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ABSTRACT

Multi-drug delivery systems offer a promising sirategy in cancer therapy by
enhancing svnergistic effects, improving tumor targeting. and minimizing drug
resistance and systemic toxicity. In this study, folic acid-functionalized fucoidan-
poloxamer nanogels were developed for the co-delivery of cisplatin and curcumin,
Poloxamers P403 was grafled onto fucoidan and functionalized with folic acid, with
sucecessful formation confirmed by "H-NMR, FT-IR, and DLS. Among them, FA-Fud-
P403 exhibited a lower CMC and smaller particle size. resulting in superior drug
encapsulation cfficiency, The nanogels displaved pH-responsive release behavior,
featuring an initial burst release under acidic conditions (pH 5.5) followed by
sustained diffusion-controlled release. fr virre studies showed that dual drug-loaded
FA-Fud-P4403 significantly enhanced cytotoxicity against MCF-7 cells while reducing
toxicity toward normal HDWF cells, indicating improved selectivity. Importantly, i vivo
evaluation in MCF-T tumor-bearing mice demonstrated that FA-Fud-P403Cur/Cis
achieved the most effective tumor growth inhibition, confirming its superior
synergistic therapeutic efficacy and reduced systemic toxicity compared to single-drug
formulations.
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TOM TAT

Hé din truyén da thude dang ndi 1én nhur mit chidn lirge hidu qua trong diéu tri
ung thar nhé kha ning ting cudmg tae dung higp dénng. nang cao kha ndng hwedmg dich
dén khii u, ddng théri han ché tinh trang khang thude vi doe tinh toan than, Trong
nghién ciru nay, nanogels trén co s¢ fucoidan—poloxamer duge chire ning hoa bing
acid folic da dige thidt ké nhim déng phin phii hai tic nhin chong ung thy 13 cisplatin
vit curcumin, Cy thé, poloxamer P403 duge ghép 18n khung fucoidan, sau do gin thém
acid folic dé tao hé nanogels hudng dich; ciu tric vit lidu duge xic nhin bing cic k§
thujt "H-NMR, FT-IR va DLS. Hé nanogels FA-Fud-P403 thé hién gid tri CMC thip
vii kich thudc hat nhé, qua 46 ning cao rd rét hidu sudt bao goi thude so vai cic hé
fwomg duromg. Vé diic tinh giai phong. nanogels cho thiy co ché dap img pH & rét, vai
pha gidi phing nhanh ban diu trong méi trromg acid (pH 5.5). tiép theo 1a qua trinh
gidi phong kéo dai chi phdi bai khuéch tin, Trén phuong dién sinh hoe, thir nghiém in
vitro chimg minh ring hé FA-Fud-P403 déng tai Cur va Cis (FA-Fud-P403@Cur/Cis)
lam tang cwomg dde tinh trén 1€ bao ung thir vi MCF-7, dong thii giam anh hweng lén
t¢ bao binh thuimg HDF, cho thiy kha ning chon loc cao nhir axit folic gin 1én bé mat
ctia hé nanogels. Quan trong hom, danh gid in vive twrén md hinh chudt mang khai o
MCF-7 cho thiy hé FA-Fud-P403@Cur/Cis dat hiéu qua tre ché ting tnrimg Khéi u
virgt trii. Két qua nay khing dinh tiém ning cia hé nanogels huong dich trong viée
tao ra hiéu tmg higp dong manh mé, ding thérd giam thiéu doc tinh so v cae lidu phip
dim 1rj truyén lhfmg



INTRODUCTION
1. The motivation: Nanogels drug delivery system - An alternative approach to
convenlional cancer treatment

Cancer remains one of the most challenging global health issues and conlinucs
to attract significant attention from the medical community worldwide. According to
the World Health Organization, approximately 20 million new cancer cases and 10
million cancer-related deaths were reported globally. Among these, breast cancer is
the most prevalent malignancy in women. accounting for approximately 31% of all
diagnosed cancer cases worldwide, [n Vietnam, the WHO reported 21,555 new breast
cancer cases in 2020, with 9,345 deaths, placing the countrv among those with the
highest mortality rates globally R. [1]. Conventional cancer treatment modalities,
including chemotherapy, radiotherapy, and surgical resection, have significantly
contributed to cancer management. Chemotherapy emplovs cvtotoxic agents such as
cisplatin, doxorubicin. paclitaxel, and trabectedin to eliminale cancer cells.
Radiotherapy utilizes ionizing radiation. such as X-ravs. to damage DNA and inhibit
cell proliferation, while surgical resection remains the most effective approach,
particularly in early-stage cancers [2]. Nevertheless, their lack of selectivity often
resulis in severe systemic toxicity, including cardiotoxicity, immunosuppression, and
damage to normal tissues. In addition, poor aqueous solubility, rapid clearance, low
bivavailability, and the development of multidrug resistance further limit their clinical
efficacy. These drawbacks highlight the necessity for advanced drug delivery svstems
capable of enhancing therapeutic outcomes while minimizing adverse effects [3]. In
recent years, nanotechnology has emerged as a promising platform for cancer therapy.
particularly in the development of nanoscale drug delivery systems. Nanocarriers offer
unigue advantages, including enhanced drug solubility, prolonged circulation time,
improved pharmacokinetics, and the ability to achieve targeted drug delivery. One of
the key mechanisms underlving the effectiveness of nanocarriers is the EPR effect,
which allows nanoparticles to preferentially accumulate in tumor tissues due to the
leaky wvasculature and impaired lymphatic drainage characteristic of tumors [4].
MNanogels exhibin small particle size and favorable surface characteristics, which
enhance drug transport efficiency and bioavailability. Their nanoscale dimensions
allow penetration into the smallest capillaries. reduce renal clearance, prolong

circulation hall-life. and facilitate accumulation in pathological tissues such as solid
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tumors, inflamed regions, and infected sites. Notably, umor tissues exhibit enhanced
vascular permeability. enabling nanoparticles to preferentially accumulate via the EPR
c¢ffect. thereby improving drug concentration and selectivity at the tumor site. Among
various nanocarrier systems, nanogels have attracted considerable amention due to
their distinctive physicochemical properties that facilitate deep tumor penetration and
efficient cellular uptake. Furthermore, nanogels exhibit excellent biocompatibility and
biodegradability. making them highly suitable for biomedical applications [S].
Functionalization of nanocarriers with folic acid enables receptor-mediated
endocytosis, thereby enhancing cellular uptake and selective drug accumulation at
tumor sites. Moreover, the combination of multiple therapeutic agents within a single
nanocarrier system can produce svnergistic effects. leading to improved anticancer
efficacy [6]. Moreover, co-delivery of multiple therapeutic agents within a single
carrier system can produce synergistic effects, thereby enhancing anticancer efficacy
[71-

Multifunctional nanogels, particularly those derived from amphiphilic block
copolymers such as Pluronic F127 and P123, have emerged as highly promising drug
delivery platforms due to their excellent biocompatibility, structural tunability, and
capacity for dual drug encapsulation. Surface unctionalization of these nanogels with
targeting ligands further enhances their specificity and therapeutic performance. Niu
et al. (2020) developed dual-functionalized Pluronic P105 nanogels incorporating
glucose and folic acid w facilitate both blood-brain barrier (BBB) penetration and
lumor fargeting. The glucose moiety enabled wransport via GLUTI-mediated
pathways, while folic acid selectively targeted cancer cells overexpressing lolate
receplors, This dual-targeting approach signilicantly improved drug delivery
efficiency. particularly m brain tumor models [8]. Mi et al. (2019 developed
PhGylated gelatin nanoparticles coated with hyaluronic acid (HA) [or targeted
delivery of epigallocatechin gallate and low-dose doxorubicin to gastric cancer cells
via CD44 receptor interaction. The combination therapy exhibited enhanced tumor
growth inhibition and apoptosis compared to single-drug treatments, as confirmed by
both in vitre and in vive experiments [Y]. Furthermore, Anirudhan et al. (2021)
reported that HA-coated mixed micelles based on Pluronic F127/P123 tor the co-
delivery ol paclitaxel and curcumin exhibited pronounced svnergistic anticancer

effects and reduced systemic woxicity, particularly in MCF-T breast cancer cells [ 10]
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In Vietnam, Dinh Van Thoa et al. conducted a svstematic investigation into the
effect of lipophilic characteristics across different poloxamer tvpes (Pluronics P123,
F127. F87. and F6B), demonstrating their significant impact on self-assembly
dynamics and drug encapsulation efficiency within gelatin-modified poloxamer
svstems [11]. Van Toan Nguven et al. explored chitosan-based nanogels platforms
incorporating similar poloxamer variants. highlighting their potential in achieving
controlled and sustained release of curcumin [12]. Ngoc The Nguven et al. engineered
a thermoresponsive micellar system based on Fud-functionalized poloxamer P407,
which markedly enhanced the agueous solubility of encapsulated drugs and facilitated
site-spectfic. controlled drug release within the tumor microenvironment. This
nanocarrier platform enabled the efficient co-delivery of paclitaxel and curcumin,
thereby significantly improving antitumor therapeutic outcomes while concurrently
reducing systemic toxicity associated with treatment [13]. Prof. Tran Negoc Quyen has
made significant contributions to the development of pluronic-based nanogels svstems
grafted with vanous biocompatible polymers, including chitosan, heparin, gelatin, and
fucoidan, These multifunctional nanogels have been effectivelv emploved for the
delivery of a wide range of chemotherapeutic agents, such as doxorubicin, paclitaxel,
cisplatin, and quercetin, demonstrating promising antitumor ¢fficacy in both i vitro
and in vive models [14]. Nguven Dinh Trung et al. developed a thermoresponsive
nanogels system based on poloxamer P403—gelatin, functionalized with folic acid as
an active targeting moiety (FA-P403-Ge). This system was engineered for the co-
delivery ol quercetin and pachitaxel. forming a dual-drug panoplatform (FA-GP-
PAIZ/OQLIPTX). Expenimental results demonstrated that this targeted system
signiticantly enhanced the bioavailability of both drugs and exhibited markedly
increased cytotoxicity against MCF-7 and HeLa cancer cell lines compared to free
drug counterparts and non-targeted svstems (GP-P403/QUPTX). These findings
highlight the synergstic interplay between dual-drug delivery and ligand-mediated
targeting. ultimately leading to superior therapeutic performance [15]. However,
previous studies have largely concentrated on formulation optimization and drug
release profiles. with limited attention given 1o a comprehensive evaluation of
targeting efficiency, selective anficancer activity in both in vitro and in vivo settings,

as well as the potential for multidrug co-delivery [ 16]



Therefore, in this study. we synthesised the Fud-FA conjugated P403 nanogels
systems co-delivery Cur/Cis, with proposing to énhance the stability, dispersibility,
and biccompatibility of the nanogels syvstem. Additionally, the incorporation of folic
acid as an active targeting ligand is expected to enable site-specific drug delivery and
sustained release, ultimately improving therapeutic eflicacy.

2. Aim of research

This research was successful construct a nanogels svstem. namely FA-
decorated Fud-P403 capable of co-encapsulating Cur and Cis, with the achieving
svnergistic modulation of pharmacokinetics, enhanced wmor-specific accumulation
via active targeting, reduced svstemic toxicity, and finely tuned spatiotemporal drug
release, ultimately leading to a substantial improvement in anticancer efficacy against
breast cancer cells
3. Scope of research

The research will focus on the svnthesis, structural characterization, and
comprehensive physicochemical and biological evaluation of Fud-P403 nanocarrier
systems for drug delivery. The fabricated nanostructures are expected to meel essential
criteria for efficient drug delivery materials. including: (i) the ability to exist as a
solution at low temperatures and undergo -self-assembly into nanostructures in
response to changes in temperature and concentration; (ii) an appropriate nanoscale
size (100-200 nm) with good colloidal stability and dispersion: (iii) a significam
improvement  in the solubility of chemotherapeutic  agenmts; (iv) high drug
encapsulation efficiency; (v) excellent stability during storage and circulation in the
Blosdsiream: (vi} tunable and sustained drug release profiles: and (vil) minimal
cvtotoxicity toward normal cells. Subsequently, nanocarrier systemswill be further
tunctionalized with active targeting ligands, such as lolic acid, to enable receptor-
mediated targeting. This modification is expected to enhance selective uptake by
cancer cells while minimizing ofi-target toxicity through specific interactions with
overexpressed receptors i the tumor microenyironment.

The anticancer efficacy of the FA-Fud-P403 will be initially evaluated in vitro
using the MCF-T breast cancer cell ling, with panticular emphasis on cellular uprake,
cyvlotoxicity, and targeting efticiency. In addition, the underlving mechanisms of tumor
targeting and cell death induction will be svstematically investigated and compared

with those of conventional chemotherapy, Furthermore, @ vive studies will be
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conducted using appropriate tumor-bearing animal models 10 assess therapeutic
cificacy, biodistribution, pharmacokinetics, and svstemic safety. Special attention will
be given to tumor accumulation via both passive and active targeting mechanisms, as
well as the circulation stability of the nanocarrier system. lmportantly, the syvnergistic
therapeutic potential of the co-delivered drugs, Cis and Cur, will be comprehensively
evaluated i both fn virre and in vive models. This combination is anticipated 1o
enhance anticancer efficacy through complementary mechanisms, including increased
apoptosis induction. inhibition of tumor proliferation, and modulation of oxidanve
stress within the tumor microenvironment. Comparative studies with single-drug
treatments and conventional chemotherapy will be performed to quantitatively assess
tumor growth inhibition, therapeutic synergy, thereby providing a promising strategy
for efTfective and safe breast cancer treatment.
4. Theoretical basis and practical significant of research

Building upon previously reported poloxamer-based nanogels drug delivery
svstems, it is evident that pluronic copolymers conjugated with various
polysaccharides and functionalized with targeting ligands exhibit significant potential
for the encapsulation of hvdrophobic anticancer agents. These hybrid systems
demonstrate enhanced biocompatibility and high drug-loading efficiency, thereby
improving drug dispersion while reducing systemic toxicity. ultimately leading 1o
increased bioavailability and improved anticancer efficacy. Furthermore, the surface
of poloxamer micelles can be readily functionalized with biologically active targeting
moieties (e.g., peptides, PEG, hyaluronic acid. biotin. or folic acid), enabling selective
recognition of overexpressed receptors on cancer cell membranes, This active
targeting capability significantly enhances cellular uptake and therapeutic efficiency
against cancer cells, Theretore. the scientific basis of this study is founded on the
development of nanogels drug delivery systems, pariicularly nanogels derived from
amphiphilic block copolvmers. Moreover. the co-delivery of multiple anticancer
agents within a single nanocarrier svstem has been recognized as an effective strategy
to achieve synergistic therapeutic effects.
5. Contribution of research
- Successfully developed a biocompatible nanogels based on FA-Fud conjugated to
PHI3. capable of co-delivering curcumin and cisplatin for selective anticancer by

tolate-mediated tumor targeting



- Successtul co-encapsulation Cis/Cur into FA-Fud-P403 based on the hydrophobic
and electrostatic interaction between anticancer drug with the FA-Fud-P403 nanogels
that achieved high dual-drug encapsulation with nanogels core

- The in vitro studies exhibited higher cytotoxicity toward breast cancer cell line
compared to normal cells, attributing 1o the enhanced selectivity 1o cancer cells of
targeted nanogels.

-The both in vitre and in vivo studies highlighted the potential synergistic therapeutic
efficacy and minimized adverse side eftect of dual-drug nanogels into MCF-7 cell line
and MCF-T tumor-bearing mice associated with conventional chemotherapy that
confirmed the superior tumor inhibition with FA-Fud-P403 & Cur/Cis.



CHAPTER L. LITERATURE REVIEW

1.1. Overview of cancer disease and the challenges into chemotherapy treatment

Cancer is a major global health challenge and remains one of the leading causes
of morbidity and mortality worldwide, placing a substantial burden on healthcare
svstems. Among the most commonly diagnosed cancers are breast, lung, colorectal,
and prostate cancers. while lung cancer remains the leading cause of cancer-related
martality worldwide [17].  According to GLOBOCAN 2022 data. the country
recorded approximately 180000 new cancer cases and over 1200000 cancer-related
deaths annually, with a five-vear prevalence exceeding 400.000 cases [18]. The most
common cancers include breast, liver, lung. colorectal. and stomach cancers, reflecting
both infection-related and lifestyle-associated disease patterns. Notably, Vietnam is
among the countries with relatively high cancer mortality rates, largely due to late-
stage diagnosis and limited ¢arly screening programs [ 19]. The increasing incidence
of cancer strongly associated with modifiable risk factors. including tobacco use,
alcohol consumption, unhealthy diets, obesity. physical inactivity, and environmental
pollution [20]. Cancer is characterized by oncontrolled cell proliferation, tissue
mvasion, and the ability to metastasize through the bloodstream or lymphatic svstem
[21]. Unlike normal cells, cancer cells evade regulatory mechanisms controlling the
cell cvele and apoptosis. leading 1o the accumulation of abnormal cells and the
formation of malignant tumors [22]. Currently, anticancer approches primarily include
surgery, radiotherapy. and chemotherapy [23]. While surgery is effective for earlv-
stage localized tumors and radiotherapy can inhibit tumor growth through DNA
damage, both approaches have limitations, particularly in advanced or metastatic
disease [24]. Chemotherapy remains a cormnerstone of systemic treatment; however, its
clinical efficacy is significantly hindered by several drawbacks. Most notably,
chemotherapeutic agents lack selectivity, leading to damage of normal rapidly
dividing cells and causing severe side effects such as  myelosuppression,
gastrointestinal toxicity, and immunosuppression [235]. Additionally, the narrow
therapeuntic index of these drugs often necessitates suboptimal dosing to minimize
toxicity, which may compromise treatment outcomes. Furthermore, the tumor

microenvironment presents significant barriers 1w effective drug delivery, including



abnormal vasculature, high interstitial pressure, and hypoxia. resulting in uneven drug
distribution and therapeutic resistance [26]
1.L Overview about anticancer drugs
1.2.1. Cisplatin (Cis)
L2141, Structural and physicochemical characterizations of Cis

Cis (cis-diamminedichloroplatinum (I1)) is commonly used as first-line
chemotherapeutic drug in the treatment of human cancers, approved by FDA in 1987
[27]. Although the compound was first synthesized by M. Peyrone in 1844, its
pharmacological potential remained undiscovered until 1965, when Bameu
Rosenberg’s seminal research at Michigan State University revealed its ability to
inhibit cell division [28]. Clinically, Cis has demonstrated pronounced efficacy against
ovarian and testicular cancers. as well as head and neck cancers, and has been
eviluated across multiple solid mmors, including sarcomas and cancers of soft tissue,
bone, muscle, and vascular origin

Structurally, Cis is a square-planar Pi{11) coordination compound in which two
chloride ligands and two ammine ligands adopt a Cis geometry, a configuration that is
critical for its cytotoxic activity (Figure 1.1). It exhibits poor aqueous solubility but
dissolves readily in polar aprotic solvents, including DMSO and DMF. Cis displays
good  physicochemical stability under standard conditions, although gradual
isomerization to the pharmacologically inactive trans form may occur upon prolonged
storage. Key physicochemical parameters include a molecular weight of 301.1 g/mol,
a density of 3.74 gfem’, a melting point near 270 °C. a low octanol-water partition
coefficient (logk,w = =2.19), and a water solubility of approximately 2.53 o/L at 25

C, underscoring its predominantly hvdrophilic character,
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Figure .1, The chemical structure of Cis
Despite its remarkable clinical efficacy, the therapeutic application of Cis is

severely constraimed by sigaificant dose-limiting toxicities, such as nephrotoxicity,



neurotoxicity, and ototoxicity, as well as the frequent emergence of acquired drug
resistance [29].
1.2.1.2.  Biological activity of Cis

C1s has plaved an important role in cancer chemotherapy. lis anticancer activity
is primarily associated with its interaction with cellular DNA, resulting in inhibition
of DNA synthesis. suppression of RNA transcription, disruption of cell cyvcle
progression, and causing to apoptosis [30], A key factor influencing the biological
activity of Cis is the ditference in chloride ion concentration between the extracellular
and intracellular environments. In extracellular fluids or blood plasma, the chloride
ion concentration is relatively high (approximately 90-100 mM), whereas the
intracellular chloride concentration is markedly lower {around 4-10 mM). The high
chloride ¢concentration in the bloodstream stabilizes Cis in its neutral dichloro form,
thereby limiting premature activation and nonspecific reactions (Figure 1.2).

