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cancer cells and drug-resistant bacteria

Saliha Manzoor,a Dar Junaid Bashir,a Khalid Imtiyaz,b M. Moshahid A. Rizvi,b

Irshad Ahamad,c Tasneem Fatma,c Nidhi Bharal Agarwal,d Indu Arora*e

and Mohammed Samim *a

Use of plant extracts for the synthesis of various metal nanoparticles has gained much importance recently

because it is a simple, less hazardous, conservative and cost-effective method. In this research work,

platinum nanoparticles were synthesized by treating platinum ions with the leaf extract of Psidium

guajava and their structural properties were studied using various characterization techniques. The

formation of platinum nanoparticles was confirmed by the disappearance of the absorbance peak at

261 nm in UV-visible spectra. The results of gas chromatography-mass spectrometry (GC-MS) and

Fourier transform infrared spectroscopy (FT-IR) analysis showed functional moieties responsible for bio-

reduction of metal ions and stabilization of platinum nanoparticles. The use of dynamic light scattering

(DLS) imaging techniques confirmed the formation of stable monodispersed platinum nanoparticles

showing a zeta potential of �23.4 mV. The morphological examination using high resolution

transmission electron microscopy (HR-TEM) and Scanning electron microscopy (SEM) confirmed the

formation of spherical platinum nanoparticles with an average diameter of 113.2 nm. X-ray powder

diffraction (XRD) techniques showed the crystalline nature of biosynthesized platinum nanoparticles with

a face-centered cubic structure. The results of energy-dispersive X-ray spectroscopy (EDAX) showed

100% platinum content by weight confirming the purity of the sample. The cytotoxic effect of

biosynthesized platinum nanoparticles assessed in a breast cancer (MCF-7) cell-line by a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, revealed an IC50 of 167.2 mg ml�1.

The results of a wound healing assay showed that treatment with platinum nanoparticles induced an

anti-migratory effect on MCF-7 cells. In the cell cycle phase distribution, treatment with platinum

nanoparticles inhibited cell proliferation as determined by flow cytometry with PI staining. Significant cell

cycle arrest was detected at the G0/G1 phase with a notable decrease in the distribution of cells in the S

and G2/M phases. The anti-bacterial activity of bio-synthesized platinum nanoparticles was evaluated

against four pathogenic bacteria i.e. B. cereus (Gram positive), P. aeruginosa (Gram negative), K.

pneumonia (Gram negative) and E. coli (Gram negative). The biosynthesized platinum nanoparticles were

found to show dose-dependent inhibition against pathogenic bacteria with a significant effect on Gram-

negative bacteria compared to Gram-positive bacteria. This synergistic blend of green and simplistic

synthesis coupled with anti-proliferative and anti-bacterial properties makes these biogenic

nanoparticles suitable in nanomedicine.
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Introduction

Cancer is one of the major life threatening and deadly diseases
worldwide, which causes most deaths.1 There were approxi-
mately 18 million cancer cases around the world in 2018. Breast
cancer remains the most common cancer in women worldwide,
with a contribution of 25.4% to the total number of new cases
diagnosed in 2018.2 With this growing global burden, preven-
tion of cancer is the utmost public health challenge of the 21st

century. Options of treatment available for cancer are chemo-
therapy, radiotherapy and drugs with severe side-effects. These
© 2021 The Author(s). Published by the Royal Society of Chemistry
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treatments are unbearable as they cause pain and strain and
deteriorate the health of the patient. So, researchers are looking
to develop some new and alternative methods for treating
cancers.3 For many years, molecules based on platinum have
received substantial attention because of their electrocatalytic
properties.4,5 Derivatives of platinum, such as cisplatin, carbo-
platin and oxaliplatin have found use for treating cancer.
However, some reports have suggested several shortcomings of
cisplatin, such as neurotoxicity, hemolysis,6 nephrotoxicity,7

ototoxicity and toxicity to gametogenesis.8

In last few decades, nanotechnology has emerged as
a budding eld with wide applications in nanomedicine and
biomedical engineering. Platinum nanoparticles have brought
a new revolution in the eld of nanotechnology with numerous
biomedical applications including diagnostics, drug delivery,
photothermal therapy and medical implants.9–11 The synthesis of
platinum nanoparticles for therapeutic applications has received
considerable interest from both research and industrial elds
because of their high stability, low toxicity and less side
effects.12–15 In recent times, platinum nanoparticles have
amassed growing interest in different biomedical applications
such as targeted drug delivery, photoabalation therapy, biosens-
ing, bioimaging, antimicrobial agent and anticancer agents.16

Biosynthesized nanoparticles play a crucial role in molecular
interactions and can cross biological barriers without effecting
normal cells. Platinum nanoparticles synthesized using Saccha-
romyces boulardii exhibited anticancer properties against squa-
mouscarcinoma cell line (A431) and luminal breast cancer cell
line (MCF7).17 Furthermore, apoptotic development in an early
stage was detected in HeLa cells. The results of in vitro studies
have revealed that platinum nanoparticles showed a dose-
dependent inhibition on the growth of A549cells.18 Platinum
nanoparticles can induce a potential anticancer activity
compared to therapeutic drugs such as cis-platin by enhancing
the activity of superoxide dismutase and increasing the levels of
glutathione and malondialdehyde.19 In a study done earlier, it
has been demonstrated that platinum nanoparticles leads to
DNA strand breaks in human colon carcinoma cells (HT29).20 In
the in vitro studies done on human breast adenocarcinoma cell-
line (MCF-7), platinum nanoparticles induced apoptosis through
G0/G1 cell cycle arrest. Thus, the authors concluded that DNA
damage was due to the indexed oxidative pressure.21 In another
study done on human bronchial epithelium (BEAS-2B) and
human lung alveolar type II epithelioid cells (A549), it was found
that 24 h aer treatment with platinum nanoparticles A549 cells
resulted in a loss of viability.22 The peptide stabilized platinum
nanoparticles show signicantly greater toxicity against hepatic
cancer cells (HepG2) due to high cellular uptake and oxidative
environment.23 The platinum nanoparticles also have potent
anti-cancer activities against PA-1 cell line via induction of
apoptosis and cell cycle arrest.24

