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Abstract

Biogenic synthesis of nanoparticles provides many advantages over synthetic nanoparticles
including clean and non-toxic approaches. Nanoparticle-based application for the develop-
ment of diagnostics and therapeutics is a promising field that requires further enrichment
and investigation. The use of biological systems for the generation of gold nanopatrticles
(AuNPs) has been extensively studied. The search for a biocompatibility approach for the
development of nanoparticles is of great interest since it can provide more targeting and
less toxicity. Here, we reported a bio-reductive approach of gold to AuNPs using metabolites
extracted from mammalian cells, which provided a simple and efficient way for the synthesis
of nanomaterials. AUNPs were more efficiently synthesized by the metabolites extracted
from breast cancer (MCF7) and normal fibroblasts (F180) cells when compared to metabo-
lites extracted from cell-free supernatants. The metabolites involved in biogenic synthesis
are mainly alcohols and acids. Spectroscopic characterization using UV-visible spectra,
morphological characterization using electron microscopy and structural characterization
using X-ray diffraction (XRD) confirmed the AuNPs synthesis from mammalian cells metab-
olites. AUNPs generated from MCF7 cells metabolites showed significant anticancer activi-
ties against MCF7 and low toxicity when compared to those generated from F180 cells
metabolites. The results reflected the cytotoxic activities of the parent metabolites extracted
from MCF7 versus those extracted from F180. Comparative metabolomics analysis indi-
cated that MCF7-generated AuNPs harbored tetratetracontane, octacosane, and cyclote-
tradecane while those generated from F180 harbored a high percentage of stearic, palmitic,
heptadecanoic acid. We related the variation in cytotoxic activities between cell types to the

PLOS ONE | https://doi.org/10.1371/journal.pone.0240156  October 6, 2020

1/16


http://orcid.org/0000-0002-7691-615X
http://orcid.org/0000-0002-7622-9683
http://orcid.org/0000-0003-3150-9275
https://doi.org/10.1371/journal.pone.0240156
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0240156&domain=pdf&date_stamp=2020-10-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0240156&domain=pdf&date_stamp=2020-10-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0240156&domain=pdf&date_stamp=2020-10-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0240156&domain=pdf&date_stamp=2020-10-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0240156&domain=pdf&date_stamp=2020-10-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0240156&domain=pdf&date_stamp=2020-10-06
https://doi.org/10.1371/journal.pone.0240156
https://doi.org/10.1371/journal.pone.0240156
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Metabolites-generated gold nanoparticles as target anticancer therapy

Abbreviations: AuNP, gold nanoparticle; CE, cell
extract; F180, normal fibroblast cells; MCF7, breast
cancer cells; NE, nanoparticle extract; NP,
nanoparticle; SE, supernatant extract; SEM,
scanning electron microscopy; SNE, supernatant
collected from NP; TEM, transmission electron
microscopy.

differences in AuNPs-harboring metabolites. The process used in this study to develop the
nanopatrticles is novel and should have useful future anticancer applications mainly because
of proper specific targeting to cancer cells.

Introduction

Nanotechnology gains lots of interest particularly those employing the use of AuNPs in medi-
cal applications. AuNPs showed remarkable potential in diagnostic and therapeutic purposes,
including biosensor applications, targeted delivery of anticancer drugs, bio-imaging of cells
and tissues, and immunoassays [1]. AuNPs showed superior preference in medical applica-
tions when compared to other metal nanoparticles, particularly because of low toxicity [2].

Reduction of Au’" ions to AuNPs by biological systems offers clean, nontoxic and eco-
friendly synthetic technology [3]. Control synthesis of biocompatible metal nanoparticles
using yeast, fungi, bacteria and plants [4, 5], encourage the use of mammalian cells to develop
nanoparticles. It has been reported that AuNPs can be generated in situ after incubation of
Au’* with mammalian cell cultures [6]. Furthermore, it has been observed that nanoparticles
can be generated inside the epithelial cells and in intact tumor tissues [6].