_-'_._ ;ﬁi-x A | i
. . i 0 | e [ el o e
& -

Figure 1.2. The mechanism action of Cis [31]

Upon entering the intracellular environment, Cis undergoes hydrolysis, during
which one or both chloride ligands are replaced by water molecules. forming mono-
agua or di-aqua platinum complexes [29]. Specifically, Cis preferentially binds 1o
guanine residues, which are purine nucleobases present in both DNA and RNA. The
NT position of guanine serves as the primary coordination site for platinum hinding,
leading to the formation of Pt-DNA adducts that distort the DNA double helix and
interfere with DNA replication and ranscription processes. Among these adducts, 1.2-
mirastrand crosslinks. particularly diGpG) and d{ApG), are the most abundant and
hiologically relevant, whereas | 3-intrastrand and interstrand crosslinks occur less
Irequently. These DNA lesions hinder the progression of DNA polymerases, activale

DNA damage recogmition pathways, and induce cell ¢vele arrest. especially during the
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5 and G2/M phases. When the extent of DNA damage exceeds the repair capacity ol
the cell. apoptotic cell death may occur (Figure 1.3).
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Figure 1.3. The schematic illustration of platinum—DNA imteractions showing

intersirand crosslinks formed by platinum-based anticancer drugs [32f

Furthermore, Cis-induced ROS generation may exceed the oxidative tolerance
threshold of cancer cells, contributing to its cvtotoxic effects. In the intracellular
environment, the hydrolvzed forms of Cis have been reported to exhibit increased
reactivity and may interact with mitochondrial components that can induce the release
of Ca** from the mitochondrial matrix. leading to transient elevations in eytosolic Ca*
levels [33]. This disturbance of calcium homeostasis promotes mitochondrial
depolarization, increases  mitochondrial membrane  permeability, and  further
exacerbates mitochondrial dysfunction, Cis-induced mitochondrial impairment is
associated with inhibition of mitochondrial respiratory function. depletion of ATP, and
dysregulation of mutochondrial signaling pathways [34]. In addition, loss of
mitochondrial membrane integrity facilitates the release of pro-apoptotic factors,
which contributes to the activation of the intrinsic apopiotic pathway.
1.2.4.3.  Cytotexicity of Cis

While these mechanisms underlie the anticancer efficacy of Cis, they also
account for its toxicity toward normal tissues. Because Cis lacks strict selectivity for
cancer cells. its interaction with DNA and mitochondria in healthy cells can result in
arange of adverse elfects [35]. Chinieally. Cis treatment 15 associated with nausea and
vomiting, nephrotoxicity, cardiotoxicity, hepatotoxicity, and neurotoxicity (Figure
1.4).
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Mephrotoxicity is another major dose-limiting toxicity of Cis. The kidnevs
serve as the primary route of Cis excretion and tend to accumulate Cis at higher levels
than other organs, including the liver that are likely by enhancing renal clearance and
decreasing renal drug accumulation [36], The peripheral sensory nervous svstem is
most commonly afTected. with clinical manifestations in¢luding peripheral sensory
neuropathy. hearing loss, seizures, and Lhermilte’s sign, particularly in patients
receiving high-dose Cis therapy [37]. Taken together. the therapeutic efficacy and
dose-limiting toxicities of Cis arise from the same fundamental mechanisms involving
DNA damage, mitochondrial dysfunction, oxidative stress, and calcium imbalance.
Understanding these mechanisms provides a critical basis for the development of
strategies aimed at enhancing antitumor efficacy while minimizing systemic toxicity.

Cis resistance arises from a complex network of cellular adaptations that
collectively reduce intracellular drug availability, attenuate DNA damage signaling,
and suppress apoptosis [38]. These mechanisms include decreased drug accumulation,
enhanced DNA repair capacity. intracellular drug inactivation. and increased drug
efflux. Among these mechanisms, reduced intracellular accumulation of Cis i
considered a central determinant of resistance (Figure 1.5). Cellular uptake of Cis is
largely mediated by the copper transporter 1 (CTRI1). Genetic alterations,
downregulation, or functional impairment of CTRI significantly dimimish Cis influx
into tumor cells [39]. Notably. CTR1 exhibits a high afTinity for copper ions (Cu*),
which compete directly with Cis for transport, Consequently. increased copper binding
or copper availability reduces Cis uptake and fowers intracellular  platinum

concentrations, In addition, tumor cells may develop resistance mechanism through
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enhanced DNA repair process, which counteract Cis-induced DNA lesions and
weaken the DNA damage response [40], Another major contributor to Cis resistance
is the intracellular inactivation of Cis which are subsequently expelled from the cell
via MRPs. Studies in ovarian cancer cell lines have demonstrated that elevated GSH
levels strongly correlate with increased Cis inactivation and resistance (Figure 1.5).
In addition. enhanced drug efflux mechanisms further reduce intracellular Cis
concentrations and reinforce resistance, The ATP-binding cassette transporters ATPTA
and ATP7B are actively involved in exporting platinum-based drugs from cancer cells
[41].
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Figure 1.5. The mechanivm of Cis-resistance [42]

1.2.2. Curcumin (Cur)
L2211 Structural and physicochemical characterizations of Cur

Cur is a naturally occurring hydrophobic poly phenolic compound isolated from
the rhizome of Curcuma longa (turmeric). It is the principal bioactive constituent of
turmeric and belongs to the diarviheptanoid family of natural compounds, which are
characterized by two aromatic rings connected by a seven-carbon linker.
The TUPAC name: (1L.6E)F],7-bis{d-hvdroxy-3-methoxyphenyljhepta- 1, 6-diene-
3. 5-dione
Molecular formular: CaiHaoO with molecular weight of approximately 368 38 o/mol

Structurally, Cur contains two substituted phenyl rings bearing phenolic
hydroxyl (—OH} and methoxy (<OCHs) groups. linked by a conjugated
heptadienedione chain that incorporates an o flunsaturated fl-diketone moiety (Figure

1.6). The molecule contains several important functional groups, including phenolic
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hydroxyl groups, methoxy and a [-diketone structure that contribute signiticantly to

11s physicochemical behavior, such [B2-83].
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Figure L 6. The chemical structure of Cur [45]

In addition. Cur exhibits poor aqueous solubility and dissolves more readily in
organic solvents such as ethanol, methanol, acetone, and dimethyl sulfoxide that is
mainly attributed 10 its extensive aromatic conjugated structure and the limited number
of ionizable functional groups, leading to the limitations of pharmaceutical
applications [46], Additionally. Cur demonstrates pH-dependent chemical stability,
remaining relatively stable under acidic to neutral conditions but undergoing rapid
degradation in alkaline environments through hydrolvtic and oxidative processes [47].
Furthermore. the structural features of Cur, particularly the phenolic hvdroxy] groups
and the p-diketone moiety, enable the molecule to participate in hydrogen atom
domation. radical scavenging. and metal ion chelation,
1.2.2.2,  Biological activity of Cur

Cur has atracted considerable attention in biomedical and pharmaceutical
rescarch due to its broad spectrum of biological activities. Extensive studies have
demonstrated that Cur exhibits @ wide range of pharmacological effects, including
antioxidant.  anti-inflammatory.  antimicrobial. wound-healing. and  anticancer
properties [48]. These biological activities are largely attributed to the unique chemical
stracture of Cur, which consists of two aromatic phenolic rings linked that enables Cur
to participate in redox reactions and interact with numerous biomolecules such as
proteins. enzymes, transenption factors, and signaling molecules (Figure 1.7).
Through these mteractions, Cur is able to modulate multiple intracellular signaling
pathways involved in oxidative stress, inflammation. ¢ell proliferation. apoptosis, and

tmor progression [49],
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Figure 1.7.The mechanism of Cur action {50
One of the most extensively studied biological functions of Cur is its potent

antioxidani activity. which plays a crucial role in protecting cells from oxidative stress
[48]. This radical-scavenging ability occurs through hvdrogen atom transfer and
single-electron transfer mechanisms, allowing Cur to neutralize reactive molecules
and interrupt the chain reactions of lipid peroxidation. Consequently, Cur prevents
oxidative degradation of membrane lipids and protects cellular structures from
oxidative damage. Cur suppresses inflammatory processes primarily by inhibiting the
activation of nuclear factor kappa B (NF-xB), a key transcription factor responsible
for regulating the expression of penes encoding proinflammatory  cviokines,
chemokines. and adhesion molecules|51|. By blocking the nuclear translocation and
activation of NF-xB, Cur downregulates the transcription of inflammatory mediators
such as tumor necrosis factor-alpha (TNF-a), interleukin-1p (IL-1pB). interleukin-6
(IL-63. and cyclooxygenase-2 (COX-2) [52]. Moreover. Cur can regulate the
expression of growth factors and cytokines involved in tissue repair and regeneration,
By reducing oxidative stress and suppressing excessive inflammatory responses at the
wound site, Cur creates a favorable microenvironment that facilitates tissue
regeneralion and improves wound healing outcomes [53].

Among its diverse pharmacological properties, the anticancer activity of Cur
has been the most extensively investigated. Cur has been shown to interfere with
multiple stages of cancer development, including tumor initiation, promotion. and
progression. Cur modulates the expression and activity of numerous oncogenes and
tumor suppressor genes involved in cell proliferation, apoptosis, angiogenesis, and
metastasis, Cur has been reported o downregulate the expression of the human

epidermal growth factor receptor 2 (HER2) gene. which is frequently overexpressed
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in several aggressive types of cancer |54 By suppressing HER2 expression, Cur
inhibits tumor cell proliferation and reduces oncogenic signaling associated with
tumor growth, promaoting tumor growth and resistance to apoptosis [55]. Cur induces
cell evele arrest primanly at the G phase by downregulating the expression of Cvelin
D1 and inhibiting cyclin-dependent kinases responsible for the transition from the G1
phase to the 5 phase that prevents uncontrolled cell division and suppresses tumor cell

proliferation and cell division

36]. Furthermore, Cor plays a significant role in
inhibiting tumor invasion and metastasis by suppressesing epithelial-mesenchvmal
transition {EMT) by regulating transcription factors which are responsible for the loss

of epithelial characteristics and the acquisition of mesenchvmal phenotypes in cancer
cells. By inhibiting these transcription factors, Cur prevents cancer cells from gaining
migratory and invasive properties [37]. In addition. Cur reduces the expression of
‘adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1) and matrix
metalloproteinases. thereby limiting the interaction between cancer cells and vascular
endothelial cells and reducing metastatic dissemination [58],
1.2.2.3.  Research fremds on  the synergistic  potential of combinatorial
chemaotherapentic drugs and bivactive phyiochemicals for cancer
freatment
Despite significant role in cancer therapy. conventional chemotherapeutic
agents such as Cis, methotrexate. S-fluorouracil (53-FU), doxorubicin, and paclitaxel
are Irequently associated with severe systemic toxicity. limited tumor selectivity, and
the rapid emergence of drug resistance due to high-dose and long-term treatment
regimens, which further exacerbate adverse etfects and compromise patients' quality
of life [59]. To overcome these limitations, combinatorial therapeutic strategies
integrating chemotherapeutic drugs with bicactive phytochemicals have gained
increasing attention. Plant-derived compounds such as polyphenols, flavonoids, and
other secondary metabolites are abundant in nature and exhibit diverse hiological
activities, including antioxidanmis,  anti-inflammatory,  immunomoedulatory.  and
anticancer effects. Accumulating evidence indicates that the phyvtochemicals can
synergize with conventional chemotherapeutic agents to enhance antitumor efficacy
and  simultaneously  alleviating chemotherapy-induced  evtotoxicity  [60]. The
synergistic anticancer eflects of phytochemicals arise from their ability to modulate

multiple signaling pathways mvolved in tumor progression and treatment resistance.
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In addition to suppressing tumor cell proliferation and inducing apoptosis, these
compounds  regulate redox balance. attenuate chronic inflammation, modulate
immune responses, and interfere with oncogenic signaling cascades such as NF-kB.
STAT3, Wnt/fi-catenin, and PI3K/ Akt [61]. Thus, the advantage of phytochemical-
chemotherapy combinations are their capacity to mitigate the severe adverse eflects
commonly attributing to anticancer drugs. Natural bivactive compounds have been
shown to improve the tolerability of conventional chemotherapeutic agents, reduce
olf-targel toxicity, and protect normal tissues, thereby enabling dose reduction without
compromising antitumor outcomes[62]. Notably. Cur also suppressed EMT by
reducing the expression of polvcomb repressive complex components such as BMI1.
SUZLZ, and EZHZ, thereby limiting tumor invasion and metastasis [63]. Furthermore,
Parveen Kumar ef al reported that co-administration of Cur with Cis markedly
reduced Cis-induced nephrotoxicity while improving its pharmacokinetic profile.
ultimately contributing 1o enhanced antitumor efficacy [64]. Recently, Abadi, Asal
Talal, ef @f. Turther demonstrated that Cur not only attenuates Cis-induced toxicity in
multiple organs but also significantly potentiates ils anticancer activity by activating
apoptolic pathways, inhibiting STAT3 and NF-kB signaling. and suppressing EMT.
These combined effects rendered cancer cells more susceptible 1o Cis and underscored
the potential of Cur as a chemosensitizing agent [63]. Li er al. reported that quercetin
cffectively suppressed invasion and reversed Cis resistance in nasopharvngeal
carcinoma cells by modulating the Hippo/Yes-associated protein (YAP) signaling
pathway. Quercetin-induced YAP phosphorylation prevented its nuclear translocation
and subsequent activation of genes associated with proliferation and survival, leading
to reduced tumor growth, enhanced apoptosis. and limited metastatic potential [66).
Phyvtochemical compounds such as Cur and quercetin suffer from extremely
low aqueous solubility, poor chemical stability under physiological conditions, rapid
metabolism, and lmited systemic bioavailability  [67.68]. Furthermore. the
nonspecific biodistribution of both chemotherapeutic agents and phytochemicals often
results in imsufficient drug accumulation at tumor sites while increasing ofT-targer
toxicity in healthy tissues [67]. In recent years. nanotechnology-based drug delivery
systems have emerged as a rabonal and powerful solution to overcome these
limitations. Nanocarriers such as polvmeric micelles, nanogels, nanoparticles,

liposomes, and hybrid nanostructures offer unigue advantages. including improved
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solubilization of hydrophobic  phytochemicals, protection against  premature
degradation. prolonged circulation time, and enhanced tumor accumulation via the
EPR effect (Figure 1.8) [69]. Importantly, nanocarrier svstems enable the co-
encapsulation to co-delivery of chemotherapeutic drugs and phytochemicals at
controlled drug-released acceleration, thereby preserving synergistic interactions and
ensuring pharmacokinetics at the tumor site,

Figure 1.8. The illustration of various nanocarrier platforms for drug delivery,
including liposomes, nanocapsules, dendrimers, polymeric conjugates, manotubes,
and micelles

Among various nanocarrier platforms, polymeric micelles have attracted
particular interest due to their high drug-loading capacity, tunable physicochemical
properties, and stimuli-responsive behavior. Amphiphilic copolymers, such as
pluronic-based systems. can self-assemble into core-shell micellar structures that
ellectively encapsulate hydrophobic within the core while maintaining colloidal
stability in aqueous environments. Furthermore, the incorporation of stimuli-
responsive elements {e.g., pH-. redox-, or enzyme-sensitive linkages) enables site-
specific drug release in the acidic and enzyme-rich tumor microenvironment, thereby
enhancing  therapeutic  efficacy and  minimizing  systemic  toxicity  [70.71].
Additionally, surface functionalization of nanocarriers with targeting ligands, such as
folic acid, peptides, or antibodies. further improves cellular uptake through receptor-
mediated endocytosis and enhances tumor selectivity, By integrating active targeting,
controlled  release, and  combination therapy  within a single mnanosystem.
phytochemical-loaded nanocarriers represent an advanced and versatile platform for
next-generation cancer treatment [72]. These approaches not only maximize antitumor

efficacy and overcome chemoresistance but also significantly reduce systemic
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toxicity, thereby offering a promising pathway toward sater. more effective. and

clinically ranslatable cancer therapies.

1.3. Nanogels drug delivery systems — an alternative approach to traditional
cancer treatment

1.3.1. Overviews of nanogels drug delivery system

The combination of chemotherapeutic agents with  bioactive  natural
compounds has emerged as an ¢ffective strategy 1o enhance anticancer efficacy while
alleviating treatment-associated toxicity. However, aqueous insolubility, low chemical
stability, rapid metabolism, and reduced bioavailability are among the principal
challenges that compromise drug absorption, resulting mn insufficient drug
concentrations al the target site, thereby increases the risk of svstemic toxicity and
adverse effects, To address these challenges, substantial rescarch efforts have been
directed toward the development of advanced drug delivery svstems capable of
improving drug solubility, stability, and bicavailability, Nanotechnology-based drug
delivery  platforms—ncluding  liposomes.  polymeric  micelles,  dendrimers.
nanoemulsions, and nanogels—have attracted considerable attention due o their
ability to modulate pharmacokinetic behavior and biodistribution profiles of
therapeutic agents [73.74]. By encapsulating drugs within nanoscale carriers, these
svstems can protect aclive compounds from premature degradation, enhance
circulation tme. improve accumulation at pathological sites, and reduce nonspecific
distribution to healthy tissues, contributing to improved therapeutic outcomes and
reduced off-targel woxicity,

Among various nanocarrier systems, nanogels have emerged as particularly
promising candidates for systemic drug delivery applications. Nanogels are nanosized
hydrogel particles, tvpically ranging from 20 to 200 nm in diameter, composed of
three-dimensional polymer networks formed through  physical or  chemical
crosslinking [75.76]. Common polvmeric building blocks include amphiphilic
copolymers and triblock copolymers, which can undergo spontangous sell-assembly
into nanogels structures, as well as polvmers bearing reactive functional groups that
enable direct chemical crosslinking (Figure 1.9). These design strategies allow
nanogels to encapsulate a broad spectrum of therapeutic payloads, including small-
malecule drugs, nucleic acids, pepiides. and proteins. A defining feature of nanogels

15 their exceptionally high-water comtent and pronounced swelling behavior in
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aquecus and biological environments [77,78]. Upon exposure 1o wateér or
physiological Nuids, nanogels absorb substantial amounts of liguid and swell without
dissolving, thereby maintaining their structural integrity. This swelling behavior not
only facilitates efficient drug loading but also enables nanogels to function as stable
reservoirs for sustained and controlled drug release [79]. The highlv hvdrated
polymeric shell of nanogels plays a crucial role in enhancing their biological
performance. The hydrophilic corona effectively minimizes nonspecific interactions
with serum proteins, thereby reducing protein adsorption and subsequent opsonization
by the mononuclear phagocyvte system [80], As a result, nanogels exhibit prolonged
circulation time in the bloodstream, improved colloidal stability, and enhanced drug
retention during systemic transporl. Moreover, the intemal polymer network can
accommodate both hydrophilic and hydrophobic drugs, protecting them from
chemical degradation and enzymatic hydrolysis during storage and circulation [81].