In the current scenario, there is an urgent need to develop
alternative therapeutics nontoxic to humans but toxic to patho-
genic microorganisms due to the tendency of microorganism to
attain resistance to antibiotics. Several studies done recently have
focused on developing metallic nanoparticle-based therapeutics
against pathogenic bacteria as these possess antibacterial
© 2021 The Author(s). Published by the Royal Society of Chemistry
properties against pathogens.25,26 The antibacterial activity of the
bio-synthesized Pt NPs have also been extensively evaluated and
the results observed are highly promising. Bio-synthesized Pt NPs
using J. glandulifera and J. gossypifolia showed potent anti-
bacterial activity against various pathogenic bacteria.27 Dates
(Ajwa and Barni) based Pt NPs also showed immense anti-
bacterial activity against B. subtilis and E. coli.28 Pt NPs using
the leaf extract of X. strumarium havealso been reported to have
excellent anti-bacterial activity against a panel of strains.29

Various methods developed for the synthesis of nano-
particles include physical and chemical methods. Physical
methods such as laser ablation, vapor deposition, arc discharge,
sputter deposition, ball milling and ame pyrolysis dissipates
radiation and consumes enormous energy.30 Chemical methods
such as wet chemical reduction,31 microemulsion,32 electro-
chemical process,33,34 photochemical reduction,35,36 hydrolysis,37

thermal decomposition,38 sono-decomposition,39,40 chemical
vapor deposition41,42 use toxic chemicals not only hazardous to
the living beings but also non-ecofriendly. Due to the limita-
tions of these methods, the use of green synthesis approach
based synthesis of nanoparticles is in great demand. The liter-
ature describes the use of various plants such as Ocimum san-
tum,43 Brassica juncea,44 Diopyros Kaki45 and Asparagus racemosus
Linn.46 in the biosynthesis of platinum nanoparticles by phy-
toreduction. The use of green synthesis as an alternate offers
numerous advantages such as cost effectiveness, rapid
synthesis, eco-friendly, monodispersity, large-scale production,
reducing waste production and decreasing production cost.47–49

Moreover, nanoparticles with denite size and shape can be
obtained by adjusting the temperature, pH and concentration
of the reducing agent.50 There has been limited or almost nil
research on the use of P. guajava extract in the green synthesis
of platinum nanoparticles compared with the synthesis of
nanoparticles of Ag, Au and other metals. Also, till date, there
are no reports of the therapeutic application of platinum
nanoparticles synthesized using the extract of P. guajava. This
research has been encouraged by the reported prominent anti-
cancer activity shown by the biosynthesized platinum nano-
particles.51 Given this background, here we report for the rst
time the anti-cancer and anti-bacterial activity of platinum
nanoparticles synthesized using leaf extract of P. guajava. To
obtain monodispersed platinum nanoparticles, various reac-
tion conditions were optimized. The prepared platinum nano-
particles were further studied for their in vitro cytotoxicity and
cell viability using the MCF-7 cell line and the biocompatibility
of these platinum nanoparticles was evaluated. The antibacte-
rial properties of the synthesized platinum nanoparticles were
also investigated and they were generated as antibacterial
agents against a broad range of Gram-positive and Gram-
negative bacteria for controlling and preventing the spread of
bacterial infections.

Material and method
Materials

Hexachloroplatinic acid hexahydrate was purchased from
Molychem Pvt. Limited, Mumbai 400 002, India. Leaves of P.
RSC Adv., 2021, 11, 24900–24916 | 24901
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guajava were collected from (Herbal garden, Jamia Hamdard,
New Delhi, India). MTT reagent was obtained from Sigma (USA).
Dulbecco's modied Eagle medium (DMEM), fetal bovine
serum (FBS), penicillin/streptomycin (PenStrep) solution and
Trypsin–EDTA were provided by Gibco Life Technologies.
Dimethyl sulfoxide (DMSO) was purchased from Qualigens Fine
Chemicals (Mumbai, India). Propidium iodide (PI) from Sisco
Research Laboratories. Pvt. Ltd, Taloja-410208, Maharashtra,
India. Mueller Hinton agar (MHA) culture media, antibiotic
streptomycin and Petri plates purchased from Hi-media (23,
Vandhani Industrial Estate, L.B.S. Marg, Mumbai-400086,
India).
Methods
Preparation of extract

Leaves of P. guajava as shown in (Fig. 1) were collected from the
herbal garden at Jamia Hamdard and washed with distilled
water to remove dust and other macroparticles. These washed
leaves were then shade dried and ne powdered in a grinder.
Then, 6 g of ne powder was taken in a beaker and about 100 ml
of a 1 : 1 mixture of methanol and deionized water was added to
it. The above mixture was then kept on a hot-plate and aer the
temperature reached 90 �C, was heated for 10 min. The mixture
was then removed from the hot-plate and allowed to cool at
room temperature. The mixture was ltered using a Whatman
lter paper and the ltrate was further used for the synthesis of
platinum nanoparticles. The ask containing the plant extract
was properly sealed and stored at 4 �C for further use.
Biosynthesis of platinum nanoparticles using leaf extract of P.
guajava

First, 1.0 mM aqueous solution of Hexachloroplatinic acid
hexahydrate was prepared. 500 ml of the above prepared salt
solution was added to 50 ml water in a ask and kept for
continuous stirring of 1 h. Then, 4 ml of leaf extract was added
drop-wise to above solution kept on stirring, followed by stirring
for one more hour. Color change of the solution from light
yellow to reddish brown indicated the formation of platinum
nanoparticles. The platinum nanoparticle solution was then
puried using the dialysis bag method for 72 h followed by
lyophilization or freeze drying to increase the stability of plat-
inum nanoparticles. Lastly, the nal obtained powdered
Fig. 1 Plant of P. guajava (Myrtaceae family).

