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Abstract The therapeutic efficiency of doxorubicin (DOX) is dependent on its sufficient accumu-

lation within the nucleus of cancer cells. Taking advantage of the fascinating properties (e.g., mul-

tiple dense arrays of hyperbranches and high surface area) of bimetallic nanodendrites as well as the

arginine-rich components of protamine sulfate (PS), we herein present a new type of PS-modified

Au@PdNDs-based hydrophobic drug carrier in which DOX can effectively bind to the surface

of the PS.Au@PdNDs nanocarrier via non-covalent attachment. Chemical characterization of

the synthesized PS.Au@PdNDs.DOX showed the successful loading of DOX onto the surface of

PS.Au@PdNDs. Darkfield and Hyperspectral imaging analysis of the PS.Au@PdNDs.DOX

demonstrated the time-dependent uptake and prolonged accumulation capability for releasing its

DOX cargo inside the nucleus. Specifically, data from the 3D-CytoViva fluorescence imaging did

not only track the nanocarrier’s distribution but also confirmed its predominant accumulation in

the nuclear compartment through clathrin-mediated endocytosis. Cytotoxicity assay showed that

the PS.Au@PdNDs.DOX significantly inhibited cancer cell proliferation with maximum DOX

release under acidic conditions (pH 4.5 and 5.5) than at normal physiological pH of 7.4. Moreover,

the resultant PS.Au@PdNDs-based DOX nanocarrier efficiently improved the induction of apop-
ng and
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tosis in MCF-7 cells compared to free DOX and passive targeted platform. In addition, loss of

membrane integrity, mitochondria-apoptotic pathway, and internucleosomal DNA contents from

cell cycle progression assay provided insights on the mechanism of cell death. Overall, the PS.

Au@PdNDs.DOX nanocarrier may be employed for improved subcellular delivery of DOX as well

as multimodal visualization in cancer therapy.

� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

For many decades, doxorubicin; an anticancer/antineoplastic
drug remains at the forefront of chemotherapy in the fight

against various types of cancer (Rayner and Cutts, 2014). Its
mechanisms of action include the induction of apoptosis
(Pilco-Ferreto and Calaf, 2016), DNA damage (Halim et al.,

2018), topoisomerase II poisoning (Marinello et al., 2018),
and generation of free radicals (Sinha, 2020). Despite its fasci-
nating clinical efficacy against many kinds of cancer, the use of

anticancer drugs has been plagued with a short half-life, rapid
metabolism, and inability to discriminate between cancerous
cells and normal cells (Carvalho et al., 2009; Maney and
Singh, 2019). Also, the poor absorption of anticancer drugs

within the interstitials after administration often leads to their
accumulation in the reticuloendothelial (RES) systems, hence
resulting in poor treatment outcomes and in some cases cancer

relapse (Oladipo et al., 2017). Moreso, there has been a myriad
of challenges relating to its side effects which could be life-
threatening in many cases and can affect a patient’s quality

of life after chemotherapy (Maney and Singh, 2017). Hence,
the development of an alternative and efficient platform for
achieving improved therapy would be highly beneficial.

It has been proposed that enhanced DOX cytotoxicity can
be achieved through its discharge directly into the nucleus
where it intercalates with the DNA double helix and subse-
quently prevents DNA replication (Jang et al., 2013; Wu

et al., 2019; Yang et al., 2016). Generally, DOX-nanocarriers
are mostly internalized and accumulate in the cytoplasm but
rarely get to the nucleus. Reports have highlighted that only

about 0.4% of DOX enter the nucleus after cellular uptake
(Li et al., 2019; Mizutani et al., 2005). This is because the
nuclear transport of nanocarriers is complex due to the pore

diameter of the nuclear membrane. The spontaneous uptake
of nanocarriers by the nuclear compartment should allow for
more efficient diffusion of DOX and address the challenge of

DOX inefficiency.
Several nuclear-targeted drug nanocarriers including smart

polymers (Zhong et al., 2015) and cell-penetrating peptides
(CPPs) (Yu et al., 2018) have been reported. Smart nanocarri-

ers with stimuli-responsive properties are particularly interest-
ing in targeted therapy and are considered promising platforms
for improved chemotherapy. The encapsulation of DOX and

purpurin 18 by cyclodextrin-based polymeric micellar system
with reactive oxygen species (ROS) responsive properties was
reported to improve drug treatment efficiency from a com-

bined photodynamic-chemotherapy redox strategy (Jia et al.,
2021). Also, DOX-loaded oxidized cellulose nanoparticles with
potential pH-trigged release showed enhanced site-specific
drug delivery under the acidic tumor microenvironment

(Kumari et al., 2018). In contrast, amino-rich cationic poly-
mers like protamine sulfate (PS) present an interesting natural,
low-molecular-weight polymer with excellent biocompatibility
and biodegradability (Cao et al., 2013). It is a highly cationic

peptide comprising an arginine-based amino acid with strong
alkalinity (Xie et al., 2018), and rich in nuclear localization sig-
nal (NLS) (Puras et al., 2015). Its arginine-rich structure can

directly bind onto nanoparticles which influences the cell sig-
naling pathway for molecules to cross the plasma membrane
into cells. Moreover, PS ligand on the surface of nanocarriers
can provide a high affinity for nucleus-specific trafficking,

thereby providing a fantastic opportunity for enhanced drug
delivery and improving drug targeting potentials.

Advancements in nanomedicine have led to the develop-

ment of many delivery vehicles for DOX which have largely
been able to mitigate these outlined issues of anticancer admin-
istration. These drug delivery vehicles include metal nanopar-

ticles (Du et al., 2018), carbon nanotubes (Ünlü et al., 2018),
polymeric nanoparticles (Nair, 2019), micelles (Wang et al.,
2020), etc. have been extensively deployed as drug nanocarri-
ers. Among these nanocarrier-systems, three-dimensional

(3D) dendritic-shaped bimetallic nanoparticles are gaining
interest since they possess excess morphology, three-
dimensional architecture (Oladipo et al., 2020b), synergistic

capabilities (X. Liu et al., 2017), and can provide a high surface
area required to improve drug loading (Calamak and
Ulubayram, 2019). For example, our group introduced

Au@Pd bimetallic nanodendrites with three-dimensional mor-
phological structures, which were capable of improving DOX-
loading by ~90% and showed stimuli-responsive properties

(Oladipo et al., 2020). Similarly, DOX-loaded cRGD peptide
modified Au@Pt nanodendrites combined chemo-
photothermal treatment was reported by Yang group (Yang
et al., 2018). The cRGD-Au@PtNPs/DOX enhanced the deliv-

ery of DOX and simultaneously demonstrated the potential for
scavenging reactive oxygen species (ROS) resulting from
DOX-induced oxidation. While previous studies on

dendritic-shaped nanoparticles are useful for improving
DOX efficiency, several issues relating to real-time tracking,
nuclear transport, and subcellular retention still require further

investigation. Moreso, the highly active surfaces of palladium
(Phan et al., 2020) in a synergistic combination with the tun-
able optical properties of gold (Qiu et al., 2016) should provide

a platform for improved conjugation of ligands and drug
molecules with enhanced targeted therapeutic functionalities.
With good biocompatibility, higher near-infrared (NIR)
absorption, and efficient multimodal imaging capabilities

(Phan et al., 2020), palladium remains an emerging metal of
choice in the fabrication of bimetallic nanodendrites for
biomedical applications.