Figure 1.9. The schematic representation of self-assembly nanogels matrix

Recently, nanogels can be e¢ngineered to exhibit responsiveness to specilic
internal stimuli present in the biological environment, such as changes in pH.
lemperature, redox potential, énzvme activity, or ionic strength [82.83]. External
stimuli, including light, ultrasound. or magnetic fields, can also be exploited to rigger
drug release in a spatially and temporally controlled manner. Stimuli-responsive
nanogels undergo reversible structural or conformational changes upon exposure o
these triggers, most commonly swelling or deswelling of the polymer network. These
changes alter the permeability of the nanogels matrix and regulate the diffusion of
encapsulated drugs, enabling controlled and site-specific drug release |#4]. Therefore.
nanogels-based drug delivery systems combing high drug-loading capacity, excellent
biocompatibility, tunable  physicochemical  properties. and  stimuli-responsive
behavior within a single platform. These atiributes position nanogels as highly

promising carriers for the efficient delivery of chemotherapeutic agents and bivactive
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natural compounds, thereby enhanced eflicacy, reduced systemic toxicity, and
improved clinical treatmen.
L.3.2. Characterizations of thermoresponsive nanogels drug delivery system

Ihermoresponsive nanogels represent a stimuli-responsive  nanosystems
engineered to reversibly modulate their physicochemical properties that are adaptive
capability for regulation of drug encapsulation. nanosystem stability, and release
kinetics. In aqueous, the phase behavior of these systems is typically defined by LCST
and. occasionally, an UCST. For biomedical applications, particularly injectable drug
delivery, the ideal LCST is generally designed to fall within the physiological to mildly
hyperthermic range (37 "C-=42 “C) [B5]. Within this thermal window, nanogels
maintain a hydrated, stable state under normal physiological conditions but undergo
controlled struetural ransitions upon localized heating, such as that found in tumor
microenvironments or induced by external hyperthermia [86]:

However. a significant limitation of many conventional thermosensitive
copolymers is that their intrinsic LUST lies below physiological temperature which
triggers  premature  phase  separation  immediately  following  intravenous
administration. leading to aggregation. and reduced bioavailability. To overcome these
limitations, modern strategies focus on chemical modifications of the polymer
backbone 1o elevate the LCST and enhance systemic stability (Figure 1.10).
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Figure 110, The thermoresponsive behavior of nanogels structure (377

PolviN-isopropyvlacrylamide) (PNIPAM) is widely regarded as the gold
standard. exhibiling a sharp. reversible coil-globule transition at an LCST of
approximately 32 °C. Below this threshold, hydrogen bonding between amide groups
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and water molecules maintains the polymer chains in a hvdrated. expanded
conformation. When the temperature exceeds the LCST. the disruption of these bonds
and the dominance of hydrophobic interactions among isopropy| groups trigger abrupt
nanogels shrinkage [88]. Poloxamer copolymers consist of amphiphilic PEO-PPO-
PECY triblock structures that exist as unimers in solution at low temperatures. As
temperature nses. the PPO blocks progressively dehvdrate, driving sell-assembly into
micelles featuring a hydrophebic core and a hydrophilic PEOQ corona, leading to
nanogels shrinkage or a sol-gel transition [&9]. Importantly, the hydrophilic PEO shell
provides cssential steric stabilization, minimizing nonspecific protein adsorption and
prolonging systemic circulation [90].
1.3.3. Nanogel-based systems for targeted drug delivery for anticancer
treatment

Nanogels-based drug delivery systems have emerged as highly promising
platforms  for anticancer therapy owing 1o their nanoscale dimensions. three-
dimensional crosslinked polvmeric networks, and  exceptional capacity  for
physicochemical and biological customization, Nanogels offer substantial advantapes
in improving the solubility and bicavailability of poorly water-soluble drugs,
prolonging syvstemic circulation time, and reducing nonspecific toxicity [75.91].
1.3.3.1.  Passive targeting via the EPR effect

Passive targeting constitutes a fundamental mechanism govemning the
preferential accumulation of nanogels-based systems in solid tumors relied on the EPR
effect. which originates from the abnormal vascular architecture and impaired
lymphatic  drainage characteristic of twumor tissses (Figure 1.11). Rapid and
uncontrolled twmor angiogenesis results in the formation of structurally defective
blood  vessels with enlarged inter-endothelial  gaps, typically ranging from
approximately 404 to 800 nm, thereby permitting nanoscale drug carriers to
extravasate selectively into the tumor interstitium [92]. Nanogels engineered within
an appropriate size window can effectively explont the EPR effect o achieve
preferential tumor accumulation. In addition. the absence or dyvsfunction of Ilvmphatic
drainage in tumor tissues limits the clearance of macromolecules and nanoparticles,
leading to prelonged retention of nanogels within the tumor microenvironment that

increases the local concentration of anticancer drugs at the tumor site, therehy
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enhancing therapeutic efficacy while reducing systemic exposure and dose-limiting

loxicities such as cardiotoxicity. nephrotoxicity, and myvelosuppression,

Figure 1.11.The passive-tumor targeting of nanocarriers by EPR effect

The hydrophilic corona of amphiphilic copolymers-based nanogels further
contributes to prolonged blood circulation. increasing the likelihood of repeated
vascular passaging and subsequent tumor extravasation [93]. However, despite its
central role in panomedicine, EPR-mediated passive targeting alone is often
insufficient to ensure uniform and effective drug delivery. The magnitude of the EPR
effect is highly heterogencous and depends on multiple factors, including tumor tvpe,
tumor size, vascular density, imterstitial Muid pressure, and stromal composition [94].
As nresult, passive targeting frequently leads to uneven intratumoral drug distribution,
with limited penetration into poorly vascularized or hypoxic tumor regions. These
limitations highlight the need for additional targeting mechanisms to improve delivery
efficiency at the cellular level,
1332 Active targeting strategies and receptor-mediated cellular uptake

o overcome the intrinsic shortcomings of passive targeting, active targeting
strategies have been developed to enhance the specificity and efficiency of nanogels-
based drug delivery svstems through surface functionalization of nanogels with
ligands capable of selectively recognizing and binding to receptors overexpressed on
the surface of cancer cells while exhibiting minimal expression in normal tissues.
Upon ligand-receptor recognition, the nanogels are internalized via receptor-mediated
endocytosis, effectively by passing the MDR e¢fflux pumps that often compromise the
efficacy of free chemotherapeutics [95]. Active targeting not only enhances
intracellular drug delivery but also minimizes nonspecific accumulation in healthy
tissues. leading to improved therapeutic efficacy and reduced svstemic toxicity,
Bevond reaching the target site. the ultimate perlormance of a nanogels is dictated by

its ability to release the drug in response o specific physiological triggers. Commonly
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targeted receptors include folate receptors, integrins (e.g., av[i3), transferrin receptors,
epidermal growth factor receptors, and HER2 [96] (Figure 1.12),

Figure 1.12. The active -tumor targeting of nanocarriers by specific lgands

Ligands such as folic acid, RGD peptides, antibodies, aptamers, and other small
molecules are conjugated to the nanogels surface via covalent or noncovalent
interactions. In practical terms, nanogels must first reach and accumulate within the
tumor mieroenvironment through EPR-mediated passive tlargeting before ligand-
receptor interactions can exert their effects at the cellular level [97)]. Nanogels are
increasingly designed as  stimuli-responsive systems that remain stable under
physielogical conditions (pH 7.4) but undergo rapid structural transitions within the
tumor microenvironment. These triggers often include the acidic pH of endosomal
compartments (pH 3.0-6.0), which are cleavage of pH-sensitive or redox-responsive
crosslinks  within  the nanogels network, enabling site-specific and efficient
intracellular drug release [72], The integration of EPR-mediated accumulation, ligand-
driven cellular uptake. and stimuli-responsive drug release provides a synergistic
framework for maximizing antitumor efficacy while minimizing ofl-target toxicity
1.4, Overview of P403
1.4.1. Chemical structure of P403

P430 polymers are amphiphilic triblock copolymers widely utilized in
pharmaceutical and biomedical applications due to their remarkable biocompatibility
and thermoresponsive behavior that have beén approved for medical use by the FDA
for human use, which has further promoted their extensive investigation as drug
defivery materials. Chemically, P403 (pluronic P123) has attracted considerable
altention in nanomedicine research. This copolvmers tvpically contains approximately
211 ethylene oxide units in each hvdrophilic block and around 70 propylene oxide units
in the hydrophobic segment as thermosensitive part [98]. Additonally, the ratio
PEOPPO of P403 are relative to HLB value about B that affect to particle size, drug
encapsulation and stability of P4403 polvmer polvmer [99] (Figure 1.13)
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Figure 113, The chemical structure of P463
1.4.2. Characterization of P403

P403 has received increasing attention as a functional material in
nanomedieine, Due to its relatively high hydrophilic-lipophilic balance compared
with more hydrophobic poloxamers, P403 exhibits improved aqueous solubility and
enhanced compatibility with biological environments [100]. The relatively large
hydrophilic domain of P403 facilitates its dispersion in aqueous media and contributes
to the formation of stable micellar assemblies capable of encapsulating hvdrophobic
therapeutic agents within their PPO cores, Meanwhile, the outer PEO chains provide
steric stabilization and reduce nonspecific interactions with biological components.
The micellar structures formed by P403 play a crucial role in drug delivery
apphications [ 101]. Hydrophobic drugs can be incorporated into the PPO core through
hydrophobic interactions, thereby significantly enhancing their apparent agqueous
solubility and physicochemical stability. In addition, the hydrophilic PEO corona
improves the colloidal stability of the carrier and promotes better biodistribution in
physiological environments that allow to enhance the bivavailability and therapeutic
performance of poorly  water-soluble drugs and improve intracellular drug
accumulation, thereby contributing to improved anticancer efficacy [102].

In addition to its self-assembly properties, P403 oflers substantial versatility
through its terminal hydroxyl (—OH) groups, which serve as reactive sites for further
chemical modification. These functional groups enable conjugation with other
polymers, cross-linkers. or bicactive molecules. facilitating the construction of
multifunctional nanogels systems with enhanced structural stability and tailored
release behavior [103]. Such modifications allow precise control over particle size.
surface characteristics, and responsiveness to  physiological stimuli, thereby
expanding the scope of P403-based delivery platforms [104], From a biological
activity. the hydrated PEC corona of P403-based nanocarriers provides an effective
steric barrier that minimizes protein adsorption and opsonization, resulting in
prolonged systemic circulation time [ 105]. Furthermore, P403. characterized by a

lower HLE value, possesses larger hydrophobic domains, which may disrupt cellular
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membranes, inhibit cell proliferation, and induce cytotoxic effects by inhibiting ATP-
dependent efflux transporters associated with multidrug resisiance, thereby enhancing
intracellular drug retention and improving therapeutic efficacy [ 106]. P403 has been
reported to interact with cellular membranes and modulate membrane Ruidity, which
can facilitate intracellular drug transport [ 107].
1.4.3. Aplication of P403 into drug delivery system

P403 has emerged as a particularly promising amphiphilic polymer in
biomedical and pharmaceotical applications. especially i the design of nanocarnier
systems for anticancer drug delivery. [n agueous environments, P403 undergoes
spontaneous self-assembly once its concentration exceeds the CMC value, lorming
nano-sized micelles or nanogels-like assemblies with a well-defined core—shell
architecture. The hydrophobic PPO segments aggregate to form a compact inner core
that efficiently encapsulates poorly water-soluble drugs. while the hydrophilic FEO
chains extend outward to form a hydrated corona that stabilizes the nanostructure
under physiological conditions. This structural orgamzation significantly enhances the
apparent solubility. colloidal stability, and bicavailability of hvdrophobic drugs,
thereby addressing one of the major challenges in conventional drug formulation
[108]. As the temperature increases to approximately 37 °C. corresponding to
phvsiological temperature, these hydrogen bonds are progressively disrupted. leading
to dehydration of the PEO segments and enhanced hvdrophobic interactions among
the PPCY blocks that controlled release agents and critical for maximizing antitumor
efficacy while minimizing systemic toxicity [ 109].

Despite these advantages. P403-based svstems still face certain Limitations.
One major challenge is their relatively physical instability and susceptibility to rapid
erosion when exposed 1o changes in temperature or dilution conditions. This
instability can lead to premature drug leakage and a burst-release effect. which may
reduce the therapeutic efficiency of the encapsulated drugs [98]. Furthermore. the
thermoresponsive nature of P403 can sometimes complicate their administration, as
the transition from liquid to gel ot physiological emperature may influence their
mjectability or oral delivery behavior [ 110]. To address these issues, varnous strategies
have been proposed to conjugated P403 with natural polvsaccharides, including
chitosan, gelatin, or Fud, has been emploved to enhance biological interactions. impart

stealth properties. and improve nanoparticle stability and /M vive performance
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[ELL 2] These drug carrier svstems have demonstrated promising potential as
advanced platforms for the delivery of poorly water-soluble drogs and other
therapeutic agents and significant interest in pharmaceutical as well as biomedical
research.

1.5. Overview of fucoidan (Fud)

1.5.1. Origin and chemical structure of Fud

Fud is a naturally occurring sulfated polysaccharide predominantly extracted
from the cell walls and extracellular matrices of brown seaweeds, As one ol the major
bicactive components found in brown algae, Fud has gained considerable interest in
pharmaceutical and biomedical research due to its unique structural characieristics and
diverse biological activities.

IUPAC name: [(25,35.45.55 6R )-4-hydroxy-5-methoxy-2 6-dimethylhexan-
3-v1| hydrogen sulfate, which reflects the sulfated sugar moiety that constitutes the
repeating structural unit of the polymer backbone,

Chemically, Fud 1s primarily composed of L-fucose residues and sulfate ester
groups, which represent the key structural features responsible for its biological
functionality. The backbone of Fud generally consists of a-L-fucopyvranose units
connected through glycosidic Iimkages (Figure 1.14). The sulfate groups. which play
a crucial role in determining the biological and physicochemical properties of Fud, are
mainky substituted at the -2 and/or C-4 positions of the fucopyranose ring. In certain
cases. sulfation may also occur at the C-3 position depending on the species and
extraction conditions [113].
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Figure 1.14. The chemical structure of Fud
The presence of these sulfate groups imparts a strong polvanionic character to
Fud, enabling electrostatic interactions with positively charged biomolecules such as
proteins. enzymes, growth factors, and cell surface receptors, Besides L-tucose, Fud
may also contam minor amounts ol other monosaccharides, including galactose,
mannose. xylose. glucose. and uronie acids [114]. The molecular weight of Fud can

vary widely depending on the algal species, extraction method, and purification
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process, tvpically ranging from approximately 10 kDa to over 1000 kDa that are
signilicantly influences the physicochemical behavior and biological performance of
Fud. The presence of abundant hydroxyl (—OH) and sulfate (—S057) functional groups
provides Fud with remarkable hydrophilicity and strong intermolecular interaction
capabilities [115]. Fud typically exhibits a polvanionic character, as the sulfate groups
present along the polymer backbone contribute negative charges under physiological
conditions lacilitating electrostatic interactions with positively charged hiomolecules
such as proteins. peptides. and cationic polymers. Another important physicochemical
characteristic of Fud is its biodegradability and biocompatibility [116]. As a naturally
occurring marine polysaccharide, Fud is generally considered safe and exhibits low
cytotoxicity in biological systems, These propertics make Fud an attractive candidate
for biomedical and pharmaceutical applications [117]. Additionally, the abundant
functional groups present in Fud allow chemical modification and functionalization,
enahling the introduction of targeting ligands, crosslinking agents, or drug molecules,
Such moedifications can significantly enhance the stability, targeting ability, and
therapeutic efficiency of Fud-based drug delivery svstems [118].
1.5.2, Biological properties of Fud

Fud has attracted signilicant attention in biomedical and pharmaceutical
rescarch owing to its broad spectrum of biological activities [119]. These biological
functions are closely related to its distinctive structural characteristics, including the
presence ol L-fucose residues. abundant sulfate ester groups, and a highly negatively
charged polysaccharide backbone. Fud exhibits multiple pharmacological activities,
including anticancer, anticoagulant, anti-inflammatory, antioxidant, antiviral, and
immunomodulatory effects [119]. Among these biological properties. the anticancer
activity of Fud has been the most extensively studied due to its potential application
in cancer therapy by the induction of apopiosis, inhibition of cancer cell proliferation,
suppression ol angiogenesis. preveniion of metastasis, and modulation of immune
responses (Figure 1.15) | 120]. Importantly, the sulfated structure of Fud allows it 1o
interact with key signaling molecules involved in tumor development and progression,
thereby influencing several intracellular pathways associated with cancer cell survival.
In addimion to inducing apoptesis, Fud can also inhibit cancer cell proliferation by
regulating cell cycle progression. The uncontrolled proliteration of cancer cells is

closely associated with dysregulation of cell eyele checkpoints, Several studies have
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demonstrated that Fud can induce cell cvele arrest at different phases, particularly the
GG or G2/M phase. This effect is mediated through the regulation of cyelins and
cyclin-dependent kinases (CDKs), which are essential regulators of cell evele
transitions |121]. By disrupting these regulatory mechanisms, Fud effectively

suppresses cancer cell growth and proliferation [ 122].
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Figure 115, The effect of Fud on the cell cyele of cancer cells

