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Gold nanoparticles (AuNPs) exhibit different physical properties compared to small molecules, bulk

materials and other nanoparticles. Their synthesis using plant extracts, particularly polyflavonoids as

phytoreductants, for the conversion of Au(III) into Au(0) has been reported. In this study, AuNPs were

synthesized with extracts, sterols and pure compounds derived from marine sponges using gold(III)

chloride trihydrate. Extracts, hexane (JDH) and ethyl acetate (JDE), sterols (JC-2) and jaspamide were

obtained from Jaspis diastra. Pure compounds, namely, contignasterol, ansellone A, motuporamines A

and MN100 (a synthetic analog of pelorol), were also used. JC-2 was characterized using NMR and GC-

MS, and the major constituent was determined to be b-sitosterol. b-Sitosterol has shown great promise

as an anti-cancer molecule, but its poor aqueous solubility and bioavailability coupled with low targeting

efficacy limit its therapeutic efficacy. Transmission electron microscopy (TEM) images revealed the

formation of spherical AuNPs conjugated with JDH, JDE, JC-2, ansellone and contignasterol with

average diameters of 21.1 ± 3.0 nm, 20.7 ± 2.1 nm, 26.2 ± 1.2 nm, 33.3 ± 5.1 nm and 30.8 ± 5.5 nm,

respectively. No particle formation was seen with motuporamines A and MN100. Zeta potential values

indicated that AuNPs-JC-2 was more stable than AuNPs-JDE, AuNPs-JDH and AuNPs-ansellone. Based

on IC50 values, the cytotoxicity of AuNPs-JDH increased in A172, TERA, HeLa and HepG2 cells but

showed similar activity in HaCaT cells compared to JDH. The cytotoxicity of AuNPs-JDE decreased in

A172 and HaCaT cells but increased in TERA1, HeLa and HepG2 cells compared to JDE. AuNPs-JC-2

showed enhanced cytotoxicity with a decrease in IC50 values from 3.37 ± 0.19 mg mL−1 to 0.52 ± 0.09

mg mL−1 in A172 and from 2.28 ± 0.20 mg mL−1 to 0.78 ± 0.28 mg mL−1 in TERA1 compared to JC-2.

The synergistic action of sterols in AuNPs-JC-2 seemed to favour enhanced anti-cancer activity. The

presence of sterols increased the ability of transforming Au(III) into Au(0) to form AuNPs and further

enhancing cellular uptake and, thus, anti-cancer activity. AuNPs-contignasterol displayed lower activity

than contignasterol in the A172 cell line. No significant difference in activity was observed with AuNPs-

ansellone A in the A172 and HaCaT cell lines compared to ansellone A.
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of Mauritius, Réduit 80837, Mauritius.

des Anchois, Morcellement de Chazal,

arch Unit, School of Therapeutic Science,

harmacy and Pharmacology, University of

ica

n and Atmospheric Sciences, University of

er, B.C., V6T 1Z1, Canada

British Columbia, 2036 Main Mall,

(ESI) available: Fig. 1S–11S and Tables
ra04068f

the Royal Society of Chemistry
Introduction

Among the treatment strategies for cancer, the design and
development of nanoparticles (NPs) have emerged as a prom-
ising approach for cancer therapy.1–3 In 2005, the Food and Drug
Administration (FDA) of the United States (US) approved the use
of the nanoparticle nab-paclitaxel (albumin-bound paclitaxel)
for the treatment of metastatic breast cancer. It is used in the US
for the treatment of many solid tumors such as breast cancer,
non-small-cell lung cancer and pancreatic cancer.4,5 Among
NPs, AuNPs are FDA-approved metallic nanoparticles6 and have
emerged as therapeutic agents with potential cancer-related
applications in drug delivery, gene delivery, bioimaging,
RSC Adv., 2024, 14, 36115–36131 | 36115
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diagnostics, improved radiation treatment and light induction
therapy.3,7,8 The forms (i.e. stars, nanospheres, nanorods,
nanotriangles, nanocubes, nanobranches and nano-
bipyramids),3 charge and size of AuNPs are important to
address cancer.1,9–12 Owing to their positive charge, they can
readily enter the cell membrane—which contain negatively
charged elements (i.e. lipids and phosphate group)—resulting
in the production of reactive oxygen species (ROS), mitochon-
drial dysfunction, DNA damage and apoptosis, hence
promoting cell death.13 AuNPs are naturally nonimmunogenic
and have less toxicity.3 They can reduce issues associated with
conventional drugs such as drug resistance, low drug distribu-
tion, biodegradability and early drug release. Moreover, they
can reduce drug dosage and treatment frequency and are
capable of transporting hydrophobic and insoluble drugs.6

Their unique physico-chemical and optical properties, low
toxicity, high biocompatibility and great surface area allow
loading of various drugs for delivery to target sites with
controlled release.10,14 They are effective nano-carriers for small-
molecule drugs as well as peptides, proteins, plasmid deoxy-
nucleic acids (pDNAs), small interfering ribonucleic acids
(siRNAs) and other chemotherapeutic agents.15 Ghafari et al.,
have provided comprehensive insights into AuNPs in biomedi-
cine,16 whereas Zhang et al., (2023) have summarized clinical
translation of AuNPs.17 Aurimune (CYT-6091) (PEGylated) (27
nm) has completed phase I for the treatment of patients with
advanced solid tumors and phase II clinical trial agreement
with the National Cancer Institute (NCI) has been signed.5,17

Auroshell (PEGylated 120 nm silica and 12 to 15 nm gold shell)
efficacy for the treatment of various types of cancers including
prostate cancer has been studied, which were very promising.17

Major limitations of AuNPs to clinical trials are the lack of
quantity, small sizes of particles and limited understanding of
the long-term consequences of gold accumulation.18

Several methods have been developed for the synthesis of
AuNPs. Panwar et al. (2024)3 have summarized various
approaches used in the synthesis of AuNPs. In general, they can
be classied as physical (ultrasonication, irradiation, laser
ablation, microwave and electrochemical), chemical (chemical
reduction, sol–gel and condensation) and biological or green
synthesis methods (i.e. algae, enzymes, plant extracts and
microbial sources).19 The Turkevich method is the most
common method for producing spherical AuNPs with sizes in
the range of 9–150 nm. For tumor therapy, the optimal particle
size is 50 nm.20 In the biosynthesis and “green” syntheses of
AuNPs, biological materials act as stabilizers (e.g., poly-
saccharides) and reducing agents (e.g., polyphenols).21,22 Bio-
synthesized AuNPs have been used to deliver anticancer drugs
such as doxorubicin, paclitaxel and methotrexate.23 Marine
natural products (bioactive compounds derived from marine
organisms) are crucial in the eld of pharmaceutical industry.24

Different marine bioresources such as seaweeds, micro algae,
mangrove plants, invertebrates, bacteria, fungi and sponges
have been used for the synthesis of metal and metal oxide
nanoparticles.25 Recently, Rizki et al. (2023) have provided
a comprehensive review of the synthesis of silver and AuNPs
frommarine organisms.26 Ameen et al., (2023) have reported the
36116 | RSC Adv., 2024, 14, 36115–36131
antioxidant, antibacterial and anticancer effects of AuNPs
synthesized using the marine fungus Alternaria chlamydo-
spore.27 Marine sponges and their associated microorganisms
have contributed the majority of natural products displaying
pharmacological activities.24 They are known to produce struc-
turally novel and diverse secondary metabolites such as poly-
ketides, peptides and alkaloids with anticancer, antimicrobial,
antifungal and anti-infective properties.28 Marine sponges such
as Acanthella elongate, Callyspongia diffusa, Haliclona sp., Hal-
iclona exigua and Amphimedon sp. have been used for the
synthesis of silver nanoparticles and silver nanocolloids.25,26

Spherical mono-dispersed AuNPs of size 15 nm were synthe-
sized using the marine sponge Acanthella elongate.29

This study describes the synthesis of AuNPs using extracts,
sterols and pure compounds from marine sponges. The hexane
(JDH), ethyl acetate (JDE), sterols (JC-2) and jaspamide (1)
(Fig. 1) were obtained from the marine sponge Jaspis diastra,
whereas pure compounds contignasterol (2), ansellone A (3) and
motuporamines A (4) (Fig. 1) were obtained from Petrosia con-
tignata, Cadlina luteomarginata, Phorbas sp. and Xestospongia
exigua respectively. MN100 (5) is a synthetic analog of pelorol
from Dactylospongia elegans. Previous studies have reported the
anticancer activity of JDH and JDE.30–33 However, to the best of
our knowledge, there are no reported data on the synthesis of
AuNPs with the extracts, sterols and pure compounds from
marine sponges and their biological activities. The AuNPs were
characterized for their physicochemical properties and the
biological activity of conjugated AuNPs was evaluated on the
human brain (A172), testicular (TERA1), normal immortalized
human keratinocytes (HaCaT), cervical (HeLa) and liver
(HepG2) cell lines. This study aims at demonstrating the
importance of the presence of phytoreductants in extracts for
the formation of AuNPs, the improved cellular uptake and the
synergistic actions of molecules for anti-cancer action.