The potential toxic impact of AuNPs is controversial, although recent data indicated that
cytotoxicity of AuNPs depends on the type of the cell [7] as well as the size and level of aggrega-
tion of those nanoparticles [8]. In order to avoid toxicity of NPs and for proper targeting, sci-
entists have employed the use of biological ligands such as proteins, polysaccharides, aptamers,
peptides, and small molecules to develop NPs with specific capping [9]. However the use of
biological ligands from cancer cells to target its own has never been studied. Therefore, we
assumed that generation of AuNPs using mammalian cell metabolites may offer new insight in
cancer therapy, since metabolites are the end products of all biological processes of a cell.
Additionally, using cancer versus normal cell metabolites may afford special aggregation of the
AuNPs with unique capping metabolites that allow variable cytotoxic activities between cell
types. The use of cancer cell metabolites to develop NPs as anticancer agents for possible tar-
geting is novel and has never been employed.

Materials and methods
Mammalian cell lines

The cells used in this study included breast cancer cells (MCF7, American Type Culture Col-
lection, Virginia, USA) and normal fibroblast cells (F180, kindly provided by Dr. Ekkehard
Dikomey, University Cancer Center, Hamburg University, Hamburg, Germany). The cells
were maintained in Dulbecco’s Modified Eagle Medium (DMEM) media supplemented with
10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere containing 5% CO, under
effective aseptic techniques to prevent any possible contamination and according to [10]. The
cells were checked every day for confluency and mycoplasma contamination. The positive cul-
tures were immediately discarded and followed by full decontamination of the laboratory.

Mammalian cells preparation and metabolites extraction

Mammalian cell cultures were maintained in DMEM media supplemented with 10% FBS and
incubated at 37°C in a humidified atmosphere containing 5% CO, in T-75 Corning cell culture
flasks with vent cap (Sigma) until confluency. The cultures were then centrifuged at 19000
RCF for 15 min in order to separate the cultures into cells and cell-free supernatants fractions.
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The supernatants were collected and extracted by 100% ethyl acetate (2 times), while the cells
(~4x 10°) were ground with a pestle and extracted with 100% methanol (1 time). Both extracts
were filtered using filter paper and the organic solvents were separated and evaporated using a
rotatory evaporator at 45 °C [11]. On the other hand, the metabolites capped the formed gold
nanoparticles were extracted by sonicating the NPs with methanol for 15 min at room temper-
ature. The solutions were filtered and the methanol was evaporated. The obtained metabolites
residues were either analysed by GC-MS or tested on mammalian cells. All metabolite extracts
were described in Table 1.

Synthesis of AuNPs

Gold chloride solution (ImM) was prepared in phosphate-buffered saline (PBS). The metabo-
lite extract (400pg) was suspended in 1 mL PBS solution, filtered through 0.2pm filters and
mixed with 100 pL gold chloride solution. The mixture was incubated in 12-well corning plate
for 6 days in 37°C. Control experiments were maintained using gold chloride solution in PBS
or metabolites extract in PBS without gold chloride. The endpoint was identified when the
solution turned in color most likely to purple [12]. In order to collect the nanoparticles, the
plates were shaken for 5 min and then decanted in Eppendorf tubes. The tubes were centri-
fuged at 19000 RCF for 30 min and the supernatant was decanted to a new Eppendorf tube.
The collected nanoparticles were further washed with PBS, followed by centrifugation and the
nanoparticles were collected and named “AuNPs”. The gold nanoparticles (AuNPs) were
stored at concentration 50 pg/ mL in fresh PBS at 4°C for a period of 4 months.

Characterization of AuNPs

The synthesized AuNPs were identified using UV/visible spectroscopy by measuring the
absorbance of gold at 200-900-nm wavelength range using UV-Vis spectrophotometer (Spec-
tro UV-2510TS; Labomed, Inc.). The shape and surface topology of AuNPs were examined by
scanning electron microscope (SEM) using TESCAN VEGA4 XM SEM (SE Detector, 30 kV,
high vacuum) and transmission electron microscopy (TEM) using JEOL-@2100, JeolLtd,
Japan. The samples were placed on standard carbon-coated copper grids (200-mesh) and air-
dried for about 2h prior to TEM measurement. The energy-dispersive X-ray spectroscopy
(Oxford Instruments X-Max 50 EDS detector) was carried out according to Al-Nuairi et al.
[13]. X-ray diffraction (XRD) measurements were carried out using Cu radiation on a Bruker
D8 Advance Powder Diffractometer.