Furthermore, Fud has demonstrated the ability to suppress cancer cell
migration and metastasis. which are major causes of cancer-related mortality [123],
Another important aspect of Fud's anticancer activity is its ability to modulate MDR
in cancer cells [124]. Several studies have suggested that Fud may suppress the
expression or activity of P-glycoprotein, thereby increasing the intracellular retention
of anticancer drugs and enhancing chemotherapy sensitivity. This property highlights
the potential of Fud as an adjuvant agent capable of overcoming drug resistance and
improving the effectivencss of conventional anticancer treatments [125]. In addition
to its direct cytotoxic effects on twmor cells, Fud also exhibits immunomodulatory
properties that contribuie (o ils anticancer activity.
1.5.3. Fud-based strategies for drug delivery systems

In recent vears, the development of nanotechnology has significantly advanced
the field of biomedical sciences. particularly in the design of novel drug delivery
svitens aimed at improving the therapeutic efficacy and safety of pharmaceutical
agents. Among various naturally derived biomaterials, Fud has emerged as a
promising candidate  for nanomedicine applications due o its  excellent
biccompatibility, biodegradability. low toxicity. and diverse biological activities [ 117].
The umigue physicochemical and biological charactenistics of Fud make it highly
suitable for the fabrication of functional nanocarriers designed for targeted drug
delivery, controlled drug release. and enhanced therapeutic performance. One of the

maost important advantages of Fud in nanomedicine lies in its abundant sulfate groups
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and hvdrophilic polysaccharide backbone, which provide numerous reactive sites for
chemical modification and conjugation with other polymers, ligands, or therapeutic
molecules. These structural features enable Fud to form wvarious types of
nanostructured  delivery systems, including nanoparticles, nanogels, micelles,
liposomes, and polymeric nanocomposites [126]. Through these nanostructures, Fud
can serve not only as a structural component of the nanocarrier but also as a bioactive
molecule thal contributes to therapeutic effects. In drug delivery applications. Fud can
also facilitate active targeting mechanisms through interactions with specific receptors
overexpressed on cancer cells or tumor-associated endothelial cells. Several studies
have demonstrated that Fud can interact with various biological receptors, including
P-selectin, L-selectin, and scavenger receptors, which are often upreguolated in tumor
microenvironments [127]. These interactions can enhance cellular uptake of Fud-
based nanocarriers and improve the intracellular delivery of therapeutic agents,
Furthermore, Fud-based nanocarriers have shown great potential in combination
chemotherapy, where multiple therapeutic agents are co-delivered within a single
nanostructure [ 128]. The co-encapsulation of drugs with complementary mechanisms
of action can produce symergistic anticancer effects, reduce the required dosage of
individual drugs, and minimize adverse side effects. In addition, nanocarrier sysiems
can provide controlled and sustained drug release profiles, allowing drugs to be
released gradually over time in response to physiological stimuli [ 126].
1.6. A targeted ligand-folic acid

Folic acid (FA), also referred to as vitamin B9, is a water-soluble B-complex
vitamin with a molecular weight of 4414 g/mol and a melting point of approximately
250 °C. It 1s an indispensable micronutrient imvolved in one-carbon metabolism.
plaving a pivotal role in cellular proliferation, differentiation, and genomic stability.
Al the molecular level, FA functions as a one-carbon donor in the biosynthesis of
purine nucleotides (adenine and guanine) and thymidylate, which are essential for
[INA replication and thymidylate, which are essential for DNA replication and RNA
transeription [129.130]. Consequently. folate metabolism is closely associated with
processes of rapid cell division and nucleic acid synthesis. In physiological conditions,
FA predominantly circulates in the bloodstream as S-methyltetrahydrofolate, the
biologically active reduced form. Following cellular uptake. it is enzvmatically
converted into tetrahydrofolate (THF) via dibvdrofolate reductase (DHFR) in a
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NADPH-dependemt manner. THF and its derivatives subsequently act as critical
cofactors in amino acid biosynthesis and nuocleic acid metabolism, underscoring the
essential role of folate in maintaining cellular homeostasis [131].
IUPAC NAME: (5)-2-|[4-[(2-amino-4-ox0- | H-pteridin=6-v]) methylamino] benzovl]
amine| pentanedioic acid
MOLECULE EQUATION:C joHjaN2Os

Motably, many malignant cells exhibit an elevated demand for folale as a
consequence of their accelerated proliferation rate, which is accompanied by the
marked overexpression of folate receptors (FRs), particularly folate receptor alpha
(FR-a). on the tumor cell surface [132]. In contrast, FR expression in most normal
tissues is relatively low and largely confined to the apical surfaces of epithelial cells,
thereby limiting  accessibility from systemic circulation. Folate receptors are
glvecosylphosphatidylinositel (GPllanchored membrane plycoproteins comprising
three major 1soforms (FR-a, FR-f, and FR=y), among which FR-a is the most clinically
relevant due to its pronounced overexpression in a wide range of solid twumors,
including breast and lung cancers [133]. The interaction between FA and FR-u is
characterized by an exceptionally high binding affinity, with a dissociation constant
{Ka) in the subnanomolar range (~0.1 nM), conferring high specificity toward folate
receptor-overexpressing cancer cells [134]. The cellular transport of folic-modified
drug delivery systems proceeds through a multistep and highly regulated process
(Figure 1.16) [155]. Initially. FA-conjugated nanocarriers bind to FRs on the cancer
cell surface. followed by internalization predominantly via clathrin-independent,
caveolac-associated folate receptor-mediated endocytosis. Subsequent membrane
invagination leads to the formation of endocytic vesicles, which undergo progressive
acidification as they mature into carly endosomes, The decrease in endosomal pH (to
approximately pH 5-6} induces partial dissociation of the FA-FR complex, allowing
folate receptors to be recyeled back to the plasma membrane while retaining the
nanccarrier intracellularly. This recveling receptor mechanism enables multiple
rounds of ligand-mediated uptake. thereby enhancing intracellular drug accumulation
and prolonging cellular retention. Moreover, endocytic sequestration and non-
lysosomal tralficking pathways may reduce premature drug efflux and degradation,
contributing to improved intracellular bicavailability. Importantly, the post-endocytic

trafticking and intracellular Late of FA-functionalized nanocarriers are strongly
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miluenced by their physicochemical properties, including particle size. surface charge,

and ligand presentation, which collectively regulate endosomal escape and subsequent
drug release.
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Figure I.16. The represemtation of folate receptors mediated functionalization
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CHAPTER 2. MATERIALS

L 1. Chemicals and equiments
2.1.1. Chemicals

AND METHODS

Table 2.1. The list of' used chemical agents

| Mumber | Chemical names Origin
Regents lor synthesis
1 Fucoidan Viet-nam FFucoidan Joint Stock
Company

2 Poloxamer P43 Sigma Aldrich (USA)

3 Folic acid Merck (Germany)

4 * Ethylendiamine Acros Organics

5 3-amino- |-propanol Acros Organics

o I -ethyl-3—3-dimethylamino propyl Acros Organics

carbodiimide (EDC, =97%)
7 ;-nitrnphen}lf chloraformate Acros Organics
5 N=hydroxysuccimmide (NHS, .
9894 Acros Organics
9 Cisplatin Sigma Aldrich (UISA)
10 Curcurmin Sigma Aldrich (USA)
Organic solvents

1 Fthanol VN-CHEMSOL (Viet Nam)
3 Tetrahydrofuran Fisher Scientific

3 [hethyl ether Fisher Scientific

4 Dimethyltomanide Fisher Scientific

5 Dimethy] Sulfoxide Fisher Scientific

Reagent for cell culture
1 Human dermal hibroblast cells ATCC (US)
{HDF)

2 Human breast cancer cells (MCF-7) ATCC (US)

3 Rhodamine B (RhB) Biochorm ( Berlin, Germany)
4 Dulbecco's Moditied Eagle e i e sirans)

Mediam (DMEM) :
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5 Fetal bovine serum (FBS) Biochorm (Berlin, Germany)
& Trypsin-E DTA Biochorm (Berlin, Germany)
7 Penicilin-streptomyein (F/S) | Biochorm (Berlin, Germany)

1.1.2. Equipment

Table 2.2. The list of used equipments

Mumber

Equipments” name

Sy'nthtsls equipment

Analvtica | balance (OHAUS pioneer PAT14, LIS)

Temperature-controlled magnetic stirrer { VELP Scientifica, ltaly)

Freeze drver (EYELA FDU-1200, Japan)

Centrifuge (Hermle Z32HK, Germany)

ﬁuﬁta.t}' evaporator (Buchi Rotavapor R114. Thuy Si)

= | ke | | b

Ultrasonic bath {Elmasonic § 80H, Germany)

Analrih:ﬁ instruments

FI-1R spectrometer (PerkinElmer Frontier. Australia )

NMR. Spectrometer ( 1H-NMR, Bruker Avance S00MHz )

Transmission cln:cu'un_micmscnpﬂ {TEM, Jeol JEM-1400 )

UV—vis spectrophotometer (LI'V-1900, Shimadzu, Japan)

Dhvnamic light scattering (Horiba 52-100, Japan)

Microplate reader (HumaReader HS)

= S R ok | TR | ReE | e

Inductively coupled plasma mass spectrometry (1CP-MS, NexION
2000, PerkinElmer, MA, USA)

Fluorescence microscope (| LSMT80 NLO, Zeiss, Germany)

Conlocal laser scanning microscopy (CLSM)

2.1. Experiment
2.2.1. Synthesis of amphiphilic copolymers Fud-P403
2.2.2.1.  Activation of P403 (NPC-P403-0H)
P403 (2.5 mmaol) was initially reacted with NPC (5 mmol) in a three-neck flask

under vacuum at 63 °C for 6 h. After completion, the crude product was dissolved in
200 mL of THF and subsequently precipitated with a diethy| ether/hexane mixture (1:1,

viv) The precipitate was collected and dried by rotary evaporation o obtain NPC -
P403-NPC as a white solid. Subsequently, NPC-P403-NPC (2 mmol) was re-

dissodved in 20 mL of THE. and 20 mL of Ami solution was added dropwise under
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continuous magnetic stimng at room temperature, The reaction was allowed to
procced for 24 h, The resulting product was then precipitated using the diethvl
ether/hexane mixture (1:1, v/v) and purified by rotary evaporation to vield NPC-P403-
OH. Structural characterizations were carried out using 'H-NMR and FTIR
spectroscopy.
2222, Synthesis of amino-terminated Fod (Fud-EDAJ

5 g of Fud was dispersed in 100 mL of DIW and stirred at 40 °C for 30 min
after that the carboxyl groups of Fud were subsequently activated by the addition of
EDC (1.92 g. 10 mmol) and NHS (1.6 g, 13.9 mmol). and the rcaction mixture was
maintained under continuous stirring for | h. The activated solution was then slowly
dropwised into 200 pL. EDA (3.0 mmol} solution under constant stirring. The coupling
reaction was allowed to proceed at room lemperature for 24 h. promoting the
formation of amide linkages and yielding the amine-functionalized derivative. The
resulting product was purified by dialysis against deionized water (MWCO 3.5 kDa)
to eliminate residual reagents and low-molecular-weight impurities, followed by
Ireeze-drying to obtain Fud-EDA as a dry product. The chemical structure of the
obtained derivative was confirmed by 'H-NMR and FTIR spectroscopy

To further evaluate the degree of amination, the content of primary amine
groups on the Fud backbone was determined using the TNBS colorimetric assay with
L-alanine as a standard, reported by Hai V. Neo, etal. [136]. Brieflv. a calibration
curve was constructed from L-alanine for quantitation of amine groups. Al the same
time, | g Fud-EDA was disselved in 5 mL of 0.1 M NaHCOs solution. followed by
the addinon of 2.5 mL of TNBS solution {0.01% w/v), The mixture was incubated at
37 °C for 2 h 1o ensure complete reaction between TNBS and free amine groups. The
reaction was then quenched by adding 1.25 ml of 1 M HCL and the absorbance was
recorded at 335 nm using a UV-Vis spectrophotometer. The amine content was
subsequently calculated based on the established calibration curve.
2223 Synthesis of Fud-P403 copelymers

NPC-P403-0H (4.5 g) was dissolved in 100 mL of deionized water ar 4 °C.
Meanwhile, Fud-EDA (500 mg) was pre-activated using EDC/NHS chemistry. and
the activated solution (50 mL ) was added dropwise into the polymer solution under
continuous stirring, The reaction was maintained for 24 h to enable covalent coupling.

The mixture was then purified by dialvsis (MWCO 12-14 kDa) o remove unreacted
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species. followed by |lvophilization to ebtain the Fud-P403 copolymers. Structural
characterization was performed using 'H-NMR and FTIR, while morphological
properties were evaluated by DLS and UV-Vis spectroscopy, respectively,
2.2.2. Synthesis of FA-Fud-P403

The FA-Fud-P403 copolymers was svnthesised via the utherane linkage
formation amine groups {(-NHz) and the carboxy] groups (—-COOH) via an EDC/NHS-
mediated coupling reaction (Figure 2.1). 25 g FA (01,06 mmol ) was solubilized in 15
mL of DMS0, followed by activation using EDC (21.1 mg. 0.11 mmol) and NHS (16
mg. 0.13 mmel) for | h, then slowly introduced into an aqueous solution of Fud—P4i13
{30 mg in 10 mL DIW) under continuous stirring, and the reaction was carried out for
30 min under light-protected conditions. Allerward, the reaction mixture was
subjected to dialysis using a cellulose membrane (MWCO ~-3.5 kDa) to eliminate
excess reagents and organic solvent, The purified product was subsequently collected
by frecze-drying, vielding the FA-Fud-P403 copolymers. Structural characterizations
were performed using "H-NMR UV-Vis and FTIR technigues, while the nanogels size
distribution and surface charge were analyzed by DLS. The degree of FA substitution
was quantified using U'V-Vis spectroscopy at 280 nm.
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Figure 2.1, The syhthetic schemes of FA-Fud—P403 copolymers

2.2.3, Determination of critical micellar concentrations for nanogels formation

Amphiphilic copolymers containing hvdrophobic PPO blocks and hyvdrophilic
PEO blocks readily self-assemble into micelles in aqueous solution. Above a certain
concentration. these copolymers were sell-assembled into micellar structures in which
the hydrophobic PPO segments form the inner core, while the hydrophilic PEO
segments constitute the outer shell. thereby stabilizing the micelles, as illustrated in
the Figure 2.2. Briefly. a KI'L stock solution was prepared by dissolving 0.25 g of
iodine (12} and 0.5 g of potassium iodide (K1) in 25 mL of distilled water. For CMC
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determination, a series of 20 copolymers solutions with concentrations ranging from
LOOOOT %owt to 0.1 %ewt was prepared was supplemented with 10 pl of the KU1
solution and incubated in the dark at room temperature for 12 hours prior to
measurement. The UV absorbance of the samples at 366 nm was recorded using a
UV-Vis  spectrophotometer (Shimadzu UV-2401, Shimadzu, Tokve, Japan).
Absorbance values were plotted as a function of the logarithm of copolymers
concentration. The CMC was determined as the concentration at which a significant
mncrease in absorbance occurred. The absorbance intensity corresponding to 1 was
plotted against copolymers concentration at 366 nm [16],
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Figure 2.2, The schematic diagram of the iodine method
2.2.4. Co-loading of Cur and Cis in FA-Fud-P403 nanogels (FA-Fud-
PA03{@ Cur/Cis)

Cur {5 mg) was initially solubilized in mixture solvent of ethanol and
dichloromethane (7:3. v/v). then this solution was slowly introduced gradually into an
agquecus FA-Fud-P403 solution (100 mg in 10 mL deionized water) under probe
sonication at 4 °C for 30 min. The resulting suspension was subjected to solvent
evaporation. redissolved in 5 mL of DIW before centrifuged at 7000 rpm for 20 min
at 20 °C w eliminate free Cur to collected and freeze-dried 1o vield Cur-loaded
nanogels {FA-Fud-P403/a'Cur). Subsequently, Cis (5 mg) was dissolved in DMF and
slowly added into the FA—Fud-P403 @ Cur dispersion ( 100 me in 10 mL}. The mixture
was maintained at 20 °C for 30 min in a thermositically controlled bath to facilitate
drug imcorporation. The resulting formulation was purified by dialysis to remove
residual solvent, followed by centrifugation to separate free Cis. The purilied product

was then Ivophilized to obtain dual drug-loaded nanogels {FA-Fud-P403 @ Cur/Cis).
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The Cur content in the nanogels was quantified by UV-Vis spectrophotometry
(L =426 nm. Agilent, USA), while the Cis content was determined using [CP-MS.
The drug loading capacity (®»DL) and entrapment efficiency (%aEE) of Cur and Cis
were calculated according to the following equations [137]:
weight of drug encapsulated into nanogels
WEE = B B x100
initial weight of feeding drug
weight of drug encapsulated into nanogels
DL = Height of drug encap B2 %100
total weight of nanogels and drug
2.1.5. Determination of stability of drog-loaded nanogels

The physicochemical stability of FA-Pud-P403@Cur/Cis nanogels was

investigated by evaluating temporal changes in hydrodynamic size and Cur retention.
The nanogels were dispersed in PBS (pH 7.4) and Dulbecco’s Modified Eagle
Medium (DMEM), followed by incubation at 37 °C w mimic physiological
enwironments. Al predetermined imtervals (0. 24, 48 72, and 96 h), the colloidal
behavior of the system was analyzed by DLS to detect size distribution. Concurrently,
the stability of the encapsulated Cur was assessed using UV-Vis spectrophotometry.,
specilically, 1 mL aliguots of the nanogels suspension were withdrawn at each time
point, mixed with an equal volume of ethanol, and the absorbance was measured at
420 nm. The remamnming Cur content was subsequently calculated by comparison with
the initial loading, providing the percentage of drug retained within the nanogels
throughout the incubation period.
2.2.6. Determination of i vifre release profiles and release kinetics of drug from
nanogels

FA-Fud-P403iaCur/Cis, free Cur, and free Cis were diluted in the distilled
water after that each sample was added 10 Polysorbate 80 (1%) to increase the
dhispersion ol as well as to inhibit the precipitate of Cur. then place in these mixiure
solutions inte the cellulose membrane package to dialysis (MWCO 3.5KDA) in the
phosphate-buffered saline (PBS) solutions (pH 7.4 and 3.5 respectively) at 37°C. At a
certain time, the mixture samples dialvzed into two PBS solutions as pH 7.4 and 5.3
were withdrawn | mL of sample out ol the dialysis bags and continued to add | ml
PBS selution t¢ maintain the constant volume of sample. The release profile of drug-
loaded into panogels was calculated by the standard curve that concentration of Cur

was quantified by UV=Vis spectrophotometry at 430 nm. while the Cis content was
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measured using an [CP-MS. The cumulative release percentage (CR%) of Cur and
Cis was calculated according to the following equation:
CR (%) = E:g:f: x 100
Where M, 15 the amount of Cur/Cis released at a certain time (1)
M. 15 the amount of Cur/Cis encapsulated in the nanogels.