Motivated by this discovery, we fabricated a bimetallic
nanocarrier (Au@PdNDs) with multiple dense arrays of

http://creativecommons.org/licenses/by-nc-nd/4.0/
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branches which were modified with protamine sulfate for
improved subcellular transport. DOX was subsequently conju-
gated to the PS-modified Au@PdNDs and the resultant PS.

Au@PdNDs.DOX nanocarrier was applied to deliver DOX
into the nucleus. The subcellular uptake, accumulation, and
distribution of the PS.Au@PdNDs.DOX were studied using

darkfield, hyperspectral imaging, and 3D-CytoViva fluores-
cence microscopy. Furthermore, superior DOX therapeutic
efficacy induced by the PS-nanocarrier in breast carcinoma

MCF-7 cells was observed when compared with DOX alone
and passive-targeted PEG-modified DOX-nanocarrier.

2. Materials and methods

2.1. Materials

Gold chloride (HAuCl4, 99.9%), Sodium tetrachloropalladate
(II) (99%), D-Glucose (99%), Poly (ethylene glycol) methyl
ether thiol (mPEG-SH, MW 2000), L-ascorbic acid (AA,

98%), octadecylamine (ODA 90%, technical grade), doxoru-
bicin (DOX, 99%), Protamine sulfate (grade X salt from sal-
mon), Dulbecco’s modified (DMEM) cell culture medium,

streptomycin-penicillin, fetal bovine serum (FBS), Trypsin-
EDTA (0.25%), and Mitochondrial membrane potential assay
kit (MAK 159) were purchased from Merck (Johannesburg,

South Africa). CellTiter-Blue reagent and CytoTox-ONE
Homogenous membrane integrity reagent were purchased
from Promega (Madison, WI, USA). MUSE Annexin V &

Dead Cell reagent and MUSE Cell Cycle Kit were purchased
from Luminex Corp. (Austin, TX, USA). Ethanol, chloro-
form, and dimethylsulfoxide (DMSO) were purchased from
ThermoFisher. All chemicals were used as received. Ultrapure

water produced from a Milli-Q-purification system (resistivity,
18.2 MOcm�1) was used in all experiments.

2.2. Synthesis and characterization of PS.Au@PdNDs.DOX

Bimetallic gold-core palladium dendritic-shell nanoparticles
(Au@PdNDs) were synthesized following the method earlier

reported (Oladipo et al., 2020; Zhou et al., 2014). 2 mg
mPEG-SH was added to a 2 mg/mL of Au@PdNDs dispersed
chloroform under gentle sonication to make the nanodendrites
water-soluble. After 12 h, the solution was centrifuged twice at

13,200 rpm for 40 min at 4 �C and the pellets redispersed in
water. Thereafter, protamine modified Au@PdNDs was
prepared by slowly mixing 2 mg/mL protamine sulfate salt

dissolved in deionized water to 2 mL PEGylated Au@PdNDs
solution under gentle sonication and incubated overnight with
periodic shaking. The PS modified Au@PdNDs were ultracen-

trifuged twice and the pellets redispersed in 2 mL deionized
water. Then, 2 mg DOX dissolved in 20 mL of deionized water
was mixed with the PS-modified Au@PdNDs solution and

stirred in the dark for 8 h. The resulting PS.Au@PdNDs.
DOX conjugate was centrifuged to remove unbound drugs
and the obtained pellets redispersed in water for further
analysis.

2.3. Physiochemical properties of PS.Au@PdNDs.DOX

The morphological characterization of the PS.Au@PdNDs

and its DOX conjugate were examined by transmission elec-
tron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), and selected area electron diffraction
(SAED). TEM and HRTEM images were obtained from a

JEOL JEM 2100 operated at an accelerating voltage of 200
KV. The functional groups on the surface of the nanoconju-
gate were analyzed using a PerkinElmer Frontier Fourier

transform infrared (FTIR) spectroscopy fitted with a universal
attenuated total reflectance (ATR) detector in the range of
500–4000 cm�1. The hydrodynamic diameter and surface

charge of the nanoconjugate were determined using a Nano
ZS Zetasizer (Malvern, Worcestershire, UK). The size of the
nanocarrier was observed over 8 days in an aqueous solution.
Fluorescence spectra and UV–vis absorption were recorded on

Fluorolog 3 (FL-1057, HORIBA, Japan) and PerkinElmer
Lambda 650 UV–Vis spectrophotometer, respectively.

2.4. DOX loading and optimization

2.4.1. DOX loading efficiency

The percentage and rate of DOX loading onto the PS.
Au@PdNDs were determined by ultracentrifugation. The PS.
Au@PdNDs suspension (1 mg/mL) was incubated with DOX

solution (1mg/mL) andmonitored at 4 �C for 24 h. At predeter-
mined intervals,20mLaliquotswerewithdrawnfromthesolution
mixture and measured for DOX contents. The concentration of
DOX loadedonto thePS.Au@PdNDs andunloadedDOXwere

quantified after centrifugation at 13,200 rpm for 30 min at 4 �C
(Eppendorf centrifuge 5415R). DOX contents were analyzed
for fluorescence using ELISA, (Thermo Fisher Scientific Oy,

Vantaa,Finland)at488/582nmexcitation/emissionwavelength.
A standard calibration plot of free DOX (0–100lg/mL) was
obtained under similar conditions. The loading efficiency and

loading content of the PS.Au@PdNDs was calculated using the
equation below:

Loading efficiency %ð Þ ¼ DOXused �DOXfree

DOXused

� 100 ð1Þ

Loading content %ð Þ ¼ DOXused �DOXfree

Weight of nanocarrier
� 100 ð2Þ

To optimize the PS.Au@PdNDs loading efficiency, DOX
(1 mg/mL) was incubated with PS.Au@PdNDs suspension

(1 mg/mL) in a (v/v) ratio and left overnight at 4 �C. The
amount of DOX per PS.Au@PdNDs were determined by mea-
suring the fluorescence intensity of unloaded DOX present in
the supernatant after centrifugation. A standard fluorescence

intensity calibration plot of free DOX (0–100 lg/mL) was used
to evaluate the DOX contents using ELISA, (Thermo Fisher
Scientific Oy, Vantaa, Finland) with excitation wavelength at

482 nm and emission at 582 nm.