Results and discussion
Isolation and characterization of JC-2 and jaspamide

Our previous studies have showed signicant cytotoxic activity
of JDH, JDE and jaspamide—obtained from the sponge Jaspis
diastra—on the TERA1, A172, DLD1 and HaCaT cell lines.33 As
a continuation of our research work, further studies were per-
formed on JDH, JDE and jaspamide. The purication of JDH by
chromatography resulted in various fractions which were
combined based on their TLCs. A precipitate (JC-2) was isolated
from one of the combined fractions. The FTIR spectra of JC-2
(Fig. 1S†) showed absorption bands at 3433 cm−1 (O–H
stretching); 2956–2865 cm−1 (C–H stretching) and 1642 cm−1

(absorption C]C peak). Other absorption frequencies were
observed for cyclic methylene groups (CH2)n at 1462 cm−1, gem-
dimethyl (–CH(CH3)2) group at 1380 cm−1 and C–OH (secondary
alcohol) at 1052 cm−1.34,35

These IR signals corresponded to the presence of b-sitosterol
and stigmasterol. 1H and 13C-NMR (Fig. 2S(A) and (B), Table
1S†) spectroscopy were performed to conrm the presence of
these sterols. The spectra indicated a mixture of at least two
compounds based on the intensities of peaks. The 1H-NMR
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of jaspamide (1), contignasterol (2), ansellone A (3), motuporamine A (4) and MN100 (5).
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spectrum of JC-2 showed characteristics of a sterol moiety due
to the presence of a multiplet at dH 3.5, which was attributed to
the proton at C-3. The presence of olenic protons was observed
at dH 5.02, dH 5.15 and dH 5.33. The presence of methyl groups
was observed from dH 0.66 to dH 0.99. The 13C-NMR spectrum
conrmed the presence of olenic carbons at dC 140.78, dC

131.84, dC 129.30 and dC 121.74 and a secondary alcohol carbon
dC at 71.83. With reference to the published 1H and 13C-NMR
data of b-sitosterol and stigmasterol,36 it was concluded that
JC-2 contained both b-sitosterol and stigmasterol. The main
differences between the two compounds, as reported by Cayme
and Ragasa (2004)36 are 13C-NMR signals for C-20, C-22, C-23
and C-24. The experimental 13C-NMR signals for JC-2 for C-20,
C-22, C-23 and C-24 were dC 36.28, dC 33.92/138.34, dC 26.39/
129.3 and dC 46.07/51.26, respectively. It can also be deduced
from the intensities of the 13C-NMR signals that b-sitosterol was
the major constituent, whereas stigmasterol was the minor
constituent. Pierre and Moses (2015) have reported studies in
which it was difficult to obtain b-sitosterol in pure state.37

Further characterization of JC-2 by GC-MS was performed aer
a derivatization procedure38 by silylation with N-methyl-N-
trimethylsilyl-triuoroacetamide (MSTFA) at 60 °C for 30
minutes (Fig. 2A). MSTFA as a silylating agent is the most
volatile trimethylsilyl (TMS) donor available.39 In this derivati-
zation reaction, the hydroxyl group is converted into TMS-ether
derivatives. The sterols were identied as their trimethylsilyl
ether (TMS ether) (Fig. 2B and C) and were b-sitosterol (31.97%),
ergosta-5, 22-diene-3-ol/24-methylene cholesterol (14.83%),
stigmasterol (16.16%), campesterol (10.38%) and cholesterol
(4.08%).40 Analytical HPLC-DAD analysis of fraction JDH (15–21)
showed the presence of various compounds with peak 7 as the
major peak (Fig. 3S†). Peak 7 was isolated by preparative HPLC-
DAD and was characterized by 1H-NMR spectroscopy (Fig. 4S†).
By comparing its data with the reported values,33 it was
concluded that peak 7 was attributed to jaspamide.
© 2024 The Author(s). Published by the Royal Society of Chemistry
JDH-combined fractions and JC-2 were evaluated on the
A172, TERA1, DLD1 and CCD18Co cell lines at different
concentrations. Graphs of cell viability against the concentra-
tion of samples were plotted (Fig. 5S†), and fraction JDH (15–21)
showed signicant activity. Data were normalised to the control,
and the IC50 values were calculated using GraphPad Prism
soware version 8.4.3. Fraction JDH (15–21) showed IC50 values
of 1.09 ± 0.01 mg mL−1, 1.71 ± 0.21 mg mL−1, 0.78 ± 0.01 mg
mL−1 and 0.67 ± 0.01 mg mL−1 on the A172, DLD1, TERA1 and
CCD18Co cell lines, respectively. The presence of anticancer
jaspamide (which was isolated and characterized as peak 7) in
JDH (15–21) contributed to its activity.33 JC-2 displayed IC50

values of 3.37 ± 0.19 mg mL−1, 2.28 ± 0.20 mg mL−1, 4.94 ± 0.10
mg mL−1 and 2.47 ± 1.89 mg mL−1 on the A172, TERA1, DLD1
and CCD18Co cell lines, respectively. The presence of b-sitos-
terol (31.97%), stigmasterol (16.16%) and campesterol
(10.38%)—which have reported anticancer activity—contrib-
uted to the activity of JC-2. b-Sitosterol displayed anticancer
activities on various cancer cell lines and has been shown to act
by enhancing apoptosis, inducing cell cycle arrest, bidirection-
ally regulating oxidative stress, improving metabolic reprog-
ramming, inhibiting invasion and metastasis, modulating
immunity and inammation, and combating drug resistance.
Preclinical evidence has shown that b-sitosterol exhibited
multiple anticancer activities against different cancers such as
liver, cervical, colon, stomach, breast, lung, pancreatic and
prostate cancers, in addition to leukemia, multiple myeloma,
melanoma and brosarcoma.41 However, its poor aqueous
solubility and bioavailability coupled with low targeting efficacy
limit its therapeutic efficacy and clinical application.41 Stig-
masterol displayed anticancer activity on various types of
cancers including breast, lung, liver, endometrial, skin,
leukemia, gastric, gallbladder and ovarian by promoting
apoptosis, inhibiting proliferation, metathesis and invasion.42

Campesterol showed apoptosis on U937 (human monocytic)
cells and esophageal adenocarcinoma.43 It inhibited the growth
RSC Adv., 2024, 14, 36115–36131 | 36117
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Fig. 2 Derivatization reaction of JC-2 (A). Total ion chromatograms (TICs) of JC-2 (B) and (C).
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of leukemia, hepatocarcinoma, prostate and ovarian cancer
cells.44 It also increased the anticancer effects of anticancer
agents on ovarian cancer cells and suppressed cell proliferation,
cell cycle progression and cell aggregation.44
Synthesis of AuNPs using JDH, JDE, JC-2 and jaspamide

The synthesis of AuNPs normally takes place by mixing bio-
logical extracts such as plant, bacterial and fungal with
a HAuCl4 solution in which Au3+ is reduced to gold atoms (Au0)
by reducing agents present in the extracts. Growth and stabili-
zation resulted in AuNP formation, which is indicated by a color
change of the solution.19 Owing to the abundance of carboxyl,
carbonyl, hydroxyl and phenol groups found in the natural
source extracts, they reduced AuIII and stabilized the AuNPs
with these groups.21 Marslin et al. (2018) have identied avo-
noids, terpenoids, thiamine, phenolic compounds and/or
carbohydrates, soluble proteins, polyphenols, terpenes, vita-
mins, hydroxyl group, carboxylic acid and polypeptides, among
others, in plants for the reduction of AuIII.45