The drug release mechanism was analyzed by fitting the release profiles to
various kinetic models, including Zero-order. First-order, Higuchi, and Korsmeyer—
Peppas models. The coefficient of determination (R*) was used to identify the model
that best deseribed the release behavior of Cur and Cis from the nanogels. [n addition,
the MDT was calculated to evaluate the duration of sustained release of the active
compounds within the nanogels, according to the following eguation:

MDT (hour)= (——k -
Where: n was the exponent and k were the constant rate of released profile for the
Korsmeyer equation
1.1.7. Determination of in vifro hemolysis assay

Whole blood obtained [rom mice was first centrifuged at 1000 rpm for 10 min
to isolate red blood cells (RBCs). The collected cells were subsequently re-suspended
in PBS pH 74 and adjusted to a final concentration of 3% (v/v). For
hemocompatibility assessment. 300 pl. of the RBC suspension was incubated with an
cqual volume of FA-Fud-P403@Cur/Cis nanogels dispersions at concentrations
ranging from 6.25 to [00 ppm. The mixtures were maintained a1 37 *C for 1 h to allow
potential membrane interactions, Following incubation. samples were centrifuged at
2500 rpm for 10 min to sediment intact erythrocvies

The absorbance of the supernatant was then recorded at 540 nm using a
microplate reader. The hemolytic activity was calculated using a standard formula,
with Triton X-100 representing complete positive control and PBS serving as the
negative control.

Arample = "‘lltrguzl Ui ConErad

Hemolysis ratio (%) =
pasttive ceeirad — Ay egative rontraf

1.1.8. Determination of in vitro cytotoxic assay
2291, In vitro cyfotoxic studies

[he cytotoxicity of Fud-P403 and FA-Fud-P403 nanogels was assessed by
Wisl-1 assay, Bretly. 100 pl. medium containing either HBF or MCF-T cells {107
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cells/well) was seeded into 96-well plate and cultured in the incubator under the
standard culture conditions (37 °C, 90% humidity, and 3% CO;) for 24 h. Then. media
were removed. and cells were treated with 100 pl. DMEM media containing FA-Fud-
P403/P407 nanogels (125 ppm) for an additional 24 h. Then, 10 pl. of WST-1 solution
was added into each well | followed by a 1-h incubation period. The cytotoxicity of
nanogels was determined by measuring the absorbance of reacted solution at 450 nm
using a microplate reader. Cell viability was calculated as the percentage relative to

the untreated control group, tollowing to the equation:

Cell viability (%) = 7232 x 100

With the Ai, Arand A; are the sample tests, blank (pure DMEM) and control
sample (DMEM), respectively

Furthermore. to confirm cell viability, a Live/Dead assay was conducted.
Briefly, 100 pl. of the WST-1 reacted solution was discarded, and the cells were rinsed
once with PBS. Subsequently, 100 pl. of PBS containing 2 pM calcein-AM
{acetoxymethyl ester derivative of caleein) and 4 uM ethidium homodimer-1 (EthD—
Iy was added to each well. After 15 min of incubation, the fluorescence-stined cells
were qualitatively observed under a fluorescence microscope (Nikon, Japan) to assess
their morphological integrity.
2.2.9.2. Qualitative uplake study

Cellular uptake was evaluated to investigate the intracellular internalization and
folate receptor—mediated targeting of FA-Fud-P403 nanogels in MCF-T7 cells.
Rhodamine B (RhB ) was used as a fluorescent probe for visualization. RhB (1 mg/mL)
was ihcorporated into FA-Fud-P403 solution { 10 mg/ml. } under stirring for 4 hat 4 °C
in the dark. followed by dialysis (MWCO 3.5 kDa. 6 h) to remove free dye. The
purtfied nanogels were collected and lyophilized MCF-7 cells were seeded on glass
covershps in 1 2-well plates (2 = 1° cells/mL) and incubated for 24 h. Cells were then
treated with blank or RhB-loaded nanogels for 4 h. washed with PBS. fixed with 4%
paraformaldehyde (30 min), and stained with DAPl (15 min). Intraceflular
Nuorescence and distribution were observed using confocal laser scanning microscopy
(CLSM, Zeiss LSM780 NLO). The resulting Tuorescence images provided qualitative

evidence of nanogels internalization efficiency and imtracellular distribution patterns.
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2295, Symergism effect of two-drug combination against cancer cells
The synergism effect of two-drug combination analysis is based on the
Combination Index (CI) that 15 determined by the isobologram formula.
(D), + (D},
(Dydy + (Dy )y
Where the (D) and (D) are the concentration in the combinational inhibition.

Cl=

(D and (Dy): are the single-dose concentration of Cis and Cur, respectively that
inhibit the growth of MCF-7 calculated from the equation D=Dy[ G/ 1-6)]"™, with
D¥m. fa and m as dose required for 50% etfect. the affected fraction and coefficient of
the dose-effect curve, respectively. The results of isobologram equation are used for
analysis of the effect of drug combination, where Cl < 1, CI = 1, and CI =1 determines
synergism. additive effect, and antagonism, respectively [138]
2.2.9. Determination of in vive tumor inhibition

All in vivo experiments were conducted in compliance with the guidelines
approved by the Animal Care and Use Committee of Tra Vinh University { Approval
No. 2B5GOCN.BC-HBDBBD). Female BALB/¢ mice (6-8 weeks old) were
subcutaneously inoculated with MCF-7 cells (1 = 107 cells) to establish a xenograft
lumor medel. Once the wmor volume reached approximately 150 mm’, the animals
were randomly assigned into four groups (n = 4 per group), including: (i) saline as a
negative control. (i) free Cis as a positive control, (iii) FA-Fud-P403:aCis, and (iv)
FA-Fud-P403@Cur/Cis, All formulations were administered via inlravenous
mjection through the tail vein, with the Cis dosage fixed at 2 mg/kg across all Cis-
containing groups. Treatments were performed at 3-day intervals. Throughout the
study. body weight and tumor progression were monitored at designated time points.
Tumor dimensions were measured using a digital caliper. and the tumor volume was
calculated using the formula ' =« (length = width®). At the end of the remtment period
{dav 13}, the mice were sacrificed, and tumor fissues were harvested for

histopathological analysis using hematoxylin and cosin (H&E) staining (Figure 2.3).



Q. B -

l we | ] | | s
i, I Do 7 [y = Day B Day 1T T
. I“ rr g I I |ﬂli“_“1':i

L . ] b e L # rrainyde ol eren

Figure 2.3, The schematic illusération of MCF-7 tumor-bearing mice and
freatment with different drug formulations
1.2.10. Statistical analysis
The data was exhibited by One-wav Anova, where all experiments were carried
out three times and shown under the form of means £ standard deviation, with the (*),
(**).and (***) as for the p < 0.05, p<0.01, and p < 0.001, respectively corresponding
to the statistically significant, While the non-statistically significant (p > 0.05) was

illustrated as ns.
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CHAPTER 3. RESULTS AND DISCUSSION

A1, Characterizations of FA-Fud-P403 copolvmers
.11 Structural properties of FA-Fud-P403 nanogels
J A1 Structural characterization of NPC-P403-0H

The formation of NPC-P403-NPC and its subsequent conversion to NPC-
P403~0H proceeds via a nucleophilic substitution mechanism involving carbonate
activation. Initially, the terminal hydroxyl eroups of P403 act as nucleophiles and
attack the electrophilic carbonyl carbon of NPC, leading to the formation of activated
carbonate intermediates. In the second stage, the primary amine group of 3-amino-1-
propanol. acting as a stronger nucleophile, attacks the carbonyl carbon of the activated
carbonate, resulting in the displacement of the nitrophenyl moiety and the formation
of carbamate linkages. FTIR spectrum (Figure 3.1) provided the successful chemical
modification of P403 and the formation of NPC-functionalized derivatives. The
characteristic absorption bands of the P403 backbone were clearly observed in the
range of 29782880 cm™ corresponding 1o the stretching vibrations of =CHz and -
CH; growps, confirming the presence of the PPO and PEO segments. Additionally, the
strong absorption region from 1300 to 1000 cm™' is attributed to the C-0-C ether
linkage, which is a signature structural feature of P403, Upon functionalization with
p-nitrophenyl  chloroformate  (NPC). several new spectral features emerged.
contirming successful conjugation. Absorption band in the region of 1600-1500 cm™!
is assigned to the —NOz group attached to the aromatic ring, serving as a direct
indicator of NPC incorporation. Importantly, a signilicant shift and the appearance of
anew peak in the range ol 1650-1770 cm™' correspond to the C=0 stretching vibration
ol ester groups (—COO-NPC) that suggests the formation of ester linkages between
the hydroxyl termini of P403 and NPC, resulting in the formation of NPC-P403-NPC
structures. Furthermore, the additional absorption band around 1644 cm™' provides
turther insight into the reaction pathway that can be attributed to the urethane linkage
(~NHCOO-), indicating that partial substitution reactions occurred.
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Figure 3.1. The FT-IR results of P403, NPC-P403-NPC, and NPC-P403-0H

Additonally, the "H- NMR spectrum of NPC-P403-NPC (Figure 3.2) clearly
contirms the successful functionalization of P403 with 4-nitrophenyl chloroformate.
Characteristic proton signals of the P403 backbone were observed, including a singlet
at oy = 1.20 ppm assigned to the methyl protons (=CHs, ¢} of the PPO segment and a
strong singlet at éy = 3.62 ppm. corresponding to the methylene protons of the PEO
blocks {-O-CH—CH—0-, d). Notably, the appearance of a new singlet at éy = 4.22
ppm is attributed to the methylene protons of the ~CH:—O-NPC moiety () on the
PECQ chains, indicating the formation of carbonate linkages between the terminal
hyvdroxyl groups of PEQ and NPC. Furthermore, doublets at 6p = 7.38 ppm and 6y =
832 ppm are assigned to the aromatic protons (a and b) of the nitropheny! ring,
providing direct evidence lor the incorporation of NPC moieties at both chain termini
of P403. Similarly, the '"H-NMR spectrum of NPC-P403-0OH demonstrates the
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structural teatures of both the P403 backbone. A singlet at & = 1.13 ppm corresponds
to the methyl protons (<CHs, ¢} of the PPO segment, while the characteristic
methylene protons of the PEO blocks (-O-CH—CH:—-0-. d} appear in the range of &y
* 3.61-3.63 ppm. The presence of aromatic doublets at &y = 7.38-7.40 ppm and 8.27—
.28 ppm is attributed to the aromatic protons of the NPC moiety, confirming the
carbonate activation step. Importantly. a noticeable chemical shift of the methylene
protons adjacent to the carbonate group from S = 4.44 ppm (—CH=—0O-NPC) to 8y =
422 ppm was observed after reaction with 3-amino-1-propanol. indicating the
displacement of the NPC group. In addition, a new singlet at 6 = 1.7 ppm is assigned
to the methylene protons (-CH=—, g} of the propyl chain of 3-amino-1-propanol,
further confirming the formation of amino-terminated P403 via carbamate (—O-C0-
NH-} linkages. These observations from FTIR and 'H-NMR confirms the co-
existence ol multiple linkage types within the svstem, reflecting a more complex

functionalizstion mechanism
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Figure 3.2, The "H-NMR results of NPC-P403-NPC and NPC-P#03-OH
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LLL2.  Structwral characterization of Fud-EDA

The FTIR spectra (Figure 3.3) further corroborates the successful
modification. Brietly, Fud and Fud-EDA display an absorption band in the range of
3500-3200 cm™', corresponding to the stretching vibrations of hydroxyl (-OH) groups
mmherent to the polysaccharide structure. The absorption band observed at
approximately 1640 cm™ are assigned to the asymmetric stretching vibration of the
carboxyvlate (—CO07) group, indicating the presence of glucuronic acid residues in
Fud. Characteristic sulfate group absorptions are evidenced by the bands at 1260-1160
em™' and around 839 em™, attributing to the asymmetric stretching of the S=0 bond
and C—(+5 stretching vibration, respectivelyv. Additionally, the absorption region
between 1150 and 1000 cm™ is associated with C-0-C stretching vibrations,
confirming the saccharide ring structure of Fud. Notably, the FTIR spectrum of Fud-
EDA shows new absorption bands in the range of 3100-3000 cm™', which were
assigned to N-H stretching vibrations of amine groups from EDA. Furthermore, the
appearance of a band in the region of 1500-1400 cm™' 15 attributed to N-H bending
vibrations. providing strong evidence for the formation of amide (—-NH—CO—) linkages
resulting from the conjugation between EDA and the carboxy| groups of Fud,

o p——

Fud-EDA

D540

]
L]
L] []

“NHOO-

A00H) - 3500 ' HI;'IHP ' :5lf.l'll ' EDI[HF 1 13060 1000 300
Wavenmber (em™')
Figure 3.3, The FI-IR resulf of Fud and Fud-EDA
Furthermore, the '"H-NMR spectrum of Fud-EDA (Figure 3.4) cxhibited

characteristic proton signals confirming the successful modification of Fud with EDA,
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Broad signals observed in the range of & = 3.7-5.4 ppm is atributed 1o the ring
protons of Fud polvsaccharide units. A distinet singlet at &, = 1.8 ppm corresponds o
the methy! protons (—CHs) of the O-acety] group (~OCOCH:), indicating the presence
ol acety] substituents on the Fud backbone, In addition. the appearance of a singlet at
o = 1.7 ppm is assigned to the methylene protons (-CHz—) of EDA, while the signal
ataround 6y = 2.9-3.1 ppm is attributed to the methylene protons adjacent to the amino
group (~CH>NH-}. These signals provide evidence for the conjugation of EDA 1o
Fud via amide bond (—-CONH-) formation between the amine groups of EDA and the
carboxylale groups of Fud.
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Figure 3.4.The 'H-NMR results of Fud and Fud-EDA

The substitution degree of primary amine {-NH2) groups on the Fud backbone
plays a crucial role in determining the overall efficiency of subsequent
functionalization processes, particularly in the conjugation of FA and amphiphilic
copolymers. Based on the TNBS assay, the amine content was determined to be 2,13
+ (1,863 mmol/g. providing sutTicient reactive sites for efficient FA coupling and P403
conjugation. This relatively high substitution degree indicates the successful
incorparation of —NH: groups onto the Fud backbone that emonstrates that the
modified Fud possesses an adequate and effective level of functionalization, providing

i strong loundation for efficient FA coupling and subsequent P403 conjugation,
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ultimately contributing 1o the development of a robust and  well-defined
multifunctional drug delivery system
A1.1.3.  Structural characterization of Fud-P403

The successful covalent comjugation of Fud onto P403 was rigorously
confirmed by complementary FT-IR and "H-NMR analvses (Figure 3.5 and 3.6),
demonstrating both structural transformation and chemical bond Tormation. FT-IR
analysis {Fignre 3.5) provides clear evidence of urethane bond formation. The
spectrum of NPC-P403-0H exhibits a strong carbonyl stretching band at 1769 cm™'.
characteristic of the activated carbonate group. The significant band disappears
carbonyl absorption emerges at 1644 em™'. which is attributed to the carbamate (—
NHCOO—) linkage. Furthermore, the characteristic —MN(»: asymmetric and symmetric
stretching vibrations of the p-nittophenyl group (1600-1500 cm™), clearly visible in
NPC-P403-OH. are absent in Fud-P403. confirming the displacement of the NPC by
Fud-EDA. Importantly. the broad —OH stretching band (3600-3200 cm™) and the
sulfate group vibration (O=5=0, 1260-1160 cm™) confirm the presence of Fud.
Mecanwhile, the characteristic C-H stretching vibrations of P403 (2970-2879 cm™)
and the ether C-0-C stretching bands (13001000 em').
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Figure 3.5.The FILIR results of NPC-P403-OH, Fud-EDA, and Fud-P403

In addition, the 'H-NMR analysis (Figure 3.6) further comroborates the
aromatic proton signals of NPC at oy = 7.38-7 40 ppm and §27-8 28 ppm. alongside
with the methylene signal at 6y = 4,43 ppm corresponding to —~CH—O-NPC. A singlet
at dg = 1.74 ppm is assigned 1o the methylene protons of the EDA, while the signal at
oy = 3.04 ppm corresponds to ~CH—NH- protons, Additionally, the new signal at &
= 4.22 ppm is attributed 10 —~CH>—O— within the newly formed carbamate structure,
replacing the original -CHx—O-NPC resonance. The characteristic signals of P403 are
retained. including the PPO methyl protons at 6 = 110 ppm and the PEO methylene
protons in the region 6p = 3.5-3.8 ppm. Signals of Fud are observed within 6y = 3.7-

5.4 ppm. consistent with its polysaccharide backbone.



Figure 3.6. The "H-NMR result of Fud-P{#03
FLL4 Structural characterization of FA-Fud-P403
FA functionalization of Fud-P403 copolymers was achieved via a sequential

two-step reaction. Imitially, NPC-P403-0H was reacted with the primary amine
groups of Fod-NH:, leading 1o the formation of Fud-P403 through urethane linkage
formation. In the subsequent step, FA was grafted onto the Fud-P403 backbone via
amide bond formation, resulting in FA-Fud-P403 copolymers. The successful
incorporation of FA into the copolymers structure was verified using complementary
analyvtical techniques, including UV-Vis spectroscopy. "H-NMR, and FTIR analysis.
The FI-IR spectra on Figure 3.7 confirmed the presence of characteristic functional
groups in FA-Fud-P403 copolymers. the characteristic bands at 13001000 cm™ are
assigned to the ether (C-O-C) stretching vibrations of the P403 polyether chains,
while the signals at 294952980 e correspond to aliphatic <CH (—~CH: and —CHs)
stretching modes. The broad absorption in the 3500-3430 cm™' region s attributed to
~0H swretching vibrations, originating from both the polysaccharide backbone of Fud
and the terminal hyvdroxyl groups of P403 [126.139,140]. While, the presence of
sulfated groups from Fud 15 confirmed by the distinet absorption in the 12501150
em™' region, corresponding 10 the O=5=0 stretching vibration, indicating tha the
sulfated polysaccharide structure is well preserved after conjugation with P403 [141).



