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Abstract Nanotechnology is expanding at a very fast rate owing to its many possible applications

in the industrial, biomedical, commercial, and other areas. In this study, copper oxide nanoparticles

(CuO-Fu-NPs) were prepared using Undaria pinnatifida-derived fucoidan as a capping and reducing

agent, and their anticancer activity and apoptosis-related mechanism were assessed using HeLa

cells. Fourier-transform infrared spectroscopy, field emission scanning electron microscopy, energy

dispersive X-ray spectroscopy, and X-ray powder diffraction were used to characterize the fabri-

cated product, revealing that the fucoidan molecules had reduced the Cu ions into NPs and coated

the CuO NP surface. Circular NPs of <30 nm in size were also trapped in fucoidan sheets. The

CuO-Fu-NPs inhibited HeLa cell growth significantly in a dose- and time-dependent manner, with

an IC50 value of 0.479 mg/mL (compared with 1.104 mg/mL with fucoidan alone). According to

TUNEL assay results, the CuO-Fu-NPs induced DNA damage and apoptosis in the HeLa cells.

Western blot analysis revealed the expression of apoptosis-associated proteins (BCL2, BAX, cyto-

chrome c, cleaved CASP-3 (cleaved caspase-3), and cleaved PARP) in the CuO-Fu-NPs-treated
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Fig. 1 Structure o
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cells. This study provides valuable information about the toxic effect of this biomaterial, which

could have biomedical applications.

� 2021 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

Nanotechnology has led to the integration of a diverse array of

disciplines in the biomedical, chemical, and industrial areas
(Jian et al., 2020), with many different nanomaterials being
used in various fields, most importantly in medicine, diagnos-
tics, drug delivery, and therapeutics (Faraji and Wipf, 2009;

Saji et al., 2010). Nanomaterials are advantageous because of
their small size and good biocompatibility. Therefore, metallic,
inorganic, and organic nanomaterials are commonly used in

nanotechnology (Liu et al., 2016).
Seaweeds (marine algae) and their products are widely con-

sumed by the populations of China, Korea, and Japan, with

Undaria pinnatifida (a brown seaweed species commonly
known as wakame or mekabu) being especially popular for
its nutritionally and pharmacologically important biocom-
pounds. U. pinnatifida consists of various polysaccharides,

such as cellulose, alginates, and the sulfated polysaccharide
fucoidan (Fig. 1) (Phull and Kim, 2017, 2018). Various poten-
tial bioactivities of fucoidan have been reported, including its

antimicrobial, anticancer, anti-inflammatory, antitumor, anti-
coagulation, antioxidative, and immunomodulatory effects
(Phull et al., 2017b; Synytsya et al., 2010; Wang et al., 2010).

Moreover, fucoidan has been shown to induce apoptosis in
lymphoma cells (Park et al., 2011), gastric carcinoma cells
(Haneji et al., 2005), and breast carcinoma cells (Yamasaki-

Miyamoto et al., 2009). Hence, given that it is a reservoir of
natural bioactive compounds, fucoidan would be useful as a
reducing and capping agent for the production of biofunc-
tional nanoparticles (NPs).

Among the inorganic metallic particles that can be applied
for the production of nanomaterials, copper oxide (CuO) NPs
are widely used owing to their intrinsic electrical, mechanical,

optical, and catalytic properties (Arasu et al., 2019;
f fucoidan.
Govindaraju et al., 2020; Ramu et al., 2020). Importantly,
the ready and inexpensive availability of CuO NPs is the main
reason for their wide use in modern applications of nanoprod-

ucts (Mallakpour et al., 2020).
Traditional methods of synthesizing nanoparticles, like

chemical and physical methods. The chemical method of syn-

thesis includes chemical reduction, electrochemical techniques
and photochemical reduction. The classical chemical method
in which a reducing agent such as sodium borohydride and

hydrazine as well as radiation chemical method generated by
ionization radiation are also used for chemical synthesis of
nanoparticles. The physical methods of synthesis include con-
densation, evaporation and laser ablation. These methods are

expensive, inefficient and can release harmful wastes to the
environment hence a better eco-friendly methods are preferred.

