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ABSTRACT

Worldwide, breast cancer continues to be one of the most frequently diagnosed malignancies and continues to pose a significant
challenge in cancer therapy. Despite the significant improvement in patient survival that HER2-targeted therapies, such as
trastuzumab, have achieved, their therapeutic efficacy remains restricted by challenges such as cardiotoxicity, acquired
resistance, limited tumor accumulation, and off-target effects. Recent developments in drug delivery systems have concentrated
on the enhancement of treatment outcomes by utilizing targeted delivery strategies and controlled drug release. Among various
carrier materials, hydroxyapatite (HAp) has attracted considerable attention due to its excellent biocompatibility, bioactivity,
porous structure, high drug-loading capacity, and ease of surface functionalization. These characteristics make HAp a
promising candidate for the development of advanced drug delivery platforms capable of enhancing therapeutic efficiency
while minimizing systemic side effects. Furthermore, surface modification with targeting ligands such as folic acid offers
additional opportunities for improving local cellular recognition and targeted drug delivery. This review summarizes current
developments in hydroxyapatite-based drug delivery systems for breast cancer therapy, with particular emphasis on
trastuzumab delivery, folic acid-mediated targeting approaches, and hydroxyapatite microsphere technologies. Recent studies
investigating HAp-based carriers, targeted delivery systems, and multifunctional therapeutic platforms are discussed, together
with their advantages, limitations, and clinical potential. In addition, the role of microsphere-based delivery systems in
achieving sustained drug release and enhanced therapeutic performance is highlighted. Current literature demonstrates the
potential of hydroxyapatite carriers for the delivery of various therapeutic agents; however, studies integrating trastuzumab
delivery, folic acid-mediated targeting, and hydroxyapatite microspheres within a single platform remain limited. This gap
highlights the need for multifunctional carrier systems capable of combining controlled release with selective cellular
recognition and targeted delivery. The available literature suggests that hydroxyapatite microspheres may provide a versatile
platform for HER2-targeted therapy, with trastuzumab potentially incorporated as a therapeutic cargo or used as a surface-
bound targeting ligand. These approaches differ in their intended functions and may enable controlled drug release and HER2-
mediated targeting, respectively.
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1. Introduction

Breast cancer is still one of the most common malignancies and a leading cause of cancer-
related mortality among women worldwide. According to global cancer statistics, breast cancer
accounted for approximately 2.3 million new cases in 2022, representing one of the most
frequently diagnosed cancers among women. Breast cancer remains associated with substantial
morbidity and mortality, despite significant progress in early diagnosis and therapeutic
strategies (Bray et al., 2024). Breast cancer is a heterogeneous disease consisting of multiple
molecular subtypes with biological characteristics and clinical outcomes. Among these
subtypes, human epidermal growth factor receptor 2 (HER2)-positive breast cancer is
characterized by amplification and/or overexpression of HER2. Breast cancers with HER2
overexpression and/or amplification account for approximately 15-20% of cases and constitute
a highly aggressive subtype (Pupa et al., 2021).

Current treatment approaches for breast cancer include surgery, radiotherapy, chemotherapy,
endocrine therapy, immunotherapy, and targeted therapies. The selection of treatment strategies
depends on tumor subtype, disease stage, receptor expression profile, and patient-specific
factors (Waks & Winer, 2019). Although these therapeutic modalities have significantly
improved patient survival, many conventional treatments may be associated with off-target
exposure and treatment-related toxicity. For example, trastuzumab treatment is associated with
cardiac toxicity, highlighting the need to consider treatment-related adverse effects in HER2-
targeted therapy (Early Breast Cancer Trialists’ Collaborative Group, 2021).

As a result of the development of HER2-targeted therapies, clinical outcomes for HER2-
positive breast cancer have improved significantly. Nowadays, the most successful of these
targeted therapies is trastuzumab, a monoclonal antibody that specifically targets HER2
receptors. However, trastuzumab treatment may be associated with cardiotoxicity, which
remains an important challenge in its clinical use (Early Breast Cancer Trialists’ Collaborative
Group, 2021; Gu et al., 2024). These challenges have led to research into developing new drug
delivery systems aimed at minimizing systemic side effects and enhancing therapeutic effects.

Among the various carrier systems investigated for cancer therapy, hydroxyapatite (HAp)-
based microspheres have attracted considerable interest because of their biocompatibility,
bioactivity, porous structure, and potential for drug loading and surface functionalization (Hou
et al., 2022; H. Huang et al., 2020). In parallel, active targeting strategies using ligands such as
folic acid (FA) have been explored in cancer drug delivery systems to enhance receptor-
mediated cellular recognition and targeting selectivity (Sudimack & Lee, 2000). This review
summarizes current literature on hydroxyapatite-based drug delivery systems for breast cancer
therapy, with particular emphasis on microsphere formulations, folic acid-mediated targeting,
and the feasibility of trastuzumab incorporation or surface conjugation for HER2-directed
treatment. Current evidence, technological limitations, and key translational challenges are also
discussed to identify priorities for future research.

