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Quercetin-Derived Platinum Nanomaterials Influence Particle
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ABSTRACT: Quercetin possesses high biological properties but low
bioavailability, poor solubility, and rapid body clearance. Its structural
modification is imperative for enhanced applications. Herein, we
demonstrate the catalytic and antimicrobial characteristics of shape-

dependent (cuboidal and peanuts) platinum nanoparticles. Modified o I©
quercetin, 4-QP, was employed as the reducing and stabilizing agent for &S 0“ (

the aqueous synthesis of PtNPs without extraneous reagents. Mono- (I A~ =l -~ ~@F

dispersed platinum nanocubes (C-PtNPs) and nanopeanuts (P-PtNPs) QP :Ptions QP : Ptions

were produced by reacting 4-QP and Pt ions in the ratios of 3:1 and 1:1, \mn, T

respectively. TEM characterization confirmed the formation of Pt
nanocubes and Pt nanopeanuts, with their corresponding sizes of 39.1 +
020 and 45.1 + 0.24 nm. The shape-dependency of PtNPs on the
nosocomial-causing bacteria, Citrobacter freundii ATCC 8090 (C. freundii)
was determined by the Agar well-diffusion assay. Under the same particle size and dose treatments, C-PtNPs and P-PtNPs exhibited
16.28 + 0.10 and 4.50 + 0.15 mm zones of inhibition with minimum inhibitory concentrations of 25 and 45 pg/mL, respectively.
SEM analysis of C-PtNPs treated C. freundii showed a damaged cell membrane and confirmed contact-killing as the antibacterial
mechanism. The catalytic conversion of 4-nitrophenol (4-NP) to 4-amino phenol (4-AP) was tested using a shape-dependent PtNPs
catalyst in the presence of sodium borohydride. The conversion rates (k) of C-PtNPs and P-PtNPs in wastewater samples from New
Jersey were 0.0108 and 0.00607 s~', respectively.

Pt ions

4 Al NP Sourcc

1. INTRODUCTION

Cumulative evidence shows that hospital technologies and
surfaces are vehicles for the spread of nosocomial infections
(e.g., urinary tract diseases) caused by drug-resistant

low-temperature nanodesigns. Green sustainable anisotropic
platinum nanoparticles have been produced in this work using
water-soluble 4'-QP. The rational control of sizes, morphology,
and shape of metal nanoparticles is dependent on the choice of

Citrobacter freundii. Antibacterial surfaces and antibiotic
(Metronidazole) treatment regimens against C. freundii are
ineffective due to advances in bacterial resistance.'~* Conven-
tional nanomaterials are typically prepared by physical and
chemical methods using cetyltrimethylammonium bromide
and nonaqueous organic solvents. These conditions raise
toxicity and environmental safety concerns. For instance, the
synthesis of PtNPs typically involves high temperatures (160—
200 °C) with extended incubation periods and reducing agents
such as sodium borohydride -NaBH, and organic capping
agents.5 NaBH, is a potential source of caustic salt and
flammable gases. These reagents, while effective in controlling
morphology during synthesis, promote catalyst poisoning. The
synthesis of the nanoparticles must be altered to feature green
reagents and to combat catalyst poisoning and degradation.’
Eco- frlendly nanosynthe51s has been reported for platinum,
gold, silver,”® and copper nanoparticles,” with some actlng as
antimicrobials without the need for harsh conditions."’

The use of derivatized Quercetin (3,3',4’,5,7-pentahydroxy-
flavone) as a water-based reducing and sequestering agent may
create the preparation of sustainable nanosynthesis, allowing
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solvent, the nature of the reducing agent, reaction time, and
mechanism. Several reports have demonstrated the controlled
synthesis of metal nanoparticles of different sizes and shapes
using plant extracts.'' For instance, Lin and co-workers
attributed the synthesis of cubic anisotropy of PtNPs to
water-soluble hemicellulose extract.'> In their work, the
presence of hydroxyl functionality was believed to stabilize
the cubic shape of the nanomaterial. In our case, phosphate,
and hydroxyl functional groups of 4'-QP are hypothesized to
aid its solubility and inherent reduction of platinum ions and
stability in the synthesis of nanopeanuts and cubic platinum
nanoparticles at room temperature. Platinum nanoparticles
possess excellent catalytic activity, high stability, medicinal, and
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antimicrobial properties due to their intrinsic physicochemical
tunable abilities (high surface area-to-volume ratio).">'*