The synthesis of AuNPs using the aqueous extract from the
marine sponge Acanthella elongate has been reported by Inba-
kandan et al. (2010).29 The main challenge for the synthesis of
AuNPs using JDH, JDE, JC-2 and jaspamide was their insolu-
bility in water. Trial experiments performed with JDH, JDE and
jaspamide at a concentration of 1 mgmL−1 in DMSO resulted in
precipitation when added to water (10 mL) containing
HAuCl4$3H2O (0.22 mM). JC-2 (1 mg mL−1) was not completely
36118 | RSC Adv., 2024, 14, 36115–36131
soluble in DMSO even when heated at 50 °C for 30 minutes.
Jaspamide was soluble in DMSO but precipitated when added to
a solution of HAuCl4$3H2O. Based on the modied Burst
method by Masse et al. (2019) for the synthesis of ultrastable
AuNPs as a new drug delivery system,46 and in a review by Ali
et al., (2022) on the state-of-the-art silver and AuNP synthesis
routes,47 new synthesis conditions were developed for the
AuNPs using JDH, JDE and JC-2. Taking into consideration the
solubility of JDH, JDE and JC-2 in ethyl acetate, the reaction was
performed using mixtures of ethyl acetate, absolute ethanol and
distilled water. JDH (3.83 mg), JDE (3.36) and JC-2 (3.24 mg)
were dissolved in ethyl acetate (1 mL), and then absolute
ethanol (3 mL) was added. The solutions were mixed vigorously
using a vortex for complete solubility. In separate centrifuge
tubes (50 mL), distilled water (27 mL) and solutions of JDH, JDE
and JC-2 were added and mixed. Finally, HAuCl4$3H2O solution
was added and mixed vigorously. The tubes were covered with
aluminium foil and kept in dark for 24–48 h. The control con-
sisted of distilled water (27 mL), ethanol (3 mL), ethyl acetate (1
mL) and HAuCl4$3H2O (0.22 mM). Aer 24–48 h, wine red
solutions were obtained, which conrmed the synthesis of
AuNPs. The formation of AuNPs in the control was slower in
comparison to that of solutions containing JDE, JDH and JC-2,
and ethanol acted as the reducing agent.48 The nal concen-
tration of HAuCl4$3H2O in JDH and JC-2 solutions was
0.22 mM, whereas for JDE, the concentration was reduced to
0.11 mM due to the aggregation of AuNPs aer 24–48 h. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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solutions were then subjected to dialysis (12–14 kDa dialysis) in
distilled water for 2–3 days at room temperature to remove
excess unreacted JDH/JDE/JC-2 and solvents. The percentage
yield of AuNPs-JDH, AuNPs-JDE and AuNPs-JC-2—assuming full
conversion of the initial mass of JDH, JDE and JC-2—with
respect to HAuCl4$3H2O was 69.7%, 77.7% and 54.5%. The
percentage yield of the control was 60.1%. The method was not
suitable with jaspamide.
Characterization of AuNPs-JDH, AuNPs-JDE and AuNPs-JC-2

The UV spectra of AuNPs-JDH, AuNPs-JDE and AuNPs-JC-2
showed a shi in the wavelength in comparison with the
control (Fig. 3A). The intensity of the absorbance was higher for
AuNPs-JDH in comparison with AuNPs-JC-2 and AuNPs-JDE.
The formation of gold colloid is due to the surface plasmon
resonance arising from the collective oscillation of free con-
ducting electrons induced by an interacting electromagnetic
eld.49 A study by Woźniak et al. (2017) on the size- and shape-
Fig. 3 UV spectra of AuNPs-JDH, AuNPs-JDE and AuNPs-JC-2 (A). TEM
and AuNPs-JC-2 in comparison with the control (AuNPs-control) (C). E

© 2024 The Author(s). Published by the Royal Society of Chemistry
dependent cytotoxicity prole of AuNPs for biomedical appli-
cations showed that different shapes of AuNPs have different
UV visible absorption spectra.50 Hence, it can be concluded that
the JDH, JDE and JC-2 AuNPs were spherical in morphologies
based on the reported absorption band of spherical AuNPs,
which showed a wavelength (l) of ∼530 nm.50 The size and
morphology of AuNPs-JDH, AuNPs-JDE and AuNPs-JC-2 were
determined by TEM. The TEM images conrmed the spherical
shape of the AuNPs (Fig. 3B). The average diameter of the AuNPs
was calculated using the ImageJ soware with measurement
taken for over 100 nanoparticles. The average diameter of the
AuNPs-JDH, AuNPs-JDE and AuNPs-JC-2 was 21.1± 3.0 nm, 20.7
± 2.1 nm and 26.2 ± 1.2 nm, respectively (Fig. 3C), and was less
than the average diameter of the control (28.3 ± 3.4 nm). EDX
analysis showed the percentages of gold in AuNPs-JDH, AuNPs-
JDE and AuNPs-JC-2 as 34.96 ± 4.39, 15.11 ± 4.91 and 27.23 ±

4.73, respectively. The percentage of gold in the AuNPs-control
was 28.23 ± 4.48 (Fig. 3D).
images (B) and average size distribution of AuNPs-JDH, AuNPs-JDE
DX spectra (D) of (i) AuNPs-JDH and (ii) AuNPs-control.

RSC Adv., 2024, 14, 36115–36131 | 36119
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The FTIR spectra of JDH, JDE and JC-2 together with their
corresponding AuNPs, namely AuNPs-JDH, AuNPs-JDE and
AuNPs-JC-2, (Fig. 6S†) showed similar bands as follows: a band
between 3421 and 3375 cm−1 assigned to the phenolic hydroxyl
and aliphatic hydroxyl groups (–OH), between 2952 and
2849 cm−1 assigned to the symmetric stretching vibration of
methyl (CH3) and methylene (CH2) groups, between 1710 and
1734 cm−1 assigned to the C]O group and between 1376 and
1366 cm−1 attributed to the (C–H) bending and asymmetric
stretching vibrations of the glycosidic bond (C–O–C).51
Biological activity of JDE, AuNPs-JDE, JDH, AuNPs-JDH, JC-2,
AuNPs-JC-2 and AuNPs-control

In order to assess the cytotoxicity of JDE, AuNPs-JDE, JDH,
AuNPs-JDH, JC-2, AuNPs-JC-2 and AuNPs-control, the A172,
TERA1 and HaCaT cell lines were used. An MTT assay was
carried out aer 3 days of treatment of samples at concentra-
tions of 25, 12.5, 6.3, 3.1, 1.6 and 0.8 mg mL−1 in triplicates with
DMSO (0.25%) as the control (Fig. 4). Using percentage cell
viability results, it can be deduced that AuNPs-JDE, JDH, AuNPs-
JDH, JC-2, AuNPs-JC-2 and AuNPs-control showed biocompati-
bility with healthy HaCaT cells at specic concentrations, except
JDE extract which had a high cytotoxic effect on the healthy cells
(Fig. 4A). AuNPs-control reduced cell viability on TERA1 and
Fig. 4 Cell viability (%) of JDE, AuNPs-JDE, JDH, AuNPs-JDH, JC-2, AuN
lines. Results are presented as mean± standard deviation (n= 3). Asterisk
conjugated AuNPs and (ii) conjugated AuNPs and control (AuNPs-con
statistically significant, ns = non-significant.

36120 | RSC Adv., 2024, 14, 36115–36131
A172 cell lines. Data were normalised to the control, and the
IC50 values were calculated using GraphPad Prism soware
version 8.4.3. AuNPs-JDE showed IC50 values of 2.82 ± 2.34 mg
mL−1, 0.93 ± 0.50 mg mL−1 and 6.64 ± 2.62 mg mL−1 on A172,
TERA1 and HaCaT cell lines, respectively. The reported IC50

values of native JDE were 1.60 ± 0.48 mg mL−1 on A172, 1.71 ±

0.42 mg mL−1 on TERA1 and 0.75 ± 0.04 mg mL−1 on HaCaT.33

AuNPs-JDH showed IC50 values of 1.19 ± 0.39 mg mL−1, 0.84 ±

0.20 mg mL−1 and 15.36 ± 2.16 mg mL−1 on A172, TERA and
HaCaT cells, respectively. The reported IC50 values of native JDH
were 2.98 ± 1.86 mg mL−1 on A172, 2.27 ± 1.29 mg mL−1 on
TERA1 and 15.55± 3.82 mg mL−1 on HaCaT.33 The IC50 values of
AuNPs-control on TERA1 and A172 were 0.93 ± 0.08 mg mL−1