2.4.2. In vitro DOX release at different pH

The in vitro DOX release kinetics from PS.Au@PdNDs.DOX

were investigated under physiological conditions (pH 4.5, 5.5,
and 7.4) at 37 �C for 72 h using a shaking incubator. 5 mg of
PS.Au@PdNDs.DOX was dispersed in a 5 mL PBS solution

and placed in a temperature-controlled shaking incubator. A
50 mL aliquot of the solution was collected at intervals and
replaced with an equal volume of fresh PBS. The amount of

DOX content was analyzed using ELISA as described
above.
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2.5. Cell culture

MCF-7 (human breast adenocarcinoma) and human embry-
onic kidney (HEK 293) cells were obtained from the European
Collection of Authenticated Cell Cultures (ECACC) through

Merck, South Africa. The cells were cultured in Dulbecco’s
Modified Eagle’s Media (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% L-glutamine-penicillin–strep
tomycin under 5% CO2 incubation at 37 �C. At 80% conflu-

ence, the cells were detached with trypsin-EDTA. The cells
were centrifuged and then resuspended in the growth medium
for seeding.

2.5.1. Cytotoxicity assay

The CellTiter-Blue fluorescence assay was used to determine
the cytotoxicity of the nanoconjugates. 2 � 104 cells/mL of

MCF-7 and HEK 293 cells were seeded in a 96-wells plate
and incubated at 50 mL/well for 24 h (37 �C, 5% CO2). The
cells were treated with 50 mL sample suspensions of DOX

and its nanodendrite conjugates at different concentrations
(5, 10, 25, 50 mg/mL) for 24 h incubation. Thereafter, a
20 mL of CellTiter-Blue reagent was added to each well and

the plates were gently shaken before being incubated for 4 h.
Fluorescence intensities associated with each well were mea-
sured using a microplate reader (ELISA, Thermo Fisher Scien-
tific Oy, Vantaa, Finland) at 560 nm excitation and 590 nm

emission wavelength. Fluorescence data were normalized to
control cells and the percentage cell viability was calculated.
All experiments were conducted in triplicate.

2.5.2. Cell uptake analysis

CytoViva imaging techniques were used for cell uptake, inter-
nalization, and distribution analysis. See Supplementary infor-

mation for the detailed protocol.

2.5.3. Annexin V & Dead cell assay (Flow cytometry)

The induction of apoptosis by DOX, Au@PdNDs.PEG/DOX,
and PS.Au@PdNDs.DOX on Human breast carcinoma
(MCF-7 cells) was assessed using the GUAVA MUSE Cell
Analyzer (Luminex Corp. TX, USA). MCF-7 cells were seeded

in a 6-well plate at 1 � 105 cells for 24 h. The cells were treated
with respective IC50 values for DOX, Au@PdNDs.PEG/
DOX, and PS.Au@PdNDs.DOX, and untreated cells were

used as a negative control for 24 h and 48 h. After incubation,
the cells were trypsinized and washed twice with 1 mL PBS
before resuspension. Thereafter, the cells were resuspended in

fresh 100 mL PBS under gentle vortexing in a 1.5 mL Eppen-
dorf tube. A 100 mL of Annexin V & Dead Cell reagent was
added to the cells and subsequently incubated for 20 min in
the dark at room temperature. The cell apoptosis was analyzed

using the MUSE Cell Analyzer equipped with a MUSE anal-
ysis software module system. All experiments were performed
in triplicate and the results were grouped into live, early apop-

tosis, late apoptosis, and dead cells.

2.5.4. Cell cycle assay

MCF-7 cells were seeded in a 6-well plate at 2 � 105 cells/well

for 24 h as described above. After treatment with DOX,
Au@PdNDs.PEG/DOX, and PS.Au@PdNDs.DOX at IC50

values for 24 h, cells were transferred into a 1.5 mL Eppendorf
tube and centrifuged at 1500 rpm for 5 min. Thereafter, the

cells were washed with PBS before being fixed with 70% ice-
cold ethanol at �20 �C for 4 h. The fixed cells were centrifuged,
washed, and the pellets resuspended in an Eppendorf tube with

200 mL PBS. A 200 mL of MUSE Cell Cycle reagent (Millipore,
MA, USA) was then added to the cells and the tubes contain-
ing the cell-reagent mixture were incubated for 30 min in the

dark at room temperature. The cell cycle phases were analyzed
using the GUAVA MUSE Cell Analyzer (Luminex Corp. TX,
USA) equipped with an analyzer software module system.
Cells were categorized into three groups: G0/G1, S, and

G2/M phases.

2.5.5. Mitochondrial membrane potential assay

MCF-7 cells were treated with DOX, Au@PdNDs.PEG/
DOX, and PS.Au@PdNDs.DOX at IC50 values. After 24 h
of incubation, 50 mL of cell media were carefully removed
and 25 mL of Dye loading solution was added to each well.

Following 30 min incubation, 25 mL of assay buffer B was
added to the wells and the plate was incubated for 30 min.
The fluorescence intensities were measured at 490/525 nm

(green) and 540/590 nm (red) excitation/emission wavelengths.
The mitochondrial membrane potential was determined from
the ratio of red/green fluorescence intensities.

2.5.6. Necrosis assay

Necrotic cell death resulting from a compromise of cell mem-
brane integrity was measured using a Lactate dehydrogenase

(LDH) detection kit (Hiebl et al., 2017). MCF-7 cells treated
with DOX, Au@PdNDs.PEG/DOX, and PS.Au@PdNDs.
DOX at IC50 values for 24 h were incubated with 100 mL of

reconstituted CytoTox-ONE reagents. A 2 mL of lysis solution
(9% Triton X-100) was used as a positive control to induce a
maximum release of LDH from cells. The plates were incu-
bated for 10 min and followed by the addition 50 mL of stop

solution before fluorescence measurements for treated (test
samples) and untreated cells (control) were obtained at
560/590 nm excitation/emission wavelengths on a microplate

reader (ELISA, Thermo Fisher Scientific Oy, Vantaa, Fin-
land). The average fluorescence values corrected against the
medium background and the percentage of LDH released were

calculated from the below equation:

LDH release %ð Þ ¼ Experimental�Medium background

Maximum LDH�Medium background

� 100

ð3Þ
2.6. Statistical analysis

All data are presented as mean ± standard deviation (SD).

The differences between groups were analyzed by a simple t-
test followed by the Wilcoxon test for multiple comparisons.
Statistical analyses were performed using GraphPad Prism

8.3 and significance denoted as *P < 0.05, **P < 0.01 and
***P < 0.001.
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3. Results and discussion

3.1. Synthesis and characterization of PS-modified Au@PdNDs.
DOX

Biocompatible and water-soluble PEGylated bimetallic gold-

core, palladium nanodendrites (Au@PdNDs.PEG) were syn-
thesized using the previously reported method (Oladipo
et al., 2020). The synthesized Au@PdNDs.PEG were mixed

with PS under gentle shaking at room temperature to obtain
the PS.Au@PdNDs via electrostatic interactions (Ji et al.,
2018; Xie et al., 2018), since PS and Au@PdNDs.PEG are
of opposite charges (positive and negative charges, respec-

tively). After repeated centrifugation to remove unbound PS
from the PS-modified Au@PdNDs, the anticancer drug dox-
orubicin (DOX) was loaded onto the surface of the PS.