The average particle size (z-ave) and size distribution of the synthesized AuNPs were deter-
mined by photon correlation spectroscopy at a scattering angle of 90°. Surface charge was mea-
sured following principles of laser Doppler velocimetry and phase analysis light scattering

Table 1. Descriptions of the metabolites extracts employed in the study.

Extract symbol Description

SE1 Ethyl acetate extract of the supernatant collected from fibroblasts cell cultures

SE2 Ethyl acetate extract of the supernatant collected from MCF?7 cell cultures

CEl Methanol extract of fibroblasts cells

CE2 Methanol extract of MCF7 cells
SNE1 Ethyl acetate extract of the supernatant collected from fibroblasts cell-generated AuNPs
SNE2 Ethyl acetate extract of the supernatant collected from MCF7 cell-generated AuNPs
NE1 Methanol extract of fibroblast cells-generated AuNPs

NE2 Methanol extract of MCF7 cells-generated AuNPs

https://doi.org/10.1371/journal.pone.0240156.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0240156  October 6, 2020 3/16


https://doi.org/10.1371/journal.pone.0240156.t001
https://doi.org/10.1371/journal.pone.0240156

PLOS ONE

Metabolites-generated gold nanoparticles as target anticancer therapy

(M3-PALStechnique). Measurements were carried out on samples after 10x dilution with
milliQ deionized water at room temperature using Zetasizer Nano ZS (Malvern Instrument,
UK) and according to our protocol [14].

Cell cytotoxicity using MTT staining

The cell cytotoxicity was performed using 3-(4, 5-dimethyl thiazolyl-2)-2,5-diphenyltetrazo-
lium bromide (MTT) assay as described in [15]. Briefly, 96-well micro-plates were seeded with
4000 cells/ well of either breast cancer (MCF7) or normal fibroblast cells (F180) and incubated
for 24 h at 37°C in a humidified atmosphere containing 5% CO,. In a pilot experiment, metab-
olite extracts and AuNPs at concentrations 1, 10, 50, 100 pg/ mL were suspended in mamma-
lian cells media and filter sterilized using 0.22 filters prior to application on seeded cells. Only
concentration 10 pg/ mL was selected for further investigation based on the significant differ-
ence in activity obtained and according to previously published data [16]. The cultures were
incubated for 16 h. A 200pL MTT (0.5mg/ mL) reagent was added to each well. The plates
were incubated 2-4 h and the liquid was then discarded followed by addition of 200uL DMSO
to each well. The endpoint of the experiment was indicated by the appearance of purple color.
The color was measured using Multiskan Go machine (Spectrophotometer) at 570nm. Each
experiment was done in duplicate, each with 6 repeats. Cell viability was calculated using the
following formula adapted from [17] and according to our publication [14].

%of living cells = (OD experimental) /(OD control) x 100

Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS analysis was performed as described before [18]. The metabolite extracts were derivatized
by adding 50 L of N-trimethylsilyl-N-methyl trifluoroacetamide and trimethylchlorosilane
(MSTFA + 1% TMS) followed by incubation at 50°C for 30 min prior to GC-MS analysis. The
derivatized samples were injected into QP2010 gas chromatography-mass spectrometer (GC-2010
coupled with a GC-MS QP-2010 Ultra) equipped with an auto-sampler (AOC-20i+s) from Shi-
madzu (Tokyo, Japan), using Rtx-5ms column (30 m length x 0.25 mm inner diameter x 0.25 um
film thickness; Restek, Bellefonte, PA). Data collection and analysis were performed using MSD
Enhanced Chemstation software (Shimadzu). Product spectra were identified by comparison of
the measured fragmentation patterns to those found in the NIST 08 Mass Spectral Library.