1.1 Scope and Literature Search Strategy

A literature search was conducted to identify relevant studies published between 2000 and 2025
on hydroxyapatite-based drug delivery systems, hydroxyapatite microspheres, breast cancer,
HER2-targeted therapy, trastuzumab, folic acid-mediated targeting, and related therapeutic
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strategies. An extensive literature search was conducted in PubMed, Scopus, and Google
Scholar databases to evaluate the current developments in hydroxyapatite-based drug delivery
systems for HER2-positive breast cancer. The literature review was conducted with a particular
focus on specific research areas, using the primary keywords “hydroxyapatite,”
“hydroxyapatite microspheres,” “breast cancer,” “HER2,” “trastuzumab,” “folic acid,”
“targeted drug delivery,” and “controlled drug release.” Inclusion criteria excluded pill carriers
and decontextualized conference abstracts among these publications, as well as studies
unrelated to drug delivery or targeted therapy. In addition to these reviews, about 200 or more
records were scanned to define the boundaries, and 70 representative and peer-reviewed studies
were selected.

2. HER2-Positive Breast Cancer and Targeted Therapies

HER2 belongs to the ErbB family of receptor tyrosine kinases and plays a crucial role in
regulating cell proliferation, differentiation, migration, and survival. Amplification of the
HER2 gene results in excessive receptor expression, leading to continuous activation of
downstream signaling pathways such as PI3K/Akt and MAPK, ultimately promoting tumor
progression and metastasis. The emergence of HER2-targeted therapeutics has completely
transformed the management of this disease subtype. Trastuzumab is a humanized monoclonal
antibody that selectively binds to the extracellular domain of HER2 receptors. Through receptor
blockade, trastuzumab inhibits HER2-mediated signaling pathways, induces antibody-
dependent cellular cytotoxicity (ADCC), and suppresses tumor growth (Nami et al., 2018).
When trastuzumab is immobilized on the surface of a carrier like HAp, it’s important to
maintain the antibody’s orientation and biological activity. Random adsorption or non-specific
covalent binding can cause antibodies to have heterogeneous orientations, which can reduce
accessibility of the Fab regions that recognize the antigen and affect HER2 recognition. Also,
trastuzumab-mediated ADCC involves the interaction of the antibody’s Fc region with Fcy
receptors on immune effector cells, especially natural killer cells, so the immobilization strategy
needs to preserve the Fc region’s accessibility and functional integrity (Collins et al., 2012;
Wong & Lee, 2012). Directed immobilization strategies may help reduce steric hindrance and
keep the antibody’s binding sites accessible. In this context, Fc-directed conjugation, affinity-
based immobilization, or linker-mediated attachment can be considered potential approaches
for controlling the orientation of antibodies on the carrier surface (Nieto et al., 2020; Selepe et
al., 2024). Additionally, it has been experimentally shown that proteins can be immobilized in
a directed manner on HAp surfaces using bifunctional bisphosphonate linkers, which supports
the feasibility of controlled presentation of proteins on HAp surfaces (Yewle et al., 2012).
Nevertheless, whether surface-immobilized trastuzumab retains its HER2-binding and Fc-
mediated effector functions after conjugation to HAp requires experimental validation.

In addition to trastuzumab, several HER2-targeted agents have been developed, including
pertuzumab, lapatinib, trastuzumab deruxtecan, and ado-trastuzumab emtansine (T-DMI).
These therapies have significantly improved progression-free survival and overall survival in
HER2-positive breast cancer patients (Gu et al., 2024; Zheng et al., 2023). Although antibody-
drug conjugates (ADCs) such as trastuzumab deruxtecan and T-DMI1 have successfully
achieved drug delivery targeting HER2 in clinical practice, HAp-based systems can offer
different and potentially complementary delivery approach. Unlike conventional ADCs, HAp
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carriers provide a porous matrix that allows the transport of therapeutic agents via encapsulation
or surface loading, while also enabling controlled release and additional surface
functionalization (De Lama-Odria et al., 2022; Dong et al., 2023). This modular structure may
allow the integration of multiple functional components within a single carrier and provide
greater flexibility in regulating drug loading and release characteristics. Therefore, HAp-based
platforms should be considered as an alternative and potentially complementary strategy to
established HER2-targeted therapies rather than as a replacement for clinically approved ADCs.

Despite these advances, several limitations remain. One of the major concerns associated with
trastuzumab therapy is cardiotoxicity, which may lead to left ventricular dysfunction and heart
failure in susceptible patients. Importantly, trastuzumab-associated cardiotoxicity is considered
an on-target effect because HER2/ErB2 signaling also plays a crucial role in cardiomyocytes
(Lin et al., 2022). Furthermore, systemic administration often results in suboptimal drug
accumulation at tumor sites and may contribute to the emergence of acquired therapeutic
resistance (Moo et al., 2018). To address these challenges, considerable efforts have focused on
the development of advanced delivery platforms capable of enhancing trastuzumab stability,
controlling drug release, improving local drug availability, and reducing systemic toxicity.
Nanoparticles, liposomes, polymeric carriers, hydrogels, and microsphere-based systems have
all demonstrated promising potential for improving the therapeutic performance of HER2-
targeted agents (Truffi et al., 2018; Vanni et al., 2025). Recent studies have shown that surface-
functionalized delivery systems decorated with antibodies or targeting ligands can improve
cellular uptake and enhance therapeutic efficacy. Such approaches may provide more effective
treatment strategies for HER2-positive breast cancer while minimizing adverse effects
associated with conventional systemic administration (Sakhi et al., 2022; Truffi et al., 2018).