Au@PdNDs to obtain a tumor-targeting PS.Au@PdNDs.
DOX delivery system (Fig. 1). The purified PS-based
Fig. 1 Illustration showing the preparation of PS-modi
Au@PdNDs.DOX drug nanocarrier was used for
characterization.

Fig. 2A shows the transmission electron microscopy (TEM)

image of the resulting PS.Au@PdNDs. The PS.Au@PdNDs
nanocarrier displayed the spherical gold-core (diameter,
~12 nm) surrounded by palladium dendritic shells with multi-

ple dense arrays of branches. The high-resolution TEM
(HRTEM) image shows the DOX evenly distributed on the
surface of the PS.Au@PdNDs.DOX nanocarrier (Fig. 2B).

Moreover, the crystalline nature of the PS.Au@PdNDs.
DOX can be observed with bright spots in the selected area
electron diffraction pattern (Fig. 2C). The formation of the
PS.Au@PdNDs.DOX was also investigated by zeta-potential

changes. The Au@PdNDs.PEG possessed an initial zeta
potential value of �18.25 mV which changed to a positive
charge (+12.43 mV) when the surface was modified with pro-

tamine sulfate (Fig. 2D). The reversal of charge was attributed
to the polycationic nature of protamine. After DOX loading,
fied Au@PdNDs and subsequent DOX conjugation.



Fig. 2 Characterization of PS.Au@PdNDs. (A) TEM image, (B) HRTEM of PS.Au@PdNDs.DOX, (C) Selected-area electron

diffraction (D) Zeta-potential changes accompanying the formation of PS.Au@PdNDs.DOX nanocarrier (n = 3).

6 A.O. Oladipo et al.
the surface charge increased further to +18.9 mV due to the

positive charge of DOX molecules which caused the charge
to increase.

The presence of DOX on the surface of PS.Au@PdNDs.

DOX was also established by characterizing the solution of
the DOX-loaded nanocarrier using fluorescence and UV–Vis
spectroscopy. At an excitation wavelength of 488 nm, free
DOX showed maximum emission at 598 nm and 637 nm while

the PS.Au@PdNDs.DOX showed DOX fluorescence predom-
inantly quenched due to the complexation of DOX with the
PS.Au@PdNDs nanocarrier (Fig. 3A). The weak emission

peaks noticed at 552 nm and 591 nm in the PS.Au@PdNDs.
DOX solution (with the same DOX concentration) which
blue-shifted could be attributed to the non-covalent attach-

ment of DOX molecules with the surfaces of the PS.
Au@PdNDs or high concentration of DOX on the nanocar-
rier surfaces resulting from self-quenching of DOX
(Benyettou et al., 2017). In Fig. 3B, UV absorption spectra

of DOX exhibited a distinctive peak at 492 nm while the PS.
Au@PdNDs displayed a broad absorption spectrum. Upon
the conjugation of DOX onto the PS.Au@PdNDs, an addi-

tional shoulder peak characteristic of DOX which red-shifted
to 533 nm was located on the formed PS.Au@PdNDs.DOX
nanocarrier. These results indicated that DOX was successfully

conjugated to the surface of the nanocarrier (Oladipo et al.,
2021).

Similarly, the structural changes that characterize the for-

mation of the PS.Au@PdNDs.DOX were studied by FTIR
analysis. In Fig. 3C, we observe a disappearance of the NH2

stretching peak (3255 cm�1) while the symmetric and
asymmetric CH2 peaks (2911–2847 cm�1) remain in the
octadecylamine (ODA)-capped Au@PdNDs. We attributed

this to the complexation between the Pd-dendritic shells and
ANAH stretching of the ODA. The peaks at 1059 cm�1 to
900 cm�1 completely disappeared from the spectrum of the

Au@PdNDs.ODA, thus indicating an interaction between
Au@PdNDs and ODA. After ligand exchange with mPEG-
SH, the spectrum of Au@PdNDs.PEG displayed 2864 cm�1

and 1094 cm�1 peaks corresponding to ACH2 and ACAO

vibrations which confirmed covalent bound PEG coating on
the surface of the water-soluble Au@PdNDs.PEG. For the
PS-modified Au@PdNDs, the peak at 3274 cm�1 was attribu-

ted to the NH3
+ of the amino acid salt (Fig. 3D). Several other

distinctive peaks such as stretching amide I (1636 cm�1), amide
II (1530 cm�1), S‚O organic sulfate salt (1456 cm�1) and

stretching arginine (1068 cm�1) of protamine sulfate were also
present in the PS.Au@PdNDs. Upon DOX-loading onto the
PS.Au@PdNDs, distinctive peaks at 2983 cm�1 (symmetric
CH2), 1648 cm�1 (C‚O bond), 1412 cm�1 (CAC in bond),

and 883 cm�1 (primary amine NH2) of DOX were visible.
These additional peaks generated in the spectrum of PS.
Au@PdNDs.DOX are associated with the DOX fingerprint

region suggested the successful conjugation of the PS.
Au@PdNDs with DOX molecules.

The stability of the PS.Au@PdNDs.DOX incubated in PBS

(pH 7.4) at 37 �C was investigated using the Dynamic light
scattering technique (DLS). The hydrodynamic diameter of
PS.Au@PdNDs.DOX in Fig. S1A indicated that the nanocar-

rier was stable for 8 days with sizes <100 nm. In addition, the
zeta potential was measured within the same period with the
PS.Au@PdNDs.DOX nanocarrier showing a negligible
increase in values (Fig. S1B). Both particle size and zeta poten-



Fig. 3 Fluorescence spectra of (A) free DOX and DOX-conjugated PS.Au@PdNDs and (B) UV–Vis absorption spectra of free DOX,

PS.Au@PdNDs, and PS.Au@PdNDs.DOX nanocarrier, FTIR spectra of (C) ODA, Au@PdNDs.ODA, mPEG-SH, and Au@PdNDs.

