to exploit synergy, increase bioavailability, and over-
come resistance. A study by Saikia et al.'*® reported on co-
encapsulating BA and docetaxel (DTX) into PLGA NPs, offering
a novel method to address limitations related to their individual
use. The study leverages the complementary actions of both
drugs through a single delivery system. Although more in vivo
research on these NPs is needed to confirm their therapeutic
potential in cancer, this study demonstrated that PLGA-based
DTX-BA-NPs, created using a double-emulsion solvent evapo-
ration method, hold promise for improved delivery of DTX and
BA in cancer treatment.''®

The initial study showing the anti-proliferative effects of BA
combined with taxanes was reported by Wroblewska-Luczka
et al.,'* indicating a synergistic interaction between BA and
PTX, as well as BA with DTX. Moreover, co-delivering multiple
anti-tumor drugs using polymeric NPs enhances synergistic
therapeutic effects. Saneja et al'® used PLGA-mPEG NPs as
carriers to co-encapsulate gemcitabine (GEM) and BA, forming
combination NPs of GEM and BA. These NPs significantly
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- *
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*ok
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20
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Fig.14 Compound 6 inhibited BC cell viability and colony formation. (a) MCF-10A cells were less sensitive to 6 treatments. MCF-7 and MCF-10A
cell lines were incubated with specified concentrations of compound 6 for 72 hours. An MTT assay was conducted to assess cell viability. (b)
Compound 6 suppressed the colony formation of MCF-7 cells. (c) The data are presented as mean + SEM from three independent experiments
compared to the control. This figure has been reproduced from ref. 117 with permission from Elsevier Science Ltd, Copyright 2019.
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Table 3 The inhibitory effects of BA and its derivatives on BC
Physico-chemical
Nanoparticles characteristics Type of study Cell line/Animal Outcomes Ref.
PVCL-PVA-PEG PS: 54.77 £ 1.26 nm In vitro, in vivo MDA-MB-231 cells, The exposure to BA resulted in 111
ZP: —1.78 £ 0.78 mV mice a heightened inhibitory impact on
EE: — MDA-MB-231 cells, primarily caused
DL: — by the increased accumulation of ROS
and the degradation of MMP.
Inhibitory effect on angiogenesis
PLGA-BA NPs PS: 196 £ 6.80 nm In vitro MCF-7 cells Enhanced anti-proliferative efficacy 112
ZP: —9.25 + 0.133 against MCF-7 breast cells
EE: 83 £ 9.24%
DL: 7.0 £ 0.4%
BA derivative — In vitro, in vivo MCF-7 and Inhibited tumor growth in BC 113
(compound 15b) MDA-MB-231 cells xenograft mouse
PLGA-mPEG NPs PS: 147.86 £+ 7.68 nm In vitro, in vivo MCEF?7 cells, mice No hemato- logical and biochemical 114
ZP: —5.85 + 0.51 toxicity. BA NPs exhibited greater
EE: 79.18 £ 5.76% antitumor efficacy compared
DL: 9.89 £ 0.72% to free BA.
BA — In vitro, in vivo MCF-7 and The viability of MCF-7 and MDA-MB- 115
MDA-MB-231 cells 231 cells decreased in a time- and
dose-dependent manner following BA
treatment. BA inhibits aerobic
glycolysis activity in BC via
modulating the Cav-1/NF-kB/c-Myc
pathway
3-O-(E)p- — In vitro MDA-MB-231, CB possesses anticancer activity in BC 116
Coumaroylbetulinic MCF-7 and cells and suppresses self-renewal
acid (CB) T47D cells ability in the mammosphere
Fluorinated — In vitro MDA-MB-231 and Compounds 6 (2 F) and 10 (3-CF3) 117
betulinic acid MCF-7 cells exhibited enhanced antiproliferative

lowered the IC;, value against PANC-1 cells and showed mark-
edly higher anti-tumor efficacy than the free drugs."’