24902 | RSC Adv., 2021, 11, 24900–24916
platinum nanoparticles were used for characterization and
other activity purposes (Fig. 2).

GC-MS analysis of extract of P. guajava

For GC-MS analysis, a Shimadzu QP-2010 ultra instrument was
used to obtain the chromatograms. The GC-MS detection was
done using an electron ionization system operated in the electron
impact mode with ionization energy of 70 eV. The carrier gas used
was helium (99.99%) with an injection volume of 1 ml and
a constant ow rate of 1.21 ml min�1 at a pressure of 73.3 kPa
with a split ratio of 10 : 1. The injector temperature was main-
tained at 260 �C, the ion source temperature at 220 �C and the
column oven temperature at 60 �C. Mass spectra was obtained in
the scan range (m/z 40–650). The calculation of relative percentage
amount of each component was determined by comparing its
average peak area to the total area. The extract components were
identied by searching the NIST and WILEY libraries.

Characterization of synthesized platinum nanoparticles

Synthesis of platinum nanoparticles was also analyzed using
various characterization techniques. The reduction of platinum
ions into platinum nanoparticles by using the leaf extract of P.
guajava was rst examined using UV-visible spectroscopy. A UV-
visible spectrophotometer (U-2910, Hitachi instrument) at
Jamia Hamdard, New Delhi, India was used. The functional
groups present in the biomolecules comprising the leaf extract
of P. guajava was analyzed by infra-red spectroscopy. FT-IR was
done on a Bruker alpha instrument at Jamia Hamdard. To
determine the stability of the platinum nanoparticles in the
suspension, zeta potential analyzer by Nano ZS (Malvern,
instrument corporation; Malvern, UK) was used at Jamia Milia
Islamia, New Delhi, India. Distribution of platinum nano-
particles and their average size were determined at 25 �C by
using a Zeta-sizer Nano ZS (Malvern, instrument corporation;
Malvern, UK) analyzer at Jamia Hamdard, New Delhi, India. The
shape and size of the synthesized platinum nanoparticles was
determined by using small droplets of the dispersed nano-
particles, placed it on carbon coated grids and allowed it to dry
at room temperature. Then, it was analyzed by using HR-TEM
(JOEL JEM-1400) instrument at Indian Institute of Technology
Delhi, India. The crystallinity of the lyophilized platinum
nanoparticles was analyzed on (Rigaku D/max-2550 PC) X-ray
diffractometer at Indian Institute of Technology Delhi, India.
The surface morphology of synthesized platinum nanoparticles
was determined by using SEM (Zeiss EVO 18) instrument at
AIIMS, New Delhi, India. The quantity of the synthesized plat-
inum nanoparticles was determined by using the SEM (Zeiss
EVO 50) instrument at the Indian Institute of Technology Delhi,
India.

Investigation of anti-proliferative
activity
Maintenance of breast cancer cell line

The in vitro cytotoxicity of platinum nanoparticles was deter-
mined using MCF-7 human breast adenocarcinoma cell line
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of the biosynthesis of Pt NPs.
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that was procured from the National Centre for Cell Science
(NCSS), Pune, India. These cells were cultured by using T-25
culture asks in DMEM, supplemented with 10% (v/v) heat-
inactivated FBS and 1% (v/v) antibiotic solution (penicillin/
streptomycin). The asks were kept at 37 �C in atmosphere of
Fig. 3 GC-MS spectrum of the extract of Psidium guajava.

© 2021 The Author(s). Published by the Royal Society of Chemistry
5% CO2 in an humidied chamber. The cytotoxicity of platinum
nanoparticles was further studied by using MTT assay, which is
considered as the most active assay for conduction of cell
viability under in vitro conditions for any synthetic or biological
materials.
RSC Adv., 2021, 11, 24900–24916 | 24903
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Table 1 List of compounds identified in the extract of Psidium guajava using GC-MS

Rt (min) Area (%) Molecular formula Compound name

12.283 5.45 C9H12O3

13.154 0.39 C14H22O

14.998 5.74 C7H12O6

17.794 0.45 C18H28O3

18.168 4.13 C16H32O2

19.515 1.05 C20H40O

19.803 0.52 C20H36O2

21.458 0.34 C18H26O3

21.807 3.06 C18H35NO

22.019 0.97 C18H37NO

23.021 0.75 C19H38O4

23.285 0.24 C20H34O2

24904 | RSC Adv., 2021, 11, 24900–24916 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Rt (min) Area (%) Molecular formula Compound name

24.366 1.34 C26H52O2

25.168 13.44 C30H50

25.805 1.32 C27H56O

26.216 0.30 C28H56O2

26.688 3.60 C21H34O2

26.950 0.46 C28H48O2

27.600 19.24 C29H50O2

28.963 1.43 C29H48O

29.661 5.59 C29H50O

30.451 5.63 C30H48O

30.863 4.34 C30H50O

31.074 1.20 C30H50O
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MTT assay