Al

Upon further functionalization with FA. new spectral features emerge, confirming the
successiul grafting of the aromatic ligand. Specifically, the bands observed in the
148514539 em™' region are assigned 1o the aromatic ring vibrations of FA. This
provides direct evidence for the introduction of the folate moiety into the polymeric
framework. Importantly. a pronounced shift in the carbonyl stretching region is
observed upon conjugation. The C=0 band, originally located at 1679 ¢cm™ for free
FA. 15 shifted to a lower wavenumber (~1641 em™} in the FA—Fud-P403 spectrum
that consistent with the formation of a covalent linkage between the carboxyl groups
of FA and the amine functionalities of Fud-P403 [142]. The decreased wavenumber
can be attributed to the conversion of the free carboxylic acid into an amide (—-CONH-
) as well as the contribution of hydrogen bonding interactions within the polymeric
network, both of which reduce the effective bond order of the C=0 group.
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Fignre 3.7.The FI-IR reswits of FA, Fud-P403, and FA-Fud-P402
As shown on Figure 3.8, the '"H NMR spectrum of FA-Fud-P403 revealed
several distinct signals corresponding 1o its structural components, The spectrum is
dominated by the characteristic resonances of the P403 hlock copolymers. A stron g

and broad signal observed in the region of dy = 3.2-3.7 ppm is attributed to the
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methylene protons of the poly(ethyvlene oxide) (PEO) segments (~OCH:—CHa0-),
reflecting the hydrophilic chains of the copolymers. In addition, the distinet peak at &
= 1.0=1.2 ppm corresponds to the methy| (—CH3) protons of the polyvi propylene oxide)
(PPCY} blocks, while the overlapping methine and methylene protons of PPO
contribute to signals in the dyy = 3.3-3.8 ppm region | 143]. The presence of these well-
defined peaks confirms that the amphiphilic P403 structure is preserved after the
conjugation process. Signals associated with the Fud backbone are also clearly
observed. The broad multiplet in the range of & = 3.0-5.5 ppm 1s assigned to the ring
protons of the sugar units {Hyw). which typically overlap due to the heterogeneous and
polysacchandic nature of Fud. Furthermore, a small but distinguishable resonance
around éu = 1.8-2.0 ppm is atiributed to N-acetyl protons, indicating successful
chemical modification of the polysaccharide [144]. Crucially, after conjugation with
FA. new signals emerge in the downfield aromatic region. Specifically, peaks
appearing at oy = 6.8-7.1 ppm and 7.5-7.8 ppm are assigned to the aromatic protons
of the FA [1453]. These signals are absent in the spectrum of Fud-P403 but become
clearly visible in FA-Fud-P403, providing direct evidence for the successiul grafting

of FA ento the polymeric backbone.

-OCH,-CH,O (PEO) -CH,

-~

| I:IIF!"“

Figure 3.8. The 'H-NMR result of FA-Fud-P403
Furthermore, the successtul conjugation of FA into the Fud-P403 copolymers

was evaluated using U'V-Vis speciroscopy. as presented in Figure 3.9, The degree of

FA incorporation was gquantified at 280 nm corresponding to the m-n* electronic
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transition of the pteridine ring in FA. Based on a calibration curve established from
FA solutions at different concentrations, the FA content in the FA—Fud-P403
copolymers was calculated 10 be approximately 5.31% [146], Overall, the combined
FT-IR. "H-NMR, and \I'V-Vis spectral evidence confirms the successful synthesis of
the FA-Fud-P403 copolymers highlighting the efficiency of the conjugation strategy
. and demonstrating that the final system integrates the targeting functionality ol FA
with the structural and amphiphilic properties of the Fud-P403 platform. Importantly.
the presence of FA is expected to provide effective ligand-receptor interactions
without significantly altering the physicochemical stability or self-assembly behavior

of the polymer system.
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Figure 3.9, The UV-Vis results of Fud-P403, FA, and FA-Fud-P403
3.1.2. Physicochemical characterizations of FA-Fud-P403
3121 CMC determination of nanogels
[he CMC value is a key parameter for evaluating the stability of nanogels in

aqueous media as well as their capacity 1o encapsulate hyvdrophobic drugs, In this
study, the CMC was determined using the iodine method, using the iodine ions
penctration into the hvdrophobic PPO domains of P403 that converted 157 1o [: in the
presence of excess KI. Below the CMC. the copolvmers predominantly exist as
ummers rather than micelles: thus, no sigmiticant conversion of I to I: ocours, and
the absorbance of the solution remains unchanged. Once micelles begin to form, 15 is

transformed into 1z which entrapped within the hydrophobic PPO core, resulting in a
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marked increase in absorbance intensity. The CMC value was defined as the minimum
concentration required for amphiphilic copolymers 1o spontaneously self-assemble
into thermodynamically stable micellar structures. Above this threshold, hydrophobic
scgments aggregate to form a compact inner core, while hydrophilic chains bearing
terminal <OH groups extend into the surrounding agueous phase. generating a core-
shell architecture, which enables efficient encapsulation of hydrophobic drug
molecules within the core and contributes 1o the structural integrity of the nanocarrier
svstem. A low CMC value rellects high thermodynamic stability of the assembled
micelles, indicating strong intermolecular interactions within the hydrophobic
domain. This property is crucial for maintaining micelle integrity under extreme
dilution conditions, thereby reducing premature disassembly and improving the
likelihood of successful drug delivery to the target site. Herein, we investigated the
ability of nanogels to self-assemble and aperegate into micellar structures in aqueous
solution by iedine method as previously reported [11]. In this study. the self-assembly
behavior of the nanogels in aqueous solution was evaluated using the iodine probe
method. As summarized in Table 3.1, the amphiphilic Fud-P403 copolymers exhibited
CMC values ranging from 86.67 to 240.21 ppm. Notably, increasing the degree of
P403 conjugation resulted in decreasing in CMC valoe that attribute to the higher
proportion of PP segments within the copolymers structure. The extended PPO
chamns enhance the overall hydrophobic character of the copolymers, leading 1w a
reduction in HLB and consequently lowering the CMC value, Therefore, Fud-P403
{19 widwt) was selected for subsequent further FA conjugation. drug encapsulation
and other evaluation. underscoring its promise as a potent and biocompatible
nanocarrier for combination cancer therapy

After FA conjugation, the CMC of FA-Fud-P403 was determined to be 74,34
pe/mb. which 1s markedly lower than that of the parent Fud-P403 copolymers.
ndicating o significantly enhanced self-assembly tendency. This reduction in CMC
can be directly correlated with the introduction of FA, in which aromatic ring and
relatively hydrophobic structure increases the overall hyvdrophobie character of the
FA-Fud-P403 copolymers [ 151]. FA not only contribute hvdrophobicity but may also
promote additional intermolecular interactions, such as n—m stacking between aromatic
rings. which further stabilize the assembled micellar structure. These cooperative

interaciions strengthen the core-torming tendency of the PPO segments and enhance
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the cohesion of the hvdrophobic domain, enabling micellization to occur at
significantly lower polymer concentrations. The reduction in CMC is particularly
important in the context of biological applications. Upon systemic administration,
nanocarriers are dilution in the bloodstream, which can destabilize micellar svstems
with relatively high CMC values, leading to premature disassembly and drug leakage.
The lower CMC of FA-Fud-P403 ensures that the nanogels remain structurally intact
even under highly diluted physiological conditions, thereby preserving their drug-
leading capacity and preventing faster release acceleration of encapsulated agents.
Morcover. the enhanced stability of the micellar core directly contributes to improved
solubilization of hydrophobic drugs, as the strengthened hvdrophobic environment
provides a more favorable reservoir for drug retention. At the same time, the stable
core—shell architecture supports controlled and sustained drug release profiles, which
are essential for maintaining therapeutic drug levels over extended periods. Owverall,
the decrease in CMC following FA conjugation reflects a critical improvement in the
self-assembly behavior and physicochemical stability of the nanogels svstem.
enhancing stability under physiological dilution conditions that not only ensures
efficient drug encapsulation and retention but also supports prolonged systemic
circulation and tmproved bioavailability at target sites, Such propertics are essential
for maximizing therapeutic efficacy and underscore the advantage of incorporating FA
as both a targeting ligand and a structural modulator in advanced drug delivery
platforms.
Table 3.1. The CMC value of Fud-P403 and FA-Fud-P403 nanogels

Sample (wiiwi) CMC value {ppm)
= Fud-P403 (1:3) 240.21 + 1.76
Fud-P403 (1:6) 21853 +3.76
Fud-P403 (1:9) |86.67 + 2.63
Fud-P403 (1:12}) 206.21 £ 1.85
FA-Fud-P403 T4.34 £ 5324




A
=

3122 Nize distribution and zeta potenial of nanogels

According to the DLS analysis (Table 3.2). the physicochemical characteristics
of Fud-P403 nanogels were strongly dependent on the grafting ratio between Fud and
P403, indicating that the self-assembly behavior of the copolymers svstem is governed
bv o delicate hydrophilic—hydrophobic balance. As the grafting ratio increased from
I:3 o 139, the hyvdrodyvnamic diameter significantly decreased from 503,19 + 185,93
nm to 241.08 + 6.12 nm. Importantly, the size reduction can be mechanistically
attributed 1o strengthened hydrophobic interactions among the PPO segments of P403.
The increased PPO content enhances core-forming hydrophobic interactions driven by
entropy gain from water molecule release. thereby promoting tighter micellar packing
and thermodynamically more stable nanostructures. The lowest PDI value (0.29 +
(1.249) observed at the 1:9 grafting ratio further confirms the formation of a relatively
homogeneous nanoparticle population. suggesting that this composition approaches
an optimal amphiphilic equilibrium, However, further increasing the grafting ratio to
1:12 resulted in a marked enlargement of particle size (518.17 + 71.24 nm) and a
broader distribution (PDI = .52 + (.192). This phenomenon likely arises from
excessive hydrophobic domain incorporation, which disturbs the hydrophilic—
hvdrophobic balance and promotes interparticle aggregation rather than controlled
intramolecular seff-assembly. Steric congestion along the polvmer backbone mav also
hinder proper micellar compaction, favoring intermolecular association and thus
increasing particle size.

The surface charge characteristics further elucidate the physicochemical
stability and structural evolution of the nanogels system. Fud-P403 nanogels exhibit
negative zeta potentials in the range of —17.70 to —24.25 mV. which can be primarily
attributed to the abundant sulfate (-50:7) groups present on the Fud backbone. These
negatively charged functionalities generate electrostatic repulsion between particles,
thereby contributing to colloidal stabilization and preventing premature aggregation
in aquecous environments. Specifically, the FA-Fud-P403 nanogels display a
significantly reduced hydrodvnamic diameter of 115.1 = 6.00 nm, suggesting that FA
conjugation induces structural compaction rather than expansion, This behavier can
be mechanistically rationalized by considering the physicochemical nature of FA. The
presence of aromatic rings and relatively hvdrophobic domains within the FA structure

promotes additional intramolecular interactions, including hydrophobic association
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and potential m—x stacking between adjacent FA moieties that effectively reduce chain
mobility at the nanogels, leading to contraction of the shell laver and formation of a
more compact and tightly organized core—shell structure [147]. FA conjugation leads
o a substantial increase electronegativity in the zeta potential, shifting from
approximately -20.05 + 1.02]1 mV 1w -38.6 £ 1.2 mV that can be attributed 1o the
incorporation of carboxylate (—COO™) groups from FA, which act sulfate groups of
Fud 1o inerease overall surface electronegativity. The contribution from terminal PEO
segments, which facilitate hvdration and surface exposure of charged groups. may
further amplify this effect. Importantly, the zeta potential exceeding 30 mV (in
absolute terms) s widely recognized as a critical threshold for achieving strong
electrostatic stabilization, as it provides sufficient repulsive force to counterbalance
altractive interactions such as van der Waals forces [ 148], increasing in surface charge
not only reinforces colloidal stability but also having important biological
imphications, A high negatively charged surface can reduce nonspecific protein
adsorption and opsonization, thereby potentially prolonging systemic circulation and
improving biodistnbution. Moreover, the strong agreement between the enhanced zeta
potential and the FA content determined by UV—-Vis analysis provides evidence for the
successtul and efficient conjugation of FA onto the Fud-P403 framework. Taken
together. the reduction in particle size, increase in surface charge and maintenance of
asize distribution collectively indicate that FA conjugation does not merely introduce
targeting functionality but actively modulates the self-assembly behavior of the
nanogels system. The resulting nanostructure enhances stability, reflecting a
synergistic interplay physical organization [ 14%9]. Application standpoint, the particle
size of approximately 115 nm, with high colloidal stability is particularly favorable
for systemic drug deliveryv. Nanocarriers within this size regime are well-suited to
exploit the enhanced permeability and retention (EPR) effect, allowing efficient
accumulation in tumor tissues while avoiding rapid renal clearance and minimizing
uptake by the mononuclear phagoeyte system [150], Therefore, the optimized
physicochemical properties of FA-Fud-P403 nanogels not only  validate the
effectiveness of the design strategy but also highlight their strong potential as a robust

and multifunctional plattorm for targeted and combination anticancer therapy.



Table 3.2. The size distribution and Polvdispersity Index (PDI) of Fud-P403 with
various grafted ratio and FA-Fud-P403

Sample (wifwt) Diameter {nm) P Zeta potential {mV)
_Fud-PJ[E (1:3) | 503.19+ 18593 .37 + 0.168 -24.25 + 1. 485
Fud-P403 (1:6) 1088+ 10,48 041£0262 | 22704 3561
Fud-P403 (1:9) 24108 +£6.12 029+ 0,249 -20.05+ 1.021
Fud-P403 (1:12) | 51817+ 71.24 0.52+0.192 -18.40 = 2,394
FA-Fud-P403 115.1 £ 6.00 0.42 = (1358 386+ 1200

3.2. Characterization of FA-Fud-P403@Cur/Cis
3.L.1. Structural characterization of FA-Fud-P403@Cur/Cis

The co-encapsulation of Cur and Cis within FA-Fud-P403 nanogels is primarily
driven by a combination of hydrophobic and electrostatic interactions, arising from
the amphiphilic nature of the P403-based system and the distinct physicochemical
propertics of the two drugs. The hydrophobic PPO segments self-assemble into a core
that favars the incorporation of hydrophobic compounds. while the surrounding
hydrated PEO shell and interfacial regions offer a more polar microenvironment
suttable for hydrophilic or partially charged species [146]. Cur. a highly hydrophobic
polyphenol with an extended conjugated aromatic structure. is preferentially localized
within the PPO core, supported by UV-Vis spectroscopy, where the dual drug-loaded
nanogels display a characteristic absorption peak at 426 nm (Figure 3.10).
corresponding to the m-n* transition of the diketone group of Cur [152]. In addition,
FI-1R analysis shows absorption bands at 1316-1509 ¢m™ attributed 1o C=0and C=C
stretehing vibrations of Cur, along with a shift in the C=C stretching band from 1653
e 1o 1639 em™ upon encapsulation (Figure 3.11). These spectral changes indicate
strong intermolecular interactions and confirm the confinement of Cur within the

hvdrophobie nanogels core
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Figure 3. 10, The UV-Vis resalt of Cur, FA-Fud-P403, and FA-Fud-P403@ Cur/Ciy

Meanwhile, Cis is a polar platinum complex that is primarily driven by
electrostatic interactions and coordination bonds in aqueous solution between Pt of
Cis and sulfate groups (-0805-) of the Fud chains that is mainly localized on the
surface or the hydrophilic shell of the nanogels svstem [133]. evidenced by the
emergence of FI=IR absorption bands in the range of 32003000 cm™, corresponding
to N-H stretching vibrations of Cis in FA-Fud-P403 @ Cur/Cis nanogels [ 1 54] (Figure
310} that confirms the successtul co-encapsulation of Cur and Cis within the FA-Fud-
P4u3 nanogels through a spatially differentiated loading mechanism, wherein Cur is
predominantly confined within the hydrophobic PPO core, while Cis is associated
with the interfacial or shell regions via hydrophobic and electrostatic interactions
[46.155] which not only enhances drug-loading stability but also mitigates premature
Cis hvdrolysis while preserving Cur in a protected hyvdrophobic microenvironment,

thereby controlled release behavior,
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Figure 3.11. The FI-IR results of FA-Fud-P403, FA-Fud-P403@ Cur, and FA-
Fud-P403@ Cur/Cis
3.2.2. Entrapment efficiency and morphological properties of FA-Fud-P4i3
nanogefs

The co-encapsulation behavior of Cur and Cis within the nanogels is
intrinsically governed by the structural characteristics of the FA-Fud-P403 carrier,
particularly the length of the PPO core, The drug-loading study clearly demonstrates
that the extended PPO segment of P403 (70 units) playvs a decisive role in enhancing
drug accommodation through intensitied hydrophobic interactions and electrostatic
attractions with the encapsulated agents. As shown in Figure 3.12A, FA-Fud-P403
achieved remarkably high entrapment efficiencies of 95,72% for Cur and 68.34% for
Cis, underscoring the importance of hydrophobic domain engineering in nanogels

design. Mechanistically, the enlarged PPO core provides a stable microenvironment
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that favors the partitioning of hvdrophobic drug molecules explaining to strong
affinity of Cur toward the PPO core compared 1o Cis that is further reinforced by
extensive intermolecular hydrogen bonding between the methoxyl and hydroxyi
groups on Cur's aromatic rings and the functional groups of the FA-Fud-P403
nanogels, as well as interactions involving Cur’s aliphatic carbony] chain [156]. These
findings collectively highlight the structure—inieraction-loading relationship that
zovems the differential encapsulation behavior of the two drugs.