Statistical analysis

The data was collected and graphed using Graph Pad Prism (5.04, La Jolla, CA, USA). The
effects of different extracts and AuNPs on cancer and fibroblast cell lines were analyzed by
two-way analysis of variance (ANOVA). The statistical significance was calculated with Bon-
ferroni’s multiple comparisons test and significance level indicated by asterisks (*, P<0.05; **,
P<0.01: ***, P<0.001; ****, P<0.0001). The data display the mean of the percentage of the sur-
vival rate of mammalian cells + SEM of 6 replicas.

Results

Metabolites extracted from MCF7 cancer cells showed potential cytotoxic
activities on their own

Cultures collected from mammalian cells either MCF7 or F180 were separated by centrifuga-
tion into cells and supernatant fractions. The metabolite extracts from both supernatants (SE1
and SE2) and cells (CE1 and CE2) fractions (Table 1) were tested individually on MCF7 and
F180 cells. The results indicated that all suspended extracts showed significant but variable
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Fig 1. Cytotoxic activities of metabolites extracted from mammalian cell cultures. (A) Cytotoxic activities of metabolites extracted from supernatants collected from
F180 (SE1) and MCF?7 (SE2) cell cultures. (B) Cytotoxic activities of metabolites extracted from F180 (CE1) and MCF7 (CE2) cells separated from mammalian cell
cultures. The cells were seeded in 96-well plate at a concentration of 5 x 10* cells/ well in 100 pl culture medium followed by incubation with the samples overnight prior to
MTT assay. The data was analyzed using two-way ANOVA and statistical significance was calculated with Bonferroni’s multiple comparisons test and significance level
were indicated by asterisks (*, P<0.05; **, P<0.01: ***, P<0.001; ****, P<0.0001). The data display the mean of the percentage of the survival rate of mammalian

cells + SEM of 6 replicas.

https://doi.org/10.1371/journal.pone.0240156.9001

cytotoxic activities when compared to control (Fig 1). Although extracts from both superna-
tants (SE1 and SE2) (Fig 1A) and fibroblasts cells (CE1) (Fig 1B) showed ~90% and 70% killing
activities, respectively; this effect was non-selective as there was no significant difference in cell
viability between MCF7 versus F180 cells. On the other hand, extracts from MCF7 cells (CE2)
showed 95% versus 52% killing activities to MCF7 versus F180 cells, respectively (Fig 1B). The
results obtained indicated that MCF7 cells metabolites extract (CE2) developed potential cyto-
toxic and safer activities. Metabolites extracted from MCF7 and F180 cells were analyzed by
GC-MS and compared. The metabolites comparison showed the presence of many metabolites
in MCF7 (CE2) but not F180 (CE1) (Fig 2). The biological activities of major metabolites iden-
tified from MCEF7 but not from F180 were searched in the literature and summarized in

Table 2. Most identified metabolites possess cytotoxic and oxidative catalytic activities. The
results obtained indicate the importance of ligand-specific cells in targeting therapy.

Gold nanoparticles (AuNPs) developed from metabolites extracted from
MCF7 cells showed promising cytotoxic activities

Metabolites extracted from mammalian cells and mammalian cell-free supernatants were used
separately to develop AuNPs using gold chloride. The AuNPs production was indicated by the
change in the color of the solution to purple (U2 and U4) [12] compared to controls (Gold
chloride in PBS: Cn and cells metabolites without Gold chloride: Cp) (Fig 3A). Careful micros-
copy examination showed agglomerations of purple particles in wells containing metabolites-
treated gold chloride (Fig 3B) while such agglomerations were absent in control groups (Fig
3C). The obtained NPs were collected by centrifugation and analyzed by UV spectroscopy at
200-900 nm range and transmission electron microscope (TEM). The synthesized AuNPs
(AuNP2 and AuNP4) showed a strong peak at Ayax 550 nm (Fig 3D), while no peak with the
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https://doi.org/10.1371/journal.pone.0240156.9002

Table 2. Reported activities of major distinctive metabolites.