Specifically, the integration of BA with other anticancer agents
has gained increasing attention as a strategy to improve BC
treatment, aiming to boost efficacy while reducing toxicity.
Compared to traditional chemotherapeutics, BA can selectively
target and induce apoptosis in cancer cells, leaving normal cells
unaffected, which suggests a potential therapeutic window.
Recent advances in nanotechnology-based delivery systems have
enabled the simultaneous delivery of multiple chemotherapeutic
agents directly to various metabolic pathways within tumor cells,
offering innovative methods to enhance both effectiveness and
safety. One study examined the synergistic effects of BA and
paclitaxel (PTX), a commonly prescribed chemotherapeutic for
BC. The researchers developed PTX-BA nanosuspensions, which
overcome solubility issues and produce synergistic effects on BC
through their respective anti-tumor mechanisms. In vivo studies
showed that PTX-BA-NP achieved the most significant tumor
suppression among the four formulations tested: PTX-BA-NP,
PTX-NP, Taxol®, and BA NP. This approach, combining two
chemotherapeutic drugs, indicates that PTX-BA-NP holds great
promise for BC therapy.'* Fig. 15 shows an image of tumor
samples taken at the end of the experiment and demonstrates
that each formulation group had a significant reduction in tumor
growth compared to the saline control.
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effectiveness compared to native BA.

In a similar study, research was conducted to determine
whether particle size influences cellular internalization, tissue
distribution, and bioavailability of BA nanosuspensions (BA/
NSs), as well as the combined effects of BA/NSs and Taxol® on
BC. BA/NSs with varying particle sizes—160, 400, and 700 nm—
were developed using a universal green technology. A combi-
nation of BA/NS with a particle size of 160 nm and Taxol® was
selected to enhance synergistic effects and reduce side effects;
therefore, the particle size was adjusted to alter the uptake
pathway. The BA/NS with a 160 nm particle size was expected to
increase the BA release rate and improve bioavailability
compared to larger particles. The combination chemotherapy
was found to be safe, indicating that it could improve treatment
outcomes while minimizing adverse effects. The potential of
combining BA/NSs with Taxol® is promising, and further
research on such combination treatments for various cancers is
expected to yield therapeutic benefits. This will guide the future
optimization of nanoparticle (NP) size and treatment strategies
BC." Fig. 16 shows that combining BA/NSs with Taxol® signif-
icantly increased cytotoxicity in 4T1 cells. The cytotoxicity grew
as the particle sizes of the BA/NSs decreased. The apoptosis rates
for all the formulations were higher than those of free BA and
Taxol®, respectively. These results are consistent with the cyto-
toxicity assay, which indicated that concurrent administration
resulted in greater levels of cytotoxicity and apoptosis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Demonstrates the morphology of the harvested tumors after administration of Taxol®, PTX-NP, BA-NP, PTX-BA-NP, or control (saline)
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Fig. 16 Cytotoxicity of 4T1 cells treated with various formulations (a) and the percentage of induced apoptosis (b). This figure has been
reproduced from ref. 122 with permission from Elsevier Science Ltd, Copyright 2020.

A study by Weber et al."*® examined the combined effects of
andrographolide (Andro) and BA against triple-negative breast
cancer (TNBC). The combination increased the percentage of
cells in G1 and G2 phases, with a higher proportion in the G2
phase, indicating that BA, which has higher activity, may
primarily cause G2 arrest rather than Andro at the tested
concentrations. The combination of Andro and BA showed
strong effectiveness and significant potential in reducing cancer
proliferation, inflammation, and angiogenesis.’* The inhibi-
tory effects of BA and other anticancer agents against BC are

© 2025 The Author(s). Published by the Royal Society of Chemistry

summarized in Table 4. These findings suggest that combining
BA with other anticancer agents may be a promising strategy for
treating breast and other cancers, potentially overcoming the
limitations of single-agent therapies.