and 2.11 ± 0.64 mg mL−1, respectively. Additional assays were
performed with JDE, AuNPs-JDE, JDH, AuNPs-JDH and AuNPs-
control on the HeLa and HepG2 cell lines. Pure jaspamide
was also tested and nocodazole was used as the positive control.
Using percentage cell viability results for samples tested at
concentrations of 0.001, 0.01, 0.1 and 1 mg mL−1 (Fig. 5), it can
be deduced that AuNPs-control was not toxic on HeLa and
HepG2 cancer cells. On HeLa cells, JDE and JDH showed IC50

values of 2.41 ± 0.31 mg mL−1 and 8.79 ± 3.84 mg mL−1,
respectively, whereas the IC50 values of AuNPs-JDE and AuNPs-
JDH were 1.08 ± 0.09 mg mL−1 and 1.58 ± 0.11 mg mL−1. On
HepG2 cells, the IC50 values of JDE and JDH were 0.96 ± 0.81 mg
Ps-JC-2 and AuNPs-control on HaCaT (A), TERA1 (B) and A172 (C) cell
s represent significant differences between (i) JDE/JDH/JC-2 and their
trol); **p < 0.01, ***p < 0.001 and ****p < 0.001 were considered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cell viability (%) of JDE, AuNPs-JDE, JDH, AuNPs-JDH, AuNPs-control, nocodazole and jaspamide on the HeLa (A) and HepG2 (B) cell
lines. Asterisks represent significant differences between significant comparisons only; *p < 0.05, **p < 0.01 and ***p < 0.001 were considered
statistically significant. Other comparisons were non-significant.
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mL−1 and 3.76 ± 0.86 mg mL−1, respectively whereas the IC50

values of AuNPs-JDE and AuNPs-JDH were 0.40 ± 0.17 mg mL−1

and 1.88 ± 0.65 mg mL−1, respectively. The IC50 values of
nocodazole on HeLa and HepG2 cells were 0.84 ± 0.04 mg mL−1

and 0.65 ± 0.26 mg mL−1, respectively, whereas the IC50 values
of jaspamide on HeLa and HepG2 cells were 1.76 ± 0.02 mg
mL−1 and 1.36 ± 0.21 mg mL−1, respectively. A summary of the
IC50 values of JDH, AuNPs-JDH, JDE, and AuNPs-JDE on the
A172, TERA1, HaCaT, HeLa and HepG2 cell lines is shown in
Fig. 6. When JDH was coupled with AuNPs, the cytotoxicity was
increased on A172, TERA, HeLa and HepG2 cells but showed
similar activity on HaCaT cells. The cytotoxicity of JDE was
reduced when coupled with AuNPs on A172 and HaCaT cells but
increased on TERA1, HeLa and HepG2 cells. As shown by
Ramanjooloo et al., (2023), anticancer jaspamide is the main
constituent of JDE and JDH extracts and its content was 36.15 ±

0.73% and 0.60 ± 0.16%, respectively.33 The cytotoxicity of JDE
and JDH was due to the contribution of jaspamide and its
Fig. 6 Comparison of IC50 values of JDH, AuNPs-JDH, JDE, AuNPs-
JDE, nocodazole and jaspamide.

© 2024 The Author(s). Published by the Royal Society of Chemistry
analogs, and the presence of other secondary metabolites re-
ported from the genus Jaspis.33 Herein, the technique used to
synthesize AuNPs was not successful with pure jaspamide.
Therefore, less activity was expected with AuNPs-JDE and
AuNPs-JDH, as jaspamide present in JDE and JDH could not be
converted into AuNPs. However, the presence of other
secondary metabolites in JDH and JDE such as sterols, jaspi-
samides, bengamides, sphingosine, bengazole alkaloids and
nucleosides, reported from the genus Jaspis,52 could have been
converted into their nanoparticle form and hence contributed
to the enhanced activity of AuNPs-JDH on A172, TERA, HeLa
and HepG2 and AuNPs-JDE on TERA1, HeLa and HepG2 cells.
The enhanced anticancer activity of AuNPs-extracts could be
attributed to the synergistic role of AuNPs and the extracts, the
sustained released of bioactive compounds from the extracts,
the size and surface of the AuNPs and their interactions with
cancer cells.53,54 Ramanlingan et al., (2016) have shown that
AuNPs caused apoptosis in A549 cells through oxidative stress,
ROS generation, sensitization of mitochondrial membrane and
cell cycle arrest.55

To determine the toxicity of JDE, JDH, AuNPs-control,
AuNPs-JDE, AuNPs-JDH and jaspamide, further investigation
was performed by light microscopic imaging. HT-29 cells were
treated with the samples at 0.1, 1, 10 and 100 mg mL−1, and light
microscopic images were acquired (Fig. 7). A whitish color
observed with HT-29 cells indicated toxicity.56 Thus, it was
deduced that jaspamide was toxic at all concentrations. JDE was
not toxic at 0.1 mg mL−1 but showed toxicity at 1, 10 and 100 mg
mL−1. JDH was toxic at 100 mg mL−1 only. The nanoparticles,
AuNPs-control, AuNPs-JDE and AuNPs-JDH were not toxic at 0.1,
1.0 and 10 mg mL−1. In a study of cell viability assay of AuNPs on
HT-29, a signicant reduction of viable cells was observed with
no genotoxic effects.57,58

AuNPs-JC-2 showed more activity than JC-2 on cancer cells
A172 and TERA1 (Fig. 4B and C). Its IC50 values were 0.52± 0.09
mg mL−1 and 0.78 ± 0.28 mg mL−1 on A172 and TERA1 cells,
respectively, whereas the IC50 values of JC-2 were 3.37 ± 0.19 mg
RSC Adv., 2024, 14, 36115–36131 | 36121
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Fig. 7 Light microscopy images of HT-29 cells treated with jaspamide, JDE, JDH, AuNPs-control, AuNPs-JDE and AuNPs-JDH. The whitish
colour indicates toxicity.
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mL−1 and 2.28 ± 0.20 mg mL−1, respectively on the same cell
lines. AuNPs-JC-2 displayed an IC50 value of 6.81± 1.00 mgmL−1

on the HaCaT cell line. JC-2 was shown to be a mixture of sterols
with b-sitosterol (31.97%), ergosta-5, 22-diene-3-ol/24-
methylene cholesterol (14.83%), stigmasterol (16.16%) and
campesterol (10.38%) as the main constituents. The enhanced
activity of AuNPs-JC2 compared to JC-2 could be due to the more
efficient uptake of the nanoparticles by the cancer cells. Simi-
larly, Dhar et al. (2008) have reported enhanced activity of
doxorubicin hydrochloride (DOX)-loaded AuNPs compared to
free DOX due to improved internalization of drug-loaded
nanoparticles by an endocytosis mechanism compared to the
passive diffusion mechanism of free DOX into cells.59 Zhang
et al. (2011) have shown that ultra-small AuNPs conjugated to
doxorubicin were 20 times more cytotoxic in B16 melanoma
cells than the equivalent concentration of doxorubicin alone.
Doxorubicin remained highly active when conjugated to ultra-
small gold nanoparticles by entering into the cell nuclei.60
Synthesis of gold nanoparticles using contignasterol,
ansellone, motuporamine A and MN100

Contignasterol, ansellone A, motuporamines A and MN100
were provided by Prof. Raymond Andersen.61 Contignasterol,
a highly oxygenated steroid, was rst isolated from the sponge
Petrosia contignata by Burgoyne and Andersen in 1992.61,62 It
displayed anti-allergic, anti-asthma and anti-thrombolytic
activities and may be used for the prevention of inammatory
or allergic reactions or the treatment of cardiovascular or hae-
modynamic disorders.63 Ansellone A, a sesterpenoid, was iso-
lated from the nudibranch Cadlina luteomarginata and the
sponge Phorbas sp. It activates the cAMP signal transduction
36122 | RSC Adv., 2024, 14, 36115–36131
pathway without a ligand/receptor binding event64,65 and has
gained interest due to its activity as an HIV latency-reversing
agent (LRA).66 Williams et al., (1998) isolated a mixture of
motuporamines A, B and C from the extracts of the sponge
Xestospongia exigua. They showed a modest in vitro cytotoxicity
with an IC50 value of 0.6 mg mL−1 against a panel of human
cancer cell lines.67 The motuporamines inhibit the invasion of
metastatic MDA-231 breast carcinoma cells and motuporamine
A showed concentration-dependent activity with an IC50 value of
3 mM.68 MN100 synthesis was inspired from the structure of
pelorol, isolated from the sponge Dactylospongia elegans.69 It
showed three times greater SHIP1 (a new therapeutic target for
cancer) activation than pelorol at the same concentration.70

The synthesis of gold nanoparticles using contignasterol,
ansellone A, motuporamine A and MN100 was performed using
the new synthesis conditions. Aer 24 h, wine red solutions
were obtained with contignasterol and ansellone whereas no
colour change was observed with motuporamine A and MN100
as they precipitated in the solutions. With ansellone A, the
concentration of HAuCl4$3H2O was reduced to 0.11 mM to
avoid the aggregation of AuNPs. The red solutions were sub-
jected to dialysis (12–14 kDa dialysis) in distilled water for 2–3
days at room temperature to remove excess of unreacted
compounds and solvents. Aer dialysis, the conjugated AuNPs
were characterized using UV-vis spectroscopy, TEM and EDX
spectroscopy.

