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Abstract: In this study, we prepared an inclusion complex
of picoplatin (Pc) with 2-hydroxy propyl β cyclodextrin
(HPCD) to improve its hydrophilicity, yielding Pc-HPCD.
The Pc-HPCD complex was encapsulated into PEG-PLGA
nanoparticles (NPs) using the emulsion–solvent evapora-
tion method, yielding Pc-HPCD@PEG-PLGA core–shell NPs.
The inclusion complex was assessed using 1HNMR spectro-
scopy and a phase solubility study. In addition, the average
hydrodynamic diameter, polydispersity index, zeta potential,

and encapsulation efficiency (EE%) of the Pc-HPCD@PEG-
PLGA NPs were 190.2 ± 8.7 nm, 0.14 ± 0.02, −13.97 ± 0.67mV,
and 80.7 ± 2.4%, respectively. In vitro release study showed a
pH-triggered release manner. Furthermore, the biological
evaluation of Pc-HPCD@PEG-PLGA NPs revealed a signifi-
cantly potent cytotoxic activity (IC50 = 1.6 ± 0.24 µg/ml) against
triple-negative breast cancer cells (TNBC), surpassing that of
Pc-HPCD (IC50 = 5.3 ± 0.93 µg/ml) and Pc (IC50 = 7.5 ± 0.4 µg/ml).
Pc-HPCD@PEG-PLGA NPs induced significant apoptosis and
the ability to arrest cells at the sub-G1 phase in MDA-MB-231
cells. Moreover, in an in vivo model established using SEC-
bearing mice, treatment with Pc-HPCD@PEG-PLGA demon-
strated significant inhibition of tumor proliferation (67.2%).
This was accompanied by improvements in hematological
and biochemical measurements, as well as histopathological
examination, which indicated a reduction in cellular and
nuclear pleomorphism. Our study demonstrated the potential
of Pc-HPCD@PEG-PLGA NPs to be employed as an effective
and safe therapy capable of conquering TNBC.

Keywords: picoplatin, hydroxypropyl-β-cyclodextrin, inclu-
sion complex, PEG-PLGA nanoparticles, cytotoxicity, apoptosis,
cell cycle arrest, triple-negative breast cancer (MDA-MB-231)

1 Introduction

Cancer is one of the major health burdens all over the
world, with millions of new cases each year [1]. Breast
cancer is one of the most prevalent types of cancer world-
wide. It is categorized into either ERBB2-positive breast
cancer, hormone receptor-positive breast cancer, or triple-
negative breast cancer (TNBC). Unlike the first two types,
TNBC is extremely hostile and highly resistant to most cur-
rent chemotherapeutics. Thus, a combinatorial therapy is
required to achieve the desired anticancer effects. However,
the use of combinatorial chemotherapy is accompanied by
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severe systemic side effects. Thus, the discovery of effective
preferential therapy against TNBC with minimum toxicity in
healthy cells is required [2]. Platinum-based chemothera-
peutic drugs (PBDs), such as cisplatin and carboplatin, are
potent antitumor treatments synthesized through the coordi-
nation complexation of platinum (Pt) [3]. These drugs are
widely utilized and are effective against various solid tumors,
including breast cancer. Since the FDA approval of cisplatin
(Scheme 1a), the first-generation PBD, in 1979, a multitude of
platinum complexes have been developed [3–5]. Examples
include satraplatin, carboplatin, nedaplatin, and oxaliplatin.
Despite the extensive development, only ten compounds have
undergone clinical trials, exploring their potential applica-
tions in cancer therapy. Among these synthesized compounds,
the Pt(II) complex, picoplatin (Pc, Scheme 1b), has been devel-
oped to address certain drawbacks associated with cisplatin,
such as intrinsic chemoresistance and intolerable toxic side
effects. In addition, Pc has demonstrated a broad and potent
anticancer effect against various types of tumor cells [6]. More
importantly, Pc showed considerable cytotoxicity against the
most aggressive and resistant type of breast cancer, triple-
negative breast cancer (TNBC), as compared to cisplatin.

The enhanced actions of Pc compared to cisplatin are
attributed to the presence of the 2-methylpyridine group.
This group serves as a steric bulk, impeding the axial
approach of nucleophiles to the platinum center without
diminishing the level of DNA platination [7].

Nonetheless, the clinical translation of Pc in cancer
therapy is significantly constrained by its hydrophobic
nature and poor biodistribution profiles. While this study
primarily focused on improving the hydrophilicity of Pc
through the inclusion complex formation with 2-hydroxy
propyl β cyclodextrin (HPCD), further investigation is needed
to explore bioavailability enhancement approaches, including
alternative administration routes [6].

Cyclodextrins (CDs) and their derivatives are amphi-
philic cyclic oligosaccharides with a hydrophobic core and

a hydrophilic external surface. Among these derivatives,
HPCD plays a crucial role in overcoming the poor aqueous
solubility of various-sized hydrophobic guest molecules by
forming host–guest inclusion complexes. This could be
attributed to its hydrophilicity and capability to form
water-soluble inclusion complexes with various hydro-
phobic therapeutic agents [8,9]. Besides, the demonstrated
biocompatibility of HPCD has promoted its utilization in
enhancing the aqueous solubility of hydrophobic drugs.
In addition, various strategies have been developed to
improve the controlled release and targeting ability of
different drugs to malignant cells. In this context, the nano-
encapsulation of inclusion complexes into polymeric nano-
particles (NPs) represents a promising approach for fabri-
cating smart drug delivery systems. Poly(ethylene glycol)
methyl ether-block-poly (lactide-co-glycolide) (PEG-PLGA) is
a diblock amphiphilic copolymer (Scheme 1c) capable of
encapsulating various drugs via self-assembly in an aqueous
medium, forming core–shell nanoemulsions [10]. Addition-
ally, PLGA and PEG have received FDA approval owing to
their biocompatibility and biodegradability [11,12].