3. Drug Delivery Systems in Breast Cancer

Drug delivery systems (DDSs) have emerged as an essential strategy to improve the therapeutic
efficacy and safety of anticancer agents. DDSs can improve therapeutic efficacy while reducing
systemic toxicity by enabling controlled and sustained drug release, enhancing drug stability,
and, depending on the carrier and administration strategy, improving drug distribution and local
drug availability. Conventional chemotherapy, in contrast, often suffers from nonspecific
biodistribution, rapid systemic clearance, dose-limiting adverse effects, and the development of
multidrug resistance. Therefore, extensive research has been performed on the design of
advanced delivery platforms to improve the pharmacokinetic and pharmacodynamic profiles of
anticancer therapeutics (Peiris et al., 2014; Yao et al., 2020).

The drug delivery strategies can be classified as passive and active targeting approaches in a
broad sense. Passive targeting mainly utilizes the enhanced permeability and retention (EPR)
effect, while active targeting utilizes ligand-receptor interactions to increase selective cellular
recognition and uptake. However, the EPR effect should not be considered a uniform or
universally effective mechanism for tumor targeting. The extent of the EPR effect can vary
depending on the tumor type and the heterogeneous tumor microenvironment. In addition, the
presence and extent of the EPR effect are still debated, and the differences between preclinical
models and human tumors may hinder the translation of passive targeting strategies based on
the EPR effect into clinical practice (Shi et al., 2020). Among the different targeting ligands
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explored, folic acid (FA) has been of particular interest since folate receptors are expressed in
various tumors and can serve as attractive targets for tumor-specific drug delivery (Sudimack
& Lee, 2000). Some of the carrier platforms investigated for breast cancer treatment include
liposomes, polymeric nanoparticles, micelles, hydrogels, inorganic nanoparticles and
microspheres (Zhai et al., 2024). Among them, microsphere-based systems have attracted
increasing attention due to their high drug loading capacity, protection of encapsulated
therapeutics, prolonged drug release and the possibility of surface functionalization (X. Li et
al., 2024).

For drug delivery applications in breast cancer, polymeric microspheres made from
biodegradable materials such as poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid) (PLA),
and their copolymers have been extensively studied. Natural polymers, including chitosan,
gelatin, alginate, hyaluronic acid, and silk fibroin have also attracted considerable interest
because of their favorable biocompatibility and tunable physicochemical properties (Cai et al.,
2024; Zhai et al., 2024). These materials provide versatile delivery platforms because their
degradation behavior, mechanical properties, and surface chemistry can be readily tailored to
specific therapeutic requirements. However, their widespread clinical translation is still
impeded by a variety of obstacles, such as the limited stability of certain therapeutic agents, the
complexity of manufacturing, and the difficulties associated with large-scale production (X. Li
et al., 2024; Wu et al., 2024). Most recently, hydroxyapatite (HAp)-based microspheres have
attracted increasing attention as a promising alternative owing to their biomimetic composition,
porous structure, excellent biocompatibility and versatile surface chemistry. These properties
enable efficient drug loading while providing opportunities for controlled drug release and
further functionalization with targeting ligands, while their potential for targeted drug delivery
remains under investigation (Mondal et al., 2018; Qian et al., 2023).

4. Hydroxyapatite as a Drug Carrier

HAp, with the chemical formula Caio(PO4)s(OH)2, is a calcium phosphate ceramic and is a
principal inorganic component of human dental and bone tissue (Fiume et al., 2021). HAp has
been extensively investigated for numerous biomedical applications, including bone
regeneration, tissue engineering and drug delivery owing to its chemical similarity to native
mineralized tissue. In addition to its established role as a bone substitute, there has been a
growing interest in its potential as a multifunctional drug carrier due to its versatile surface
chemistry and tunable physicochemical properties (Fiume et al., 2021; Hou et al., 2022).

HAp has some unique advantages as a drug carrier because of its porous structure, high specific
surface area, and chemically active surface. These properties permit the efficient loading of
various therapeutic agents such as small molecule drugs, peptides, proteins, and nucleic acids.
In addition, the presence of calcium and phosphate groups offers active sites for drug adsorption
and surface functionalization, allowing a wide variety of drug loading strategies (S.-M. Huang
et al., 2022; Lara-Ochoa et al., 2021).

The release profile of HAp-based carriers depends on several factors like particle size, porosity,
crystallinity, surface chemistry, and drug—carrier interactions (Mondal et al., 2018). The release
of therapeutic agents may occur through diffusion, desorption from the surface of the carrier,
gradual dissolution of the mineral matrix, or a combination of these mechanisms, depending on
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the loading strategy (Mondal et al., 2018; N. Wang et al., 2019). This tunable release behavior
can offer sustained therapeutic exposure and potentially reduce the frequency of administration
while maintaining effective drug concentrations. These properties are especially advantageous
in the setting of anticancer therapy, where sustained drug availability and reduced systemic
exposure could enhance therapeutic efficacy and reduce adverse effects (Qian et al., 2023).

In recent years, HAp microspheres have emerged as particularly attractive delivery platforms
due to their spherical morphology, porous structure, and favorable biological interactions.
Compared with many conventional polymeric carriers, HAp microspheres combine favorable
biocompatibility with intrinsic bioactivity and a mineral composition that closely resembles
native hard tissues. These properties make HAp-based microspheres promising candidates for
drug delivery applications (S. Li et al., 2023).