PEG (D) PS, PS.Au@PdNDs, DOX, and PS.Au@PdNDs.DOX.
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tial are important properties because they provide invaluable
information that influences the stability, cell uptake, and the
consequent biological performance of nanocarriers.
3.2. DOX loading onto PS.Au@PdNDs and its release

evaluation

The dynamics of DOX loading onto PS-modified Au@PdNDs
were studied using fluorescence measurements based on the
quenching of DOX fluorescence by nanocarrier (Fig. S2). Sev-

eral loading experiments were performed to investigate the
maximum loading capacity of the PS.Au@PdNDs nanocar-
rier. After optimization, a loading efficiency (LE) of

~79.41% and loading content (LC) of ~50.21% was achieved
at 4:1 PS.Au@PdNDs:DOX ratio (Table S1). Using this opti-
mized ratio, the loading kinetic pattern of DOX onto the PS.
Au@PdNDs nanocarrier was studied. An LC of ~75% was

achieved at 1 h incubation and subsequently increased with
time (Fig. 4 A). The rapid loading of DOX could be attributed
to the increased binding sites on the nanodendrites which were
mediated by electrostatic forces. At 24 h, an LC of ~80% was
attained with no further increase in LC afterward, indicating
that equilibrium was reached. The pH-responsive properties

of the optimized PS.Au@PdNDs.DOX nanocarrier were stud-
ied at pH 4.5, 5.5, and 7.4 to simulate the intracellular and
extracellular conditions. Following endocytosis, the endoso-

mal vesicles formed around nanocarriers undergo rapid acidi-
fication due to ATPase-mediated proton invasion. This results
in the pH levels of endosomes to rapidly drop to <6.0, thereby

mediating endosomal rupture and subsequent nanocarrier
release. Fig. 4B shows the DOX release profiles from PS.
Au@PdNDs.DOX nanocarrier. At acidic pH, the PS.

Au@PdNDs.DOX displayed an enhanced drug release rate.
Specifically, as much as 80% (pH 4.5) and 49% (pH 5.5) of
DOX were release at 6 h and continued to increase up to
36 h. When DOX-loaded nanocarriers enter the cell, structural

deformation is initiated by the acidic pH of the tumor environ-
ment (pH 6.5) particularly at the endosomal and lysosomal pH
of 4.5–5.5. These different hydrolysis rates induced by the

acidic tumor microenvironment lead to an inevitable rapid
release of DOX from the nanocarrier system (Benyettou



Fig. 4 In vitro DOX loading kinetics showing the percentage of (A) DOX loaded onto PS.Au@PdNDs; DOX:PS.Au@PdNDs ratio of

1:4 (B) DOX release profile from PBS at pH 4.5, 5.5, and 7.4, cytotoxicity of PS.Au@PdNDs, DOX, Au@PdNDs.PEG/DOX, and PS.

Au@PdNDs.DOX on (C) MCF-7 and (D) HEK 293 cells for 24 h. Data are presented as mean ± standard deviation (n = 3). Statistical

differences between groups are *P < 0.05, **P < 0.01 and ***P < 0.001.
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et al., 2017; Cavalcante et al., 2021). Under normal conditions
(pH 7.4), only about 33% of DOX was released after 24 h,

which should reduce systemic toxicity commonly associated
with DOX under physiological pH (Oladipo et al., 2020a). A
higher amount of DOX released under acidic conditions

showed the selective release capacity of PS.Au@PdNDs.
DOX which are beneficial for promoting pH-responsive drug
nanocarrier’s efficiency in cancer therapy.

3.3. Cell cytotoxicity studies using PS.Au@PdNDs.DOX

The inhibition of cell proliferation by the different DOX for-
mulations on MCF-7 and HEK 293 cells was investigated

using a fluorescence-based assay. In this assay, free DOX
and passive targeted Au@PdNDs.PEG/DOX were set as pos-
itive controls. The viability of MCF-7 cells treated with vari-

ous formulations of DOX showed a concentration-dependent
decrease as shown in Fig. 4C. For instance, free DOX,
Au@PdNDs.PEG/DOX, and PS.Au@PdNDs.DOX at a con-

centration of 10 mg/mL suppressed MCF-7 cells’ growth with
77.2%, 67.9%, and 45.3% viability, respectively. More impor-
tantly, the PS.Au@PdNDs.DOX exhibited significantly

greater cytotoxicity (34.7% at 25 mg/mL and 12.5% at
50 mg/mL) after treatment with the equivalent DOX dosage
compared with free DOX and Au@PdNDs.PEG/DOX. The
calculated IC50 values for PS.Au@PdNDs.DOX further
showed that a lower dosage, 3.05 mg/mL is required to inhibit

the proliferation of MCF-7 cells (Table 1). In contrast, the PS-
modified Au@PdNDs showed no obvious toxicity even at a
high concentration of 50 mg/mL (~90% viable cells), therefore

suggesting that the PS.Au@PdNDs are non-cytotoxic and bio-
compatible. A similar dose–response effect was noticed from
the various DOX formulation treatments against HEK 293,

a representative non-cancerous somatic cell line. Specifically,
DOX alone showed reduced cell viability (68.7–52.3%) with
increasing concentrations (Fig. 4D). However, both PS.
Au@PdNDs and PS.Au@PdNDs.DOX treatment did not

result in any cytotoxicity with viable cells above 110.2% and
105.1% respectively, at 50 mg/mL. Although both cells were
more sensitive to DOX treatment, these results suggest the

preferential uptake of PS.Au@PdNDs.DOX by MCF-7 cells
than HEK 293 as treatment did not affect non-cancerous cells.
Also, the significantly enhanced antitumor chemotherapeutic

response of PS.Au@PdNDs.DOX over free DOX noticed in
MCF-7 cells may be attributed to the slow and sustained
release of DOX from PS.Au@PdNDs.DOX nanocarrier
(Yuan et al., 2017). Since DOX uptake occurs predominantly

via a passive diffusion mechanism (Suarasan et al., 2016), the
rapid uptake and intracellular transport of the PS.
Au@PdNDs.DOX nanocarriers can efficiently mediate the



Table 1 Calculated IC50 values for Au@PdNDs.PEG, DOX, Au@PdNDs.PEG/DOX, and PS.Au@PdNDs.DOX in MCF-7 cells

from cytotoxicity assays.

IC50 values (mg/mL)

Cell line PS.Au@PdNDs DOX Au@PdNDs.PEG/DOX PS.Au@PdNDs.DOX

MCF-7 21.92 9.58 8.56 3.05
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time-dependent release of DOX closer to the nucleus, thereby
leading to increased concentration of DOX. Hence, the cyto-

toxicity results strongly suggest that DOX delivery using
active-targeted nanocarrier PS.Au@PdNDs could efficiently
improve the anticancer activity of DOX. Moreover, the inves-

tigation of the mechanism of action regarding the selectivity of
PS.Au@PdNDs.DOX nanocarrier should be relevant in future
work.