Green synthesis is an emerging area in the field of bio-

nanotechnology and provides economic and environmental
benefits as an alternative to chemical and physical methods.
In this method nanoparticles involves nontoxic safe reagents

which are eco-friendly and biosafe material is used. Various
natural resources available in nature such as plant extracts,
algae, microbes or their derived substances, for instances
polysaccharides including fucoidan, chitosan, and many more

could be used for the green synthesis of metal oxide nanopar-
ticles (Keabadile et al., 2020; Pandit and Gayatri, 2020)

Thus, the synthesis of Cu NPs with seaweed-derived com-

ponents can be carried out economically and on a commercial
scale (Ganesan et al., 2020; Kannan and Sundrarajan, 2015).
Because seaweeds are natural products, any anticancer effect

they have would not impose toxicity onto normal cells
(Cunha and Grenha, 2016). Capping agents prominently
involved in the characteristic modification of the nanoparticles

which makes them attractive agent for biomedical applications
including anticancer and as drug delivery component. The bio-
logical functions and alleviated adverse effects of NPs are
demarcated by their chemical features such as surface chem-

istry, shape, and size which is accredited towards the appropri-
ate capping agent. NPs associated toxicity and safety concerns
are increasing because of their long term usage in the biological

system. However, capping with natural material like fucoidan,
plant extract, etc. is an effective way for the production of
nanoparticles with less toxicity. Therefore, NPs produced

using seaweed-derived compounds would be reliable, harmless,
economical, and eco-friendly in nature compared with those
prepared through physical and chemical means.

The design and synthesis of metallic NPs of specific particle
sizes are of great importance for their application as
nanomedicines for anticancer, antimicrobial, anti-
inflammatory, and antiangiogenic treatments (Chen et al.,

2021; Phull et al., 2016, 2020). In this study, CuO NPs were
produced using U. pinnatifida-derived fucoidan as a reducing
and capping agent. The synthesized CuO-Fu-NPs were first

characterized and then used to treat a human cervical cancer
(HeLa) cell line to study their anticancer and toxic effects.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Anticancer effects of copper-fucoidan nanoparticles 3
2. Materials and methods

2.1. Cancer cells, reagents, and chemicals

The HeLa cell line was purchased from the American Type
Culture Collection (Rockville, MD, USA). Primary antibodies

against tumor protein 53 (p53), B-cell lymphoma 2 (BCL2),
apoptosis regulator BAX (BAX), cytochrome c, caspase-3,
cleaved CASP-3, poly [ADP-ribose] polymerase (PARP),

cleaved PARP, and b-actin were purchased from Cell Signal-
ing Technology (Beverly, MA, USA). Horseradish
peroxidase-conjugated secondary biotinylated antibodies were
obtained from Thermo Fisher Scientific Inc. (Waltham, MA,

USA). Fetal bovine serum (FBS) and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Gibco (Carls-
bad, CA, USA). Streptomycin, penicillin, and 3-(4,5-dimethyl

thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All
the material used in the experiment was either autoclaved or

sterilized. All the procedures were carried out in the sterilized
conditions. Unless otherwise stated, all other chemicals and
reagents used were obtained from Sigma-Aldrich.

2.2. Synthesis of CuO-Fu-NPs

CuO NPs were synthesized using U. pinnatifida-derived fucoi-
dan according to a previously reported method (Naz et al.,

2020) with slight modifications. Fucoidan of Undaria pinnati-
fida (HWED-15042001), was obtained from Haewon Biotech,
Inc. Republic of Korea. First, an aqueous solution of fucoidan

(1%) was warmed for 5 min, following which copper(II) acet-
ate monohydrate (0.5%) was added. The mixture was placed
on a hot plate set at 55 �C and allowed to react for 2 h with

continuous stirring. A color change from greenish brown to
dark brown indicated the synthesis of NPs, which were then
isolated by centrifugation (Ependorf Centrifuge 804) at
10,000 rpm for 10 min. After three washes with distilled deion-

ized water, the NPs were dried in an oven at 60 �C for 5 h. The
dried powder was collected for characterization and biological
testing.