El-Seedi et al., (2019) has reported carbonyl, hydroxyl, amino
and methoxide groups as the main functional groups involved
in the reduction of metal ions.71 The formation of AuNPs was
successful with contignasterol and ansellone A only. Although
carbonyl and hydroxyl groups are present in jaspamide, AuNPs
© 2024 The Author(s). Published by the Royal Society of Chemistry
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were not formed. The same observation was made with motu-
poramine A and MN100 although amines, tertiary amides and
phenolic compounds have been reported for the reduction of
Au(III).45
Characterization of AuNPs-contignasterol and AuNPs-
ansellone A

The UV-visible spectra of AuNPs-contignasterol and AuNPs-
ansellone A nanoparticles and the control showed maximum
wavelengths of 539 nm, 536 nm and 540 nm, respectively
(Fig. 8A) for the red colour of gold colloid and the formation of
spherical gold nanoparticles.49 The intensity of the absorbance
of AuNPs-contignasterol was higher than that of AuNPs-
ansellone A due to the higher concentration of HAuCl4$3H2O
used. The TEM images conrmed the spherical shape of AuNPs-
ansellone A and AuNPs-contignasterol (Fig. 8B). The average
diameters of AuNPs-control, AuNPs-ansellone A and AuNPs-
contignasterol were calculated using the ImageJ soware with
measurements taken for over 100 nanoparticles and were 28.3±
4.8 nm, 33.3 ± 5.1 nm and 30.8 ± 5.5 nm, respectively (Fig. 8C).
The EDX analysis of AuNPs-control, AuNPs-ansellone A and
Fig. 8 UV-visible spectra of AuNPs-contignasterol, AuNPs-ansellone A
ansellone A and AuNPs-contignasterol together with their particle size d

© 2024 The Author(s). Published by the Royal Society of Chemistry
AuNPs-contignasterol showed percentages of gold as 44.99 ±

1.55, 34.63 ± 3.93 and 56.23 ± 2.42, respectively.
Biological activity of AuNPs-contignasterol and AuNPs-
ansellone A

Contignasterol and ansellone A and their conjugated AuNPs
were evaluated on the TERA1, A172 and HaCaT cell lines. The
data were normalised to the control, and the IC50 values were
calculated using GraphPad Prism soware version 8.4.3. On the
TERA1 cell line, no signicant activity was observed with con-
tignasterol and ansellone and their conjugated AuNPs. On the
A172 cell line, ansellone A showed an IC50 value of 9.90 ± 2.50
mM, whereas the IC50 value of AuNPs-ansellone was 9.60 ± 5.44
mM. Contignasterol and AuNPs-contignasterol displayed IC50

values of 8.39 ± 1.74 mM and 18.22 ± 3.22 mM, respectively. On
the HaCaT cell line, ansellone A and AuNPs-ansellone A showed
IC50 values of 7.66 ± 1.46 mM and 8.80 ± 4.65 mM, respectively.
Contignasterol and AuNPs-contignasterol displayed IC50 values
of 7.42 ± 0.64 mM and 7.10 ± 2.20 mM, respectively. Thus, it can
be deduced that the biological activity observed with con-
tignasterol and ansellone A and their conjugated AuNPs were
and AuNPs-control (A). TEM images (B) of AuNPs-control, AuNPs-
istribution (C).

RSC Adv., 2024, 14, 36115–36131 | 36123
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Fig. 9 Cellular uptake of gold nanoparticles (20× magnification).
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cell line specic. Based on the IC50 values, AuNPs-
contignasterol displayed less activity than contignasterol on
the A172 cell line and there was no signicant difference of
activity on the HaCaT cell lines. No signicant difference in
Fig. 10 Internalization of gold nanoparticles (A) and number of AuNPs t

36124 | RSC Adv., 2024, 14, 36115–36131
activity was also observed with AuNPs-ansellone A and ansel-
lone A on A172 and HaCaT cell lines.
Zeta potential analysis

The values of zeta potential of AuNPs-JDH, AuNPs-JC-2, AuNPs-
JDE, AuNPs-ansellone, AuNPs-contignasterol and AuNPs-
control were −32.03 ± 1.18 mV, −39.43 ± 0.90 mV, −34.73 ±

0.05 mV, −29.57 ± 0.91 mV, −14.57 ± 0.90 mV and −12.6 ±

1.56 mV, respectively. AuNPs with low zeta potentials favoured
the enhanced permeability and retention (EPR) effect resulting
in enhanced internalization of AuNPs by cancer cells, which
have positively charged surfaces.72
Internalization of AuNPs on A549 cells

The internalization of AuNPs on A549 cells73 was investigated by
uorescence microscopy74 and ICP-MS.75 A549 cells were
exposed to AuNPs that were bound to uorescein-5-
isothiocyanate (FITC). FITC can effectively bind to AuNPs
through electronically stable bonds with its isothiocyanante.76

Fig. 9 shows the images of green uorescence, observed at the
same intensity, of FITC-labeled AuNPs in comparison with
controls (cells bound with and without FITC). It can be deduced
that FITC-labelled AuNPs were more prominent than the
controls, suggesting the internalization of AuNPs.

ICP-MS was performed to conrm the internalization of
AuNPs. Fig. 10 shows the internalization of gold and number of
AuNPs internalized per cell. The total amount of gold inter-
nalized ranged from 0.13 to 17.69 pg. AuNPs-JDE showed the
highest uptake followed by AuNPs-JDH, AuNPs-ansellone,
AuNPs-control, AuNPs-JC-2 and AuNPs-contignasterol. The
number of AuNPs internalized per cell ranged from 2.62 to 9.65.
AuNPs-ansellone showed the highest AuNPs internalized fol-
lowed by AuNPs-contignasterol, AuNPs-control, AuNPs-JDH,
AuNPs-JC-2 and AuNPs-JDE. AuNPs could be internalized in
cells by either receptor-mediated endocytosis, or non-specic
receptor independent endocytosis depending on the shape,
size, surface charge and functionalization of the AuNPs.77 The
aken up per cell (B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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common pathway for AuNPs with functionalized, charged or
neutral charge is by clathrin-mediated endocytosis (i.e. binding
of AuNPs to specic receptors on the surface of the cells).75,77
Conclusion

AuNPs have been successfully synthesized using hexane (JDH),
ethyl acetate (JDE) and sterols (JC-2) obtained from the marine
sponge Jaspis diastra under new synthesis conditions. The
method is suitable for poorly water-soluble extracts and sterols.
The cytotoxicity of AuNPs-JDH increased on A172, TERA, HeLa
and HepG2 cells but showed similar activity on HaCaT cells in
comparison with JDH. For AuNPs-JDE, the cytotoxicity reduced on
A172 and HaCaT cells but increased on TERA1, HeLa and HepG2
cells in comparison with JDE. AuNPs-JC-2 was more active than
native JC-2. The synthesis of conjugated AuNPs was successful
only with contignasterol and ansellone A. AuNPs-contignasterol
displayed less activity than contignasterol on the A172 cell line,
and there was no signicant difference in the activity of AuNPs-
ansellone A and ansellone A on the A172 and HaCaT cell lines.
Future work would be evaluating further biological activity of
AuNPs-JC-2 and elucidating its mechanism of action.
Experimental
Materials and methods