The in vitro toxicity of the biosynthesized platinum nano-
particles was evaluated by using MTT assay against MCF-7 cells.
96 well at bottom plates were used in which cells were plated.
Once the cells got attached to the plate, growth media was
replaced with fresh media and incubated for 24 h with a series
of dilution (7.81, 15.62, 31.25, 62.5, 125, 250 and 500 mg ml�1) of
© 2021 The Author(s). Published by the Royal Society of Chemistry
platinum nanoparticles. The cells which were le untreated act
as control. Then, 20 ml of MTT in Phosphate buffer saline (PBS)
with concentration 5 mg ml�1 was added to the plates of above
respective concentrations. In order to facilitate the formation of
formazan crystals, it was incubated again for 4 h. Themedia was
carefully drawn out from each well and the formed MTT for-
mazan crystals were dissolved in 200 ml DMSO and it was
RSC Adv., 2021, 11, 24900–24916 | 24905

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03133c


Fig. 4 The mechanistic pathway for the formation of Pt NPs.
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shaken well for 15 min to dissolve it completely. Then, optical
density (O.D) of the solution was measured at 570 nm by using
microplate reader iMark microplate (Bio-Rad, USA).52 The viable
Fig. 5 (a). UV-visible spectra of Pt NPs synthesized by the bio-reduct
synthesized Pt NPs at various concentrations of P. guajavaextract. (c) UV-
(d) UV-visible spectra of Pt NPs at different time intervals.

24906 | RSC Adv., 2021, 11, 24900–24916
cells average was calculated and the experiments were carried
out in triplicates. The cell viability percentage was calculated by
using the following formula:
ion of Pt ions using P. guajava extract. (b) UV-visible spectra of bio-
visible spectra of Pt NPs at various concentrations of the Pt salt solution.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FT-IR spectrumof biosynthesized Pt NPs and P. guajava extract.
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Cell viability ð%Þ ¼

ðoptical density of the sample� optical density of controlÞ
optical density of control

� 100

Further, the graph was plotted b/w the dilutions and the cell
viability by the use of GraphPad prism soware.
Wound healing assay

The wound healing assay of platinum nanoparticles was per-
formed according to the reported method on MCF-7 cells with
slight modications.53 MCF-7 cell lines (1 � 105 cells per well)
were cultured in 12 well plate for about 24 h. Sterilized P10
pipette tip was used to scratch the convergent monolayers. To
remove the detached cells, the cell monolayer was washed with
PBS and maintained again at 37 �C with fresh media. The MCF-
7 cells were treated with platinum nanoparticles free solution
and platinum nanoparticles solution at respective IC50

concentrations. Aer treatment, the migrated cells were iden-
tied across the wound and images were captured with a phase
contrast microscope (Nikon Instruments Inc. Japan) at 0 and
24 h. Using the following formula, the percentage of wound
closure relative to that of the initial scratch was calculated:

Wound closure ð%Þ ¼

ðarea of wound ðt ¼ 0 hÞ � area of wound ðt ¼ 24 hÞÞ
area of wound ðt ¼ 0 hÞ � 100
Cell cycle analysis

The cells were harvested and a single cell suspension in PBS +
2% FBS was prepared. The MCF-7 cells were then washed and
spun at 300� g for 5 min followed by resuspension at 3–6 � 106

cells per ml. An aliquot of 500 ml cells was taken in a 15 ml
polypropylene, V-bottomed tube and xed by chilled 70%
© 2021 The Author(s). Published by the Royal Society of Chemistry
ethanol overnight at 4 �C. The MCF-7 cells were incubated with
50 ml of RNase A (10 mg ml�1) at 37 �C for 1 h and then stained
with propidium iodide staining solution for 30 min. The
orescence intensity was analysed by performing ow cytometry
at 488 nm using BD FACSDiva 8.0.2 soware (BD Biosciences-
US).54 All the experiments for cell cycle analysis were repeated 3
times.

Investigation of anti-bacterial activity

The anti-bacterial activity of biosynthesized platinum nano-
particles was analyzed by using the agar plate disc diffusion
method. Bacterial cultures B. cereus (MCC 2243) Gram positive,
E. coli (MCC 2412) Gram negative, K. pneumonia (MCC 2716)
Gram negative bacteria were procured from Microbial Culture
Collection at National Centre for Cell Science, Pune, India and
P. aeruginosa (MTCC 2453) Gram negative bacteria were
acquired from Microbial Type Culture Collection (MTCC),
Institute of Microbial Technology (IMTECH), Chandigarh India.
Bacterial cultures were prepared by growing a single colony in
nutrient broth medium and adjusting the turbidity to 0.5
McFarland standards. A 100 ml volume of bacterial culture was
spread onto 25 ml Mueller–Hinton agar medium plates.
Different concentrations (10, 20, 30 and 40 mgml�1) of platinum
nanoparticles were added on the sterilized disc of 5 mm size.
Standard antibiotic (streptomycin) 10 mg ml�1 were used as
a control. The inoculated plates were incubated at 37 �C in
sterilized conditions and dark regions overnight. The results
were expressed as the mean diameter of the inhibition zone
in mm � standard deviation. All experiments were concurrently
performed in triplicate.55,56

Statistical analysis

The data from individual groups were presented as the mean �
standard deviation (SD). For anti-bacterial activity data analysis,
a two-way ANOVA was performed. The multiple t-test was per-
formed for data analysis of wound healing assay and cell cycle
analysis. For MTT assay data analysis was done using one-way
ANOVA multiple comparison test. All the statistical analysis
was performed on GraphPad Prism v8.4 (GraphPad Soware,
San Diego, CA, United States). The minimum criterion for
statistical signicance was set at p < 0.05 for all the
comparisons.