Metabolite Reported activities Reference
1,4-Butanediol It has cytotoxic activity that induces alteration in the glucose metabolism causing mitochondrial dysfunction. [19]
1-Monopalmitin It has inhibitory activities on P-glycoprotein. [20]
2-Keto-d-gluconic acid It has a role in oxidative catalytic activities. [21]
Azelaic acid It shows anti-proliferative and cytotoxic effects on human cells. [22]
Octacosane It can induce apoptosis. [23]
Phosphoric acid It shows metal stabilizer activities. [24]
D-(+)-ribono-1,4-lactone It shows cytotoxic effects. [25]
1-O-nonyl-lyxitol Toxic effects. [26]
Arachidic acid It has oxidative stability activities. [27]
D-(-)- fructopyranose It has oxidative and genotoxic effects. [28]
Suberic acid It has oxidative activity and it is associated with mitochondrial damage. [29]
Cyclotetradecane Can be involved in biofabrication of metal nanoparticles. [30]
https://doi.org/10.1371/journal.pone.0240156.t002
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Fig 3. Biogenic synthesis of AuNPs and identification using UV-Vis spectroscopy. (A) Synthesis of AuNPs from mammalian cells metabolites (F180:U2 for AuNP1 and
MCEF7:U4 for AuNP2) versus AuNPs developed from metabolites extracted from cell-free supernatant (U1 for AuNP3 and U3 for AuNP4) and controls (Gold chloride in
PBS: Cn and cells metabolites without Gold chloride: Cp). Gold chloride was incubated with metabolites extracts for 4-6 days at 37°C in 12-well plates until the
development of purple color. (B and C) Light microscopy of (B) AuNPs aggregates (AuNP2) versus (C) control showed no NPs. Scale bar = 50 um. (D and E) UV-visible
spectra of (D) synthesized AuNPs (AuNP2) versus (E) control. AuNPs showed a peak at A, 550nm.

https://doi.org/10.1371/journal.pone.0240156.9g003

control (Fig 3E), which is consistent with previously reported data for the UV absorbance of
Au®" element [31].

The XRD scan of the synthesized AuNPs showed a significant diffraction peak at 20 angle:
38.1° corresponding to 111crystal plane of face-centered gold in the nanoparticles solution
made from metabolites extracted from mammalian cells (AuNP2 and AuNP4), but not from
metabolites solution extracted from cell-free supernatants or PBS solution, employed as con-
trol (Fig 4A). The formation of AuNPs was confirmed by the energy dispersive spectroscopy
(EDS) (Fig 4B). The EDS profile showed a strong Au’t signal from the NPs solution made
from the metabolites extracted from mammalian cells. Furthermore, the surface morphology
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Fig 4. Characterization of AuNPs (AuNP2). (A) X-ray diffraction (XRD) patterns of the synthesized AuNPs. (B) SEM-EDS (energy dispersive spectroscopy) profile of
the synthesized AuNPs. (C) TEM micrographs of AuNPs showed spherical-shaped particles. The samples of AuNPs were placed on standard carbon-coated copper grids
(200-mesh) and air-dried for about 2h prior to measurement.

https://doi.org/10.1371/journal.pone.0240156.9004

and topography of AuNPs analyzed by TEM showed well-defined spherical shape particles
(Fig 4C). Measuring the particle size of synthesized AuNPs showed that 95% of the particles
were in the size range of 28-34 nm. The average size and size distribution of the AuNPs were
30.4 nm * 0.6 and 0.637 + 0.156, respectively. Surface charge measurements showed that the
particles carried a negative charge of 12.16 + 1.59. The large value for size distribution can be
due to partial aggregation as a result of the low surface charge and repulsive forces between the
particles.