Methanol, ethyl acetate, hexane and dichloromethane were
acquired from LOBA CHIMIE PVT LTD. Silica gel, 60 (0.06–0.2
mm), used for column chromatography (70–230 mesh ASTM)
was purchased from Scharlau, Turkey. Glass support (silica gel
60G F254) plates of dimensions 20 × 20 cm, suitable for thin-
layer chromatography (TLC) were obtained from Merck, Ger-
many. N-Methyl-N-trimethylsilyl-triuoroacetamide and gold(-
III) chloride trihydrate (HAuCl4 3H2O) ($99.9% trace metal
basis) were purchased from Sigma-Aldrich. The cell lines
TERA1, A172, CCD18Co and DLD1 were obtained from Cello-
nex, Randburg, South Africa. Dulbecco's modied Eagle's
medium (DMEM) and Roswell Park Memorial Institute (RPMI
1640) were purchased from Sigma-Aldrich (MO, USA). Addi-
tionally, gamma-irradiated and heat-inactivated fetal bovine
serum (FBS), penicillin–streptomycin (PS), high glucose growth
medium and phosphate-buffered saline (PBS) (1×) were
purchased from PAN Biotech, Bavaria, Germany. The cell
proliferation kit (MTT) was acquired from Sigma-Aldrich, USA.
Sample collection and identication

The sponge used in this study was provided by the Mauritius
Oceanography Institute (MOI). It was collected at Black River,
Mauritius, by scuba diving at a depth of 5–32 m. Professor Rob
Van Soest, from the Naturalis Biodiversity Center, in the Neth-
erlands, taxonomically identied the sponge as Jaspis diastra. The
sponge was given a voucher number of ZMAPOR21796 and was
stored at the Zoological Museum of the Center. Vacelet and
Vasseur rst identied Jaspis diastra in 1965. It is orange and has
a very so texture with prominent oscules. Its family and order
are Coppatiidae and Astrophorida, respectively.33,78
© 2024 The Author(s). Published by the Royal Society of Chemistry
Extraction procedures

The procedures described by Ramanjooloo et al. (2023) were
used. Briey, freeze-dried sponges (50.31 g) were macerated in
methanol and dichloromethane (v/v, 1 : 1) for 24–48 hours. This
step extracts low-, medium- and high-polarity secondary
metabolites. Aer maceration, the solution was ltered and
concentrated using a rotatory evaporator, to give the crude
extract (11.06 g). Distilled water was added to the crude extract
to dissolve it and then selective extraction was performed with
hexane and ethyl acetate. The hexane and ethyl acetate fractions
were then concentrated to 1

4 of their initial volume using
a rotatory evaporator and any traces of water present in the
fractions were removed using magnesium sulfate. The resulting
fractions were ltered and concentrated to obtain hexane (JDH)
(0.87 g) and ethyl acetate (JDE) (0.10 g) extracts.33,78
Purication of JDH

The purication of JDH was performed by column chromatog-
raphy. A glass column of diameter 3.5 cm and length 60 cm was
used. It was packed with silica gel (30 g) that was rst stirred in
hexane (100 mL) before transferring to the column. The length
of the packed silica in the column was about 15 cm. The sample
was loaded on the column using the dry loading method. JDH
(2.04 g) was transferred into a round-bottom ask and hexane
was added to dissolve it. Silica (2.0 g) was then added and the
mixture was dried using a rotary vacuum evaporator (tempera-
ture was set at 40 °C). The resulting dried silica, which con-
tained JDH was added to the packed column. The gradual
elution of solvents was done rst with non-polar solvent
(hexane), followed by mixtures of hexane and ethyl acetate
(semi-polar solvent) in various ratios and then ethyl acetate
only. Aerwards, a mixture of ethyl acetate and methanol (polar
solvent) in various rations was used. The eluent (10–15 mL) was
collected in test tubes. Similar fractions were combined
together based on thin layer chromatography (TLC) observa-
tions. A total of twenty-ve fractions were obtained and were
combined as follows: JDH (2–3) – (469.2 mg), JDH (5–7) – (211.6
mg), JDH (10–14) – (64.3 mg), JDH (15–21) – (68.1 mg) and JDH
(22–25) – (48.5 mg). White precipitates were observed in frac-
tions JDH (8), (9) and (10–14). They were separated, dried and
weighted. The mass of precipitates obtained from fractions JDH
(8), JDH (9) and JDH (10–14) were 102 mg, 64 mg and 10 mg,
respectively. TLC revealed that the precipitates were similar.
Therefore, only precipitates from JDH (8), termed JC-2, were
selected for biological evaluation. Cytotoxic assay was then
conducted with these fractions and JC-2, which were stored at
−20 °C until use.
Biological assays of combined JDH fractions and JC-2

The procedures described by Ramanjooloo et al. (2023) were
used. Combined JDH fractions, namely JDH (2–3), JDH (5–7),
JDH (10–14), JDH (15–21), JDH (22–25) and JC-2, were evaluated
on three cancer cell lines, namely, human brain cancer—glio-
blastoma (A172), human colorectal carcinoma (DLD1), human
testicular embryonal carcinoma (TERA1) and one normal cell
RSC Adv., 2024, 14, 36115–36131 | 36125
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line namely human colon cells (CCD18Co). Dulbecco's Modied
Eagle's Medium (DMEM) was used to culture A172, CCD18Co
and DLD1 cells, while Roswell Park Memorial Institute (RPMI)-
1640 was used to culture TERA1 cells. Fetal Bovine Serum (FBS)
10% (v/v) and penicillin–streptomycin antibiotics 1% (v/v) were
added to the growth media. A humidied incubator with
a temperature set at 37 °C and 5% of carbon dioxide (CO2) was
used to maintain the cells. A saturation of 90% was necessary
for sub-culturing. Aerwards, the cells were detached and
enumerated using a haemocytometer and microscope (inverted
light). The cells were seeded in microplates (96 well) at the
required densities.33
Cell culture and treatment with JDH fractions and JC-2

Cells from A172, CCD18Co, DLD1 and TERA1 at a density of 6.0
× 104 cell per mL were transferred into 96-well plates. A cell
suspension (90 mL) was added to each microplate well and
incubated at 37 °C in a humidied atmosphere (5% CO2) for
24 h for cell attachment. Combined JDH fractions and JC-2 were
dissolved in DMSO (100%). The adhered cells were then treated
with diluted concentrations—prepared using PBS (1×)—of each
fraction and JC-2 in triplicates to obtain nal concentrations of
25, 12.5, 6.3, 3.1, 1.6 and 0.8 mg mL−1. Aer 72 h of incubation,
an MTT cell viability assay was performed. The nal concen-
tration of DMSO in the well was 0.7% and the positive control
was 10% of DMSO.
Cell viability

The MTT colorimetric assay was used for cell viability. It uses 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to
assess cellular metabolic activity in terms of viability, prolifer-
ation or cytotoxicity. Combined JDH fractions and JC-2 solu-
tions (10 mL) and media (90 mL) were added to the cells and
treated for 72 h. Aerwards, using a multichannel pipette, an
MTT solution (10 mL, 5 mg mL−1 MTT) was transferred to each
well and the plates were incubated in a humidied incubator
(37 °C and 5% CO2) for 3 h. Subsequently, formazan crystals
were formed and were dissolved by adding DMSO (100 mL).
Complete solubilization of the crystals was achieved aer
overnight incubation. The blank was the microplate wells (in
triplicate), which consisted of the growth medium and DMSO
(0.7%). The absorbance was recorded at 570 nm using a micro-
plate reader (Victor X3-multimode, PerkinElmer, Massachu-
setts, USA). The percentage cell viability was calculated using
eqn (1).79

Percentage cell viability ¼
��

A570 of sample� A570 of blank

A570 of control� A570 of blank

��

� 100

(1)

Isolation and characterization of pure compounds from
fraction JDH (15–21)

Reverse-phase HPLC was performed to isolate pure compounds
from fraction JDH (15–21). The HPLC used was Waters 1525
36126 | RSC Adv., 2024, 14, 36115–36131
Binary HPLC pump attached to a Waters 2998 Photodiode Array
Detector. All solvents were ltered through a 0.45 mm lter
(Osmonics Inc.) prior to use. TLC was performed with Merck
silica gel plates (Type 5554). JDH (15–21) (68.1 mg) was dis-
solved in acetonitrile (2 mL) before injection. The chromato-
graphic conditions are as follows: column: (InertSustain
column, C-18; 250 × 10 mm), mobile phase (ultra-pure water
and acetonitrile); column temperature: room temperature; ow
rate: 2.0 mL min−1; injection volume: 100 mL; wavelengths: 222
and 197 nm. Gradient elution was set up under the following
conditions: from 0 to 65 min the mobile phase was water :
acetonitrile (50 : 50)%, then the mobile phase was changed to
acetonitrile (10 : 90)% from 65 to 80 min with 5 min of stabili-
zation. Finally, at 90 min, the solvent system was water : aceto-
nitrile (50 : 50)% with 15min of stabilization. Each peak coming
out of the column was collected individually. The procedures
were repeated several times and the nal volume collected was
concentrated to dryness for NMR characterization. The mass
obtained for peaks 1 to 8 was 0.6, 1.2, 1.7, 0.4, 0.4, 8.3 and
1.6 mg, respectively.