To this end, we synthesized the Pc-HPCD inclusion
complex to increase Pc’s aqueous solubility. To offer a con-
trolled release profile and tumor targeting ability, the
designed complex was encapsulated into PEG-PLGA NPs,
forming Pc-HPCD@PEG-PLGA NPs with a core–shell struc-
ture utilizing the modified double-emulsion solvent-eva-
poration method (W/O/W). The engineered NPs were then
evaluated for size, zeta potential, polydispersity index
(PDI), encapsulation efficiency (EE%), morphology, and
release manner. In addition, the cytotoxic activity of Pc-
HPCD@PEG-PLGANPs, Pc-HPCD, and Pcwas evaluated against
triple negative (MDA-MB-231) breast cancer and the healthy
breast epithelial (MCF10A) cells. The HPCD@PEG-PLGA NPs
underwent further flow cytometric detection for apoptosis
and cell cycle analysis. To the best of our knowledge, no pre-
vious studies have reported the nanoformulation of the Pc-
HPCD inclusion complex into core–shell PEG-PLGA NPs to
improve its toxicity against TNBC.

2 Materials and methods

2.1 Materials

Pc and HPCD were bought from Abcam, Germany. Poly
(ethylene glycol) methyl ether-block-poly (lactide-co-glyco-
lide) with PEG (average molecular weight of 2,000 g/mol)
and PLGA (average molecular weight of 11,500 g/mol)Scheme 1: Chemical structures of (a) cisplatin, (b) Pc, and (c) PEG-PLGA.
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(lactide: glycolide = 50:50) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Polyvinyl alcohol (PVA; 98%
hydrolyzed, molecular weight ≈ 13,000) was obtained from
Acros Organics (Geel, Belgium). Dimethylsulfoxide was
purchased from Fisher Chemicals (Fair Lawn, NJ, USA).
Tween 80 was purchased from El-Nasr Pharmaceutical
Chemicals Co. (Cairo, Egypt). Phosphate-buffered saline
(PBS), streptomycin, penicillin, fetal bovine serum, tri-
chloroacetic acid, Dulbecco’s modified Eagle’s medium,
and tris (hydroxymethyl) aminomethane were purchased
from Lonza (Basel, Switzerland).

2.2 Preparation of Pc-HPCD complex

The Pc-HPCD inclusion complex was synthesized using
thin-film hydration techniques, as previously described,
with some modifications [8,13]. In brief, Pc was dissolved
in methanol in a round‐bottom flask. The resulting solution
was then subjected to vacuum evaporation using a rotary
evaporator, yielding a thin Pc film. Then, the produced thin
film was hydrated with 5% (w/v) HPCD solution, followed
by 30 min of bath sonication. The molar ratio of Pc:HPCD
was 1:1. Subsequently, the mixture solution was placed on a
magnetic stirrer for 12 h. The Pc-HPCD complex solution was
ultracentrifuged at 15,000 rpm for 15min (Hermle Z326K,
Wehingen, Germany) to eliminate any free drug. The amount
of Pc in the Pc-HPCD inclusion complex was quantified using
a dual-beam UV-vis spectrophotometer (Peak instruments
T-9200, USA) with reference to a calibration curve constructed
using a 1:1 (v/v) mixture of Pc dissolved in methanol and 5%
HPCD v/v. The complex solution was then subjected to freeze-
drying using a lyophilizer (TOPTION TOPT-10C Freeze dryer,
Toption Group Co., Xi’an, China).

2.3 Characterization of the Pc-HPCD
inclusion complex

The successful formation of the Pc-HPCD inclusion complex
was confirmed before being loaded into PEG/PLGA NPs.

2.3.1 1H NMR spectroscopy

1H NMR spectroscopy was employed to assess the inclusion
complexation between Pc and HPCD. In this regard, free Pc,
HPCD powder, and the lyophilized Pc-HPCD complex were
studied using a 500MHz FT-NMR spectrometer (ECA-500,
JEOL, Tokyo, Japan) using DMSO as solvent, and chemical
shifts (δ, ppm) are relative to tetramethylsilane (TMS)

using the residual solvent serving as the internal reference
when DMSO-d6 is used.

2.3.2 Phase solubility study

The Pc-HPCD inclusion complex was assessed employing
the phase solubility study previously described with a
few modifications [14,15]. In brief, an excessive amount
of Pc was transferred to screw-capped vials containing
aqueous solutions with increasing concentrations of HPCD
ranging from 0 to 14mM. Afterward, these mixtures were
stirred magnetically for 48 h at 24°C. Subsequently, the
resulting mixtures were subjected to centrifugation at
8,000 rpm for 15 min, and the dissolved Pc in the super-
natant was quantified after filtration through a 0.45 µm
membrane filter at 280 nm using a UV–Vis spectrophot-
ometer (Peak instruments T-9200, USA). The phase solu-
bility diagram (PSD) was constructed by plotting the Pc
concentration versus the HPCD concentration. In addi-
tion, the stability constant (Ks) of the Pc-HPCD inclusion
complex was estimated using the following equation [16]:

( )
=

−
K

S

S S1
,s

0

(1)

where S is the slope and So is the intrinsic solubility of Pc.
In addition, the free energy of the inclusion complex

was computed utilizing Gibb’s rule, as described in the
following equation:

∆ = −G RT k° ln , (2)

where ΔG° is the change in the free energy, R is the uni-
versal gas constant, T is the temperature in Kelvin, and k is
the stability constant of the complex.