Importantly. the excellent colloidal stability observed is relatively high absolute
zeta  potential values reported in Figure 3.12B. further confirming the
physicochemical robustness of the FA-Fud-P403 nanogels svstem. Afrer the co-
loading of Cur and Cis. the zeta potential exhibited a slight decrease from 386+ 1.2
mV 1o =339 + 2.4 mV, attributing to the partial surface localization of Cis. which
carries positively charged species under physiological conditions. The presence of
negatively charged sulfate groups of Fud leads 1o a reduction in surface
electronegativity. Mevertheless. despite this decrease, the absolute zeta potential
remains well within the range of £30-60 mV. which is widely recognized as a
threshold for maintaining strong electrostatic repulsion between colloidal particles
[146]. Such repulsive interactions effectively prevenl aggregation, preserving
nanoscale dispersion over extended periods reduce nonspecific serum  protein
adsorption. and minimize opsonization. thereby enhancing dispersion stability in
biological environments [157]. In addition, a high surface charge contributes to
reducing nonspecific protein adsorption and limiting opsonization processes in
biclogical environments. which are critical factors influencing nanoparticle clearance
and biodistribution, Consequently, the maintained zeta potential values strongly
support the observed long-term colloidal stability and suggest favorable behavior
under physiological conditions [158], Upon co-encapsulation of Cur and Cis, the
hvdrodynamic  diameter showed only a marginal increase. with FA-Fud-
P03 Cur/Cis exhibiting an average size of | 38.8 = 3.68 nm as determined by Figure
3.12C. This shight enlargement reflects the successful incorporation of drugs into the
nanogels core without inducing structural disruption or aggregation. The preservation
of size distribution which 15 essential for reproducible biological performance. In
contrast, TEM images (Figure 3.12D) reveal spherical nanogels with o significantly

smaller average diameter of approximately 71.2 £ 1.17 nm, The difference between
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DLS and TEM measurements explained by measurement conditions, DS determines
the hydrodynamic diameter of particles in a fully hydrated and swollen siate, including
the solvation laver and polvmer chain extension in aqueous media. Conversely, TEM
analvsis is conducted under dry conditions, where solvent removal leads to contraction
of the polymer network, resulting in smaller observed particle sizes. The particle size
of =140 nm falls within the optimal range for passive tumor targeting via the enhanced
permeability and retention (EPR) effect. Nanoparticle size are suitable to avoid rapid
renal clearance as well as efficiently extravasate through the leaky vasculature of
tumor tissues while minimizing uptake by the mononuclear phagocyvie system. This is
critical for achieving prolomged svstemic circulation and  enhanced tumaor
accumulation [159]. Collectively, these results highlight that the structural design of
FA-Fud-P403—particularly the incorporation of a hydrophobic PPO core and
hydrophilic PEO shell—not only enables efficient co-encapsulation of both
hvdrophobic (Cur) and relatively hvdrophilic (Cis) drugs, but also imparts excellent
colloidal stability, controlled size distribution. and favorable surface properties. These
physicochemical attributes are directly correlated with improved in vive performance,
underscoring the potential of this nanogels system as a highly effective platform for

targeted and svnergistic cancer therapy.
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Figure 3.12. (A} The emtrapped efficiency (EE) and drug-loading (DL%). (B)
Zeta potential, (C) Hydrodynamic sizes, and (D) TEM images (Scale bars = [l
mm) of drug loaded FA-Fud-P403 nanogels

3.3, Stability of drug-loaded nanogels

Nanogels systems are prone (o colloidal instability in agueous and biological
environments. where interparticle interactions, ionic strength, and protein adsorption
may induce aggregation, leading 1o increased particle size. Therefore. evaluation of
collondal stability under physiologically relevant conditions is essential to in vive
behavior. As depicted in Figure 313, the hydrodynamic diameter of FA-Fud-
P03 Cur/Cis nanogels was monitored over 96 h in PBS (pH 7.4) and MEM medium.
In both conditions, the nanogels exhibit only an increase in particle size, with all values
consistently remaining below 200 nm throughout the study. This behavior confinms
that the nanogels system maintains its colloidal integrity even in prolein-conlaining
media. The slight increase in particle size can be rationalized by dvnamic interfacial
phenomena rather than instability. In PBS, this effect is primarily associated with
hvdration layer expansion surrounding the hydrophilic PEO corona, In MEM,
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additional contributions from protein corona formation are expected, arising from
nonspecific adsorption of hiomolecules onto the nanogels surface. Importantly, these
progesses remain controlled and reversible, as evidenced by the absence of
uncontrelled particle growth. Mechanistically, the excellent stability of the system can
be attributed 1o svnergistic steric and electrostatic stabilization. The PEO chains
provide a dense hvdration shell that generates steric repulsion, while the negatively
charged sulfate groups of Fud introduce ¢lectrostatic barriers that prevent particle-
particle contact. This dual stabilization mechanism effectively suppresses aggregation
even under conditions of high tonic strength and biological complexity, Maintaining
particle sizes below 200 nm is critically important for exploiting the enhanced
permeability and retention (EPR) effect. enabling preferential accumulation in tumor
tissues while avoiding rapid renal clearance (<10 nm) and minimizing opsonization
and uptake by the mononuclear phagocvte svstem [139). Consequently, such size
stability contributes to prolonged circulation time and improved tumor largeting
ethiciency. Collectively, the mmmimal size vanation and sustained nanoscale
dimensions over 96 h demonstrate that FA-Fud-P403@Cur/Cis nanogels possess
robust colloidal stability under physiological conditions. This property is fundamental
for ensuring reproducible in vive performance and highlights the suitability of this
svstem as 4 relable platform lor targeted drug delivery.
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Figure 3.13. The colloidal stability of FA-Fud-P4030 Cur/Cis nanogels in PBS
and DMEM media by DLS
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The enhanced stability of Cur wpon encapsulation within FA-Fud-P403
nanogels highlights the eritical role of the polvmeric microenvironment in protecting
labile hydrophobic drugs under physiological conditions [160]. As demonstrated in
Figure 3.14, free Cur underwen! rapid degradation in both PBS (pH 7.4) and MEM
media, with its remaining content dropping dramatically to approximately 20% within
48 h. This pronounced instability is consistent with the intrinsic chemical
susceptibility of Cur, which readily undergoes hydrolvtic degradation, oxidative
transformation, and structural breakdown in aqueous environments, particularly under
neutral or slightly alkaline conditions [156], In contrast, Cur encapsulated in FA-Fud-
P45 @ Cur/Cis nanogels retained more than 80% of its initial content even after 96 h
of incubation. Such a substantial improvement cannot be attributed solely to physical
entrapment but rather reflects a synergistic stabilization mechanism arising from the
amphiphilic nanogels architecture. Firstly, the hydrophobic domains formed by the
P403 scgments create a compact core region that serves as a thermodynamically
favorable reservoir for Cur. Strong hvdrophobic interactions between Cur and the
polvmer chains reduce drug ditffusion into the surrounding aqueous medium, thereby
limiting direct exposure to water molecules and dissolved oxygen—iwo primary
drivers of Cur degradation [161]. These hydrophobic regions effectively suppress
hyvdrolysis and oxidative cleavage pathways, Secondly, the nanogels network likely
restricts molecular mobility within the core, generating a confined microenvironment
that slows chemical transformation Kinetics. The reduced diffusion rate of reactive
species into the core further contributes to stabilization. In this context. the nanogels
gcts not merely as a carrier but as a protective nanoreactor that modulates the local
chemical environment of Cur. Interestingly, the stability of Cur in MEM medium was
comparable to that observed in PBS, suggesting that the nanogels structure effectively
resists serum-associated destabilization mechanisms. This indicates that protein—
nanogels interactions do not significantly disrupt the hydrophobic core or accelerate
drug diffusion. reflecting structural cohesion of the FA-Fud-P403 network, Overall,
the FA-Fud-PH3@CurCis nanogels demonstrate excellent colloidal stability and
strong  drug-protective  capability  under phyvsiological and  serum-mimicking

conditions, supporting their suitability for svstemic anticancer drug delivery.
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Figure 3.14. The chemical stability of free Cur and Cur-loaded FA-Fud-P403
managels in PBS and DMEM media for 96 hours

3.4 In vitro drug-released profiles and release Kinetics of drugs from nanogels
3.4.1 In vitre drug-released profiles

The controlled and sustained release behavior of Cis/Cur from FA-Fud-P403
nanogels plays a pivotal role in optimizing therapeutic efficacy while minimizing
svstemic toxicity. By maintaining drug concentrations within the therapeutic window
over extended penods, such svstems reduce the high dosing frequency and limit of¥-
target exposure to healthy tissues [137]. In this study, i vitre release studies were
systematically conducted under two physiologically relevant pH conditions (pH 7.4
and pH 5.5) which mimick the normal physiological environment and the mildly
acidic umor microenvironment, respectively [13]. As illustrated in Figure 3.15. the
free drug forms of Cis and Cur exhibited a rapid release profile, characterized by an
initial burst release and complete diffusion within 24 h at both pH conditions. This
behavior reflects the absence of any diffusion barrier or retention mechanism, leading
to uncontrolled drug availability and potential svstemic toxiciiy. In contrast, the FA-
Fud-P403a Cur/Cis nanogels svstem displayed a markedly sustained and controlled

release during extented 96 h period. demonstrating the effective encapsulation and
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retention capability of the nanocarrier. At pH 3.5, the release profiles showed a
sigmificantly enhanced drug release, with approximately 75.6% of Cis and 60, 79% of
Cur released over the studied period. This accelerated release under acidic conditions
can be attributed to protonation of lunctional groups within the nanogels matrix,
meluding amine and sulfate moieties. Such protonation weakens electrostatic
interactions and disrupts hydrogen bonding within the polymeric network, leading to
partial swelling or destabilization of the nanogels structure [161]. Consequently, the
micellar core-shell architecture facilitates faster diffusion of the encapsulated drugs
inio the :-L_Llrn}unn;!ing medium. In contrast, at physiological enviroment (pH 7.4}, the
nanogels system exhibited a substantially slower release profile, with only 46.41-
35.62% of Cis and 38.17-45,16% of Cur released over the same duration, Under these
conditions, the polymer network remains relatively stable, supported by stronger
mtermolecular interactions micelldr structure. This stability effectively restricts
premature drug leakage during svstemic circulation, thereby enhancing drug retention
and improving in vive safety. Notably, the release rate of Cis was consistently higher
than that of Cur under both pH conditions. This difference can be rationalized by
considering the distinct physicochemical properties and interaction mechanisms of the
two drugs within the nanogels core, Cis. being relatively more hvdrophilic and less
strongly associated with the hydrophobic domains of the micelle, is more readily
released upon structural relaxation. In contrast. Cur exhibits strong hydrophobic
interactions with the PPO core, resulting in greater encapsulation and slower diffusion
kinetics [162]. These differential release behaviors further support the role of
hvdrophobic interactions as a key factor governing the pH-responsive release
characteristics of the nanogels system. Overall, the FA-Fud-P403 nanogels
demonstrate a well-defined pH-dependent release profile, characterized by enhanced
drug release under acidic conditions and sustained retention at phyvsiological pH. This
dual behavior is highly desirable for targeted cancer therapy, as it enables preferential
drug release at tumor sites while minimizing premature leakage in the bloodstream.
Such controlled and  stimuli-responsive release properties not only  improve
therapeutic efficiency but also contribute to reducing systemic side eifects. thereby
highlighting the potential of this nanoplatform as an effective and intellizgent drug

delivery system.



(A} 1004 —=— free i in pH 5.5 (B} 10 —=— Froe Car in pH 5.5
] —a— Freq Cia in pHl 7.4 —e— Frue Cur in phl 7.4
= —d— FA-Fud-PA03E CariCis in pH 55| = i o Frnd- PR G uriCis in pH 5.5
T HO —v— FA-Fud-PAOYECarCis mpH 74| £ 507 e B PSS i 0 C e 0 pH 7.4
8 i
B hi- [
£ 401 B
3 3
E 204 E
E E
~ S
[IE
1 4 iH 72 % o 24 R
Time (Hours) Time {hours)

Figure 3.5, The in vitro pH-responsive release profiles of (A) Cur and (B} Cis in
the forms of free and FA-Fud-P403 nanoformulations

3.4.2. Release kinetics of drugs from nanogels
The in viftro drug release behavior of FA-Fud-P403 nanogels was svstematically
investigated under both acidic (pH 5.5) and physiological (pH 7.4) conditions to
elucidate the underlving release mechanism and its correlation with nanogels
structure. As summarized in Tables 3.3-3.4, kinetic fitting analysis revealed that the
release profiles of both Cis and Cur were predominantly diffusion-controlled. Among
the evaluated mathematical models, the Korsmeyer—Peppas model provided the best
descripiion of the expenmental data, as evidenced by the greatest correlation
cocthicients (R°) compared to other mathematical models, ranging from 0.9674 1o
0.9927 for Cis and from 09548 10 0,9919 for Cur. Notably, the release exponent (n)
values for both drugs were ranged from 0.26 to (.36, indicating that drug release from
the FA-Fud-P403 nanogels follows a predominantly Fickian dilfusion mechanism.
This observation suggests that the release process is govemed primarily by
concentration-gradient-driven  diffusion through the nanogels matrix rather than
polymer chain relaxation or matrix erosion. Although the release mechanism is
diffusion-dominated. the dissolution behavior of the encapsulated drugs differed
markedly from that of their free counterparts, Free Cis and Cur exhibited rapid
dissolution, as rellected by shont MDT value of 4. 822-53.303 h for Cis and 4.1 16-4.576
h for Cur. In contrast, co-encapsulation within FA-Fud-P403 nanogels resulted in a
dramatic prolongation of MDT, reaching R3.981-268.577 h for Cis and 1291109
3410759 h for Cur. depending on the pH condition {Table 3.5-3.6). This pronounced
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increase in MDT demonstrates that, despite following Fickian diffusion. drug transport
within the nanogels 1s substantially hindered. The extended MDT can be directly
attributed to the structural characteristics of the FA-Fud-P403 carrier, particularly the
presence of highly hyvdrophobic PPO core. The hydrophobic PPO domains provide a
stable microenvironment that enhances drug-polymer interactions. increases diffusion
pathwayvs, and effectively restricts molecular mobility within the nanogels matrix. This
effect is especially pronounced for Cur, whose hydrophobic aromatic structure favors
stronger interaction into the PPO core, resulting in slower diffusion and more
sustained release compared to the relatively more hydrophilic Cis. Collectively, these
findings demonstrate that the rational design of the FA-Fud-P403 nanogels enables
precise control drug release behavior by combining diffusion-dominated Kinetics with
strong hydrophobic retention. By effectively suppressing burst release and prolonging
drug residence time, this nanogels system emhances the sustained release and
bioavailability of both Cis and Cur. Such controlled release characteristics are highly
desirable for cancer therapy, as thev are expected to maintain therapeutic drug
concentrations over extended periods, reduce systemic toxicity. and ultimately
improve antitumor efficacy.

Table 3.1, The compatibility of Cis released in four Kinetic modes

The mathematical models of Cis-released Kinetics

Cis Korsmeyer-
. pH | Zero order | First order | Higuchi 4
Formulation Peppas
Ko | R Ki R | Kn | R | Ky n R’
Cis 3510003 | 033 | 032 10095 014 | 0.96 | 0.38 | 034 [ 0.97
ki 3.3 | 0001 | 084 | 0001 1092 | 0.06 [ 0.97 | 0.22 | 027 | 0.99
e ‘ ' . o . ; e i - :
P403a Cur/Cis
Cis T4 1003 (0,70 | -026 | 096 [ 0.19 | .84 | 034 | 0.36 | 0.99
I'A-Fud-
= 741000 |0O88 ) -001 | 095 | 004 | 098 | 015 | 027 | 0.98
P403 Cur/Cis

Table 3.2. The compatibility of Cur released in four Kinetic modes

c The mathematical models of Cis-released Kinetics
ur

pH | Zero order | First order | Higuchi Zero order

Formulation

| R: K R? Kn R Kn n -




Cur 551002 059 | =045 [ 093 | 0.12 | 081 | 046 | 027 | 0.96
Py 55 000 [ 088 | =001 094 [ 003 [ 0,95 | 0.14 | 0.32 | 0.98
P403 1@ Cur/Cis
Cur TAL1003 | 068 | 034 | 095 | 020 | 085 | (0,42 | 029 | 0,97
s 741000 |0.87 =001 | 091 [0.04 [ 093] 009 ] 0,35 ] 0,98
P403a Cur/Cis

Table 3.3, The dissolution parameter of Cis release from the FA-Fud-P403 @ Cur/Cis

i Order
Cis tase tsa tose tan= MDT
formulation pEt) of (hours) | (hours) | (hours) | (hours) | (hours)
release
FreeCis | 5.5 | Fickian | 0.308 | 2430 | %142 | 14023 | 4822
o 5.5 |Fickian | 2.196 | 29605 | 135.597 | 268,797 | §3.98]
Pa403aCur/Cis :
Free Cis 7.4 | Fickian | 0.410 2878 G001 13,031 5,303
FA-Fud- o ] ] ]
P03 @Cur/Cis 7.4 | Fickian | 7.468 | 97.100 | 435.383 | 854.857 | 268.577

Table 3.4. The dissolution parameter of Cur release from the FA-Fud-P403@Cur/Cis

Order
Cur H f Fagey, Lz, L5 Tapeg MDT
L]
formulation P (hours) | (hours) | {(hours) | (hours) | (hours)
release
Free Cur | 5.5 | Fickian | 0.1122 | 14762 | 6.6643 | 13.1251 | 4.1162
FA-Fud- .
L | 5.5 | Fickian | 65757 | 59.5668 |216.1966 | 3R6.0013 | 1291109
P03 @ Cur/Cis
Free Cur 74 | Fickian | 0.165] 1.83940) 7.5336 [4.2032 4.5756
Pty .?4 .F' ki 232563 | 1764075 [ 3771235 | 983 4004 | 3« i
pa3@Cur/Cis | 7 ickian 25363 : 5771235 3: 3410754

3.5, [ vitro hemolysis assay

Hemocompatibility 1s a fundamental requirement for nanocarriers designed for

intravenous administration, as it reflects their potential to interact safely with red blood

cells {RBCs) in circulation. In this context. the hemolvsis assay serves as a reliable

indicator of membrane integrity and cyvtotoxic effects induced by the tested materials.
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As shown on Figure 3.16, the hemolvsis rate reveal that free Cur and Cis induced
noficeable hemolysis al concentrations ranging from 25 to 100 ppm, with values
exceeding the 5%  threshold, suggesting significant disruption of ervthrocyie
membranes. In contrast, nanogels incorporating both drugs (FA-Fud-P403 @ Cur/Cis)
exhibited markedly reduced hemolytic activity, with all measured values remaining
below 3%, thereby meeting the ¢riteria lor non-hemolytic materials [164). This
reduced foxicity can be explained by the nano-architectural design of the carrier. The
hydrophobic PPO domains act as a effectively shielding them from direct contact with
RBC membranes. Taken together, these observations indicate that encapsulation
within the FA-Fud-P403 nanogels matrix significantly improves blood compatibility
while preserving drug functionality, Such a balance between safety and performance
highlights the suitability of this system as a promising platform for systemic drug
debhvery, particularly in anticancer applications where minimizing off-target toxicity

i5 essential
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Figure 3.16. (A) The hemalysis rate after treatment with free Cur/Cis and FA-
Fud-P403a)Cur/Cis nanogels ai various concentrations and (B) the images of
erythrocyies after ireament with free Cur/Cis and FA-Fud-Pa403 @ Cur/Cis
nanegels af 100 ppm

2. I vifro cytotoxic assay
3.6.1. The cytotoxicity of nanogels on various cell lines

The biological satety and tumor-selective response of FA—Fud—P403 nanogels
were investigated through a series of in vitro evaluations using both normal and
cancerous cell models. Human dermal fibroblasts (HDEF) were selected to represent
healthy cells, while MCF-7 breast cancer cells were used to assess anticancer activity.,
Cell viability and membrane integrity were examined via WST-1 and Live/Dead
assavs. respectively. The results shown on Figure 3. 17A indicate that FA-Fud-P403
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nanogels exert mimmmal toxicity toward HDF cells. with viability remaining above
80% even at 125 ppm. This outcome demonstrates that the material satisfies
commonly accepted cviocompatibility benchmarks outlined in [SO 10993 guidelines
and regulatory frameworks recognized by the FDA [146]. In contrast, a markedly
different response was observed in MCF-7 cells. Exposure to the FA-Fud-P403
nanogels lormulation resulted in a significant cvtotoxicity on MCF-T7 cell line, with
the decrease to 58.07% in cell viability, suggesting a preferential inhibitory effect on
cancer cells, Thas selective behavior 1s likely govemned by the specific recognition of
FA onto nanogels folate receptor. In addition, physicochemical properties of the P403
segment, particularly its hvdrophobic PPO chains of P403 also cause to reduce cell
viability of cancer cell line by enhancing interactions with lipid membranes and
intracellular structures, thereby disrupting mitochondrial function and limiting ATP
generation, which 15 essential for rapid cancer cell proliferation, Furthermore, the
P403 component has been reported to interfere with the function of P-glycoprotein, a
membrane transporter responsible for drug efflux in resistant cancer cells. By
modulating this pathway, the nanogels may promote higher intracellular retention of
therapeutic agents, thereby enhanced their anticancer ¢fficacy. The Live/Dead staming
resulis (Figure 3.17B) further support these findings. HDF cells predominantly
exhibited green fluorescence, confirming high viability, whercas MCF-7 cells showed
a signihicant imcrease in red fuorcscence. indicative of cell death, Overall, these
observations highlight that FA-Fud-P403 nanogels combine good compatibility with
normal cells and a distinet eytotoxie eflfect against cancer cells. underscoring their

promise as a targeted nanocarrier system.
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Figure 3.17. The in vitro cytetoxicity profiles of FA-Fud-P403 nanogels toward
normid cells (HDF) and cancer cells (MCF-7). {A) Cell viability assessed by WAT-
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I assay. (B) Live/Dead staining (calcein-AM/PL) after 24 k incubation with bare
nanogels (125 pp)