1H and 13C NMR spectra were recorded using a Bruker AV-
600 spectrometer with a 5 mm CPTCI cryoprobe at the
University of British Columbia (UBC). 1H chemical shis
were referenced to the DMSO-d6 signal (2.5 ppm) and 13C
chemical shi was referenced to the DMSO-d6 solvent peak
(39.5 ppm). Low-resolution ESI-QIT-MS were recorded using
a Bruker-Hewlett Packard 1100 Esquire-LC system mass
spectrometer.

Characterization of JC-2 from JDH (8)

JC-2 was characterized by FTIR spectroscopy and 1H and 13C
NMR (250 MHz) available at the University of Mauritius. FTIR
spectroscopy was performed using a Bruker Alpha ATR Infrared
Spectrometer, where 32 scans were collected. 1H and 13C NMR
(for JC-2) spectroscopies were performed using a 250 MHz
Bruker Electrospin spectrometer in CDCl3.

Derivatization of JC-2 and GC-MS (gas chromatography-mass
spectrometry) analysis

The derivatization of the sterols in JC-2 was performed by
adding N-methyl-N-trimethylsilyl-triuoroacetamide (MSTFA)
(40 mL) to JC-2 (∼2mg) in a glass vial, which was kept at 60 °C for
30 minutes. Aer derivatization, the vial was dried under
nitrogen at 60 °C and then reconstituted in n-heptane before
GC-MS analysis.

An Agilent GC/MSD (Gas chromatography/Mass selective
detector) was used for the analysis of the derivatized sterols. A
fused silica capillary GC column for the Rxi-5 ms (inner diam-
eter, 0.25 mm; column length, 30 m; lm thickness, 0.25 mm)
was installed on a GC system with helium gas (purity:
>99.9 vol%) owing as the carrier gas. The spitless injection
mode was employed. The injection room temperature was set to
60 °C and the injection volume was 1 mL. The setting for the
oven is as follows: 60 °C (1.0 min), 120 °C (30°C min−1) for 3
minutes, 300 °C (15°C min−1) for 23 minutes. The mass ion
source and quadrupole were programmed at 230 °C and 150 °C,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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respectively. MS data were recorded using the full scanning
mode from 40 to 580 (amu). Ionization was achieved using the
electron impact mode at 70 eV.

Synthesis of AuNPs

JDH (3.83 mg), JDE (3.36) and JC-2 (3.24 mg) were dissolved in
ethyl acetate (1 mL), and then absolute ethanol (3 mL) was
added and mixed vigorously using a vortex for complete solu-
bility. In separate centrifuge tubes (50 mL), distilled water (27
mL) and solutions of JDH, JDE and JC-2 were added and mixed.
A HAuCl4$3H2O (9.24 mM) solution was prepared by dissolving
HAuCl4$3H2O (30.2 mg) in distilled water (8.3 mL). HAuCl4-
$3H2O solution (750 mL) was added to JDH and JC-2 solutions,
whereas 375 mL was added to a JDE solution. The nal
concentration of HAuCl4$3H2O in JDH and JC-2 solutions was
0.22 mM, whereas for JDE, the concentration was 0.11 mM. The
tubes were covered with aluminum foil and kept in the darkness
for 24–48 h. The control was treated in the same way. Aer 24–
48 h, solutions were then subjected to dialysis (12–14 kDa
dialysis) in distilled water for 2–3 days at room temperature.
Aer dialysis, the solutions were centrifuged at 4000 rpm in
centrifugal lter tubes (15 mL) with a molecular weight cut off
(MWCO) of 10 kDa using the Thermo Scientic SL 16R equip-
ment. The procedure was repeated to obtain concentrated
solutions of AuNPs-JDH, AuNPs-JDE and AuNPs-JC-2. They were
then freeze-dried. The mass of AuNPs-JDH, AuNPs-JDE and
AuNPs-JC-2 obtained were 4.61 mg, 3.69 mg and 3.28 mg,
respectively. The mass obtained with the control was 1.67 mg.
The theoretical yields of AuNPs-JDH, AuNPs-JDE and AuNPs-JC-
2—assuming full conversion of the initial mass of JDH, JDE and
JC-2—with respect to HAuCl4$3H2O used were 6.61 mg, 4.75 mg
and 6.02 mg, respectively. The theoretical yield of the control
was calculated as 2.78 mg.

Characterization of AuNPs

UV-visible spectroscopy, Transmission Electron Microscopy
(TEM), Energy-Dispersive X-ray (EDX) spectroscopy and Fourier
Transform Infrared (FTIR) spectroscopy were performed to
characterize the AuNPs. The UV-visible analysis was performed
aer dialysis of AuNPs-JDH, AuNPs-JDE, AuNPs-JC-2 and AuNPs-
control with wavelengths spanning from 200 to 800 nm using the
equipment Libra S2 UV/visible spectrophotometer (Biochrom
Ltd). Samples (3–5 mL) were transferred onto TEM (carbon) grids
and letting them to absorb for 24 h. The size and structure of the
particles were investigated using TEM (TESCAN VEGA 3 LMU
microscope). FTIR analysis of freeze-dried AuNPs was performed
using a Bruker Alpha ATR Infrared Spectrometer (available at the
University of Mauritius), where 32 scans were collected.

Biological activity of JDE, AuNPs-JDE, JDH, AuNPs-JDH, JC-2,
AuNPs-JC-2 and AuNPs-control on A172, TERA and HaCaT cell
lines

The procedures described above were used for the biological
screening of JDE, AuNPs-JDE, JDH, AuNPs-JDH, JC-2, AuNPs-JC-
2 and AuNPs-control on A172, HaCaT and TERA cell lines. The
assays were performed in triplicates at nal concentrations of
© 2024 The Author(s). Published by the Royal Society of Chemistry
25, 12.5, 6.3, 3.1, 1.6 and 0.8 mg mL−1. The concentrations of
DMSO used for negative and positive controls were 0.25% and
5%, respectively.

Further biological activity

Further biological activity of JDE, AuNPs-JDE, JDH, AuNPs-JDH
and AuNPs-control were conducted using HepG2 (human
hepatocellular carcinoma) and HeLa (human cervical adeno-
carcinoma). Each cell line was incubated in Falcon T-25 vented
tissue asks (Corning Inc., NY) in DMEM supplemented with
fetal bovine serum (10%) and penicillin/streptomycin (100 U
mL−1) at 37 °C in air with 5% CO2. The medium was renewed
two times weekly and the cells were sub-cultured when they
reached conuence. Each cell line monolayer was detached
from tissue culture asks with trypsin 0.25% EDTA. All medium
reagents were obtained from Life Technologies Inc. The cells
were suspended in a fresh medium at a density of 1 × 105 cells
per mL. The assays were performed in at-bottom 96-well plates
(Corning Inc., NY). Aliquots (50 mL) of this cell suspension were
added to the plates. Sterile distilled water (100 mL per well) was
added to perimeter wells to prevent evaporation from inner
wells. The cells were incubated overnight at 37 °C in air with 5%
CO2 before treatment with samples.

Jaspamide, JDH and JDE were dissolved in dimethyl sulf-
oxide (DMSO, Fisher Sci.) to prepare a stock solution (6 mg
mL−1), from which serial dilutions were prepared starting from
60 mg mL−1 to 20 mg mL−1, 2 mg mL−1, 0.2 mg mL−1, 0.02 mg
mL−1 and 0.002 mg mL−1. AuNPs-JDE was diluted starting from
10 mg mL−1 and AuNPs-control and AuNPs-JDH were diluted
starting from 20 mg mL−1 because of their limited amounts.
Nocodazole was used as the positive control and its stock
solution of 5 mg mL−1 in DMSO was diluted to concentrations
of 50 mg mL−1, 20 mg mL−1, 2 mg mL−1, 0.2 mg mL−1, 0.02 mg
mL−1 and 0.002 mg mL−1. Samples (50 mL) from each dilution
point were added on the second day to the 96-well plates. The
nal sample concentrations were 1 mg mL−1, 0.1 mg mL−1, 0.01
mg mL−1 and 0.001 mg mL−1. DMSO (0.5%) was used as the
negative control. For blank, the medium (50 mL) was added to
the wells containing cells (50 mL). For positive control, DMSO
(50 mL, 1%) was added to the wells containing cells (50 mL). The
plate was incubated for 72 hours at 37 °C in air with 5% CO2.
Aer 72 hours of incubation, MTT (50 mL, 2.5 mg mL−1) was
added to each experimental well, including controls, and
incubated as described above, for 3 hours. Then, the medium
was carefully aspirated from each well. DMSO (100 mL) was
added to each experimental well to lyse the cells and the plate
was placed on the orbital shaker for 3 min to dissolve formazan
crystals. The samples were read using a FilterMax F5 (Molecular
Devices) plate reader at 570 nm. The percentage cell viability
was calculated using eqn (1).