Several studies have demonstrated the successful incorporation of antimicrobial peptides, and
chemotherapeutic agents within HAp microspheres, highlighting their versatility of HAp as
carriers for localized and controlled drug delivery (Hong et al., 2021; H. Huang et al., 2020;
Wu et al., 2022). These findings highlight the potential of HAp microspheres as multifunctional
platforms capable of combining controlled drug release with further surface functionalization
(Zhang et al., 2021). However, the effectiveness of such functionalizationfor active targeting in
microscale HAp systems requires further investigation. Consequently, HAp-based delivery
systems have become increasingly important in the development of next-generation cancer
therapeutics (Qian et al., 2023).

Another potential advantage of HAp-based carriers is their pH-dependent dissolution behavior.
HAp may exhibit higher solubility under acidic conditions; this can contribute to pH-dependent
drug release and provide an advantage in acidic biological environments such as tumor
microenvironment (Feng et al., 2013). In addition to its role as drug carrier, HAp, particularly
in nanoparticle form, has also been reported to exhibit intrinsic antitumor activity. It has been
shown that HAp nanoparticles cause intracellular Ca** loading in cancer cells, trigger calpain
activation, and consequently activate mitochondrial apoptotic pathways (Dong et al., 2023).
These findings suggest that HAp may offer an additional therapeutic potential beyond its
conventional role as a drug carrier.

5. Folic Acid-Mediated Targeting Strategies

Active targeting is considered one of the most promising approaches for improving the efficacy
and specificity of cancer treatment. Unlike passive targeting, which mainly relies on the EPR
effect, active targeting employs specific ligands capable of recognizing molecular markers
overexpressed on cancer cells (Bi et al., 2016). Among these ligands, folic acid (FA) has
attracted considerable attention because as a targeting ligand, and its incorporation onto HAp
surfaces has been investigated for developing FA-functionalized HAp systems (Cipreste et al.,
2016).

Folate receptors are membrane-bound glycoproteins involved in cellular folate uptake. While
their expression is generally low in most healthy tissues, significantly elevated expression levels
have been reported in many cancer cells. This differential expression pattern provides an
attractive opportunity for selective drug delivery (Sudimack & Lee, 2000; Tagde et al., 2020).
FA is a small, inexpensive, non-immunogenic molecule that can be readily conjugated onto
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carrier surfaces without significantly altering their physicochemical properties (Sudimack &
Lee, 2000).

FA-functionalized drug delivery systems promote receptor-mediated cellular uptake following
binding to folate receptors on cancer cells. As a result, therapeutic agents can be delivered
preferentially into cancer cells, enhancing intracellular drug delivery and therapeutic efficacy.
For instance, folate-functionalized liposomes have demonstrated FR-mediated internalization,
enhanced cellular uptake, and improved anticancer activity in FR-overexpressing breast cancer
cells (Dinakar et al., 2023).

The incorporation of FA onto HAp carriers represents an especially attractive strategy because
it combines the favorable drug-loading characteristics of hydroxyapatite with thepotential for
folate receptor-mediated cellular recognition and uptake (Cipreste et al., 2016; Verma et al.,
2020). However, the therapeutic benefit of FA-mediated targeting is expected to depend on
factors such as folate receptor expression and the physicochemical characteristics of the carrier
system. Surface functionalization can be achieved through surface chemical modification using
linker-mediated strategies like PEG-based functionalization (Qian et al., 2023). Following
successful conjugation, FA-modified HAp carriers can enhance interaction with folate receptor-
positive tumor cells (Verma et al., 2020).

Recent studies on folate-functionalized drug delivery systems and targeted microspheres
suggest that folate-mediated targeting has promising potential for enhancing selective drug
delivery and therapeutic performance (Yao et al., 2020; Zha et al., 2022). Consequently, the
integration of FA-functionalized HAp microspheres with HER2-targeted therapeutics such as
trastuzumab represents a potential design strategy that warrants further experimental and
translational investigation.

6. Current Studies on Hydroxyapatite Microspheres for Cancer Therapy

6.1. Hydroxyapatite Microspheres in Drug Delivery Applications

Hydroxyapatite (HAp) microspheres have been increasingly investigated as versatile platforms
for therapeutic drug delivery (Mondal et al., 2018). Their porous structure and tunable
physicochemical properties enable efficient drug loading, while their pore structure can
influence the kinetics of controlled and sustained drug release (Lai et al., 2016). Over the past
decade, HAp microspheres have been investigated for the delivery of proteins and antimicrobial
agents, demonstrating their versatility for the controlled delivery of biological molecules (Fu et
al., 2011; Soriano-Souza et al., 2015). Furthermore, porous hollow HAp microspheres have
demonstrated high drug-loading capacity and pH-responsive sustained-controlled release,
highlighting their potential for anticancer drug delivery (Lai et al., 2016).

Previous studies have shown that HAp microspheres can encapsulate both small-molecule
therapeutics and biomacromolecules and can maintain controlled release profiles (Fu et al.,
2011; S. Wang et al., 2010). Apart from drug delivery, surface functionalization strategies have
extended their applications to targeted and other specialized biomedical applications (Zhang et
al., 2021).