2.4 Preparation of Pc-HPCD-loaded
core–shell PEG-PLGA nanoparticles
(Pc-HPCD@PEG-PLGA NPs)

The loading of the Pc-HPCD inclusion complex into the
copolymer mPEG-PLGA NPs was carried out using the mod-
ified double water-in-oil-in-water emulsion solvent-eva-
poration approach (W/O/W), as previously described with
modifications (Scheme 2) [8,17,18]. In brief, the organic
phase (O) was formed by dissolving 200mg of the mPEG-
PLGA copolymer in 10mL of the organic solvent (dichloro-
methane). The inner aqueous phase (W1) was then formed
by solubilizing the Pc-HPCD inclusion complex in 100mL of
deionized water. The weight ratio (w/w) of the Pc-HPCD
inclusion complex in the W1 phase to mPEG-PLGA
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copolymer in the O phase was 0.2:1. Then, the W1 phase was
added dropwise to the O phase while homogenizing at
10,000 rpm for 3min over an ice bath, forming emulsion 1
(W1/O emulsion). Subsequently, emulsion 1 was injected into
50mL of 2% PVA (external aqueous phase, W2), which acts
as an emulsifying agent, homogenizing at 10,000 rpm for
6min. Finally, the resulting nanoemulsion (W1/O/W2) was
magnetically stirred overnight to remove the organic solvent
and facilitate NP formation. The obtained core–shell NPs were
ultracentrifuged at 11,000 rpm for 30min at 4°C, washed three
times with deionized water and 2.5% w/v sucrose solution,
serving as a cryoprotectant, and then lyophilized. The dried
NPs were stored at 25°C in a desiccator for further analysis.

2.5 Characterization of NPs

2.5.1 Average particle size, PDI, zeta potential, and
morphology

At 25°C, the designed Pc-HPCD @PEG-PLGA NPs were assessed
for average particle size and PDI using dynamic light scattering,
and the surface zeta (ζ) potential was studied employing laser

Doppler velocimetry (Malvern Instruments, Worcestershire,
UK) [19–21]. The measurements were based on three indepen-
dent experiments, and the findings are presented as mean +

standard deviation. Themorphology of Pc-HPCD@PEG-PLGA
NPs was studied using transmission electron microscopy
(TEM, JEOL-JEM 2100 electron microscope, Musashino,
Akishima, Tokyo, Japan) at an accelerating voltage of
160 kV after staining with 2% phosphotungstic acid [22]. A
histogram was then created using the image processing pro-
gram Image J (NIH, Bethesda, MD, USA), demonstrating the
average diameter (nm) of Pc-HPCD@PEG-PLGA NPs.

2.5.2 EE%

EE% was estimated indirectly, as previously described
elsewhere, with a few modifications [23–26]. Briefly, the
Pc-HPCD@PEG-PLGA NPs were subjected to ultracentrifu-
gation (14,000 rpm, 4°C) for 1 h (Hermle Z 326 K, Labor-
technik GmbH, Wehingen, Germany). The unentrapped
Pc-HPCD was then quantified in the supernatant at 280 nm
using a UV–Vis spectrophotometer (Peak Instruments T-
9200, USA). EE% was calculated using equation (3) [27–29]:

Scheme 2: Graphical illustration representing the fabrication of Pc-HPCD inclusion complex-loaded poly(ethylene glycol) methyl ether-block-poly
(lactide-co-glycolide) core–shell NPs (Pc-HPCD@PEG-PLGA NPs). Created by Biorender.com.
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=
−

×EE%
Total amount of drug the amount of drug unentrapped

Total amount of drug
100. (3)

2.6 In vitro drug release studies

The dialysis membrane approach was employed to deter-
mine the release profile of Pc from Pc-HPCD @PEG-PLGA
NPs. Briefly, 1 mL of the Pc-HPCD @PEG-PLGA NPs was
placed into a dialysis sac (cut-off molecular weight of
14,000 Da), which was then suspended in a suitable glass
bottle containing 25 mL of either PBS or acetate buffer of
pH values of 7.4 and 5.5, respectively. The release medium
was supplemented with tween (2%) and maintained in a
shaking incubator at 150 rpm at 37°C. At specific time inter-
vals, 1 mL of the release mediumwas pipetted and replaced
with an identical volume of fresh pre-warmed PBS or
acetate buffer to maintain sink conditions. The amount of
Pc was quantified in the pipetted release medium, as
described in Section 2.5.

The drug release (%) was determined using equation
(4) [30].

= ×Release%
Amount of released drug

Initial amount of loaded drug
100%. (4)

2.7 Cell culture

The invasive triple-negative breast cancer (MDA-MB-231)
and the normal breast epithelial cells (MCF-10A) were pur-
chased from ATCC (Wesel, Germany) and maintained as
prescribed in our previous work [21].

2.8 Cytotoxicity (SRB assay)

The cytotoxic activities of the free drug Pc, Pc-HPCD com-
plex, and Pc-HPCD@PEG-PLGA NPs were assessed against
both cancerous (MDA-MB-231) and normal (MCF10A) breast
cells. The cells were incubated with ten different concen-
trations (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, and 300 μg/mL)
of the test agents for 48 h, and an SRB assay was performed
to evaluate their effects on cellular viability, following a
previously described method [23]. The selectivity index (SI)
was calculated for each of the investigated agents
according to the following equation:

( )

( )
=SI

Half maximal inhibitory concentration on normal cells CC50

Half maximal inhibitory concentration on cancer cells IC50
. (5)

2.9 Flow cytometry (apoptosis and cell cycle
analysis)

Apoptosis assay and cell cycle analysis were conducted on both
untreated MDA-MB-231 cells and those treated with Pc-
HPCD@PEG-PLGA NPs at a concentration of 1.6 µg/ml for
48 h. The Annexin V-FITC kit (Abcam Inc., Cambridge, UK)
was utilized for the apoptotic estimation, and all procedures
were conducted following the manufacturer’s guidelines. Cell
cycle analysis was performed following a previously described
method [21]. ACEA Novocyte™ flow cytometer (ACEA Bios-
ciences Inc., San Diego) was employed for detection in both
assays, and its built-in software was used for calculations.