The collected AuNPs were tested on fresh cancer (MCF7) and normal (fibroblasts) cells.
Surprisingly, AuNPs developed from mammalian cells (AuNP1 and AuNP2) showed signifi-
cant cytotoxic activities (Fig 5A), while those obtained from supernatants (AuNP3 and
AuNP4) showed limited cytotoxic activities (Fig 5B). Furthermore, the AuNPs developed from
MCF?7 cells metabolites (AuNP2) showed significant difference in the killing effects between
cancer (MCF7) versus normal (fibroblasts) cells (~52% versus 2%, P-value <0.001) when com-
pared to the effects of AuNPs developed from fibroblast metabolites (AuNP1) (75% versus
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significance levels were indicated by asterisks (*, P<0.05; **, P<0.01: ***, P<0.001; ****, P<0.0001). The data display the mean of the percentage of the survival rate of
mammalian cells + SEM of 6 replicas.

https://doi.org/10.1371/journal.pone.0240156.g005

65%, P-value <0.001) (Fig 5A). The obtained results indicate that AuNPs developed from
MCEF7 cell metabolites (AuNP2) showed promising anticancer activities. On the other hand,
gold chloride incubated with PBS (employed as negative control) failed to develop NPs, while
it caused ~100% killing effects to both mammalian cells (Fig 5C).

Metabolomics analysis supports the prediction of responsive metabolites

Metabolites involved in biogenic synthesis of NPs (initiator metabolites). To identify
the metabolites involved in the formation of AuNPs, the NPs solutions obtained from F180
and MCF7 cells extracts were centrifuged and the supernatants were extracted with ethyl
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acetate (SNE1 and SNE2) prior to GC-MS analysis. The metabolites analyzed by GC-MS were
compared to the parent metabolites extracted from both mammalian cells (employed as con-
trol, CE1 and CE2). The metabolites identified in the control but not in the AuNPs superna-
tants (SNE1 and SNE2) were selected and considered as NPs-initiator metabolites
(reductants), since they were used up during the biogenic synthesis of NPs (Fig 6A).

The selected metabolites from CE1 and CE2 were compared to each other in order to execute
the shared metabolites (Fig 6A and 6B). To ensure that the identified metabolites are only
unique to the formation of AuNPs, the metabolites extracted from cell-free supernatants (SE1
and SE2) were compared to the shared ones selected from CE1 and CE2 (Fig 6B and 6C). Three
metabolites were identified to be shared between all extracts (SE1 and SE2 versus CE1 and CE2)
including oleic acid, levoglucosan, and 18-methyl-nonadecanol. On the other hand, the metabo-
lites shared between CE1/ CE2 and not found in SE1/SE2 were considered as initiator and
included 1,2-benzenedicarboxylic acid, bis-(2-methylpropyl) ester, 1-octadecanol, 4,8,12,16-tet-
ramethylheptadecan-4-olide, arachidic acid, hexanedioic acid, L-norvaline, N-(2-ethylhexyloxy-
carbonyl)- decyl ester, myristic acid, N-isovalerylglycine, octadecane and pentadecanoic acid.

Metabolites involved in capping the NP. To identify the capping metabolites, the nano-
particles (AuNP1 and AuNP2) obtained from both cell types were precipitated by centrifuga-
tion, washed, dried and extracted by methanol with the aid of sonication for 15 min. The
extracted metabolites (NE1 and NE2) were analyzed by GC-MS and compared to each other
(Fig 7), where Fig 7A indicated the metabolites shared between both NE1 and NE2, and Fig 7B
indicated the different metabolites. Shared metabolites included stearic acid, palmitic acid, lac-
tic acid, heptadecanoic acid, benzoic acid, 9,12-octadecadienoic acid (Z,Z)-, 4-hydroxybuta-
noic acid and 3-aminoisobutyric acid (Fig 7A). On the other hand, cyclotetradecane,
octacosane, and tetratetracontane were identified only from the NE2 generated from MCF7
metabolites, while 2-hexyl-1-decanol, cholesterol, L-5-oxoproline, myristic acid, nonadecanoic
acid, and nonanoic acid were identified only from those developed from fibroblasts metabo-
lites (NE1) (Fig 7B).

Metabolites involved in increasing the activities of NPs (activator metabolites).