2.3. Characterization of the sample

The formation of the CuO NPs and their capping with fucoi-

dan were assessed by Fourier-transform infrared (FTIR) spec-
troscopy, X-ray powder diffraction (XRD), and field emission
scanning electron microscopy (FE-SEM). The FTIR analysis

was performed using a Shimadzu FTIR apparatus (Shimadzu,
Kyoto, Japan), with recording in the wavelength range of 400–
4000 cm�1. The crystallographic planes of the prepared CuO-
Fu-NPs were analyzed by XRD using an X’Pert3 Powder sys-

tem (Malvern Panalytical, Malvern, UK), operating at 40 kV
voltage and 30 mA current at ambient temperature. The nickel
monochromator had an angle of diffraction (2h) in the range

of 20–80� with a Cu Ka radiation source of wavelength
1.5406 Å. The sample for the characterization of SEM analysis
was prepared by adopting air drying method. The aqueous sus-

pension of prepared nanoparticles was successively air dried on
the glass substrate in order to have a uniform film of it and
then that sample was further analyzed for SEM analysis using
a JEOL-JSM-6490LA scanning electron microscope (JEOL,
Tokyo, Japan) operating at 20 kV with 2838 counts per
second.

2.4. Anticancer assessment

All the anticancer effects of the synthesized CuO-Fu-NPs and

of fucoidan alone were evaluated using MTT and terminal
deoxynucleotidyl transferase dUTP nick end-labeling
(TUNEL) assays, as described below.

2.4.1. Antiproliferative/viability activity against cervical cancer
(HeLa) cells

2.4.1.1. Culture of HeLa cells. HeLa cells were maintained in
DMEM containing 10% heat-inactivated FBS, streptomycin
(50 mg/mL), and penicillin (50 U/mL). For the TUNEL

assay, cells at a density of 2.5 � 104/well were grown on glass
coverslips in 24-well culture plates. For the MTT assay,
1.5 � 103 cells/well were grown in 96-well plates. For both

cultures, incubation was carried out under a humidified
atmosphere in an incubator (95% O2, 5% CO2) at 37 �C. The
medium was changed after 2 days and the assays were

conducted when the cells had reached 70–75% confluence.
The particles were weighed and suspended in phosphate-
buffered saline (mg/ml) followed by sonication for 30 min for
complete dispersion of NPs in the medium and desired contrac-

tion was exposed to the cells for MTT and TUNEL bioassays.

2.4.1.2. MTT assay. The toxic effects of the CuO-Fu-NPs and

of fucoidan alone on the viability of HeLa cells were investi-
gated using the MTT assay, as described previously [17]. In
brief, HeLa cells were grown to 70–75% confluency in 96-

well plates (as described in Section 2.4.1.1) and then exposed
to various concentrations of fucoidan or CuO-Fu-NPs (0–
4 mg/mL) for 24 h under 5% CO2 in an incubator at 37 �C.
After the incubation period, 10 lL of MTT reagent (0.5 mg/
mL) was added to each well. The plate was incubated under
5% CO2 in the incubator at 37 �C for 4 h until formazan crys-
tals had formed in the wells. To dissolve the formazan crystals,

100 lL of a solubilization buffer [10% sodium dodecyl sulfate
(SDS) with 0.01 N HCl] was added to each well and the plate
was incubated for approximately 10 h in the CO2 incubator.

Finally, the absorbance was recorded at 570 nm using a micro-
plate reader (Tecan, Männedorf, Switzerland). Cells that had
not been exposed to the test materials were considered to be

100% viable.

2.4.2. TUNEL assay

The TUNEL assay was used to investigate the effects of the

synthesized particles on the HeLa cells at the molecular level.
To identify DNA destruction, TUNEL staining using a com-
mercially available kit (Roche Molecular Biochemicals, Man-

nheim, Germany) was carried out according to the
manufacturer’s instructions. In brief, HeLa cells were grown
on glass coverslips in 24-well plates (as described in Sec-
tion 2.4.1.1) and then treated with CuO-Fu-NPs or fucoidan

for 24 h in CO2 incubator. Then, after washing the cells with
phosphate-buffered saline (PBS) to remove cell debris, they
were fixed with 4% paraformaldehyde at ambient temperature

for 15 min. Thereafter, the cells were washed with PBS and
permeabilized with 0.1% Triton X-100 (in 0.1% sodium
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citrate) on ice for 2 min. Subsequently, the cells were washed
with PBS and then incubated with the terminal deoxynu-
cleotidyl transferase and rhodamine-dUTP solution at 37 �C
for 1 h. Finally, after washing the cells with PBS, they were
mounted using the ProLong Gold Antifade reagent containing
the nuclear staining dye 4ʹ,6-diamidino-2-phenylindole, dihy-

drochloride (DAPI). Images were visualized and captured
using a fluorescence microscope.