2.10 In vivo assay

The experiment design, detailed methodology of tumor
inoculation, treatments, and blood measurements were
carried out following a previously reported procedure, as
described in the Supplementary file [31–33]. The experi-
mental protocol summarized in Scheme 3 was approved
by the Research Ethics Committee at Suez Canal University
(Approval number REC226/2023, Chemistry Department,
Faculty of Science, Suez Canal University, Ismailia).

2.11 Statistical analysis

All values were expressed as mean ± SEM or SD. Mean
values of different groups were compared using an
unpaired Student’s t-test using GraphPad Prism software.
P ≤ 0.05 was considered statistically significant.

3 Results and discussion

3.1 Preparation and characterization of the
Pc-HPCD complex

Our work aims to enhance Pc’s water solubility by using
a solubilizing host molecule, HPCD. In this context,
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a Pc-HPCD guest–host inclusion complex was prepared,
demonstrating improved water solubility. The successful for-
mation of the complex and its enhanced water solubility was
confirmed by 1HNMR and phase solubility study, as detailed
in the following sections.

3.1.1 1H NMR spectroscopy

Structural elucidation of host–guest complexation sup-
porting the inclusion of Pc within HPCD was carried out
via 1H-NMR spectroscopy at 500 MHz utilizing DMSO as
solvent. The changes in proton chemical shifts, explaining
the inclusion of Pc within the hydrophobic cavity of HPCD
are illustrated in Figure 1 and Table 1. As reported pre-
viously, this complex could exhibit one or both of two phases:
the ammonia–platinum group pointing toward the inner core
of the cavity, thus forming hydrogen bonds with oxygen
atoms of pyran rings, or the molecule included with its
ammonia–platinum group protruding to the outer portion
of the cavity, forming hydrogen bonds with oxygen atoms
of outer hydroxyl groups [34]. Both conformers were sup-
ported by the literature, and the changes in the chemical
shifts are presented in Table 1 [34,35]. Our findings indicated
that the protons of ammonia in Pc were shifted from δ 1.912 to
δ 1.960 Hz with a change of 0.058, which could be due to
hydrogen bond formation within the hydrophobic cavity of
HPCD. Also, two Pc conformers showed upfield-shiftedmethyl
hydrogens from 4.70 and 4.68 to 3.83 and 3.77 with a change of
0.875 and 0.91, respectively, indicating the effect of inclusion

on Pc conformers. On the other hand, protons of the HPCD
were shifted in the range of δ 5.077–3.416 to δ 5.060–3.302 Hz
with an average change of 0.010. In addition, multiplets of
tetrahydropyran hydrogens of O–C from methine have dis-
played higher shift as an effect of Pc inclusion from 3.52, 3.42
and 3.41 to 3.68, 3.32 and 3.30 with a change of 0.15, 0.10, and
0.12 respectively. The structural elucidation of the host–guest
complexation, supported by 1H-NMR spectroscopy, provided
valuable insights into the molecular interactions within the
hydrophobic cavity of HPCD. These findings contribute to
the understanding of the potential phases and conformers
of the complex.

3.1.2 Phase solubility study

A phase solubility study is a beneficial tool for assessing the
complexation between host molecules and hydrophobic
guest compounds in an aqueous medium. The aqueous
solubility of Pc was investigated upon its complexation with
HPCD at 25°C, as depicted in Figure 2a and detailed in Table 2.
Moreover, the phase solubility studywas employed to compute
the stoichiometry, stability constant, and free energy of com-
plexation of the Pc-HPCD complex. It was observed that the
concentration of Pc increased linearly with an increase in
HPCD concentration, suggesting a linear relationship with an
R2 value of 0.97. These data revealed that the solubility of Pc
increased by approximately 14-fold compared to its intrinsic
solubility upon complexation with HPCD. According to Higuchi
and Connors’s theory and previous studies, the obtained PSD

Scheme 3: In vivo experiment workflow.
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follows the AL-type pattern (with 0 < slope < 1), implying a 1:1
stoichiometry between the Pc guest compound and the HPCD
host molecule [15,36].

Furthermore, the stability constant (Ks) and complexa-
tion-free energy of the Pc-HPCD complex were found to be
2.7 × 103 M–1 and −4.3 kcal mol−1, respectively, as shown in
Table 2, indicating the excellent stability of the synthesized
complex. The attained values are comparable to previously
reported ones (ranging from 0.04 × 103 to 11 × 105 M−1)
intended for drug delivery [14,15,36–39]. The phase solubi-
lity study provided a comprehensive understanding of the
complexation behavior of Pc with HPCD in aqueous medium,
elucidating the stoichiometry, stability constant, and free
energy of complexation.

3.2 Characterization of Pc-HPCD@PEG-
PLGA NPs

3.2.1 Size, zeta potential, EE, and morphology

The empty and Pc-HPCD-loaded mPEG-PLGA polymeric
NPs were engineered using the modified double-emulsion
solvent-evaporation approach, wherein the Pc-HPCD inclu-
sion complex was incorporated into the inner aqueous
phase. The hydrodynamic diameter, PDI, zeta potential,
and EE are presented in Table 3.

The hydrodynamic diameter of the empty PEG-PLGANPs
was found to be 161.4 ± 5.3 nm, which increased to 190.2 ±

8.7 nm after loading with Pc-HPCD. The size increase

Figure 1: 1H-NMR spectra of (a) Pc, (b) HPCD, and (c) the Pc-HPCD complex.
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suggested the successful incorporation of the inclusion com-
plex inside the hydrophilic core of the polymeric NPs [13,18].
Moreover, both empty and loaded polymeric NPs exhibited a
monodispersed particle size (0.17 ± 0.03 and 0.14 ± 0.02 nm,
respectively).