Light microscopy imaging

HT-29 (ATCC HTB-38) cells were plated at a density of 3.0 × 105

cells/25 cm2
ask and cultured in 35 mm 6-well plates for 48

hours (h) prior to treatment. Jaspamide, JDE, and JDH were
dissolved in DMSO, whereas the gold nanoparticles AuNPs-
RSC Adv., 2024, 14, 36115–36131 | 36127
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control, AuNPs-JDH and AuNPs-JDE were suspended in sterile
water prior to application to cells. Nocodazole (660 mM) was
dissolved in DMSO and stored at −20 °C. For non-treated (NT)
cells, DMSO was added at a nal concentration of 0.4% (v/v) as
a solvent vehicle control. Cells were cultivated for 18 hours
before analysis by light microscopy imaging, which was per-
formed using an Innity 1 camera operated by the Innity
Capture imaging soware (Lumenera Corporation, CA) on an
Olympus CKX41 inverted microscope.56

Biological activity of contignasterol, ansellone A and their
conjugated AuNPs

The procedures described above (i.e. biological assays) were
used for the biological screening of contignasterol, AuNPs-
contignasterol, ansellone A and AuNPs-ansellone A on the
A172, HaCaT and TERA cell lines. The assays were performed in
triplicates at nal concentrations of 25, 12.5, 6.3, 3.1, 1.6 and 0.8
mg mL−1. The concentrations of DMSO used for negative and
positive controls were 0.25% and 10%, respectively. The data
were normalised to the control, and the IC50 (half maximal
inhibitory concentration) values were calculated using Graph-
Pad Prism soware version 8.4.3.

Statistical analysis

GraphPad Prism™ version 8.4.3 was used for statistical anal-
yses. One-way ANOVA for multiple groups, followed by Tukey's
test for multiple comparisons, was used for determining
statistical signicance. The results were expressed as mean ±

standard deviation (SD) with signicance set at p values#0.05.80

Zeta potential analysis

The zeta potential of the gold nanoparticles was determined
using a modied method by Adeyemi et al., (2019).74 The anal-
ysis was conducted using a ZetaSizer instrument (NanoZS,
Malvern Panalytical, Malvern, UK). Briey, 10% v/v of each
sample was prepared in distilled water, followed by sonication
(Sonics Vibra Cell, Newtown, CT, USA) for 2 min. Samples were
then ltered through 0.22 mm lters and transferred into
disposable cuvettes for hydrodynamic size and polydispersity
index (PDI) analysis, and thereaer into zeta potential cuvettes
(DTS 1070) for surface charge analysis at 25 °C. The measure-
ments were performed in triplicates (n = 3).

Cellular internalization by uorescence

Gold nanoparticle uptake in A549 cells was investigated by
uorescence using uorescein-5-isothiocyanate (FITC)
annexin V (Thermo Fisher Scientic) via a modied method
developed by Adeyemi et al., (2019).74 FITC (20 mL) was added to
annexin-binding buffer (5×) (80 mL) and mixed. The resulting
solution (10 mL) was transferred to AuNPs (i.e. AuNPs-JDH,
AuNPs-JDE, AuNPs-JC-2, AuNPs-contignasterol, AuNPs-
ansellone and AuNPs control). The nal concentration of the
stock solution of AuNPs was 190 mg mL−1. The samples were
incubated at 37 °C for 3 h, so that FITC can bind with the gold
nanoparticles. Aer 24 h, samples were centrifuged and washed
36128 | RSC Adv., 2024, 14, 36115–36131
with distilled water to remove excess of FITC and re-centrifuged.
A549 cells (1 × 105 cells per well) were cultured in a 12-well
culture plate for 24 h in 1 mL of DMEM supplemented with FBS
(10%) in a humidied atmosphere of 5% CO2 in air. Aer 24 h,
the media was removed and replaced with fresh media con-
taining AuNPs, from stock solutions (i.e. the nal concentration
of the AuNPs in the well was approx. 10 mg mL−1), and re-
incubated for 24 h to allow sufficient time for AuNP internali-
zation. The controls were cells treated with media with and
without FITC. Aer 24 h, the media was removed and washed
with PBS and the cells were observed using a Life Technologies
EVOS FL Auto uorescence microscope with a 20× objective.
FITC is a uorescent compound with an excitation peak at
491 nm and an emission peak at 516 nm.

Internalization of AuNPs on A549 cells by ICP-MS

A modied method by Carnovale et al., (2019)75 was used for the
internalization of AuNPs (i.e. AuNPs-JDH, AuNPs-JDE, AuNPs-
JC-2, AuNPs-contignasterol, AuNPs-ansellone and AuNPs
control) in A549 cells using ICPMS. A549 cells (1 × 105 cells per
well) were cultured in 12-well culture plates for 24 h in 1 mL of
DMEM supplemented with FBS (10%) in a humidied atmo-
sphere of 5% CO2 in air. Aer 24 h, the media asks were
removed and replaced with fresh media containing AuNPs (i.e.
the nal concentration of the AuNPs in the well was 10 mg mL−1)
and re-incubated for 24 h to allow sufficient time for AuNP
internalization. The control consisted of only cells treated with
media. Thereaer, cells were washed three times with DPBS to
remove free AuNPs and treated with trypsin to detach the cells.
Cells were then re-suspended in culture media and centrifuged
(3500 rpm) for 10 min. The supernatant was discarded and the
pellet (containing cells) was re-dispersed in a medium and a cell
count was done. Centrifugation was performed and the samples
were re-suspended in a solution of ethanol (i.e., 30%, 50%, 70%,
90% and 100%). The dehydrated cell pellets were then oven
dried and weighed. For digestion, samples were transferred into
digestion tubes and ultrapure water (20 mL) was added to the
digestion tubes followed by concentrated nitric acid (5 mL).
Samples were then transferred in a microwave digestion system
(CEM MARS) (digestion modied AOAC 999.10, microwave
digestion). Aer digestion, the solutions were transferred to
tubes (50 mL) and centrifuged. The samples were ltered (0.45
mm) before ICP-MS analysis. The gold content was determined
by ICP-MS (Thermo Scientic iCAP Q ICP-MS) and using a cali-
bration curve obtained from a range of standard gold solutions
(Gold ICP standard; ICP-22H-1, 1000 mg mL−1) (ISO 17294-
1:2004 and ISO 17294-2:2016). Using the recorded values and
corrections for dilution, the amount of gold in each sample was
determined and hence the amount of gold internalized was
calculated. The number of AuNPs taken up by each cell was
calculated by dividing the total amount of gold detected by the
total number of cells (obtained aer post-treatment).

Calculations for cellular internalization

The amount of gold (pg) internalized was calculated using the
ICP-MS results and the weight of the cell pellets (aer
© 2024 The Author(s). Published by the Royal Society of Chemistry
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dehydration and oven drying). Additionally, the number of
AuNPs internalized per cell was determined based on calcula-
tions and equations reported by Carnovale et al., (2019)75 as
follows:

(i) The total number of atoms per particle (Nparticle) for
a spherical particle, is given by

Nparticle = moles of Au per nanoparticle × NA

Nparticle ¼ V
r$NA

M
(2)

where V is the volume of a sphere
�
4
3
pr3

�
; density of gold (Au)

r = 1.93 × 107 g m−3; molar mass (M) of Au = 196.97 g mol−1

and Avogadro's constant (NA) = 6.022 × 1023 mol−1.
(ii) Eqn (2) can be simplied as follows:

Nparticle ¼ p

6

r$NA

M
$D3 (3)

where D is the average diameter of the spherical particle (ob-
tained by TEM measurements).

(iii) Taking into consideration that D is at the nano level, eqn
(3) can be simplied as follows:

Nparticle = 30.89$D3 (4)

(iv) The AuNPs internalized (Ninternalized) is calculated as
follows:

Ninternalized ¼ Nparticle

number of cells
(5)
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