3.7. Limitations in translational evidence: absence of in vivo
pharmacokinetics

BA has shown significant anticancer potential against multiple
BC models, such as 4T1, MDA-MB-231, and MCF-7 cell lines,
through various mechanisms. However, the lack of
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Table 4 The inhibitory effects of BA and other anticancer agents against BC
Nanoparticles ~ Physico-chemical characteristics ~ Type of study Cell line/Animal Outcomes Ref.
PTX-BA NPs PS: 282.54 + 5.4 nm Invitro, invivo  MCF-7 cells, nude mice PTX-BA-NP achieved the 121
ZP: —19.7 £ 0.19 mV strongest tumor inhibition
EE: —
DL: —
BA/NS-taxol PS: 163.7 £ 0.3 nm Invitro, invivo ~ 4T1 cells The synergistic effects of the 122
ZP: —20.9 £ 0.2 mV combined chemotherapy showed
EE: — good safety and enhanced treatment
DL: — with minimal toxicity
Andro and BA — In vitro MDA-MB-231 Increase the percentage of cells 123

comprehensive in vivo pharmacokinetic data remains a major
obstacle in translating these findings clinically. Cai et al.*** re-
ported that BA directly targets GRP78, triggering ER stress-
mediated apoptosis in BC cells; however, their work was
limited to in vitro models, providing little insight into BA's
systemic behavior without thorough in vivo pharmacokinetic
data. Similarly, Qi et al.™** developed copolymer-based micelles
to improve BA delivery, demonstrating enhanced cytotoxicity
and stability in vitro. Nonetheless, they did not perform
complete pharmacokinetic studies to determine whether these
improvements result in increased bioavailability or tumor
accumulation in vivo. Additionally, Mertens-Talcott et al.**®
employed both in vitro and in vivo approaches, demonstrating
that BA suppresses ER-BC growth by modulating Sp transcrip-
tion factors and the microRNA-27a:ZBTB10 signaling pathway.
Their animal studies confirmed tumor growth inhibition;
however, they did not analyze detailed pharmacokinetic
parameters, such as distribution, clearance, or metabolism.
Similarly, Zeng et al.**® provided in vivo evidence that BA reduces
metastasis and modulates the tumor immune microenviron-
ment, while Damle et al.” demonstrated its anticancer activity
in MCF-7 xenografts.

Saneja et al.™* reported that long-circulating NPs improved
the solubility, stability, and anti-tumor efficacy of BA; however,
comprehensive in vivo pharmacokinetic studies on bioavail-
ability, biodistribution, tumor penetration, and systemic safety
are still lacking for clinical translation. A summary of preclin-
ical BC models evaluating BA and BA-loaded formulations—
including dosing, outcomes, and pharmacokinetic/toxicity
notes—is shown in Table 5. Although these studies demon-
strate BA's efficacy in animal models, none systematically assess
comprehensive pharmacokinetics, such as bioavailability,
tumor penetration, or off-target toxicity. This gap emphasizes
the disconnect between in vitro promise and in vivo applica-
bility, highlighting the need for rigorous pharmacokinetic and
biodistribution studies to determine whether novel BA formu-
lations can overcome their poor solubility and stability to reach
clinical relevance. We found no BA BC studies involving rabbits
or nonhuman primates. These gaps should temper clinical
extrapolations and encourage future work to include co-primary
PK endpoints, such as plasma/tumor BA and off-target
exposure.
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and MDA- MB-468 cells in G1 and G2