Because of their micrometer-scale size, hydroxyapatite microspheres are more suitable for
implantation for local or regional drug release purposes than systemic intravenous tumor
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targeting (Fu et al., 2011; Long et al., 2013). In this approach, drug-loaded microspheres can

be placed directly at the resection site after surgical removal of the tumor, ensuring local and
long-term drug release. Indeed, local drug release, tumor regrowth, and metastasis development
can be monitored following this process. This type of locoregional implantation approach
allows the therapeutic agent to be delivered directly to the target site and controlled/sustainable
release without requiring the microspheres to be extravasated into the tumor tissue by being
delivered into the systemic circulation (Nwazojie et al., 2023). Table 1 presents representative
studies in HAp microsphere-based systems for drug delivery.

Table 1 Representative studies investigating hydroxyapatite microsphere-based drug delivery systems

L Ol Carrier Size Loading strategy Model Major Findings LCUITEER ) Ref.
agent Route

Tamoxifen

Doxorubicin

Paclitaxel
(PTX)

Ciprofloxacin

Resveratrol
(Res)

HHC36
Peptide

Gentamicin

Porous HAp
Microspheres

Porous
HAp/Gelatin
Composite
Microspheres

PLGA-PCL
microspheres

Mesoporous
hierarchical
HAp
Microspheres

n-HA/CS
composite
microspheres

Hierarchical
HAp
Microspheres

Mesopororus
carbonated
HAp
microspheres

0.8-2 um

45 pm

1.35-5.79
um (SEM);
6.2-9.2 um
(DLS,
DPBS)

5 um

30.75-
110.87 um
(depends
on
formulation
parameters)

Not
reported

~5 pm

Covalent
attachment

Chitosan-assisted
bonding (Hydrogen
bonding)

Drug encapsulation
in PLGA-PCL
microspheres

Surface adsorption
and pore loading

Encapsulation
during microsphere
fabrication by
emulsion chemical
cross-linking

Surface adsorption
via electrostatic
interactions

Adsorption/soaking

The breast
cancer cell
line MCF-7

Human
osteosarcom
a-derived
G-292 cells

MDA-MB-
231 TNBC
xenograft in
athymic
nude mice

Not
reported

OVX-
induced
osteoporotic
SD rats;
femoral
bone defect
model

Antibacteria
1 activity
tested with
E. coli and
S. aureus

In vitro
testing via
S.
epidermidis
and human
bone
marrow
stromal
cells
(hBMSCs)

Sustained tamoxifen
release with
enhanced
cytotoxicity against
MCF-7 cells

99% drug
entrapment
efficiency with
sustained
doxorubicin release
(45% release over 6
months) while
maintaining
anticancer activity.
Localized and
sustained drug
release after tumor
resection; targeted
formulations
reduced/prevented
local tumor regrowth
and showed no
detectable lung
metastasis in the
targeted groups
61% drug loading
with sustained
ciprofloxacin release
for 12 days; 79% of
ciprofloxacin was
released over 300
hours.

Enhanced osteogenic
differentiation,
reduced
inflammation,
accelerated
entochondrostosis
and bone
regeneration;
improved healing of
osteoporotic bone
defects

Highest peptide
loading efficiency
and sustained release
over 9 days with
prolonged
antibacterial activity.

70-75% drug-
loading efficiency;
sustained gentamicin
release for up to 6
days; reduced
bacterial adhesion
and biofilm
formation; good
biocompatibility

Not reported

Not reported

Locoregional /
local
implantation at
the surgical
resection site

Not reported

Local
implantation
into femoral
bone defect

Not reported

Local drug
delivery

(Kirbiyik et
al., 2022)

(Wuetal.,
2022)

(Nwazojie
etal., 2023)

(Daryan et
al., 2025)

(L. Lietal.,
2021)

(Hong et
al., 2021)

(Guo et al.,
2013)

84



Journal of Emerging Minds in Undergraduate Research - 1(1) - 2026

In anticancer studies, HAp microspheres have been increasingly studied as carriers for
therapeutic agents. Their porous structure, tunable physicochemical properties, and ability to
sustain drug release make them attractive candidates for anticancer drug delivery. These
features have led to an increasing interest in the exploration of HAp microspheres for the
delivery of chemotherapeutic agents in different cancer models (Saber-Samandari et al., 2016).

The main goal has been to improve drug loading to prolong drug release while maintaining the
therapeutic activity of the loaded agents. Examples of interest include the encapsulation of
doxorubicin and tamoxifen, which showed sustained drug release and cytotoxic activity in
cancer cell models (Kirbiyik et al., 2022; Wu et al., 2022). Representative studies have reported
promising results in drug loading and efficiency. Wu et al. developed porous hydroxyapatite-
gelatin composite microspheres loaded with doxorubicin and reported sustained release
behavior together with enhanced drug loading efficiency. The incorporation of chitosan further
improved release control and carrier stability (Wu et al., 2022).

Similarly, Kirbiyik et al. investigated tamoxifen-loaded hydroxyapatite microspheres for breast
cancer treatment. Their findings demonstrated that HAp microspheres could effectively deliver
tamoxifen to MCF-7 breast cancer cells while providing controlled release characteristics.
These results highlighted the potential of HAp-based systems as drug delivery platforms for
breast cancer treatment (Kirbiyik et al., 2022).