Because the NP (AuNP2) developed from MCF7 showed promising activities when compared
to those developed from F180 (AuNP1), metabolites extract identified in Fig 7 was compared
to metabolites extracted from the original cells (Fig 2). Metabolites including tetratetracontane,
octacosane and cyclotetradecane were identified from AuNP2 but not from the original cells
or AuNP1 (Fig 7). Furthermore, the biological activities of the metabolites extracted from both
AuNPI1 (NE1) and AuNP2 (NE2) were compared (Fig 8). The results obtained indicated that
AuNP2 metabolites (NE2) showed significant difference in the cytotoxic activities on both cell
types when compared to those extracted from AuNP1 (NE1), which showed similar activities
on both cells. This is consistent with the results obtained from Figs 1B and 5A; suggesting the
important role of tetratetracontane, octacosane and cyclotetradecane in the variation in the
activities of AuNP2 developed from MCF7. Moreover, it offers a specific approach in thera-
peutic target delivery [12].

Discussion

In this study, AuNPs were synthesized using mammalian cell metabolites. The generated nano-
particles showed variable cytotoxic activities, while those generated from MCF7 showed more
promising anticancer activities against MCF?7. The variable activities were attributed to the vari-
ation in the metabolites profiles of both mammalian cells under study and their supernatants.
The nanoparticles generated from metabolites extracted from MCF7 showed significant dif-
ferences in the cytotoxic activities between both cancer and normal cells, while those generated
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Fig 6. Identification of metabolites involved in biogenesis of AuNPs using GC-MS analysis. Metabolites (SNE1 and SNE2) extracted from the solution obtained after
the generation of AuNPs were compared to the parent metabolites extracts (CE1 and CE2) used for their generation. The metabolite difference in the parent metabolites
were selected and re-compared to metabolites extracted from cell-free supernatants (ES1 and ES3). Gold chloride was incubated with metabolites extracts dissolved in PBS
for 4-6 days until the color changes. The cultures were spin down and the supernatant was collected. The supernatant was re-extracted with ethyl acetate prior to GC-MS
analysis. The results obtained were compared with control extracts treated similarly but without gold chloride. (A) Metabolites comparison between gold chloride-treated
versus non-treated samples. Light red-colored metabolites are shared metabolites between samples, while the uncolored metabolites are different. (B) Only metabolites
identified from control samples (CE1 and CE2) but not the treated ones were compared to metabolites extracted from supernatants (SE1 and SE2). Light red-colored
metabolites are shared metabolites between samples, while the uncolored metabolites are different. (C) Only shared metabolites were combined from supernatants versus

cells. Light red-colored metabolites are shared metabolites between samples, while the orange metabolites are different.

https://doi.org/10.1371/journal.pone.0240156.9006

from F180 or cells-free supernatants did not. It has been reported that AuNPs demonstrated
different cytotoxic effects on different mammalian cells [32]. Although the variable cytotoxic
activities on different mammalian cells have been attributed to the size and level of aggrega-
tions [8], our results showed that the origin of reductants is another factor. The metabolites
extracted from MCEF?7 cells caused significant anticancer activities on MCF7 when compared
to F180, while those extracted from F180 cells showed no differences in cytotoxic activities on
both cell types. Similarly, AuNPs generated from MCF7 caused variable activities on both cell
types, while those generated from F180 are not. We attributed this difference in activities to
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Fig 7. Identification of AuNPs-capping metabolites. NPs solution was centrifuged and the NPs were collected and washed by PBS two times prior to extraction using
methanol and sonication for 15 min. The extracted metabolites were analyzed by GC-MS and compared to those extracted from NP-free supernatants. (A) Metabolites
were identified from NPs and shared between F180 and MCF?7 cell lines. (B) Unique metabolites identified from NPs developed from MCEF?7 versus those developed
from F180. The data display the mean of the percentage of the metabolites + SEM of three replicas. The table on the left represented the comparison between the
identified metabolites from NPs to those identified in Figs 2 and 6.

https://doi.org/10.1371/journal.pone.0240156.9007

the presence of variable metabolites species or levels. Many different bio-molecular chemicals
were reported to be involved in AuNPs formation and stabilization into smaller nanoclusters.
These chemicals include amino acids, protein side chains, glutathione, phospholipids, and
many more [6].