The zeta potential of the designed empty PEG-PLGANPs
showed a high negative surface charge of −21.96 ± 0.80mV,
indicating the colloidal stability of the prepared NPs. The sur-
face charge changed to −13.97 ± 0.67mV after the encapsula-
tion of Pc-HPCD, owing to the cationic nature of Pc [40].

Our findings demonstrated that mPEG-PLGA was suc-
cessfully emulsified in an aqueous medium to create NPs
with a core–shell structure and a size smaller than 200 nm.
This size could render them capable of evading recognition
and elimination by the reticuloendothelial system, thereby
achieving endurance in systemic circulation. In addition,
this small size facilitates the enhanced uptake of the NPs by
the malignant cells through the enhanced permeability reten-
tion effect [41]. The EE% of Pc-HPCD in Pc-HPCD@PEG-PLGA
was high (80.7 ± 2.4%). The high EE% could be attributed to
the use of a modified double-emulsion solvent-evaporation
technique involving a two-step process for the NP prepara-
tion. Initially, the W/O nanoemulsion was prepared, entrap-
ping the Pc-HPCD in the aqueous core, followed by producing
the W/O/W nanoemulsion in the aqueous phase utilizing the
PVA polymer to construct the NPs. This process could limit the
leakage of the drug shielded inside the inner aqueous core
surrounded by an outer shell [42].

TEM examination revealed the formation of uniform,
core–shell spherical polymeric structures with no apparent
aggregation (Figure 2b). The observed contrast in the TEM
image could be attributed to the staining process carried
out using phosphotungstic acid, enabling a clear distinction

Table 1: Chemical shifts (ppm) of Pc and HPCD before and after forming
the Pc-HPCD complex

Chemical shift (ppm)

Protons δ Pc δ 2-hydroxypropyl-
β-cyclodextrin

δ Complex Δ shift

H-HPCD1 S — 5.077 5.060 0.010
H-HPCD2 S — 4.899 4.889 0.010
H-HPCD3 S — 4.662 4.650 0.012
H-Pc1 S 4.709 — 3.834 0.875
H-Pc2 S 4.680 — 3.770 0.91
H-Pc3 S 4.650 — 4.650 0.0
H-Pc4 S 1.912 1.960 0.058
H-HPCD4 m — 3.696 3.753 0.057
H-HPCD5 m — 3.529 3.687 0.158
H-HPCD6 D — 3.526 3.538 0.012
H-HPCD7 D — 3.473 3.448 0.025
H-HPCD8 D — 3.462 3.407 0.043
H-HPCD9 D — 3.454 3.355 0.099
H-HPCD10 m — 3.425 3.320 0.105
H-HPCD11 m — 3.416 3.302 0.124
H-HPCD12 D — 0.977 0.968 0.009
H-HPCD13 D — 0.964 0.955 0.009

Figure 2: (a) PSD of the Pc-HPCD complex at λ = 280 nm, and (b) TEM image of Pc-HPCD@PEG-PLGA NPs.

Table 2: Stability constant (Ks) and complexation-free energy of Pc complexation with HPCD computed from the PSD

Equation R2 Stability constant Ks (M−1) ∆∆G° (kcal mol1) PSD type

Pc-HPCD Y = 0.6802 × – 0.0223 0.97 2.7 × 103 −4.3 AL

8  Mohamed S. Nafie et al.



between the darker outer layer and the lighter inner core.
Our findings are consistent with previous studies that utilized
the double emulsion method for formulating polymeric NPs
[18]. In addition, the average diameter of the NPs was
assessed using the Image J software (NIH, Bethesda, MD,
USA), and was found to be 80.2 ± 13.18 nm (Figure 2c). The
size of the NPs measured by the dynamic light scattering was
larger than that measured by the TEM owing to the Brownian
motion of the colloidal NPs. Moreover, the zeta sizer detects
the hydraulic size of the NPs, including the water boundary
surrounding them [21].

3.2.2 Release study

Controlled drug release is a crucial parameter to consider
when formulating various nano-sized delivery systems.
Controlled drug release plays a significant role in mini-
mizing undesirable adverse effects by enabling the prefer-
ential targeting of drugs to cancerous cells with minimal
release in normal cells. The pH-dependent release, an
attractive approach for achieving controlled drug release,
relies on the selective release of loaded drugs within the
acidic cancer microenvironment (pH 4–5.5), following their
uptake by the endocytosis mechanism [41,43]. To this end,
the in vitro release of Pc-HPCD from Pc-HPCD@PEG-PLGA

NPs was studied at two pH values, simulating the acidic
tumor microenvironment (pH 5) and physiological condi-
tions (pH 7.4) (Figure 3). The cumulative release of Pc-HPCD
at physiological pH was significantly slower than that at
acidic pH. Approximately 44 ± 4.1% of Pc-HPCD was released
at pH 7.4, as compared to about 87.6 ± 3.2% released at pH 5
within the experimental duration of 96 h. It could be sug-
gested that the release of the loaded drug into the acidic
environment was achieved by the erosion of the polymeric
matrix, followed by the diffusion of the loaded drug out of the
inner aqueous core. In addition, the cleavage of the polymeric
ester linkage in the acidic environment may have played a
role in rapidly releasing the loaded cargo into the release
medium. Our findings showed that our formulation is a pro-
mising pH-triggered delivery system capable of selectively
releasing its cargo into tumor tissue with minimal release
in normal tissue [5,8]. Our findings showed that our formula-
tion is a promising pH-triggered delivery system capable of
selectively releasing its cargo into tumor tissue with minimal
release in normal tissue.