2.5. Western blot assay of anticancer- and apoptosis-related
proteins

The western blot assay was used to investigate the effects of

CuO-Fu-NPs and of fucoidan alone on the expression of pro-
teins associated with cancer cell viability. First, control (non-
treated) cells and cells treated with 2 mg/mL of the test mate-
rial for 24 h were established and then harvested. For protein

extraction, whole-cell lysates were prepared in radioimmuno-
precipitation assay buffer containing 50 mM Tris-HCl (pH
7.4), 150 mM NaCl, 0.1% SDS, 1% Nonidet-40, a protease

inhibitor cocktail (10 lg/mL of pepstatin A, leupeptin, and
aprotinin and 1 mM 4–(2–aminoethyl) benzenesulfonyl fluo-
ride), and phosphatase inhibitors (1 mM Na3VO4 and NaF).

The crude cellular proteins were quantified by bicinchoninic
acid assay using a standard curve of bovine serum albumin.
Identical quantities of crude proteins were then size-
fractionated by SDS-polyacrylamide gel electrophoresis.

Thereafter, the separated protein bands were transferred to
nitrocellulose membranes, which were then blocked with a
blocking buffer [5% non-fat dry milk in Tris-buffered saline/

Tween-20 (TBST)] for 1 h, washed with TBST, and probed
with the primary antibodies (described in Section 2.1) at
4 �C for 14 h. Then, after washing the membranes with TBST,

they were incubated with horseradish peroxidase-conjugated
secondary antibodies (described in Section 2.1) for 2 h. Subse-
quently, the membranes were washed with TBST and devel-

oped with the EZ-Western Detection Kit (DaeilLab service,
Seoul, Korea). Images of the protein bands were captured
using a Fuji LAS-4000 imager (Fuji Film Co., Tokyo, Japan),
Fig. 2 FTIR spectra of fucoidan (A) and synthesized fucoidan-cappe

range of 400–4000 cm�1.
and the densitometry of the blots was analyzed with ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

2.6. Statistical analysis

All experiments were repeated three times and results are pre-
sented as the mean ± SD. Differences were considered statis-

tically significant at p < 0.05. GraphPad Prism statistical
software (GraphPad Prism, version 5.01; GraphPad Software,
La Jolla, CA, USA) was used for all statistical analyses of the

data.

3. Results and discussion

3.1. Characterization of the synthesized CuO-Fu-NPs

FTIR analysis was carried out to investigate the formation of
CuO NPs capped with fucoidan. Fig. 2 shows the FTIR spec-
tra of fucoidan (Fig. 2A) and the CuO-Fu-NPs (Fig. 2B).
Fucoidan has a complex structure, with hydroxyl and sulfate

as the main functional groups. Its spectrum (Fig. 2 spectrum
A) includes bands at 3389 and 1220 cm�1, which are assigned
to the O-H and O-SO3H stretching modes of its functional

groups. Metal oxide peaks in FTIR were found at 435, 505
and 594 cm�1. These stretching frequencies of fucoidan had
deviated in the synthesized NPs (Fig. 2, spectrum B), where

the stretching of O-H shifted from 3389 cm�1 to 3377 cm�1

and that of O-SO3H from 1220 cm�1 to 1230 cm�1, clearly
indicating the involvement of these functional groups in the

fucoidan capping of the CuO-Fu-NPs.
The XRD pattern of the CuO-Fu-NPs was scanned within

the 2h range of 20–80� to determine the crystallographic planes
of the fucoidan-capped nanomaterial. According to JCPDS

Card No. 892531, the diffractions peaks observed at the 2h val-
ues of 33.05�, 35.48�, 38.45�, 45.77�, 48.38�, 52.92�, 58.15�,
61.29�, 66.35�, and 67.57� (Fig. 3) are in covenant with the

JCPDS Card no. 892531 and those are indexed were the
(110), (002), (200), (112), (202), (020), (202), (113),
(022), and (220) crystallographic planes, respectively (Suresh
d copper oxide nanoparticles (CuO-Fu-NPs) (B) in the wavelength



Fig. 3 XRD spectral pattern of synthesized fucoidan-capped

copper oxide nanoparticles (CuO-Fu-NPs).