Metabolites that may cap or conjugate to NPs were extracted and showed that some
metabolites identified only from AuNPs generated from MCF7 including tatratetracontane,
octacosane and cyclotetradecane, while other metabolites were related to F180 including hex-
yldecanol, oxoproline, myristic acid and nonanoic acid. Saturated hydrocarbons such as octa-
cosane have been reported to induce apoptosis [23]. On the other hand, fatty acids level were
10-20 times higher in case of NPs generated from F180 when compared to those identified
from AuNPs generated from MCF?7. The presence of a high level of fatty acids may be respon-
sible for the higher non-selective cytotoxic activities of AuNPs generated from F180.
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Fig 8. Cytotoxic activities of metabolites extracted from AuNPs. NPs solution was centrifuged and the NPs were
collected and washed by PBS two times prior to extraction using methanol and sonication for 15 min. The extracted
metabolites were tested on F180 and MCF7 cells using MTT assay. Mammalian cells were seeded in 96-well plate until
confluency followed by incubation with the samples overnight prior to MTT assay. The data were analyzed using two-
way ANOVA and statistical significance was calculated with Bonferroni’s multiple comparisons test and significance
levels were indicated by asterisks (*, P<0.05; **, P<0.01: ***, P<0.001; ****, P<0.0001). The data display the mean of
the percentage of the survival rate of mammalian cells + SEM of 5 replicas.

https://doi.org/10.1371/journal.pone.0240156.9008

Consistently, the cytotoxicity due to free fatty acids was reported [33]. Although few metabo-
lites with cytotoxic activities were identified from MCF7 but not from F180, none of them was
detected from AuNPs themselves. These metabolites included azelaic acid [34], D-(+)-ribono-
1,4-lactone [25], 1-O-nonyl-lyxitol [26] and phosphoric acid [35].

The metabolites predicted from mammalian cells and involved in biogenic synthesis of
AuNPs were mainly alcohols and acids. These metabolites included 1,2-benzenedicarboxylic
acid, bis(2-methylpropyl) ester, octadecanol, arachidic acid, hexanedioic acid, myristic acid
and pentadecanoic acid. For example, 1,2-benzenedicarboxylic acid, bis(2-methylpropyl) ester
is a reducing agent [36]. On the other hand, oleic acid has been identified in all metabolites
extracts. Oleic acid can modify the electronic structure of AuNPs [37], stabilize AuNPs [38]
and affect the cytotoxic activities of AuNPs [39] but cannot initiate the synthesis of NPs.

The use of plant metabolites [40] or bacterial metabolites [41] to induce the reduction of
gold to nanoparticles has been reported before. However, the use of mammalian cell metabo-
lites to generate gold nanoparticles is the first. The results obtained in this study may help to
design a well-controlled delivery system after optimization of size and aggregation level using
fractional size exclusion chromatography. Furthermore, optimization of the metabolites cap-
ping the nanoparticles will be of important value to identify the metabolites with significant
impact on the developed nanoparticles. Although the focus of this manuscript was the breast
cancer cells (MCF?7), we believe that further future investigations are required. Testing the bio-
logical activities of NPs developed from metabolites extracted from different breast cancer
fractions such as the cell membrane and cytosol will help to narrow down the metabolites
responsible for the variable activities. Repeating the NPs synthesis using different cancer cells
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will help to either generalize or specify our final conclusion. Moreover, fractionation of the
extracted metabolites used to develop the nanoparticles by column chromatography or HPLC
followed by NPs synthesis and activities will also help to identify the major responsive
metabolites.

Conclusions

In conclusion, it has been demonstrated that metabolites extracted from mammalian cells are
capable of producing AuNPs extracellularly and the generated nanoparticles are quite stable.
The developed nanoparticles showed variable cytotoxic activities depend on the used cell
types. Nanoparticles generated from MCF7 metabolites showed promising anticancer activi-
ties on their own. This variation in anticancer activities was attributed to the differences in the
metabolites and/ or their levels. This report will also lead to the development of a rational bio-
synthetic procedure from other mammalian cells or their compartments for several and
unique biomedical applications.
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