3.4. Cell uptake studies using PS.Au@PdNDs.DOX

3.4.1. Enhanced darkfield microscopy

The ability of nanocarriers to pass through tumor vasculature
and be localized at the disease target site is the hallmark of suc-
cessful therapy. Therefore, to visualize and track the accumu-

lation of nanocarrier systems in cells, we utilize darkfield
microscopy, hyperspectral imaging, and spectral angle map-
ping. Interestingly, the light scattering properties of

Au@PdNDs present a fascinating tool for visual monitoring
of the PS.Au@PdNDs.DOX nanocarrier system. Fig. 5 shows
Fig. 5 Dark-field images of MCF-7 cells showing a time-dependent

(B) 2 h, (C) 6 h, (D) 24 h exposure time, respectively. Images were ac
the darkfield microscopy images of MCF-7 cells treated with
PS.Au@PdNDs.DOX at different exposure times. The slight

glow noticed in the untreated cells emanated from the intrinsic
visible light scattering inherent in cellular organs (Fig. 5A)
(Suarasan et al., 2016). After 2 h of exposure, the cells show

narrow scattering coming from the DOX-loaded PS.
Au@PdNDs (Fig. 5B). Most of the observed light scattering
at this time point was concentrated around the cell membrane.

At 6 h, a strong optical scattering was observed which became
most intense at 24 h with the majority of the bright spots sig-
nificantly located in the interior of the cells and possibly within
the nucleus (Fig. 5C-D). This observation demonstrated that

the PS.Au@PdNDs.DOX were accumulated within the cells
in a time-dependent manner, thereby presents an intracellular
approach for controlled drug release.

3.4.2. Hyperspectral imaging

The hyperspectral imaging technique presents a reliable, high
speed, and alternative to fluorescence imaging which can be

used to differentiate various components within cells (Lu and
uptake of PS-modified Au@PdNDs.DOX. (A) Untreated control,

quired at 60� magnification (Scale bar = 12 mm).
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Fei, 2014; Mehta et al., 2018; Sohrabi Kashani et al., 2020).
The morphology and composition of nanoparticles are two
important factors that determine the characteristic spectral

profiles of each compound (Mehta et al., 2021). The spectral
signatures of nanocarriers loaded with fluorescent molecules
like DOX can be assessed based on changes in the scattering

properties before and after conjugation. Fig. 6A-B. shows
the plasmonic-based reflectance spectra of bare PS.
Au@PdNDs and PS.Au@PdNDs.DOX that enable the spec-

tral differentiation of loaded and unloaded nanocarrier. Both
PS.Au@PdNDs and PS.Au@PdNDs.DOX showed spectral
variations in the profiles associated with each. To demonstrate
the variations in the composition of the nanocarriers in the cell

cytoplasm, we compared the mean reflectance spectral profiles
from PS.Au@PdNDs and PS.Au@PdNDs.DOX in treated
cells (Fig. 6C-D). The intense reflectance spectra (red lines)

matched with those collected from PS.Au@PdNDs, PS.
Au@PdNDs.DOX while the reflectance spectra from the cyto-
plasm (white line) and background (green line) were very

broad (Yang et al., 2014). The unloaded PS.Au@PdNDs
showed a peak around 630–640 nm which remained
unchanged after DOX loading. The scattering spectra of PS.

Au@PdNDs.DOX did not show any shift, indicating that
DOX molecules were evenly attached to the surface of the
PS.Au@PdNDs nanocarrier with no interparticle variation
(Zamora-Perez et al., 2018). Moreso, the appearance of a

nudge band around 450–480 nm was associated with DOX
loading. This observation proved that the PS.Au@PdNDs.
DOX nanocarriers were indeed internalized within the cells.

Consequently, hyperspectral imaging (HSI) and spectral
angle mapping (SAM) integrated into CytoViva microscopy
were used to further confirm the internalization and

accumulation of the PS.Au@PdNDs.DOX with MCF-7 cells.
Fig. 6 Spectral profile of PS.Au@PdNDs.DOX internalized in MCF

(B) PS.Au@PdNDs.DOX and their respective mean spectral profiles
The combination of imaging and spectroscopy afforded by this
technique can provide more data on the dynamics of cell-
nanoparticle interactions and improve nanocarrier optimiza-

tion for sufficient uptake. This technique scans and creates a
spectral library from the known sample’s reflectance spectra
which are then used to distinguish between known (Fig. S3)

and unknown spectra observed from the cell-nanoparticle
interaction. Fig. 7A shows the hyperspectral image of MCF-
7 cells treated with PS.Au@PdNDs.DOX. The appearance

of bright spots within the cells was due to the high reflectance
spectral property of the internalized nanocarrier. To ascertain
whether PS.Au@PdNDs.DOX nanocarriers are present in the
hyperspectral image, an automated procedure; spectral angle

mapping (SAM) was used to identify the nanocarriers. As
shown in Fig. 7B, the red dots observed in the SAM image
indicated the locations of the PS-modified nanocarriers when

compared with the reflectance spectral library of known PS.
Au@PdNDs.DOX. The overlayed image in Fig. 7C showed
the spectral angle mapped onto the hyperspectral image with

the red dots representing the PS.Au@PdNDs.DOX.

3.4.3. Distribution of PS.Au@PdNDs.DOX within cells

We investigated the changes in the distribution of PS.

Au@PdNDs.DOX internalized in cells using the 3D CytoViva
fluorescence imaging technique. It is assumed that the PS-
modified Au@PdNDs.DOX nanocarrier can travel through

the cytoplasm via a receptor-mediated endocytotic pathway
leading to its confinement in an endosome or lysosome.
Fig. 8 illustrates the distribution of PS-conjugated

Au@PdNDs.DOX within the cells. The images were acquired
by rotating the cells across the Z-axis of a three-dimensional
(3D) plane using the CytoViva software. The images clearly
showed the localization of the nanocarriers within the cells.
-7 cells at 2 h. Reflectance spectral libraries of (A) PS.Au@PdNDs

after treatment in cells (C-D).



Fig. 7 Hyperspectral reflectance profile of PS.Au@PdNDs.DOX (red line), cytoplasm (white line), and background reflectance (green

line) from the nucleus. Images were acquired at 60� magnification (Scale bar = 12 mm).

Fig. 8 3D-CytoViva fluorescent images of MCF-7 cells treated with PS.Au@PdNDs.DOX for 2 h. (A-C) The images were rotated along

its focal plane in the direction of the Z-axis. Images were acquired at 60� magnification, scale bar = 21 mm). (D) number of nanoparticles

counted by CytoViva software within cells after 2 h incubation.
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As shown in Fig. 8A-C, the red dots represent PS.
Au@PdNDs.DOX and the cytoplasm in cyan color. The
nanocarriers were distributed throughout the cytoplasm and

could be seen migrating towards the nucleus. The nucleus (in
blue color) showed the presence of the nanocarriers inside as
well at 2 h exposure. The endocytotic internalization of
nanoparticles has been reported to occur via three main path-
ways: clathrin-mediated, caveolae-mediated, and

macropinocytosis (Foroozandeh and Aziz, 2018; Yameen
et al., 2014). As a passive targeting control, Au@PdNDs.
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PEG/DOX nanocarriers based on enhanced permeability and
retention (EPR) effect were treated against MCF-7 cells under
a similar condition and compared (Fig. S4). The Au@PdNDs.