Fig. 4 SEM image (A) and EDX spectrum (B) of synthesized

fucoidan-capped copper oxide nanoparticles (CuO-Fu-NPs).

Anticancer effects of copper-fucoidan nanoparticles 5
et al., 2016). Using the Scherrer equation, the <30 nm size of

the NPs was calculated. Hence, it was concluded that
fucoidan-capped CuO NPs had been successfully formed using
the present methodology.

The morphology of the synthesized CuO-Fu-NPs was
assessed using FE-SEM. The acquired images clearly displayed
the polydispersed sphere morphology of the fucoidan-capped

CuO NPs (Fig. 4A). The particle size of the CuO-Fu-NPs
was due to the agglomeration of the capping agent (i.e., fucoi-
dan) during NP formation, which changed their cluster form
during the analysis. EDX analysis of the principal components

of the prepared nanoproduct revealed peaks characteristic of
CuO NPs at 1.00 keV and between 7.80 and 9.10 keV
(Fig. 4B), which is in agreement with those previously reported

(Biçer and S�is�man, 2010).

3.2. Anticancer effect of the CuO-Fu-NPs

Cancer is prominent health issues these days, cervical cancer

continues to constitute a major public health problem, about
311,000 deaths and 570,000 cases occurred in 2018. Approxi-
mately, 0.6 million cases of cervical cancer per year resulted
fourth most common cancer in women (Arbyn et al., 2020).

Copper compounds have been utilized for treatment of several
ailments including cancer for thousands of years (Nagajyothi
et al., 2017). Copper is a well-known metal, possessing anti-

cancer effects. Furthermore, with the development in the field
of nanotechnology, copper NPs can be used to target specific
cancer cells with reduced adverse effects.

The effects of fucoidan alone and of the synthesized CuO-
Fu-NPs on the proliferation of human cervical cancer (HeLa)
cells were examined by MTT assay after treatment of the cells

with increasing concentrations the test materials. Both fucoi-
dan and the CuO-Fu-NPs respectively reduced the viability
of HeLa cells in a dose- and time-dependent manner
(Fig. 5A and 5B), indicating the anticancer potential of the

synthesized nanoproducts. Previously we have also reported
the anticancer effect of fucoidan against liver cancer cells
(Phull et al., 2017a).

The cytotoxic and pharmacological potential of the CuO-
Fu-NPs and of fucoidan were assessed using anti-
proliferation assays, whereupon their IC50 values were

revealed to be 0.479 and 1.104 mg/mL, respectively. The lower
IC50 value obtained with the CuO-Fu-NPs ultimately indicates

the higher cytotoxic potential of the nanoproduct compared
with that of fucoidan. These results were concordant with
those obtained with CuO NPs prepared using Acalypha indica

leaf extract, which showed significant toxic effects against
human colon cancer (HCT-116) cells (Ganesan et al., 2020).
Even though the copper compounds have strong therapeutic
potential, our results agree with the results of Nagajyothi

et al., 2017, who reported that anticancer effects of fucoidan
associated CuO NPs on HeLa cells. The nanoparticles can sup-
press the viability of cancer cells through diverse mechanisms

such as apoptosis, cell cycle inhibition.



Fig. 5 Effects of fucoidan alone and of synthesized fucoidan-capped copper oxide nanoparticles (CuO-Fu-NPs) on the viability of

cervical cancer (HeLa) cells, as evaluated with the MTT assay. To determine the dose- and time-dependent effects on viability, cells were

either treated with different concentrations of the test materials (i.e., 0–4 mg/mL) for 24 h (A) or with 4 mg/mL of the materials for

different time periods (B). Untreated cells were considered as 100% viable. The experiment was repeated three times, and the results are

shown as the mean ± SD. **p < 0.01, statistically significant difference compared with the non-treated cells.
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The genotoxic effects of the test materials were assessed
using the TUNEL assay, wherein TUNEL-positive cells
indicate apoptosis-induced DNA strand breaks via the emis-
sion of a red fluorescence signal. Fig. 6 shows images of

DAPI-stained nuclei (blue) and merged DAPI and TUNEL
images. The number of red-stained nuclei was higher among
the NP-treated cells than among the fucoidan-treated cells,

indicating the amplified level of apoptosis induced by the
CuO-Fu-NPs and, as such, their higher cytotoxic nature.