4. Challenges in the conventional
delivery of BA against BC

Despite its promising pharmacological profile, the clinical
translation of BA is significantly limited by challenges related to
its conventional delivery methods. One major issue is BA's poor
water solubility, which substantially restricts its dissolution and
bioavailability in the bloodstream. This pharmacokinetic limi-
tation not only reduces its therapeutic effectiveness but also
requires high doses, potentially increasing the risk of systemic
toxicity. In addition to solubility problems, low bioavailability
and rapid metabolic clearance further hinder BA's therapeutic
use. This inherent pharmacokinetic drawback of BA is well
documented in the literature, highlighting the urgent need for
innovative strategies to address its solubility and bioavailability
issues. Several studies have shown that BA's low water solubility
(<0.02 mg mL ") and poor oral absorption are key barriers to
reaching therapeutic plasma levels.>***® Furthermore, its high
lipophilicity (log P> 6) leads to poor gastrointestinal dissolution
and quick hepatic metabolism, resulting in a short systemic
half-life and insufficient tumor targeting. As a result,
researchers are actively exploring advanced drug delivery
systems, such as NPs, liposomes, and polymeric micelles, to
improve solubility, stability, and controlled release BA.*****°

Moreover, following oral administration, BA undergoes
extensive first-pass metabolism in the liver, resulting in inactive
metabolites and a significant reduction in its half-life. This
extensive liver metabolism is a major factor in BA's limited
systemic exposure and therapeutic effectiveness after oral
intake. Several studies have shown that BA is quickly metabo-
lized by phase I and II enzymes, producing hydroxylated and
conjugated derivatives with decreased cytotoxic activity. This
rapid biotransformation considerably lowers the bioactive
concentration of the compound in the bloodstream, high-
lighting the need for alternative delivery methods or formula-
tion strategies to bypass the hepatic first-pass effect and extend
systemic circulation retention.”** As such, the development of
drug delivery systems that enhance lymphatic absorption or
protect BA from enzymatic degradation remains a promising
avenue to improve its pharmacokinetic profile.

The compound is also subject to efflux by P-glycoprotein
transporters, which limits its buildup inside target cancer cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Another significant issue is the lack of tumor-targeting speci-
ficity in traditional formulations. BA, when given in free form,
distributes non-selectively throughout the body, decreasing the
drug's accumulation at the tumor site and reducing its effec-
tiveness. These factors together hinder the therapeutic potential
of BA and pose significant challenges to its clinical use. The role
of P-glycoprotein (P-gp) in actively transporting BA out of cancer
cells has been shown, contributing to multidrug resistance and
further lowering intracellular drug concentration.'*'%
Furthermore, the lack of intrinsic tumor-targeting mechanisms
in traditional BA formulations results in suboptimal delivery of
the drug to cancerous tissues and increased distribution to
healthy organs.”® While BA has demonstrated selective toxicity
to cancer cells in vitro, its nonspecific biodistribution in vivo
remains a challenge for effective treatment.®® As a result,
developing advanced delivery systems, such as ligand-
functionalized NPs or receptor-mediated targeting platforms,
is essential to improve tumor specificity and reduce off-target
effects.

Cellular uptake presents another challenge, as the passive
diffusion of BA across cellular membranes is inefficient due to
its large molecular size and lipophilic nature. This restricts the
intracellular delivery of BA to BC cells, which is crucial for
triggering apoptosis and promoting anti-tumor activity. These
challenges underscore the need for delivery systems that can
enable efficient intracellular transport and shield BA from
premature degradation within the tumor microenvironment.
The poor passive permeability of BA, caused by its bulky
pentacyclic triterpenoid structure and high lipophilicity, has
been linked to subpar cellular uptake in BC cells.’*® Further-
more, the acidic and enzymatically active tumor microenvi-
ronment can speed up BA degradation, reducing its
pharmacological activity before it reaches intracellular targets.
As a result, new delivery strategies such as nanocarriers, pH-
responsive systems, and enzyme-inhibiting formulations are
being investigated to improve BA's intracellular accumulation,
stability, and therapeutic effectiveness in BC treatment."'**

From a formulation standpoint, the dose-dependent toxicity
and limited versatility of BA in formulations restrict its inte-
gration into standard dosage forms. These formulation chal-
lenges have hindered BA's clinical development, highlighting
the need for more adaptable and safer delivery systems. The
high doses required for therapeutic effectiveness not only raise
concerns about systemic toxicity but also make it difficult to
achieve uniform dispersion in traditional forms such as tablets
or injectable solutions.***