PEG/DOX nanocarriers were also distributed within the cyto-
plasm. However, the Au@PdNDs.PEG/DOX nanocarriers
were unable to cross beyond the nuclear membrane into the

nuclear compartment as the nanocarrier assembled outside
of the nuclear membrane. From the 3D-CytoViva analysis,
an average of 87 and 52 nanoparticles were counted within

the cells for PS.Au@PdNDs.DOX and Au@PdNDs.PEG/
DOX respectively at 2 h incubation (Fig. 8D). These observa-
tions demonstrated that the PS.Au@PdNDs.DOX has a better
intracellular accumulation potential with nuclear targeting

capability than the Au@PdNDs.PEG/DOX nanocarrier. The
dynamics of cell uptake from an active and passive targeting
strategy have continued to generate research interests in the

last decades (Attia et al., 2019). Interestingly, the receptor-
mediated pathway has been proposed as a more efficient strat-
egy to improve the accumulation of nanocarriers for drug

delivery applications. A myriad of ligands such as transferrin
(Zhao et al., 2018), folic acid (Xia et al., 2018), peptides
(Yang et al., 2014), hyaluronic acid (Luo et al., 2020), apta-

mers (Li et al., 2019), etc. have been employed for the modifi-
cation of nanocarriers to significantly enhance their targeting
capabilities. A recent study demonstrated that PS@SiNP-
pDNA gene nanocarriers were internalized via clathrin-

mediated endocytosis (Ji et al., 2018). PS as a ligand can medi-
ate the transport of Au@PdNDs resulting in enhanced uptake
and rapid distribution as shown in our result. This novel visu-

alization technique offers significant information regarding the
distribution and the nuclear targeting capability of the PS-
modified Au@PdNDs.DOX.

3.5. Therapeutic potentials of PS-modified Au@PdNDs.DOX

Previous studies have shown that DOX is effective against

tumor cells and can destroy cancer cells via the induction of
apoptosis (Xia et al., 2018). The release of phosphatidylserine
(PS) from the inner layer of the cell membrane to the extracel-
lular environment is a critical biomarker for apoptosis induc-

tion. Annexin V can bind to released PS, thereby enabling
the precise measurement of apoptosis (Oladipo et al., 2020a).
To analyze the mechanism of cell death and the changes that

accompany the rate of induction of apoptosis, flow cytometry
was used to evaluate whether PS.Au@PdNDs.DOX could
exhibit greater induction of apoptosis in MCF-7 cells com-

pared to free DOX or Au@PdNDs.PEG/DOX. Cells were
treated with DOX, Au@PdNDs.PEG/DOX, and PS.
Au@PdNDs.DOX at respective IC50 values (mg/mL) for
24 h and 48 h after which apoptotic responses were assessed.

As shown in Fig. 9, PS.Au@PdNDs.DOX treatment induced
apoptosis in MCF-7 cells and resulted in a greater number
of apoptotic cells (64.3%) at 24 h compared with cells exposed

to DOX (40.1%) and Au@PdNDs.PEG/DOX (48.2%). When
the treatment time was increased to 48 h, treatment with PS.
Au@PdNDs.DOX led to a further increase in apoptosis rates

(75.1%) with the DOX and passive targeted Au@PdNDs.
PEG/DOX also showing increased apoptotic cell proportions
at 54.4% and 70.2% respectively (Fig. S5). These results

showed that PS.Au@PdNDs.DOX improved the anticancer
efficiency of DOX when DOX is loaded onto the surface of
PS-modified Au@PdNDs nanocarrier. In rapidly proliferating
breast adenocarcinoma cells like MCF-7, nucleolin; a
nucleolar-binding phosphoprotein is abundantly overex-

pressed in the cell membrane and cytoplasm (Li et al., 2019;
Watanabe et al., 2010). On the cancer cell surface, nucleolin
provides a platform for protein attachment for several growth

factors and ligands. The continuous intracellular migration of
nucleolin into the nucleus thus confer nucleolin with active
nuclear identification functionality (Dam et al., 2012; Qiu

et al., 2015). It is anticipated that upon the treatment of cells
with PS-modified Au@PdNDs.DOX, the PS-rich nuclear
localization signal present on the surfaces of the PS.
Au@PdNDs.DOX can bind onto nucleolin with high affinity

and selectivity, thereby enabling its efficient transport to the
nucleus. The recognition, specific binding, and accumulation
of the arginine-rich cell-penetrating PS by nucleolin receptor

on the surface of cancerous cells have been confirmed
(Givens et al., 2018; Lafarga et al., 2018). Unlike cancer cells,
nucleolin binding protein is generally not present outside the

nucleus of normal cells, thus lacking the potential for intracel-
lular transport. This perhaps could be the reason for the higher
cell viability of PS.Au@PdNDs and PS.Au@PdNDs.DOX

treatment against HEK 293 observed above. Hence, the
observed apoptotic behavior of the PS.Au@PdNDs.DOX in
MCF-7 cells was not surprising considering the enhanced accu-
mulation and distribution within the cytoplasm as confirmed

by darkfield microscopy, hyperspectral imaging, and 3D-
CytoViva fluorescence imaging.

3.6. Cell cycle assay

A key factor in the control of tumor proliferation is the regu-
lation of cell cycle progression (Murad et al., 2016). Cytotoxic

compounds such as anticancer agents possess the ability to
cause DNA damage by regulating the cell cycle at specific
phases, thereby leading to the induction of apoptosis

(Dziedzic et al., 2017). To further detect DNA fragmentation,
the status of the cell cycle checkpoint induced by PS.
Au@PdNDs.DOX inhibition on MCF-7 cells was assessed
by flow cytometry. Fig. 10 shows the representative cell cycle

with a typical pattern depicted as G1/G0, S, and G2/M phases
after treatment with DOX, Au@PdNDs.PEG/DOX, and PS.
Au@PdNDs.DOX in MCF-7. All treated cells showed a

decrease in the G1/G0 phase (54.0% for DOX, 47.1% for
Au@PdNDs.PEG/DOX, and 62.8% for PS.Au@PdNDs.
DOX respectively) compared with 63.3% in the control. This

treatment for 24 h resulted in a concomitant proportion of
cells accumulating in the G2/M phase from the control group
(17.0%) to (27.8%, 25.6%, and 18.9% for DOX, Au@PdNDs.
PEG/DOX, and PS.Au@PdNDs.DOX respectively) (Fig. 10).