Results and discussion
The GC-MS analysis of P. guajavaextract

The GC-MS analysis of P. guajava extract was performed to
determine the percentage of different metabolites and investi-
gate their role in the reduction and stabilization of the
synthesized platinum nanoparticles. The GC-MS chromatogram
(Fig. 3) showed organic molecules like vitamin E (19.24%),
1,3,4,5-tetrahydroxy-cyclohexanecarboxylic acid (5.74%), lupe-
none (5.74%), g-sitosterol (5.59%), 3-butyl-1,2,4-
cyclopentanetrione (5.45%), lupeol (4.34%), n-hexadecanoic
acid (4.13%), bilobol (3.60%), oelsaeureamid (3.06%), 2-ethyl-
butyric acid, eicosyl ester (1.34%), ethyl linoleate (0.52%),
RSC Adv., 2021, 11, 24900–24916 | 24907

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03133c


Fig. 7 Zeta potential distribution and DLS pattern of biosynthesized Pt NPs.
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octadecanamide (0.97%), 2-palmitoylglycerol (0.75%), ethyl
linolenate (0.24%), g-tocopherol (0.46%), 3,5-bis(1,1-
dimethylethyl)-phenol (0.39%). The metabolite composition of
the extract showed vitamin E as the major component along
with other phenols, carboxylic acids, sterols, esters, terpenoids
and amides (Table 1). Thus, the results of GC-MS analysis
indicate the reduction and stabilization of platinum nano-
particles by phenolic compounds and carboxylic acids, as
shown in the mechanism (Fig. 4).57
UV-visible spectra analysis

UV-visible spectroscopy is among the most widely used and
easily available techniques to characterize the synthesized
platinum nanoparticles. In UV-visible spectroscopy, absorption
maxima were scanned between 190 and 600 nm. UV-visible
24908 | RSC Adv., 2021, 11, 24900–24916
spectra of both platinum salt solution and platinum nano-
particles were recorded in which two absorbance peaks at
201 nm and 261 nm appear in platinum salt solution. These are
characteristic of the absorbance of platinum complexes due to
ligand to metal charge transfer transition.58 In platinum nano-
particles, continuous spectrum and disappearance of a peak at
261 nm, as shown in (Fig. 5a) shows the complete reduction of
platinum ions and formation of platinum nanoparticles.
Initially, the reduction of Pt(IV) to Pt(0) was conrmed by the
colour change due to surface plasmon resonance (SPR) found in
metallic nanoparticles, which arise because of the combined
vibrational effect of free electrons on the surface. UV-visible
spectra were also determined using different concentrations
of P. guajava extract, aqueous solution of hexachloroplatinic
acid hexahydrate and the reaction time at a room temperature
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 HR-TEM and SEM image of biosynthesized Pt NPs.

Fig. 9 X-ray diffraction pattern of biosynthesized Pt NPs.
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of 24–25 �C (Fig. 5b). shows the increase in the bio-reduction of
platinum ions on increasing the concentration of P. guajava
extract without any phenomenon of red or blue shi, which
suggests the formation of stable platinum nanoparticles occurs
from platinum ions and the size distribution of nanoparticles is
uniform. Different concentrations of the salt solution (0.5, 1, 1.5
and 2 mM) were also prepared. In these reactions, the concen-
tration of the P. guajavaextract used for the reduction of plat-
inum ions was kept constant and the concentration of the salt
solution was varied. The (Fig. 5c) shows bio-reduction increases
without any change in wavelength, which conrms that the
biosynthesized platinum nanoparticles were of uniform size
distribution and stable. The effect of time interval has also been
studied on the biosynthesis of platinum nanoparticles with the
reaction mixture containing 2 ml P. guajavaextract. The (Fig. 5d)
shows an increase in the bio-reduction with the increase in the
reaction time without any shi in wavelength. However, with
the increase in the time interval, no signicant colour change
was observed.

FT-IR spectrum analysis

FT-IR analysis was done to determine the formation of platinum
nanoparticles with the use of the leaf extract of P. guajava. From
the FT-IR analysis of both leaf extract of P. guajava and platinum
© 2021 The Author(s). Published by the Royal Society of Chemistry
nanoparticles, it can be concluded that functional groups
present in the extract help in the reduction and stabilization of
platinum nanoparticles. The (Fig. 6) shows that in the leaf
extract of P. guajava, FT-IR peaks at 3333 cm�1 corresponds to
[OH– stretching], H-bonded groups in alcohol and phenol,
2898 cm�1 [CHO– stretch], 1636 cm�1 [C]O], 1107 cm�1 [
C–O–C stretch], 1046 cm�1 and 1029 cm�1 []C–O–C sym.
Stretch].59 The FT-IR spectrum of platinum nanoparticles shows
appearance of a broad peak at 3238 cm�1 [OH– stretching] and
H-bonded groups, which compared with P. guajava extract
shows a decline in the sharpness of the peak and a shi toward
lower wavelength. The peak at 2928 cm�1 [CHO– stretch] on
comparison with extract shows a decrease in the intensity and
shi towards higher wavelength. The peak at 1588 cm�1 [C]O]
has shied to a lower wavelength on comparision with the C]O
peak of extract. The results obtained show that these functional
groups of different organic compounds of leaf extract of P.
guajava are mainly responsible for the bio-reduction and
stabilization of platinum nanoparticles.
Zeta potential and DLS analysis

This analysis was used to measure the surface charge of the
suspended particles in the solution. It analyses the stability of
nanoparticles by the magnitude of charges in which high
positive or negative values depict the higher stability of nano-
particles. With larger positive or negative values of zeta poten-
tial of the particles, they will exert the force of repulsion on each
other and will not come together or agglomerate. In (Fig. 7)
sharp peak of the biosynthesized platinum nanoparticles by
using P. guajava at �23.4 mV shows that the nanoparticles have
a negatively charged surface. Thus, we can conclude that plat-
inum nanoparticles are relatively stable and surrounded by
anionic compounds. DLS also known as the photon correlation
technique, was used to measure the average size of particles in
solution. In this technique, biosynthesized platinum nano-
particles were dissolved in distilled water and the suspension
formed was centrifuged at 9000 rpm at 25 �C for 10 min. Aer
that, the supernatant of the solution was separated and soni-
cated for 5 min. Then, it was analyzed with a computer aided
RSC Adv., 2021, 11, 24900–24916 | 24909
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Fig. 10 EDAX spectrum of biosynthesized Pt NPs.
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size analyzer of nanoparticles. The size distribution graph
showed the average hydrodynamic diameter of platinum
nanoparticles to be 108.8 nm with a P.D.I of 0.371 (Fig. 7).