3.3. Effect of CuO-Fu-NPs on apoptosis-related protein
expression in cancer cells

Apoptosis controls number of cells and can be activated
through both intrinsic and extrinsic pathways. A critical func-

tion for an anti-cancer compound is the activation of cancer
cell apoptosis (Frankfurt and Krishan, 2003; Nagajyothi
et al., 2017). It is essential process for keeping an equilibrium

between cell death and division; avoidance of apoptosis results
in unregulated cell proliferation, which can lead towards the
diseases like cancer. Apoptosis is distinguished by morpholog-

ical and biochemical modifications, and various cells in the
same tissue do not undergo apoptosis at the same time.

Recent advancements in cancer treatments have focused on

the discovery of novel anticancer by inducing apoptosis. In the
novel apoptotic inducers or sensitizers have been used in con-
junction with existing drugs against cancer. Defects in the
apoptosis-inducing pathways can contribute to neoplastic cell

proliferation (Jan and Chaudhry, 2019).
The caspases are important proteases that play vital roles in

the activation and execution of cellular apoptosis. Therefore,

the protein expression of caspase-3 and of its activated form
(cleaved caspase-3) in the treated cancer cells was investigated.
In the HeLa cells exposed to CuO-Fu-NPs, caspase-3 expres-
sion and activation were significantly induced (Fig. 7A, B).
Various studies have shown the activation of caspase-3 and
the caspase pathways during apoptosis induction in different
cancer cells (Hou et al., 2020; Jiao et al., 2020; Xu et al.,

2021). Furthermore, caspases play a critical role in
apoptosis-associated DNA damage in cells (Jänicke et al.,
1998; Kalaiarasi et al., 2018). The CuO-Fu-NPs also reduced

the expression of the anti-apoptotic protein BCL2 and induced
that of the pro-apoptotic protein BAX in the HeLa cells
(Fig. 7C, D).

The regulation of p53 protein expression by the test mate-
rials was also investigated. The CuO-Fu-NPs significantly
induced p53 protein expression in HeLa cells relative to the
level in non-treated cells (Fig. 8A, B). Such p53 activation

activity further suggests the potential of these fucoidan-
capped CuO NPs as anticancer agents (Kalaiarasi et al.,
2018; Siddiqui et al., 2013). Moreover, HeLa cells exposed to

CuO-Fu-NPs showed augmented expression of both cyto-
chrome c and cleaved PARP (Fig. 8C). Given that cytochrome
c initiates caspase-dependent apoptosis through activation of

the caspase-3/PARP pathway (Kim et al., 2020), the results
confirm that the CuO-Fu-NPs have apoptotic activity in HeLa
cells.

CuO NPs have been shown to execute their anticancer
activity against a myelogenous leukemia (K562) cell line
through the regulation of tumor suppressor genes and mito-
chondrial pathways (Kalaiarasi et al., 2018; Shafagh et al.,

2015). The enhancement of the BAX/BCL2 ratio and the initi-
ation of p53 serve to activate the release of cytochrome c from
the mitochondria, stimulating the caspase cascade and apop-

totic pathway (Siddiqui et al., 2013). Specifically, upon BCL2
protein activation by external compounds, BAX is inserted
into the mitochondrial membrane and increases the membrane

permeability, thereby releasing the cytochrome c molecules



Fig. 6 TUNEL assay of the cytotoxic and genotoxic effects of synthesized fucoidan-capped copper oxide nanoparticles (CuO-Fu-NPs)

and of fucoidan alone. HeLa cells were exposed to 2 mg/mL of the test material for 24 h before assay.
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and consequently promoting apoptosis (Appaix et al., 2000;
Kalaiarasi et al., 2018).