Whereas, after 48 h treatment with PS.Au@PdNDs.DOX, the
proportion of cells in the G2/M phase increased to 25.3%
while that of the G0/G1 phase decreased to 57.0%. Also, treat-

ment with Au@PdNDs.PEG/DOX showed an 18.3% decrease
of the G2/M phase at 48 h compared to 25.6% at 24 h. These
data suggested that PS.Au@PdNDs.DOX apoptotic induction

was largely due to G2/M arrest. Consequently, the PS.
Au@PdNDs.DOX treatment demonstrated a stronger capac-
ity to induce higher cell death than Au@PdNDs.PEG/DOX.

Hence, the differences in cell proportion exhibited by PS.
Au@PdNDs.DOX in MCF-7 cells could partly be associated



Fig. 9 Representative plots of apoptotic induction by Au@PdNDs.PEG/DOX and PS.Au@PdNDs.DOX on MCF-7 cells were treated

for 24 h and 48 h at respective IC50 values (mg/mL). The distribution of the rate of early and late apoptosis induced by PS.Au@PdNDs.

DOX was determined by flow cytometry and compared with negative control (untreated), positive control (DOX), and the passive

targeted Au@PdNDs.PEG/DOX.

Fig. 10 Representative cell cycle distribution plots showing the cell cycle phase induction by DOX, Au@PdNDs.PEG/DOX, and PS.

Au@PdNDs.DOX after treatment on MCF-7 cells for 24 h and 48 h. The untreated cells were used as the negative control.

Nuclear targeted multimodal 3D-bimetallic Au@Pd 13
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with the improved intracellular localization of the PS-modified
Au@PdNDs. However, we did not notice a significant differ-
ence in the cell cycle distribution among the different groups

(Fig. S6). Several studies on the disruption of cell cycle pro-
gression have been reported for nanocarrier-based DOX deliv-
ery systems. Docetaxel (DTX) loaded folic acid-decorated

PEG-PCL nanoparticles were found to retain the G2/M phase
in tumor cells after cell internalization (Hu et al., 2016). The
arrest of the G2/M cell cycle phase by DOX-tethered PVP-

coated AuNPs was significantly enhanced in the treatment of
lung cancer A549 cells (Ramalingam et al., 2018). Our results
are in agreement with these studies and highlighted the rela-
tionship between cell cycle regulation and apoptosis induced

by targeted nanocarrier-based drug delivery systems.

3.7. Mitochondrial membrane permeabilization

One of the main features of targeted delivery of anticancer
drugs to tumor cells is the intrinsic apoptotic pathway via
the induction of loss of mitochondrial membrane permeabil-

ity (Liu et al., 2017). Since apoptosis can occur through sev-
eral molecular pathways, the mitochondria pathway has been
established as one which activates the release of apoptotic

regulators usually found within the mitochondrial membrane
pores (Shi et al., 2018). The mechanism of mitochondrial dys-
function results from the release of cytochrome c, a soluble
protein from the mitochondrial membrane pores ruptured

in response to drugs. The release of this protein into the cyto-
sol is the hallmark of drug-triggered apoptotic events. To
investigate whether mitochondrial membrane disruption

mechanism contributed to the apoptotic events, mitochon-
drial membrane potential was measured using JC-10 fluores-
Fig. 11 (A) Mitochondrial membrane potential (MMP) detected (B)

MCF-7 cells upon treatment with DOX, Au@PdNDs.PEG/DOX,

maximum LDH release of 100%). Data were expressed as mean ± S
cence dye. From Fig. 11A, the treatment of MCF-7 cells
against DOX, Au@PdNDs.PEG/DOX, and PS.
Au@PdNDs.DOX at equivalent IC50 values resulted in

decreased fluorescence with a percentage decrease at 50.1%,
47.1%, and 61.2% respectively, when compared to the nega-
tive control. The PS.Au@PdNDs.DOX showed higher activ-

ity against MCF-7 cells compared to DOX and Au@PdNDs.
PEG/DOX due to its significant inhibitory effect. These
observations coincide with a decreased mitochondria mem-

brane potential reported in HeLa cells upon triphenoylphos-
phonium (TPP) conjugation to mesoporous silica
nanoparticles (MSNPs) for the targeted delivery of DOX
(Qu et al., 2015). These results possibly indicated that

mitochondria-mediated pathways played a role in the induc-
tion of apoptosis in MCF-7 cells which may be attributed
to the loss of their mitochondrial membrane potential.

3.8. Necrotic cell death

The loss of membrane integrity usually accompany cells under-

going necrosis and has been used to study necrotic cell death
mechanism (Bhoora et al., 2020). When cytotoxic agents inter-
fere with the normal functions of cells, it is commonly charac-

terized by intracellular organelle rupture and swelling which
triggers various inflammatory responses. This results in the
intracellular release of lactate dehydrogenase (LDH) enzymes
from the cytoplasm of damaged cells into the external sur-

rounding thus providing a reliable biomarker for quantifying
necrosis. To determine whether necrosis was a participating
mechanism, MCF-7 cells were exposed to equivalent IC50 val-

ues of DOX, Au@PdNDs.PEG/DOX, and PS.Au@PdNDs.
DOX for 24 h and the released LDH was fluorometrically
Assessment of necrosis by lactate dehydrogenase (LDH) release in

and PS.Au@PdNDs.DOX for 24 h (Triton-X solution induce

D (n = 3) with *P < 0.05 considered statistically significant.



Fig. 12 Schematic illustration of the proposed anticancer mechanism of action of PS.Au@PdNDs.DOX nanocarrier in MCF-7 cells.
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quantified. As shown in Fig. 11B, increased LDH release was

observed for all treated groups. However, the changes in the
leakage of cytosolic LDH enzyme detected among the different
groups were not significant, thereby suggesting that minimal
cell membrane damage occurred. This result indicated that

apoptosis was the main mechanism of cell death which is con-
sistent with the observed apoptotic induction by all groups as
highlighted above. Consequently, we proposed a mechanism of

action underlying the targeted PS.Au@PdNDs.DOX treat-
ment on MCF-7 cells (Fig. 12).
4. Conclusions

A novel active-targeted protamine sulfate (PS)-modified, three-
dimensional Au@PdNDs nanodendrites was successfully syn-

thesized to deliver DOX to the nucleus of human breast carci-
noma MCF-7 cells. It was found that the PS.Au@PdNDs
nanocomplex demonstrated no apparent toxicity against

MCF-7 cells while the PS.Au@PdNDs.DOX showed excellent
time-dependent uptake in MCF-7 cells, resulting in improved
cancer cells suppression compared with passive targeted
Au@PdNDs.PEG/DOX and DOX alone. Furthermore, the

3D CytoViva fluorescence imaging technique revealed the sig-
nificant accumulation and distribution of the PS-modified nan-
odendrites within the cytoplasm. The efficient localization of

the PS.Au@PdNDs.DOX within the nucleus consequently
led to enhanced antitumor DOX efficiency and induce cell
apoptosis in vitro. Our results showed that the modification

of Au@PdNDs with PS should provide a new strategy for
the accumulation and sustained delivery of DOX in cancer
theranostic applications.
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