In addition to hydroxyapatite-based formulations, polymeric microsphere systems have also
been investigated for targeted drug delivery in breast cancer. In particular, folate-mediated
albumin microspheres have been developed to enhance targeting toward folate receptor-
expressing tumor cells (Zha et al., 2022). This example shows the potential of ligand-mediated
targeting in microsphere-based systems, although such targeting approaches should be
distinguished from systemic tumor targeting by intravenously administered HAp microspheres.

6.2. Targeted Delivery Systems for Breast Cancer

One of the main advantages of microsphere-based delivery systems is the controlled release of
drugs, however, selective accumulation at tumor sites still remains a major challenge. Sustained
drug release alone cannot ensure optimal therapeutic efficacy unless sufficient amounts of the
therapeutic agent reach the tumor site and are efficiently internalized by cancer cells. Hence,
considerable efforts have focused on incorporating targeting ligands to improve cellular
recognition and receptor-mediated uptake thereby improving therapeutic selectivity and
reducing off-target effects (Yao et al., 2020).

Among these approaches, folic acid-mediated targeting has received considerable attention.
Zha et al. developed folate-modified albumin microspheres and reported enhanced targeting
efficiency toward folate receptor-positive cancer cells. Their findings demonstrated that folic
acid modification significantly improved cellular uptake and therapeutic effectiveness
compared with non-targeted formulations (Zha et al., 2022). These results demonstrate the
potential of ligand-mediated targeting to complement controlled drug release through improved
cellular internalization.

However, because folate receptor alpha (FRa) expression is not consistently high in this disease
subtype, the justification for folic acid-mediated targeting in HER2-positive breast cancer needs
to be carefully considered. Cheung et al. reported FRa expression in 15.6% of HER2-positive
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tumors, compared with 36.8% of triple-negative breast cancers (TNBC). According to PAMS50
molecular classification, FRa expression was observed in 10.7% of HER2-positive tumors and
33.3% of basal-like tumors (Cheung et al., 2018). These findings suggest that folate receptor-
mediated targeting may be relevant to a subset of HER2-positive tumors with sufficient FRa
expression rather than representing a universal targeting strategy for this subtype. O’Shannessy
et al. similarly reported an association between FRa receptors and TNBC, further supporting
the heterogeneous expression of this receptor across breast cancer subtypes (O’Shannessy et
al., 2012). As a result, folic acid and trastuzumab combination shouldn’t be seen as inherently
better than HER?2 targeting alone. As an alternative, in tumors that co-express HER2 and FRa,
a dual-ligand approach might offer enhanced receptor engagement, which would enhance
cellular recognition and uptake. Preclinical studies using gold nanoclusters functionalized with
both folic acid and trastuzumab have reported enhanced cellular accumulation and therapeutic
effects compared with non-targeted or single-targeted systems (Samani et al., 2020). However,
whether this potential cooperative effect provides a meaningful advantage over single-ligand
systems in HAp-based microspheres remains to be experimentally determined.

To better visualize these design principles and related molecular interactions with two
illustrative figures, Figure 1 below presents a schematic representation of the hydroxyapatite
microsphere detailing its porous surface and drug loadings. Furthermore, to address the
biological spatial requirements discussed here, Figure 2 schematically compares the HER2
interaction with the spatial geometry of each ligand system, plotted to scale.

Y

Folic acid — ( '
Trastuzumab—g'%\ = 7 > }4
V7, AN S ) D
Ll o /\U \" " ~~—————— Pore Structure
- W I @ O\
ARy | ) AA\E
~/ 4 / J(_ S 4B il (A'A / A\
Hydroxyapatite '
matrix

Encapsulated
trastuzumab

Figure 1 Schematic representation of the dual-functionalized hydroxyapatite (HAp) microsphere.
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Figure 2 Mechanism of HER2 receptor-mediated interactions

For the literature examples of folic acid- and antibody-mediated targeting strategies
investigated in different carrier systems are summarized in Table 2, including their targeting
approaches, conjugation strategies, cellular models, and reported uptake outcomes.

Table 2 Representative folic acid- and antibody-functionalized drug delivery systems

Ligand Fold-change
Targeting density / Conjugation

Cell line in uptake vs.
strategy Modification | chemistry non-targeted
degree control

Carrier Major findings

Folate modification

Albumin 28.1% Elzgsmfo- enhanced cellular uptake and = (Zha et
microspheres Folic acid modification mediated MCEF-7 Not reported increased the inhibitory al.,
P rate coniueation effect of nintendanib on 2022)
Jug MCF-7 cells.
Trastuzumab-functionalized
NHS- nanoparticles showed
1492134  PEG5000- SK-BR-3 speelils g end (Anhom
HSA intracellular uptake in
. Trastuzumab ug/mg Mal-mediated  and MCF-  Not reported . etal.,
nanoparticles . HER2-overexpressing SK-
nanoparticle covalent 7 BR-3 cells. wh bindi 2008)
samiting -3 cells, whereas binding
was marginal in HER2-low
MCF-7 cells.
DCC-NHS
mediated
;gl?iuf;zo;lgf MCE-7 Dual-targeted nanoparticles (Kumar
Polymenp Folic acid Not reported  EDC-NHS- and BT- Not reported exhibited greater cellular etal,
nanoparticles + trastuzumab . uptake than non-targeted and
mediated 474 inel & lati 2017)
conjugation single-targeted formulations.
for
trastuzumab
Dual-targeted AuNCs
~ showed approximately
EDC-NHS (31 foll(ti o il threefold higher cellular s .
Gold Folic acid + e SK-BR-3 ua-targete uptake in SK-BR-3 cells and amant
Not reported  mediated Vs. non- etal.,
nannoclusters trastuzumab . . and 1929 produced greater
conjugation targeted . S 2020)
AuNCs radiosensitization than non-

targeted or single-targeted
systems.
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Ligand
Targeting density / Conjugation

Fold-change
in uptake vs.