Previously, fucoidan-based nanoparticles have been tested

to determine their potential as anticancer drug delivery for
antitumor drugs, methotrexate, doxorubicin, cisplatin, cur-
cumin and other drugs. Fucoidan from L. japonica and dox-

orubicin nanoparticles have been studied for anticancer
therapy based pH-dependent release profile. It has ability to
interact with P-selectin present in the cancer cells, resulted in

the improved cell internalization and better inhibitory effects
of designed nanoparticles than free DOX (Lu et al., 2017).
In other in vivo study, fucoidan decorated doxorubicin
nanoparticle showed that that intravenously injection

increased anti proliferative and tumor inhibitory potential then
doxorubicin alone. These augmented beneficial effects could be
due to the immunomodulatory features of fucoidan, which

were established in the in vitro investigations (Pawar et al.,
2019). Furthermore, fucoidan and polyallylamine hydrochlo-
ride coated CuS nanoparticles exhibited higher anticancer

activity then their components individually. In vitro experi-
ments with human cervical cancer cells (HeLa) and human
lung adenocarcinoma cells, as well as in vivo studies in mice
injected with these cells (Jang et al., 2018). Binding capability
with P-selectin is advantageous as intravenous delivery and

therapeutic agent for detection of thrombosis. Like fucoidan
coated poly(alkylcyanoacrylate) microcapsules have been
administered intravenously in rats (Li et al., 2017).

Taking our results together, we postulate that the CuO-Fu-
NPs synthesized in this study also induce anticancer and apop-
totic effects through similar mechanisms to negatively affect

the proliferation of HeLa cells (Fig. 9).

4. Conclusions

Nanobiotechnology signifies a new epoch and an innovative
approach for the development and testing of new drug formu-
lations based on NPs that have been produced using green
methods or with natural substances as reducing agents. In this

study, we demonstrated an eco-friendly green approach for the
synthesis of CuO NPs with improved surface properties for the
binding of biomolecules, using biocompatible polymer fucoi-

dan. The synthesized CuO-Fu-NPs were characterized using



Fig. 7 Effects of synthesized fucoidan-capped copper oxide nanoparticles (CuO-Fu-NPs) and of fucoidan alone on the protein

expression of caspases, BCL2, and BAX. HeLa (cervical cancer) cells were untreated or treated with 2 mg/mL of the test material for 24 h,

following which western blot using b-actin as the loading control (A, B). The experiment was repeated three times, and the data are

presented as the representative results or the mean ± SD (C, D). The results were considered statistically significant at **p < 0.01 and

***p < 0.001.
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spectroscopy, microscopy, and XRD techniques and their anti-
cancer drug potential was demonstrated by investigating their
toxicity toward HeLa cells. The CuO-Fu-NPs showed anti-
proliferative and genotoxic effects on the cancer cells, and their

ability to modulate apoptosis and growth signaling molecules
Fig. 8 Effects of synthesized fucoidan-capped copper oxide nano

expression of p53, cytochrome c, and PARP. HeLa (cervical cancer) ce

24 h, following which western blot assay of protein expression was ca

concentration of protein was determined using ImageJ densitometry so

presented as the representative results or the mean ± SD (C, D). Th

***p < 0.001.
was demonstrated using MTT, TUNEL, and western blot
assays. The synthesized NPs were highly toxic toward HeLa
cells, decreasing their viability with an IC50 value of
0.479 mg/mL compared with the 1.104 mg/mL value achieved

with fucoidan alone. Their modulation of the apoptosis-related
particles (CuO-Fu-NPs) and of fucoidan alone on the protein

lls were untreated or treated with 2 mg/mL of the test material for

rried out using b-actin as the loading control (A, B). The relative

ftware. The experiment was repeated three times, and the data are

e results were considered statistically significant at **p < 0.01 or



Fig. 9 Anticancer mechanism of the synthesized fucoidan-capped copper oxide nanoparticles (CuO-Fu-NPs) in HeLa (cervical cancer)

cells. The upward or downward double arrows respectively indicate increase in or the inhibition of the apoptosis-related protein expression

and anticancer effects.
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proteins BCL2, BAX, cytochrome c, activated caspase-3, and
cleaved PARP led to DNA fragmentation and apoptosis in

the cancer cells. Collectively, the results of this study indicate
the significance of the use of naturally derived biocompounds
for the expansion of organic and inorganic metallic NPs in nat-
ural product drug development having potential as anticancer

drug carrier with along with its therapeutic effects. Further
detailed research on the effects of CuO-Fu-NPs could translate
into potential human health benefits, especially in cancer

treatment.
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