3.3 Cytotoxicity on MDA-MB231 and MCF10A
cells

Pc is a new-generation platinum-based anticancer agent
with favorable properties that could grant the ability to
overcome resistance observed in other platinum drugs [44].
It was previously reported that the complexation of oxali-
platin, a second-generation platinum drug, HPCD, resulted
in improved water solubility and enhanced inhibitory effects
on the cellular proliferation of breast (MCF-7) and colon (HCT-
116) cancer cells [45]. NPs could reduce drug resistance,
achieve controlled release, enhance selectivity to cancer cells,
and improve the permeability and retention effects [46–49].
The aforementioned benefits that NPs could offer have driven
our interest in formulating a Pc-HPCD inclusion complex,
incorporating such a complex into PEG-PLGA NPs, and inves-
tigating their cytotoxic activity against invasive triple-negative
breast cancer (MDA-MB-231) and the normal breast (MCF-10A)
cell lines. The newly formulated Pc-HPCD@PEG-PLGA NPs
exhibited the lowest half-maximal inhibitory concentration
(IC50 = 1.6 ± 0.24 µg/ml) against MDA-MB-231 in comparison to

Table 3: Characterization of PEG-PLGA NPs; data represent mean ± SD (n = 3)

Formula Diameter (nm) PDI Zeta potential (mV) EE (%)

Empty PEG-PLGA 161.4 ± 5.3 0.17 ± 0.03 −21.96 ± 0.80 —

Pc-HPCD@PEG-PLGA 190.2 ± 8.7 0.14 ± 0.02 −13.97 ± 0.67 80.7 ± 2.4
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Figure 3: The cumulative release % of Pc-HPCD from Pc-HPCD@PEG-
PLGA NPs at (a) pH 5 and (b) pH 7.4. Data represent mean ± SD (n = 3).
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Figure 4: Cellular viability of normal breast epithelial (MCF10A) and triple-negative breast cancer (MDA-MB-231) cells after exposure to Pc (top panel),
Pc-HPCD (middle panel), and Pc-HPCD@PEG-PLGA NPs (bottom panel) for a duration of 48 h. The displayed data are the average of three experimental
runs (n = 3) ± standard deviation (SD).
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treatment with Pc-HPCD or free Pc (Figure 4). The detected
IC50s for free Pc and Pc-HPCD on MDA-MB-231 cancerous cells

were 7.5 ± 0.4 and 5.3 ± 0.93 µg/ml, respectively (Figure 4). The
results obtained indicated that the complexation of Pc with
HPCD increased the cytotoxic activity of Pc against cancer cells
by 1.4-fold, whereas the loading of Pc-HPCD onto PEG-PLGA
NPs potentiated the cytotoxic activity of Pc against cancer cells
by 4.7-fold. These findings highlighted the synergistic effects of
both complexation and NP delivery systems in enhancing the
therapeutic efficacy of Pc against cancer cells. Cytotoxicity of
the three investigated agents (Pc, Pc-HPCD, and Pc-HPCD@PEG-
PLGA NPs) was also tested against normal breast epithelial cell
lines (MCF-10A), and their half-maximal inhibitory concentra-
tions (CC50) were determined, as shown in Figure 4, to assess
the SI. The SI serves as an indicative measure of the drug’s
ability to harm cancer cells while preserving the normal coun-
terparts. High SI values are typically associated with higher
selectivity toward cancer cells [5]. The SI of Pc toward MDA-
MB-231 cancer cells was 4.5, which nearly doubled with Pc-

Table 4: Apoptosis assay of MDA-MB-231 cells following 48 h of expo-
sure to Pc-HPCD@PEG-PLGA treatment

Apoptotic stage of
MDA-MB-231

Control
(untreated)

Pc-HPCD@PEG-PLGA
NPs (1.6 µg/mL)

Necrosis (Q2-1) 1.8 ± 0.11 ***20.62 ± 3.10
(AV‒/PI+)
Late apoptosis
(Q2-2)

1.05 ± 0.05 ***14.13 ± 0.46

(AV+/PI +)
Viable cells (Q2-3) 97.01 ± 0.09 ***63.09 ± 2.65
(AV‒/PI‒)
Early apoptosis
(Q2-4)

0.14 ± 0.03 ***2.17 ± 0.40

(AV+/PI‒)

Figure 5: Apoptosis in MDA-MB-231 cells. (a) Cytogram displaying untreated MDA-MB-231 cells, (b) cytogram showing MDA-MB-231 cells after
incubation with Pc-HPCD@PEG-PLGA NPs for 48 h, (c) bar graph presenting the quadrant analysis for both untreated and Pc-HPCD@PEG-PLGA treated
MDA-MB-231 cells. Data are presented as the average triplicates ± standard deviation (SD). *** p-value ≤0.0005 from the control (untreated).
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HPCD, reaching an SI of 8.6. However, Pc-HPCD@PEG-PLGA
NPs showed the highest SI (18.3) against MDA-MB-231 cancer
cells (Figure 4), reflecting the highest safety margin among all
investigated agents. This observation indicated a significantly

improved safety margin compared to Pc-HPCD or uncom-
plexed Pc, highlighting the potential of NP formulations in
minimizing adverse effects on normal cells while effectively
targeting cancerous cells. The improved cytotoxic effects of the
engineered NPs against TNBCs while maintaining minimum
toxic effects against normal cells are attributed to their nanos-
cale dimensions (<200 nm), which facilitate the passive trans-
port of the NPs through the leaky vasculature of neoplastic
cells. This leads to the preferential uptake of the NPs into
tumor cells, resulting in higher internalization of Pc into
cancerous cells, as compared to healthy ones [50]. The formula-
tion of Pc-HPCD@PEG-PLGA NPs not only significantly poten-
tiated the cytotoxic activity of Pc against cancer cells but also
exhibited the highest SI, suggesting a promising strategy for
improving the therapeutic efficacy and safety profile of pla-
tinum-based anticancer agents.