HR-TEM and SEM analysis

To determine the size and shape of the platinum nanoparticles
biosynthesized using leaf extract of P. guajava, TEM analysis was
done. In this technique, platinum nanoparticles were dissolved
in water in which it will be completely miscible. Then, a drop of
this solution was kept on a carbon coated copper grid and then
placed in a vacuum desiccator for drying. Aer complete drying
grid was placed on the specimen holder for analysis, the image
formed as the electrons interact with the sample and transmit
through it. TEM images of synthesized platinum nanoparticles
shown in (Fig. 8) reveal that nanoparticles were spherical and
the average size of these platinum nanoparticles was found to
be around 113.6 nm. To determine the surface morphology of
platinum nanoparticles synthesized using the leaf extract of P.
guajava, SEM analysis was performed. The (Fig. 8) shows cluster
formation of the nanoparticles, which indicates that the nano-
particles agglomerated with each other because of the ample
amount of stabilizing agent.

XRD analysis

It is an analytical technique used to identify the phase of
a crystalline substance and to study the structure of crystals. In
this technique, X-rays are produced in a cathode ray tube and
get ltered to form a monochromatic radiation that interacts
with the sample and forms a constructive interference.
24910 | RSC Adv., 2021, 11, 24900–24916
Platinum nanoparticles synthesized using the leaf extract of P.
guajava conrm the XRD pattern, as shown in (Fig. 9) in which
the diffraction peaks are in the 2q range of 10� to 80� at 40.22�,
46.76� and 67.45� corresponds to the lattice planes of (111),
(200) and (220) respectively, which were consistent with face-
centered cubic (fcc) structure of platinum.60 Thesize of bio-
synthesized platinum nanoparticles was calculated using
Debye–scherrer equation:

L ¼ 0:9l

b cos q

where L is the mean particle size, l is the X-ray wavelength, b is
the line broadening at half the maximum intensity and q is the
Bragg angle. The estimated mean crystalline size of the bio-
synthesized platinum nanoparticles was found to be 113 nm.
The result was in close agreement with the result of HR-TEM
measurement.
EDAX analysis

For quantitative estimation of biosynthesized platinum nano-
particles formed using the leaf extract of P. guajava, scientic
technique EDAX or EDX is used. In this technique, the sample
comes in contact with a source of X-ray excitation. To stimulate
the emission of characteristic X-rays from a specimen, a high
beam of charged particles such as electron, proton or a beam of
X-rays are being studied on the sample. The data obtained in
(Fig. 10) clearly show that the content of platinum present in the
sample is highest, almost 100% at 2 keV, which conrms the
presence of platinum nanoparticles in the sample.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Microscopic images show the inhibition of cell migration in
control and treated cells at 0 h and 24 h, respectively. (b) Shows the
wound healing of control and MCF-7 cells treated with Pt NPs at 0 h
and 24 h (**p < 0.01, and ***p < 0.001).

Fig. 11 (A) Morphological changes in MCF-7 cells visualized under
a light microscope after treatment with Pt NPs. (a) Control. (b) 7.81 mg
ml�1. (c) 15.62 mg ml�1. (d) 31.25 mg ml�1. (e) 62.5 mg ml�1. (f) 125 mg
ml�1. (g) 250 mg ml�1 and (h) 500 mg ml�1. (B) Anti-proliferative activity
of Pt NPs in breast cancer cells determined by MTT assay at different
concentrations ranging from 7.81 mg ml�1 to 500 mg ml�1. Error bar
indicates means � S.D.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Anti-proliferative studies
MTT assay

The MTT assay measures cellular metabolism by the use of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
RSC Adv., 2021, 11, 24900–24916 | 24911
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Fig. 13 Cell cycle arrest and distribution were induced by Pt NPs in cancer cells in vitro. The cell cycle was changed in MCF-7 cells treated with
167.2 mg ml�1 Pt NPs for 24 h compared with untreated control cells (nsp > 0.05, *p < 0.05 and **p < 0.01).
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(MTT), which is the tetrazolium salt and it gives the assessment
of the number of metabolically active cells.61 This assay depicts
the metabolic activity of cell indirectly by the conversion of
yellow tetrazolium dye, which is water soluble, into the insol-
uble crystals of purple formazan by the action of mitochondrial
dehydrogenase enzymes. The number of viable cells can be
determined by the amount of formazan formed. In case of
Fig. 14 (a) The formation of the zone of inhibition around paper discs loa
Zone of inhibition (in mm) induced by biosynthesized Pt NPs in pathoge

24912 | RSC Adv., 2021, 11, 24900–24916
metabolically active cells, mitochondrial activity remains the
same and any change in it can be assessed by the number of
active cells.62 It is one of the most widely used in vitro cell
viability assays for detecting cytotoxicity of various natural as
well as synthetic compounds including biosynthesized nano-
particles. These platinum nanoparticles were tested for in vitro
cytotoxic potential against human breast cancer cells MCF-7.
ded with different concentrations of Pt NPs and reference in center. (b)
nic bacteria.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Zone of inhibition (in mm) induced by synthesized nano-
particles in pathogenic bacteria