Moreover, the physicochemical properties of BA, especially
its low water solubility, high lipophilicity, and tendency to form
crystals, restrict its compatibility with hydrophilic carriers and
excipients commonly used in pharmaceutical formula-
tions.”**” To overcome these limitations, research has
increasingly turned to advanced drug delivery systems such as
solid lipid NPs, nanostructured lipid carriers, and polymeric
micelles, which can improve solubility, control release, and
reduce dose-related side effects.’****° Overall, these challenges
emphasize the need for advanced drug delivery methods to
address the limitations of traditional administration routes.

34896 | RSC Adv, 2025, 15, 34874-34901
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Additionally, techniques such as nanoformulations, targeted
delivery systems, and prodrug strategies are currently being
investigated to enhance the solubility, stability, bioavailability,
and tumor-specific delivery of BA in BC treatment.

4.1. Critical challenges hindering the commercialization of
BA and possible solutions

Preclinical studies have shown that BA is a promising bioactive
compound with potential against cancer. Extensive research in
laboratories and using animal models has demonstrated BA's
strong anticancer abilities, including its ability to induce pro-
grammed cell death, inhibit blood vessel formation, and regu-
late multiple pathways involved in cancer development. These
early findings lay a solid foundation for further investigation
into BA's therapeutic potential, serving as an essential step
toward future clinical trials and possible applications in human
medicine." Despite these significant biological benefits, BA still
faces challenges due to its poor water solubility, which hampers
its effectiveness as a therapeutic agent.*** This issue is also seen
with taraxerol, another triterpene, which similarly lacks
adequate solubility. The inability to dissolve restricts the drug's
maximum therapeutic potential window.*>'*** BA also has
a short in vivo half-life, which impacts its clinical efficacy."*> A
second challenge related to this triterpene, which naturally
occurs in many plant species, is the need to assess the reliability
of an ongoing supply and the ecological importance of the tri-
terpene’s natural sources before beginning drug development.
It is essential to ensure the sustainable production of these
compounds through chemical synthesis or biosynthetic
methods. The complex structural features of these compounds
present a significant obstacle to their chemical synthesis, ulti-
mately limiting their progress in the drug development
process.*** Although alcohol oxidation to carboxylic acids is the
most commonly used method in organic synthesis, BE oxida-
tion to BA acid still faces several challenges that limit the
strategies available for this reaction. The presence of the alcohol
group at position 3 and the electron-rich double bond at posi-
tion 20 complicates the oxidation reaction.*** Furthermore, the
production of BA through the conversion of BE to BA, whether
by chemical synthesis or biosynthesis, is restricted by BE
availability and has low conversion efficiency. Although BA's
physiological and pharmaceutical significance is recognized, its
large-scale synthetic routes are still limited. Therefore, the rapid
development of scalable synthetic pathways is critically impor-
tant for commercialization.

Additionally, suitable formulations are necessary to enable
the future commercialization of BA as an active pharmaceutical
ingredient (API). Numerous reports suggest that BA-based
organic cations and ionic liquids (ILs) could help achieve this
goal. As a result, efforts have been made to improve the solu-
bility of existing triterpene compounds and to explore new,
more efficient modes of administration, such as liposomes,
nanoconstructs, and ILs.® The work reported by Silva et al.'*®
focused on the chemical synthesis and in vitro evaluation of the
antiproliferative properties of PQ, CQ, and MP betulinates,
primaquine  (PQ)  bisphosphate, chloroquine (CQ)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bisphosphate, mepacrine (MP) hydrochloride, proguanil
hydrochloride, and sodium artesunate, among other