Meanwhile, after drug loading, a notable difference in cyvioloxicity was
observed between FA-Fud-P403 depending on  the single and  dual-drug
nanoformulation. As illustrated in Figure 3.18A, the Cis-loaded formulation (FA-
Fud-P403 @ Cis) induced pronounced texicity in HDF cells across the all tested
concentration (6.25—100 ppm). suggesting a relatively rapid release of the drug and
limited control over its distribution. In contrast, the co-loaded svstem (FA-Fud-
P03 @ Cur/Cis) exhibited a more lavorable evtocompatibility profile toward normal
cells. This improvement can be associated with enhanced stabilization of the payloads
within the hydrophobic P403 core, which restricts premature drug diffusion and
promotes a more sustained release behavior. Such controlled release reduces acute
exposure of healthy cells 1o evtotoxic concentrations that further refinement is still
required to optimize selectivity,

From a therapeutic standpoint, the co-delivery strategy offers a means to
overcome the inherent drawbacks of Cis and Cur. including poor pharmacokinetics,
limited tumor selectivity, and systemic side effects. The anticancer performance of
these nanoformulations was evaluated in MCF-7 cells (Figure 3.18B). Notably, the
dual drug-loaded nanogels demonstrated significantly greater suppression of cancer
cell proliferation compared to the single-drug system across all tested concentrations.
This enhanced efficacy can be rationalized by synergistic mechanisms at the cellular
level. The nanogels platform s capable of modulating ATP-dependent drug efflux
transporters, such as P-gp, MRP1. and BCRP, which are tvpically responsible for
reducing mtracellular drug accumulation. Their inhibition leads to increased retention
of Cis within cancer cells, thereby amplifving iis eviotoxic ¢ffect. Cur acts through
multiple complementary pathways: it downregulates HER2-associated signaling,
suppresses NE-kB-mediated inflammatory responses, and interferes with cell cyele
progression. In particular, Cur induces G1 phase arrest via cyelin D1 suppression,
which limits  proliferative capacity and enhances cellular sensitivity  to
chemotherapeutic stress [ 166, Overall, the integration of controlled drug release and
multi-target biological activity results in a pronounced inhibition of tumor cell zrowth
while partially mitigating toxicity wward normal cells. These findings highlight the

potential of FA-Fud—P403 nanogels as an effective co-delivery platform for
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combination chemotherapy, capable ol improving therapeutic outcomes through both

physicochemical and biological synergisms.

(A) oo i (®) 625ppm | sample | Meml) |
;_1 pRin LL3 pprm Ch | TeS £ 075
i TEPOM | pacFul Pl | 1136406
B ppum Hppm  [E e e Cie | (00T 4 D |
= 1189 prem - g ——
= e
é’_ e el
E E
g 404 > A4
= "
] &
204 b
0 y = . o
e i e .mc"-'- e
e fh-"""!"ﬂ W g

Figure 3.18. The in vifro cyfotoxicity profiles of bare and dual drug-loaded FA-
Fud-P403 nanogels toward normal cells (HDF) and cancer cefls i(MCF-7). The
quantitafive cyiofoxicity assay of (A) L929 and (B} MCF-7 afier co-incubation
with different drug-loaded nanoformulations at varied concentrations

L.6.2. The cellular uptake assay

Cellular internalization is a critical prerequisite for evaluating the active
targeting efficiency of nanogels-based drug delivery systems toward cancer cells. In
this study, Rhodamine B (RhB) was emploved as a fluorescent probe to monitor
intracellular uptake. and the intemalization behavior of FA-Fud-P403 nanogels in
MCF-7 cells was examined using CLSM. As illustrated on Figure 3.19. cells treated
with FA-Fud-P403 nanogels exhibited only blue Auorescence comresponding to DAPL-
stained nuclei, with no detectable red fluorescence signal, This observation indicates
neghgible nonspecilic cellular uptake in the absence of the fluorescent probe. In
contrast. cells incubated with RhB-loaded FA-Fud-P403 nanogels displaved imense
red fluorescence predommnantly localized within the cyvtoplasm and accumulated
around the perinuclear region afier 4 h of incubation. primarily localized in the
cvtoplasm. with noticeable accumulation around the perinuclear region. The
pronounced intracellular red Muorescence clearly confirms the efficient internalization
of the nanogels. The difference in fluorescence intensity between the two groups
clearly demonstrates the successful internalization of the RhB-loaded nanogels. This

enhanced uptake 15 most likely attributed to FA-mediated recognition of folate
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receptors, which are overexpressed on MCF-7 cells. thereby facilitating receptor-
mediated endocyiosis, These Nndings substantiate the active targeting function of FA-

maodified nanogels and support their potential application i improving mtracellular

drug accumulation in folate receptor—positive breast cancer cells.

Brightfield Nuclei RhB Merged

FA-Fud-P403

RhB-lcaded
FA-Fud-P403

Figare 3.1 The confocal laser scanning confocal images for MCF-7eells treated
with FA-Fud-P403 nanagels with and without loading rhodamine B. The nucled
were stained with DAPE (blue) and nanogels were stained with rhodamine B (red).
The scafe bars = 20 .

3.6.3. The synergism effect of combinatorial drugs against cancer cell

I'he synergistic interaction between Cis (Cis) and Cur (Cur) was quantitatively
evaluated using the Chou—Talalay combination index (Cl) model, which provides a
rigorous framework for distinguishing synergistic. additive, and antagonistic effects
based on the dose—response relationship. As presented in Table 3.7, the FA-Fud-
P43 /e Cur/Cis formulation exhibited a Cl value of 1,4969, significantly lower than |,
confirming a strong synergistic mteraction between the two agents upon co-delivery
within the nanogels system. According to the Cl classification criteria. values in the
range of 0.3-0.7 correspond to pronounced synergism, indicating that the combined
cvtotoxic effect substantially exceeds the expecied additive outcome of Cis and Cur
administered individually. Importantly. the Cl-Fa profile (Figure 3.20) demonstrates
that this synergistic behavior 1s maintained across a broad range of fractional inhibition
(Fa = 0.4540.95), All CI values consistently remain below unity, indicating that the
interaction is not only synergistic but also stable over increasing levels of evtotoxic

response. This trend suggests that the cooperative effect between Cis and Cur is
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preserved even under conditions requiring high therapeutic efficacy. From a
mechanistic  perspective, this sostained synergism can be  attributed to  the
complementary modes of action of the two drugs. Cis exerts its cytotoxicity primarily
through DNA crosslinking and apoptosis induction, whereas Cur modulates multiple
cellular pathways, including oxidative stress and survival signaling. The co-
encapsulation within a single nanocarrier enables intracellular delivery, therehy
tacilitating simultaneous action and enhancing the therapeutic response. Furthermore,
the FA-functionalized Fud-P403 nanogels likely contributes to this effect by
improving cellular uptake via receptor-mediated endocytosis and promoting co-
localization of both drugs within tumor cells that not only enhances drug
bioavailability but also maximizes the probability of interaction between their
mechanisms of action, thereby reinforcing the observed synergistic outcome,
Collectively. these results demonstrate that the FA-Fud-P403@Cur/Cis system
achieves a robust and sustained synergistic effect over a wide therapeutic range. Such
behavior 1s particularly advantageous for anticancer applications, as it enables
enhanced wmor inhibition while potentially reducing the required dosage of each
individual drug, therehy minimizing systemic toxicity and improving overall

treatment efficiency.
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Figure 3.240. The CF values wt different levels of growth inhibition effect (Fa) of
FA- Fud-P403 Cur/Cis
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A comparison of 1Cs values lurther highlights the therapeutic advantage of the
nanogels-based co-delivery strategy. The [Cso values of free Cis and free Cur against
MCF-7 cells were 7.07 pg/ml and 996 pg/mL. respectively, whereas co-
encapsulation within FA-Fud-P403 nanogels significantly reduced the effective 1C
values to 140 pg'mL for Cis and 346 pg/ml for Cur. This substantial decrease
indicates a marked dose reduction while maintaining enhanced cyvtotoxic efficacy,
suggesting improved pharmacological etficiency of the combined drugs, From a
therapeutic perspective. such dose reduction 18 highlv desirable, as it may potentially
minimize systemic toxicity and adverse side effects commonly associated with
conventional platinum-based chemaotherapy. The observed synergistic effiect can be
attributed to the complementary and mutually reinforcing anticancer mechanisms of
Cis and Cur. Cis primarily induces cviotoxicity through the formation of DNA
crosshinks, leading to DNA damage and apoptosis, whereas Cur is known to modulate
multiple oncogenic signaling pathways, including NF-xB, PI3K/AkL and oxidative
stress-related pathways, thereby sensitizing cancer cells 1o chemotherapeutic agents
and enhancing apoptotic signaling [167]. The simultancous delivery of these agents
within a single nanocarrier likely promotes coordinated intracellular accumulation and
synchronized pharmacodynamic interactions, resulting in amplified anticancer
elfficacy compared to monotherapy. In addition, the FA-functionalized Fud-P403
nanogels carrier plays a critical role in maximizing therapeutic performance, The
presence of FA ligands enables folate receptor-mediated endocyvitosis, which is
particularly effective in cancer cells that overexpress folate receptors, such as MCF-7
breast cancer cells. This active targeting mechanism enhances intracellular drug
accumulation within twmor cells while munimizing nonspecific uptake in normal
tissues. Furthermore, the nanogels matnx provides a sustained and localized drug
release prolile. which may prolong intracellular drug retention and further strengthen
the cooperative pharmacological activity between Cis and Cur. Collectively, the Cl
analysis, Cl-Fa relationship, and significant reduction in ICs values clearly
demonstrate that the FA-Fud-P403:@ Cur/Cis nanogels system achieves a robust and
sustained symergistic anticancer effect, enabling effective tumor cell inhibition at
substantially reduced drug doses. These findings highlight the strong potential of FA-

Fud-P403 nanogels as an efficient nanocarrier platform for synergistic combination
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This result suggests not only improved safety but also a potential synergistic benefin
arising from the co-delivery of Cur and Cis. The enhanced 1olerability observed in the
dual-drug system can be attributed, at least in part. to the protective role of Cur. Cur
15 well known for its potent antioxidant and anti-inflammatory  properties, which
enable it to mitigate oxidative stress and inflammatory responses induced by Cis
treatment. By scavenging reactive oxyvgen species and modulating key cellular
signaling pathways, Cur may help preserve normal tissue function and reduce
collateral damage during chemotherapy. Additionally, the co-encapsulation of both
agents within a single nanocarrier ensures svnchronized delivery, which may further
optimize their interaction at the biological level,

Furthermore, tumor growth inhibition data further substantiate the superiority
of the dual-loaded formulation (Figure 3.21B-D}), At day 15, tumors in the saline-
treated group reached 2137.53 mm?, confirming aggressive and uncontrolled tumor
progression. Free Cis moderately suppressed twmor growth (144998 mm?), vet the
reduction was limited, likely due to rapid systemic clearance and suboptimal
intratumoral retention.  Encapsulation of Cis within  FA-Fud-P403 nanogels
significantly enhanced therapeutic efficacy, reducing tumor volume to 69183 mm’® (p
< (L0 ws free Cis). demonstrating improved twmor accumulation and sustained drug
release. Importantly, the FA-Fud-P403@Cur/Cis formulation achieved the most
pronounced lumor sappression. with tumor volume restricted 1o 36547 mm® at the
endpoint (p < 0.001 vs free Cis: p < 0,01 vs FA-Fud-P403@Cis). The magnitude of
tmor inhibition observed in the dual-loaded group exceeds the expected additive
effect of the individual treatments. strongly supporting a synergistic interaction
between Cur and Cis fn vive. Mechanistically, this synergism can be rationalized at
multiple levels, Cis exerts cytotoxicity primarily through DNA crosslinking and
apoptosis induction: however, tumor resistance frequently arises via enhanced DNA
repair, activation of pro-survival signaling pathways. Cur has been extensively
reported to suppress NF-kB activation, inhibit PI3K/AKL signaling, modulate Bel-
2/Bax balance, and enhance ROS-mediated apoptosis. Therefore, co-delivery of Cur
may sensitize tumor cells 1o Cis by downregulating survival pathwayvs and impairing
resistance mechanisms. thereby  amplifving apoptosis  induction. Moreover.
svnchronized mtracellular delivery via the same nanocarrier ensures spatial and

temporil co-localization of both drugs, maximizing pharmacodynamic interaction
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chemotherapy, offering improved therapeutic efficacy and the possibility of reduced
SVETermic [oXIcity in breast cancer tréatmenl.

Table 3.5. The dose-ettect relationship of two-drug combination on the MCF-7 cell

line.
Sample Cis [Csn (pg/ml) Cur [Csu (pg/ml.) 1
Free Cis 7064939 /
FA-Fud-P403:a Cis 10.0422 ]
Free Cur 1 9,964 /
FA-Fud-P403 i@ Cur 41.7356
FA-Fud-P403@Cur/Cis 1.39%87 54605 0.4969

3.7. In vive tumor inhibition

The in vive therapeutic efficacy and synergistic potential of the dual-loaded FA-
Fud-P403 @ Cur/Cis nanogels were rigorously evaluated in an MCF-7 subcutaneous
xenogralt model under dose-equivalent conditions (Cis 2.5 mg-kg™'). All formulations
were administered intravenously over a 13-day treatment period, ensuring a consistent
dosing regimen and enabling a direct. unbiased comparison of therapeutic outcomes
across different groups. Body weight served as a critical indicator of systemic toxicity
and overall treatment tolerability (Figure 3.21A). Mice treated with [ree Cis exhibited
a pronounced and continuous loss of body weight throughout the treatment period,
which 15 a4 well-established manifestation of syvstemic toxicity associated with
platinum-based chemotherapy. This adverse etfect was further accompanied by visible
sighs of local tissue damage, including severe desquamation and inflammation at the
mjection site, suggesting nonspeci fic biodistribution and off-target cvtotoxicity. These
observations highlight the inherent limitations of free Cis administration, particularly
its lack of selectivity and associated damage to healthy tissues. In contrast. mice
treated with FA-Fud-P403@Cis and FA-Fud-P403@:Cur/Cis nanogels showed a
markedly improved physiological profile, characterized by steady and sustained body
welght gam over the entire expenimental peniod. This trend indicates a significant
reduction in systemic toxicity upon nanogels encapsulation, likely due to improved
pharmacokimetics. reduced premature drug release. and enbanced wmor-targeted
delivery. Notably, the dual-loaded FA-Fud-P303aCur/Cis group demonstrated the
most faverable outcome, achieving the highest final body weight (27.7% g), which was

significantly greater than both the free Cis and single-drug nanogels groups (p < 0.05).
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within tamor cells. Histopathological analysis (Fipure 3.21E) turther corroborated
these findings, Tumors from the saline group displayed densely packed viable tumor
cells with intact morphology. Free Cis treatment induced only focal necrotic regions,
indicating limited therapeutic penetration. FA-Fud-P403 /@ Cis treatment resulted in
more extensive necrosis and reduced tumor cell density, consistent with enhanced
intratumoral accumulation. Strikingly, the dual-loaded FA-Fud-P403 &:Cur/Cis group
exhibited diffuse and widespread tumor necrosis, large acellular void regions, nuclear
condensation, and focal intratumoral hemorrhage associated with vascular disruption.
These pathological features reflect severe structural collapse of tumor tissue and
confirm profound cytotoxic impact.

Collectively, the statistically significant tumor suppression, improved salety
profile. and extensive histological destruction observed in the FA-Fud-P403@Cur/Cis
group demonstrate that the dual-drug nanogels system not only enhances Cis delivery
but also effectively overcomes intrinsic  resistance  mechanisms  through
pharmacological synergism, These results provide compelling in vive evidence that
co-cncapsulation of Cur and Cis within a targeted nanogels platform represents a
superior therapeutic strategy compared to conventional monotherapy.
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Figure 3.21. (A} The body weight and (B) relative tumor volumes of MCF-7
tumor-hearing mice treated with saline (negative control), free Cis (positive
conirod), FA-Fud-P403@ Cis, and FA-Fud-P403@ Cur/Cis (n=3). (C} Photographs
of tumor-bearing mice ai interval time points with different treatments. (1)
Plhatographs of isolated tumor fissues and (E) HEE images of stained tumor

sections after 15 days of differeni ireatments.
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CONCLUSION AND FUTURE PROSPECT

1. Conclusion
This study successfully developed a biocompatible FA-Fud-P403 nanogels

system for the co-delivery of Cur and Cis. enabling targeted breast cancer therapy. The
nanogels, with a uniform size of 80100 nm. are well-suited for tumor sccumulation
via the EPR effect, while minimizing premature clearance and degradation in
hiological environmenis. Folate functionalization conferred active targeting capability
toward folate receptor-overexpressing cancer cells, significantly enhancing selective
cviotoxicity. Among the formulations, FA—Fud—P403 exhibited superior performance,
primarily due o the longer hydrophobic PPO segments of P403. This structural
advantage resulted in a lower CMC value, higher drug-loading efficiency, and
improved drug-retention capacity. ultimately leading to enhanced anticancer activity
against MCF-7 cells, as evidenced by lower [C« values. The nanogels system further
demonstrated pl-responsive drug release. with accelerated release under acidic
conditions that mimic the tumor microenvironment and intracellular compartments,
thereby supporting controlled and site-specific delivery, Importantly, the co-delivery
sirategy produced a synergistic therapeutic effect, where Cur mitigated the systemic
toxicity of Cis while potentiating its anticancer efficacy. Both in virre and in vive
evaluations confirmed that FA-Fud-P403 effectively suppressed tumor growth while
maintaining a favorable safety profile, with minimal cytotoxicity toward normal cells
and no observable systemic toxicity in treated models. These findings highlight the
potential of FA-Fud-P403 as an advanced dual-drug nanocarrier for precision
oncology, suggesting a promising nanotherapeutic svstem, and svnergistic drug
delivery, active targeting. and controlled release, with strong potential for clinical
development in targeted cancer therapy.
1. Future prospect
- Comprehensive in vive biodistribution and targeting analysis restricis a full
understanding of the nanogels behavior in complex biological systems.
- Increased sample size in animal studies may atTect statistical robusiness.
= Prioritize quantitative biodistribution studies using minimally invasive imaging
strotegics, alongside expanded in vive cohorts to enhance statistical validity,
- Mechanistic mvestigations, including immunolluorescence-based receptor-hinding
analvses, as well as pharmacokimetic and long-term safetv evaluations, are also

essential to advance the translational potential of this platform
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