Carrier Cell line Major findings Ref

strategy Modification | chemistry
degree

non-targeted
control

t6r3iuig/rglgb Dual-functionalized
foiSPLX— a EDC/NHS- MCE-7 ~9-fold vs. polymersomes showed (Lale et
Polymersomes Folic acid + Dox-Herand  mediated and BT- non-targeted enhanced cellular uptake and al
ym trastuzumab . . polymersomes  antitumor activity compared iy
58.4 ug/mg conjugation 474 i . 2015)
for PLA- in BT-474 Wlth non-targeted and )
Dox-FA-Her single-targeted formulations.
Trastuzumab conjugated
nanoparticles showed high
Trastuzumab- Covalent . e
. . . . HER2-specific binding and (Truffi
f::)rgl:)i?zizd Trastuzumab E:slﬁl(;}:]?g;b ;zﬁi)uiittlizito SK-BR-3 Not reported internalization in SK-BR-3 etal.,
nanonarticles surfaze cells, demonstrating the 2018)
P potential of antibody-
mediated targeting.

The studies summarized in Table 2 demonstrate that folic acid- and antibody-mediated targeting
strategies have been investigated across a range of carrier platforms, with several studies
reporting enhanced cellular uptake compared with non-targeted formulations. Among these
approaches, antibody-mediated targeting has become an important strategy to increase the
selectivity of breast cancer drug delivery. Trastuzumab is of particular interest due to its specific
recognition of HER2 and its ability to bind HER2 and serve as a targeting ligand for HER2-
positive breast cancer cells (Samani et al., 2020). However, the role of trastuzumab within a
carrier system can vary depending on the targeted delivery strategy. These different roles and
their effects on HAp-based delivery systems are considered in the following discussion.

Despite these promising advances, the bulk of targeted drug delivery research has been focused

on polymeric nanoparticles rather than hydroxyapatite-based microspheres. However, the
potential of HAp microspheres as carriers for receptor-targeted therapeutics is not exploited
sufficiently. For example, the combination of controlled drug release and ligand-mediated
targeting represents a developing research area with significant promise for the development of
next-generation breast cancer therapies.

Although these advances are promising, there are still several important challenges before
active targeting strategies can be effectively translated to hydroxyapatite-based microsphere
systems. HAp microspheres have been mainly used for the delivery of small-molecule
therapeutics, such as doxorubicin, tamoxifen, vancomycin, and ciprofloxacin (Daryan et al.,
2025; Kirbiyik et al., 2022; Wu et al., 2022, 2024), and the application of HAp microspheres
for delivery of biomocromolecules, especially monoclonal antibodies, remains limited.
Similarly, although systems functionalized with folic acid and HER2-targeted delivery
platforms have shown promising potential in cancer therapy, FA-functioalized HAp systems
have also been investigated for targeted drug delivery, whereas the integration of folic acid and
HER2-targeted strategies into a single HAp-based carrier represents a comparatively
unexplored approach (Liu et al., 2019; Verma et al., 2020).

Overall, available reports suggest that active targeting combined with drug delivery represents
a promising strategy for HAp-based microsphere systems in HER2-positive breast cancer.
However, the use of trastuzumab —as a therapeutic cargo, a surface-bound targeting ligand, or
potentially a component of a combined architecture— should be clearly defined according to
the intended delivery strategy. Further studies are required to preserve the biological activity of
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the antibody, determine the optimal architecture, and validate therapeutic efficacy through
extensive preclinical and clinical investigations.

6.2.1. Distinct Roles of Trastuzumab in HAp-based Delivery Systems

Trastuzumab can be incorporated into HAp-based delivery systems through two distinct design
strategies: as a therapeutic cargo or as a surface-bound targeting ligand. These approaches differ
in their primary objectives and should be considered separately.

In the first strategy, trastuzumab is incorporated into the HAp carrier as a therapeutic agent and
is intended to be released in a controlled manner. The feasibility of using HAp as a carrier for
proteins has been demonstrated in several studies. Matsumoto et al. reported that protein
adsorbed onto HAp particles could be released in a controlled manner, with the release behavior
influenced by HAp solubility and the amount of adsorbed protein (Matsumoto et al., 2004)
Similarly, HAp-containing microsphere systems have been investigated for protein delivery
using double-emulsion approaches. Ho et al. demonstrated that HAp-containing PLGA
microspheres could efficiently entrap BSA and provide sustained protein release, supporting
the potential of HAp-containing microspheres for the delivery of therapeutic proteins (Ho et al.,
2008). Therefore, the primary objective of using trastuzumab as a therapeutic cargo is to ensure
the preservation of the antibody during its incorporation into the carrier and subsequently
achieve its controlled release while maintaining its biological activity.