Concentrations
of nanoparticles B. cereus P. aeruginosa K. pneumonia E. coli

10 mg ml�1 06 � 0.02 07 � 0.05 07 � 0.05 08 � 0.06
20 mg ml�1 07 � 0.04 09 � 0.07 09 � 0.07 10 � 0.09
30 mg ml�1 07 � 0.05 10 � 0.10 11 � 0.09 12 � 0.11
40 mg ml�1 08 � 0.06 14 � 0.15 15 � 0.14 18 � 0.18
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The (Fig. 11A) depicts the morphological changes of MCF-7 cells
on treatment with platinum nanoparticles. The effectiveness of
the platinum nanoparticles was evaluated with a series of
dilutions in the range of (7.81–500 mg ml�1). By the use of MTT
assay, half-maximal inhibitory concentration (IC50) of the plat-
inum nanoparticles was determined to be 167.2 mg ml�1 at the
treatment of 24 h. The (Fig. 11B) depicts the concentration
dependent cytotoxic potential of platinum nanoparticles
against MCF-7 cells in which 7.81 mg ml�1 concentration
showed the percentage of cell viability at 95.16 � 2.54%. On
increasing the concentration to 15.62 mgml�1, the percentage of
cell viability decreased to 93.51 � 2.23%. The concentration of
31.25 mg ml�1 resulted in further decrease of 86.40� 7.23% and
the highest concentration of 500 mg ml�1 resulted in 13.91 �
3.44% of cell viability, which depicts the high cytotoxic inhibi-
tion. Thus, it was found that at lower concentrations, cytotoxic
inhibition is less and cell viability is signicant. On increasing
the concentration of platinum nanoparticles, cell viability
constantly decreased and cytotoxic inhibition increased, which
shows that the activity is dose dependent. Thus, a higher
concentration of platinum nanoparticles increases the
mortality of breast cancer cells or lowers cell viability.

Wound healing assay

Wound-healing assay or cell scratch assay is used to check the
anti-metastatic effect of any drug/agent by evaluating the
migration of cancer cells in two dimensions. It is one of the
simplest, cost effective and highly reproducible method to
evaluate anti-metastatic effect. It is performed by creating
a wound in a cell monolayer and then capturing the images at
different time intervals. On comparing the images at the
beginning and at regular intervals of the cell migration, the rate
of migration of the cells can be calculated. It is a process
involved in cancer metastasis because aer creating an articial
wound, cells migrate to reestablish the interaction. Cancer cells
can migrate to the scratched edges and ll the wound area.63 On
comparing with the wound area of the formulation-treated cells,
migration of the cells was inhibited due to the anti-metastatic
potential of the formulation. In the case of the control group,
where no treatment was given to the cancer cells, cells migrate
to the scratched edges and healed the wound area. This assay
examined the impact of platinum nanoparticles on the migra-
tory behavior of MCF-7 cells. In control cells, the area was
covered almost entirely between the scratched edges. However,
with the platinum nanoparticles, a signicant reduction was
observed in the ability to migrate between the scratched edge,
© 2021 The Author(s). Published by the Royal Society of Chemistry
which produces a noticeable effect on the inhibition of the
migratory potential of MCF-7 cells. The percentage of wound
healing was calculated and it was found to be 75.24 � 3.41% for
control and 74.05 � 2.77% for treated cells at time 0 h. The
wound area reduced to 33.71 � 3.18% for control and 61.33 �
2.45% for treated cells aer 24 h. Thus, the (Fig. 12a) micro-
scopic images depict how treated MCF-7 cells show greater
inhibition of cell migration than control at 0 h and 24 h and in
(Fig. 12b) it is clearly depicted that platinum nanoparticles
possess anti-migration potential more than that of platinum
nanoparticles free solution.

Cell cycle analysis

For cell cycle analysis, ow cytometry is a commonmethod used
to evaluate the cell cycle by measuring the cellular DNA content.
It is a quick and reliable method that determines the chemical
as well as physical characteristics of the cell population. During
the process a uorescent dye, propidium iodide is used, which
is commonly used to stain cells and it intercalates into the
cellular DNA by passing through the permeabilized membrane.
PI can also stain RNA, so, aer xing the cells with ethanol,
RNase A is also added before staining with PI. This helps to
analyze the cell cycle more accurately.64 By measuring the DNA
content of cells in different phases of cell cycle, we can assess
the effect of any agent on it. The different stages of cell cycle are
G0/G1, S, and G2/M, which are compared between the treated
and untreated group of cells. To investigate whether platinum
nanoparticles inhibit cell proliferation by regulating cell cycle
progression, changes to the cell cycle were detected following
treatment with nanoparticles for 24 h by propidium iodide
staining and ow cytometry analysis. Platinum nanoparticles at
167.2 mg ml�1 induced signicant cell cycle arrest at G0/G1
phase (p $ 0.05, Fig. 13) and the distribution of cells in G2/M
and S phases were notably decreased compared with the
control cells. In MCF-7 cells treated with platinum nano-
particles (167.2 mg ml�1), the percentage of cells at G2/M
decreased to 1.7%, which was half that of the control group
(3.6%; Fig. 13). Compared with the untreated control, in which
62.9% and 33.5% of cells were at G0/G1 and S phase, respec-
tively, MCF-7 cells treated with platinum nanoparticles had
86.1% and 12.2% of cells at the respective phases. The
percentage of cells in G0/G1 increases compared to that of the
control, whereas the population in the S phase and G2/M
decreases. This shows that the platinum nanoparticles were
effective in restricting the cells in G0/G1 phase of the cell cycle
and also inhibiting the cells to pass on to S phase of cell cycle
leading to inhibition of the cell division, and subsequently cell
proliferation in breast cancer cells.