Table 5: Cell cycle analysis of MDA-MB-231 cells following 48 h of
exposure to Pc-HPCD@PEG-PLGA as compared to control (untreated
cells)

Cell cycle phase
of MDA-MB-231

Control
(Untreated)

Pc-HPCD@PEG-PLGA
NPs (1.6 µg/mL)

Sub-G1 1.26 ± 0.22 ***10.80 ± 0.22
G1 46.84 ± 1.06 *41.88 ± 1.54
S 19.72 ± 0.14 21.74 ± 0.26
G2 27.74 ± 0.83 ***19.42 ± 0.94

Figure 6: Cytograms showing the cell cycle kinetics of MDA-MB-231 untreated (control) cells (a), MDA-MB-231 cells treated with Pc-HPCD@PEG-PLGA
NPs for 48 h (b), and a bar graph showing the frequency of cells at each of the different phases of the cell cycle (c). Data are presented as the average
of triplicates ± standard deviation (SD). * and *** represent p-values ≤0.05 and ≤0.0005, respectively.
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3.4 Flow cytometry (apoptosis and cell cycle
analysis)

The cell viability studies demonstrated significant cytotoxic
activity of Pc-HPCD@PEG-PLGA against MDA-MB-231 cells.
To better understand the intracellular pathways through
which the formulated complex induced cell death, flow
cytometric apoptotic analysis was conducted on the MDA-
MB-231 cells following treatment with Pc-HPCD@PEG-PLGA.
Pc-HPCD@PEG-PLGA NPs showed high potential in activating
both apoptotic and necrotic pathways. Pc-HPCD@PEG-PLGA
increased the percentage of the cellular population in both
early and late apoptosis quadrants by 15.5- and 13.5-fold,
respectively, compared to the control (untreated) cells.
Additionally, Pc-HPCD@PEG-PLGA NPs increased the fre-
quency of necrotic MDA-MB-231 cells by 11.5-fold relative
to the control (Table 4, Figure 5). Moreover, the viable
cells quadrant witnessed approximately a 35% reduction
upon treatment with Pc-HPCD@PEG-PLGA NPs for 48 h
(Table 4, Figure 5). These findings highlighted the remark-
able ability of our innovative formulation to induce both
apoptosis and necrosis while significantly reducing the

viability of the aggressive TNBC (MDA-MB-231), as illu-
strated in Figure 5.

Cell cycle analyses were performed to detect the fre-
quency of MDA-MB-231 cells at each phase of the cell cycle
after 48 h incubation with Pc-HPCD@PEG-PLGA NPs as
compared to the control (untreated MDA-MB-231 cells).
Pc-HPCD@PEG-PLGA NPs resulted in significant sequestra-
tion of cells at the sub-G1 phase (p-value ≤0.0005) and
a notable reduction in the frequency of cells at both G1
(p-value ≤0.05) and G2 phases (p-value ≤0.0005) compared
to the control (Table 5 and Figure 6). The presence of low
molecular weight DNA, represented by the sub-G1 phase, is
typically associated with apoptosis. Accordingly, the ability
of Pc-HPCD@PEG-PLGA NPs to trap cellular population at
the sub-G1 phase highlighted its pronounced apoptotic
effects.

The cell viability studies and flow cytometric apoptotic
analysis illustrated the significant cytotoxic activity of Pc-
HPCD@PEG-PLGA against MDA-MB-231 cells. The high effi-
cacy of Pc-HPCD@PEG-PLGA to activate both apoptotic and
necrotic pathways was evident, with a remarkable increase
in the percentage of cellular population in both early and late

Table 6: Antitumor parameters in untreated and treated SEC-bearing mice

SEC control SEC + Pc SEC + Pc-HPCD SEC + Pc-HPCD@PEG-PLGA

Tumor inhibition ratio (TIR%) — 18.77# ± 1.0 32.19# ± 1.01 67.17# ± 1.1

Picoplatin (Pc), Picoplatin/β-hydroxy propyl cyclodextrin (Pc-HPCD), and Picoplatin/β-hydroxy propyl cyclodextrin loaded PEG-PLGA (Pc-HPCD@PEG-
PLGA NPs). Values are expressed as “Mean ± SD” values of mice in each group (n = 5). # values are significantly different (P ≤ 0.05) between treated SEC
and SEC control mice using the unpaired test in GraphPad prism”. TIR% = C − T/C × 100.
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Figure 7: Assessment of anti-tumor potentiality of Pc, Pc-HPCD, and Pc-HPCD@PEG-PLGA against SEC-bearing mice. The increase in mice weight
during the experiment (a); Tumor volume (b). Values are expressed as Mean ± SD (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
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apoptosis quadrants and a substantial increase in the fre-
quency of necrotic cells. These findings collectively demon-
strate the high ability of the newly formulated complex to
induce both apoptosis and necrosis, leading to a significant
reduction in the viability of aggressive TNBC (MDA-MB-231).

3.5 In vivo study

The in vivo anticancer activity of Pc, Pc-HPCD, and Pc-
HPCD@PEG-PLGA NPs was assessed in solid Ehrlich
tumor-bearing female Swiss albino mice. The untreated
tumor-bearing mice were employed as a control. On day
10 post tumor cell inoculation, the other mice groups were
intraperitoneally injected Pc, Pc-HPCD, or Pc-HPCD@PEG-
PLGA at 5 mg PC/kg bodyweight on a daily basis. The
treatment with Pc, Pc-HPCD, Pc-HPCD@PEG-PLGA NPs
demonstrated a significant antitumor effect, leading to
reductions in solid tumor mass (Figure 7).

The measured tumor volume decreased from 319.32 ±
12.92 mm3 in untreated mice to 259.20 ± 22.46, 216.84 ±

17.34, and 104.82 ± 5.15 mm3 with Pc, Pc-HPCD, and Pc-
HPCD@PEG-PLGA treatments, respectively. The results
showed that treatments with Pc, Pc-HPCD, and Pc-
HPCD@PEG-PLGA NPs inhibited tumor proliferation by
18.77 ± 1.0%, 32.19 ± 1.01%, and 67.17 ± 1.1%, respectively
(Table 6).