In the second strategy, the aim is to immobilize trastuzumab on the surface of the HAp carrier
and enable it to function primarily as a HER2-targeting ligand rather than as a releasable
therapeutic cargo. Trastuzumab functionalized carriers have been widely investigated for
HER2-targeted drug delivery, with surface conjugation strategies designed to promote
preferential interaction with HER2-overexpressing cancer cells (Nieto et al., 2020). In this
strategy, the therapeutic payload is located within the carrier, whereas surface-bound
trastuzumab facilitates receptor recognition and cellular interaction. Surface functionalization
of HAp with biomolecules is also feasible through interactions between HAp surface ions and
functional groups present in biological molecules, providing opportunities for the development
of ligand-functionalized HAp systems (Kataoka et al., 2024).

The two strategies therefore serve different purposes. The cargo-based approach primarily aims
to use HAp as a carrier for the controlled delivery of trastuzumab, whereas the surface -
functionalized approach uses trastuzumab to provide HER2-mediated targeting for another
therapeutic payload. A combined structure in which trastuzumab contributes to both therapeutic
activity and targeting may also be conceptually possible; however, such a design would require
careful consideration of antibody orientation, structural stability, and preservation of biological
activity.

7. Challenges and Limitations

One of the major limitations involves achieving consistent drug loading efficiency while
maintaining controlled release characteristics. Variations in microsphere morphology, pore
structure, and particle size may significantly influence drug encapsulation and release kinetics
(Sable et al., 2024).

89



Journal of Emerging Minds in Undergraduate Research - 1(1) - 2026

Another important challenge is related to the delivery of biomacromolecules such as
monoclonal antibodies. Unlike conventional small-molecule drugs, therapeutic antibodies
possess complex three-dimensional structures that are more susceptible to structural instability
during carrier fabrication and encapsulation. Processing conditions must therefore be carefully
controlled to preserve protein stability and biological activity (Iafisco et al., 2012; Kim & Pack,
2006).

Targeting efficiency also remains a critical concern. Although folic acid-mediated targeting has
demonstrated improved cellular uptake in experimental studies, variations in folate receptor
expression among different tumor types may affect therapeutic outcomes (Sudimack & Lee,
2000; Tagde et al., 2020). Similarly, HER2-targeted therapies such as trastuzumab may
encounter challenges related to heterogeneous treatment responses and therapeutic resistance,
which can affect long-term treatment outcomes (Gu et al., 2024).

Beyond the biological challenges, reproducibility in manufacturing and large scale production
remain critical obstacles to clinical translation of HAp-based systems. Maintaining consistent
particle size distribution, porosity, drug-loading efficiency, and release characteristics across
production batches can be challenging, especially during the scale-up of experimental HAp-
based formulations (Veiga et al., 2023).

Furthermore, many studies investigating HAp-based delivery systems remain at the preclinical
stage. Comprehensive in vivo evaluations, long-term toxicity assessments, pharmacokinetic
investigations, and clinical trials are still lacking. Consequently, the clinical translation of
promising laboratory-scale formulations remains an important challenge (Sable et al., 2024;
Santos et al., 2017).

Another significant limitation is the limited number of studies integrating multiple targeting
mechanisms within a single hydroxyapatite-based carrier system. Although HAp-based systems
incorporating active targeting ligands and controlled drug release have been investigated (Liu
et al., 2019; Verma et al., 2020), the integration of multiple receptor-mediated targeting
mechanisms within a single HAp-based carrier remains comparatively underexplored.

8. Future Perspectives

The combination of advanced biomaterials, targeted delivery approaches, and biologically
active therapeutics may contribute to the future development of HAp-based drug delivery
systems. In particular, the development of stimuli-responsive HAp carriers responsive to tumor-
associated triggers such as pH, enzymatic activity, or redox conditions may enable more precise
control of drug release and potentially reduce systemic exposure (Mondal et al., 2018; Qian et
al., 2023).

Another promising research direction is to expand the application of HAp microspheres from
the delivery of conventional small-molecule drugs to biologics such as peptides, proteins,
nucleic acids, and monoclonal antibodies. The immobilization of biomacromolecules into HAp-
based delivery systems may require further optimization of surface functionalization and
loading strategies to preserve biomolecular stability and biological activity (Iafisco et al., 2012;
Kim & Pack, 20006).
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For HER2-positive breast cancer, combining active targeting strategies with multifunctional
HAp carriers represents a promising avenue for future research. In particular, the combination
of folic acid-mediated targeting with HER2-directed therapeutics such as trastuzumab may
provide complementary approaches to enhance tumor selectivity and controlled drug delivery
(Nieto et al., 2020; Sudimack & Lee, 2000). Further advances in biomaterials engineering and
targeted drug delivery may facilitate the development of multifunctional HAp-based
therapeutic platforms for precision breast cancer treatment.

9. Conclusion

Hydroxyapatite microspheres represent a versatile platform because of their porous structure,
tunable surface properties, and capacity to accommodate therapeutic agents while enabling
controlled release. Recent studies in surface functionalization and targeted delivery have
expanded their potential for multifunctional therapeutic systems.

Although folic acid-mediated targeting and HER2-targeted therapies such as trastuzumab offer
an attractive framework for the treatment of HER2-positive breast cancer, standard production,
maintenance of antibody stability, and rigorous in vivo verification are required to bridge the
gap between laboratory synthesis and clinical application.
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