compounds. BA-C6 NPs were synthesized and administered
into intracranial xenograft GBM mice via tail vein injection."”
Nanoemulsions have also been used to develop new strategies.
Nanoemulsions are water-in-oil or oil-in-water droplets ranging
from 20 to 500 nm, which form when a dispersed phase
encounters the continuous phase and can be stabilized using
surfactants. Therefore, hydrophobic bioactives are encapsu-
lated by oil droplets in an oil-in-water emulsion, representing
a drug nanocarrier with high encapsulation efficiency and
stability that can enhance drug bioavailability.**”®* Reboucas
and coworkers prepared nanoemulsions containing encapsu-
lated BA. The formulation demonstrated colloidal stability and
showed no potential cytotoxicity against non-tumor fibroblast
cells compared to pure BA.**® Additionally, chitosan, an alkaline
polysaccharide, was also used as a BA carrier because of its
ability to increase cell membrane permeability.*** Tiofack and
coworkers prepared CD-MOF-1 as a carrier for BA. The global
descriptors, such as electrophilicity, electronegativity, and
energy gap, indicated that BA has a small energy gap, which
involves greater polarizability and reactivity but less stability.
Molecular docking revealed hydrogen bonding between BA and
CD-MOF-1 within the hydrophobic cavities of CD-MOF-1. This
opened avenues for further research on BA in nanomedicine,
offering cost-effective methods and promoting sustainable
research.'¥”

In summary, high production costs and regulatory barriers
remain obstacles; BA is mainly sourced from plant bark (e.g.,
Betula species), resulting in low yields. The extraction methods
also require large amounts of plant material, making large-scale
production inefficient. Metabolic engineering of plant cell
cultures or microbes (e.g., engineered E. coli) can boost BA
biosynthesis. Another option is to chemically modify BE, which
is more abundant in birch bark, to efficiently obtain BA. Green
chemistry approaches for sustainable synthesis and environ-
mentally friendly extraction are highly desirable. Additionally,
biocatalysis and enzymatic transformation enhance yield
efficiency.

BA shows poor selectivity and drug resistance because, in its
free form, BA lacks tumor-specific targeting, which can lead to
off-target toxicity. Cancer cells develop resistance mechanisms
that reduce BA's effectiveness over time. Therefore, targeted
therapy approaches such as ligand-functionalized nano-
particles (e.g., HER2-targeted nanocarriers for BC) are used."*®
Combination therapy with other anticancer agents (e.g., pacli-
taxel) is also employed to improve effectiveness and lower
resistance. The absence of extensive clinical trials is a signifi-
cant obstacle because most BA studies are limited to in vitro and
in vivo research. This lack of comprehensive pharmacokinetic,
toxicological, and clinical data hampers approval by the Food
and Drug Administration (FDA) and other regulators. To over-
come this, there is an urgent need to expand preclinical and
clinical research. Specifically, systematic pharmacokinetic and
toxicity studies are crucial for determining safe dosage ranges.
In addition, multicenter human clinical trials are necessary to
confirm BA's anticancer efficacy. Ultimately, collaboration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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among pharmaceutical companies, research institutions, and
biotech firms is crucial for accelerating clinical translation.

The commercialization of BA faces multiple scientific,
economic, and regulatory challenges. However, biotechnolog-
ical advancements, the integration of nanomedicine, and the
expansion of clinical research can facilitate its successful tran-
sition into mainstream cancer therapy. By enhancing produc-
tion methods, improving bioavailability, and developing
targeted delivery systems, BA can become a viable commercial
anticancer drug in the future.