Anti-bacterial studies

The anti-bacterial property of the biosynthesized platinum
nanoparticles was evaluated against Bacillus cereus (B. cereus),
Pseudomonas aeruginosa (P. aeruginosa), Klebsiella pneumonia (K.
pneumonia) and Escherichia coli (E. coli) pathogenic bacteria.
The biosynthesized platinum nanoparticles showed suscepti-
bility in all bacteria, but a signicant zone of inhibition was
RSC Adv., 2021, 11, 24900–24916 | 24913
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observed in E coli. In all these bacterial strains, a minimum
concentration of 10 mg ml�1 also showed the anti-bacterial
potential.

For all Gram-negative bacteria, synthesized platinum nano-
particles offer consistently superior anti-bacterial effect as
compared to Gram-positive bacteria B. cereus. We observed
better results in Gram-negative bacteria than Gram positive
bacteria. This result might be due to the physical and chemical
structural difference in bacteria because the cell wall of Gram-
positive is thick compared to Gram-negative bacteria.65 Nano-
particles bind on the surface of the bacterial membrane and
rupture the cell wall of the bacteria. The thin cell wall of E. coli
ruptures easily than the thick cell wall of the B. cereus and due to
this reason, E. coli showed a better result than B. cereus. Plat-
inum nanoparticles showed concentration dependent zone of
inhibitions at 10, 20, 30 and 40 mg ml�1, as shown in (Fig. 14a
and b) and (Table 2).

The biosynthesized platinum nanoparticles solution at
a maximum concentration of 40 mg ml�1, inhibits the growth of
B. cereus with a zone of inhibition (8 � 0.06 mm), P. aeruginosa
with a zone of inhibition (14 � 0.15 mm), K. pneumonia with
a zone of inhibition (15� 0.14 mm) and E. coli with a maximum
zone of inhibition (18 � 0.18 mm). However, at the concentra-
tion of 10 mg ml�1, the zone of inhibition was found to be (6 �
0.02 mm) for B. cereus, (7� 0.05 mm) for P. aeruginosa, (7� 0.05
mm) for K. pneumonia and (08 � 0.06 mm) for E. coli. Thus, the
results clearly show that the anti-bacterial activity increases
with the increase in the concentration of platinum nano-
particles, which indicates that the activity is dose dependent.

Several possible mechanisms have been proposed for
inhibiting bacteria through metal nanoparticles such as (i)
denaturation of the thiol group of the critical enzymes of
bacteria by metal nanoparticles, (ii) metal ions interact with
bacterial DNA and destroy them, (iii) bacterial species are
inactivated through respiratory burst mechanism, (iv) disrup-
tion of bacterial cell membrane, (v) disruption of cellular
transport system of bacteria, (vi) production of highly reactive
oxygen species (ROS) i.e. hydroxyl and superoxide radicals from
metal nanoparticles. It has previously been reported that an
increase in the concentration of ROS causes damage to the
bacterial cells.66

The Xanthium strumarium leaf extract based platinum
nanoparticles reported earlier showed antibacterial activity with
the maximum zone of inhibition against E. coli (20 � 0.5 mm),
K. pneumonia (19 � 0.5 mm), P. aeruginosa (18 � 0.5 mm), S.
aureus (22 � 0.5 mm), and B. subtilis (19 � 0.5 mm) at the
concentration of 100 mg per well.29 While Taraxacum laevigatum
extract-based platinum nanoparticles reported antibacterial
activity against two bacterial species B. subtilis and P. Aerugi-
nosa, the zone of inhibition of Pt-NPs againstB. subtilis was (18
� 0.8) mm and P. aeruginosa was (15 � 0.5) mm.67 Another
researcher reported antibacterial activity of Botryococcus braunii
algae based platinum nanoparticles against bacterial strains P.
aeruginosa, E. coli, K. pneumoniae and S. aureus with a zone of
inhibition ranging from 7 to 16 mm.68 Platinum nanoparticles
synthesized during the present study using leaf extract of P.
guajava showed higher zone of inhibition at lower
24914 | RSC Adv., 2021, 11, 24900–24916
concentrations (10, 20, 30, 40 mg ml�1) against B. cereus, P.
aeruginosa, K. pneumoniae and E. coli respectively. The compar-
ison of the zone of inhibition values with previous studies
showed a much better nature of platinum nanoparticles. The
anti-bacterial activity of these platinum nanoparticles may also
be due to the morphology and size of the nanoparticles.

Conclusion

This investigation involved the use of biological methods for
synthesizing metal nanoparticles as this would eliminate any
kind of waste generated from chemical and physical methods.
This method is cheap, simple and ecofriendly further adds to
the advantage. In this work, platinum nanoparticles were
synthesized using leaf extract of P. guajava. The characterization
of biosynthesized platinum nanoparticles was done using
various techniques such as UV-Vis and FT-IR spectroscopy, zeta
potential, DLS, TEM, XRD, SEM and EDAX. The biosynthesized
platinum nanoparticles have cytotoxic properties that inhibit
cell proliferation. Platinum nanoparticles also exhibited anti-
metastatic potential on MCF-7 breast cancer cell line as
demonstrated by inhibition in migration. In the cell cycle
analysis platinum nanoparticles activated cell cycle arrest at the
G0/G1 phase. Platinum nanoparticles also displayed antibacte-
rial properties against pathogenic bacteria. These ndings
asserted that platinum nanoparticles have potential anti-
proliferative and anti-bacterial properties and can pave the
way for developing future anti-proliferative and anti-bacterial
bio-nanomedicine.
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