To assess the impact of the treatments administered
during the tumor therapy experiment on the animals’

blood composition, the counts of RBCs, WBCs, and hemo-
globin levels in the blood collected from mice were deter-
mined (Figure 8). Compared with the healthy mice, untreated
tumor-bearing mice demonstrated a significantly lower RBC
count and hemoglobin level. Conversely, the RBC count and
hemoglobin levels detected in blood samples collected from
Pc-HPCD@PEG-PLGA NPs-treated tumor-bearing mice were
significantly higher than those detected in untreated
tumor-bearing mice, approaching normal values. These
observations suggested the potential therapeutic benefit of
Pc-HPCD@PEG-PLGA NP treatment in restoring hematolo-
gical parameters toward normal levels. Furthermore, the
WBC count in Pc-HPCD@PEG-PLGA NP-treated mice was
comparable to that in healthy mice. These effects are attrib-
uted to the ability of the NPs to suppress tumor cell prolif-
eration and serve as a chemoprotective agent.

AST and ALT are predominantly present in the liver, and
heightened levels can indicate liver damage. Monitoring the
liver enzymes aids in detecting potential hepatotoxicity caused
by cancer treatments. Furthermore, increased levels of liver
enzymes may serve as an indicator of liver metastasis or other
underlying health concerns. As shown in Figure 3b, the ALT
and AST levels in blood samples collected from untreated
tumor-bearing mice were significantly increased to 80.6 and
79.6 U/L, respectively, due to hepatocellular damage induced
following tumor inoculation. However, significantly lower
ALT and AST levels were detected in mice treated with Pc-
HPCD@PEG-PLGA compared to the untreated tumor-bearing
mice. This decrease in liver enzyme levels following treatment

Figure 8: Hematological (CBC parameters) (a) and biochemical assessment alanine transaminase and aspartate aminotransferase (ALT and AST)
parameters (b) in untreated and treated SEC-bearing mice. Values are expressed as mean ± SD of five independent trials. *P ≤ 0.05 was significantly
different between normal and SEC control groups, while #P ≤ 0.05 was significantly different between SEC control and SEC-treated groups.
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suggests a protective effect of Pc-HPCD@PEG-PLGA on the liver.
It could imply that the treatment had a positive impact on
mitigating liver damage associated with the tumor or poten-
tially reducing the toxic effects of the tumor on the liver as
compared to SEC control. These results demonstrated
improvements in hematological and biochemical mea-
surements and highlighted the antitumor potentiality of
HPCD@PEG-PLGA.

Furthermore, histopathological examinations of liver tis-
sues dissected from untreated SEC-bearing mice revealed foci
of lobular inflammation (black arrows) (Figure 9). There was
an area of necrosis (black arrowhead) with the replacement
of hepatocytes by chronic inflammatory cells. Many hepato-
cytes show hydropic degeneration (red arrows), and scattered
apoptotic cells (red arrowheads) were observed. Conversely,
upon treatment with Pc-HPCD@PEG-PLGA NPs, liver tissue
showed fewer foci of lobular inflammation (black arrows)
with no areas of necrosis. There was no evidence of hydropic
degeneration or apoptotic hepatocytes in Pc-HPCD@PEG-
PLGA NP-treated mice. These results suggest a protective
effect of the treatment on liver tissue integrity and function,
possibly by mitigating the inflammatory response induced by
the tumor. Moreover, histopathological examination of tumor
tissue dissected from untreated SEC-bearing mice exhibited
sheets of malignant epithelial cells (black arrows), showing
cellular and nuclear pleomorphism, nuclear hyperchromasia,
and an increased nucleo-cytoplasmic ratio. Tumor cells infil-
trated skeletal muscle bundles, and upon treatment with Pc-

HPCD@PEG-PLGA, there was a decrease in cellular and
nuclear pleomorphism, suggesting a potential therapeutic
effect in reducing cellular abnormalities and slowing down
tumor growth. The histopathological findings supported the
potential efficacy of Pc-HPCD@PEG-PLGA NPs in mitigating
liver damage and slowing down tumor progression in SEC-
bearing mice.

4 Conclusions

The double-emulsion solvent evaporation approach was
utilized to formulate PEG-PLGA core–shell NPs encapsu-
lating the Pc-HPCD inclusion complex. The complex was
well settled in the inner aqueous core, exhibiting a pH-
triggered release behavior. This approach holds promise
in tumor therapy as the loaded anticancer complex showed
higher release in an acidic medium rather than neutral pH,
mimicking the tumormicroenvironment simulating the normal
physiological conditions. In addition, Pc-HPCD@PEG-PLGA
exhibited the highest cytotoxic activity and SI against MDA-
MB-231 cancer cells compared to free Pc or the Pc-HPCD
complex alone. Pc-HPCD@PEG-PLGA NPs also demonstrated
considerable apoptotic and necrotic activities, as evidenced by
their significant ability to trap cells at the sub-G1 phase and
prevent the cell cycle progression in breast cancer cells. In
vivo experiments showed that the treatment with Pc-

Figure 9: Histopathological examinations of liver tissues and tumor tissues of untreated and treated SEC-bearing mice (H and E stain, magnification
×40). Lobular inflammation (black arrows), area of necrosis (black arrowhead), hydropic degeneration (red arrows), apoptotic cells (red arrowheads),
and cell transformation (blue arrow).

Controlled delivery of picoplatin–HPCD inclusion complex in TNBC  15



HPCD@PEG-PLGA NPs resulted in a 67.2% reduction in tumor
growth while improving hematological and biochemical para-
meters as well as maintaining the normal histopathological
architecture. In conclusion, this study provides the feasibility
of a novel anticancer core–shell polymeric system in a pH-
triggered release manner that can execute TNBC via inducing
apoptosis while maintaining minimum toxic effects on normal
cells. Thus, our NPs are promising in advancing more progres-
sive strategies in cancer therapy.
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