5. Future perspectives

Despite the growing evidence supporting the anticancer
potential of BA, its clinical application for BC treatment is still
limited by challenges in drug delivery, formulation issues, and
large-scale production concerns. Future research should focus
on overcoming these obstacles by developing scalable
processes, addressing formulation problems, and tackling
pharmacokinetic limitations that currently restrict its thera-
peutic use. To solve production issues, strategies such as semi-
synthetic derivatization, biotransformation with engineered
microbes, and green extraction technologies should be explored
to ensure consistent, sustainable, and high-yield production.
From a formulation perspective, a key area of focus is creating
innovative, targeted delivery systems that enhance solubility,
prolong systemic circulation, and improve tumor selectivity
while minimizing off-target effects. Incorporating stimuli-
responsive nanocarriers that release BA in response to tumor
microenvironment cues such as pH, enzymes, or redox gradi-
ents offers a promising way to improve treatment precision.
Simultaneously, ligand-functionalized systems targeting over-
expressed receptors such as folate or HER2 on BC cells may
increase selective uptake and intracellular drug accumulation.
Additionally, combining BA with existing chemotherapeutics,
immunomodulators, or sensitizing agents should be further
investigated to overcome drug resistance and boost overall
treatment effectiveness. Advances in 3D tumor models and
organoids are also critical for preclinical testing of BA formu-
lations, providing more physiologically relevant platforms to
evaluate efficacy and safety. To bring BA-based therapies closer
to clinical use, future efforts should prioritize scaling up feasi-
bility, long-term safety assessments, and regulatory approval.
Collaboration among chemists, pharmacologists, biomedical
engineers, and clinicians is vital to optimizing delivery systems
and designing translational studies. Due to the heterogeneous
nature of BC disease, personalized medicine approaches that
include genomic profiling and patient-specific delivery strate-
gies could be key to identifying the most effective BA-based
therapies for individual patients. In summary, with ongoing
innovation in nanotechnology, drug design, and personalized
medicine, BA has strong potential to become a valuable thera-
peutic agent in the prevention and treatment of BC. Lastly,
despite the promising in vitro results described, the lack of in
vivo pharmacokinetic data remains a significant limitation.
Most studies depend heavily on cell-based models, yet they
often extrapolate clinical relevance without evidence of
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improvements in bioavailability, tumor penetration, or reduc-
tion of off-target toxicity in animal models. This gap raises
concerns about whether the reported stability and activity
improvements can genuinely lead to therapeutic benefits within
the complexity of a living system. Complete pharmacokinetic
evaluations, including assessments of circulation time, bi-
odistribution, clearance, and tissue accumulation, are crucial
for confirming the clinical potential of these systems. There-
fore, future research must incorporate rigorous in vivo phar-
macokinetic analyses to close the gap between preclinical
results and meaningful translational outcomes.

6. Conclusion

BA continues to show strong potential as a natural anticancer
agent, especially for the prevention and treatment of BC. Its
unique ability to induce apoptosis selectively in cancer cells
while sparing normal tissues makes it a promising candidate
for therapy. However, BA's progress in clinical use is limited by
key pharmacokinetic issues, such as poor water solubility, low
oral bioavailability, rapid metabolic breakdown, and ineffi-
cient tumor targeting with conventional delivery methods. To
address these challenges, research has focused on developing
advanced delivery systems, including nanocarrier platforms
such as polymeric NPs, liposomes, micelles, and PEGylated
derivatives, which improve BA's solubility, circulation time,
and tumor accumulation. Targeted and stimulus-responsive
systems also show promise for enhancing therapeutic accu-
racy and minimizing systemic toxicity. Despite these
advances, challenges persist, including scalability, regulatory
hurdles, safety concerns, and differences in BC subtype.
Implementing BA-based treatments in clinical practice will
require multidisciplinary efforts, thorough preclinical testing,
and well-structured clinical trials. Overall, combining inno-
vative delivery technologies with BA's innate anticancer
properties offers a promising outlook. Continued develop-
ment and validation could establish BA as a key player in
future BC therapy. Additionally, formulating BA to counteract
its low solubility has dramatically enhanced its medicinal use.
Developing BA derivatives further enhances their potential, as
they offer improved solubility, rapid large-scale production,
and potent anticancer effects. Furthermore, integrating
pharmacokinetic and pharmacodynamic analyses into
preclinical pipelines, along with the development of stan-
dardized in vivo evaluation protocols, will be crucial for
bridging the gap between laboratory results and real-world
applications. These innovations indicate a bright future for
the clinical development and commercialization of BA and its
derivatives in BC treatment.
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