Para-nitrophenol (4-NP) is a soluble EPA (Environmental
Protection Agency) priority pollutant in industrial wastewater
and surface water with carcinogenic effects that endanger
human health. Biological, physical, and chemical techniques
have been reported for the remediation of 4-NP, but these
have been limited by low efficiency. The catalytic reduction of
4-NP to form a reusable 4-AP using a green nanocatalyst has
become a reliable and efficient technology for environmental
remediation.”® Various catalysts such as AuNPs, PdNPs, and
PtNPs have been reported to reduce 4-NP owing to their
sizes.'> Among the experimented catalysts for 4-NP reduction,
PtNPs show an outstanding catalytic activity."

We hereby demonstrate that 4'-QP shows an improved
aqueous solubility and resists the typical oxidation of the
catechol moiety of the B ring of quercetin (Scheme S1) into o-
quinone at room temperature. Additionally, 4-QP acts as a
multifunctional reducing and stabilizing agent for the synthesis
of monodispersed anisotropic greener platinum nanoparticles
for controlling C. freundii and for the catalytic transformation
of 4-nitrophenol in surface water. We focus on the shape-
dependent effects of PtNPs on the reduction of 4-NP into
environmentally safe and reusable 4-amino phenolate products.
The characterization of anisotropic PtNPs using UV—vis
spectroscopy, TEM, and XRD, energy-dispersive X-ray (EDX)
confirmed the physicochemical properties, such as the sizes,
composition, and morphology of the nanoparticles. The Cubic-
PtNPs (C-PtNPs) and Peanuts-PtNPs (P-PtNPs) are applied
as bacteriostatic agents against C. freundii in dose-dependent
and kinetic assays. The bactericidal impacts of anisotropic
PtNPs on C. freundii was visualized and confirmed using SEM.
Kinetic assessment of C-PtNPs and P-PtNPs treatments on C.
freundii were 99.7 and 77%, respectively. Shape-induced
toxicity and excellent performance of C-PtNPs were attributed
to high surface-to-volume ratio, highly energized active facets
{111}, and sharp edges of nanocubes. This study demonstrated
that sharp edges and distinct reactive faces of nanocubes
contribute to the development of effective antimicrobials and
catalytic enhancement.

2. EXPERIMENTAL SECTION

2.1. Materials. Platinum(II) chloride (PtCl,) was
purchased from Sigma-Aldrich, Milwaukee, WI. Quercetin
was purchased from Indofine Chemicals Inc. (Hillsborough,
NJ). All reagents were analytical grade purity unless stated
otherwise. Ultrapure water with a specific resistivity of >18
MQ cm was used to prepare all reagents. C. freundii ATCC
8090 was purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). Muller Hinton
(MH) media were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Sodium chloride (NaCl), sulfuric acid (H,SO,),
and sodium hydroxide (NaOH) were purchased from Sigma
(St. Louis, MO).

2.2. Instrumentation. Ultraviolet—visible (UV—Vis)
measurements were recorded using an Agilent multicell Cary
3500 workstation. TEM and SEM measurements were
performed on a JEOL TEM 2100F and JEOL SEM 7900F,
respectively. The TEM sample preparation for PtNPs entails
drop-casting an aliquot of the supernatant layer from
centrifugation to a new SiO,-coated 300 mesh copper grid.
The TEM images of PtNPs and their size distributions were
plotted. Elemental platinum was determined by an EDX

analyzer. The XRD measurement was performed using a
Bruker D8 Discover XRD system operated at 40 kV. The XRD
samples were dried and mounted on a sample holder for
measurements. Furthermore, XRD patterns were obtained with
an X-ray diffractometer equipped with Cu—Ka radiation. The
scanning was performed at a 2-theta angle over the range of §
to 80°.

2.3. Synthesis of Quercetin 4’-Monophosphate (4'-
QP). 4'-QP was synthesized to enhance the polar solubility of
Quercetin in our previous work.'® The synthesis entails the
selective substitution of the OH group at position 4’ on
Quercetin with an inorganic phosphate group. To this effect,
the parent quercetin compound was protected using dibenzyl
phosphite except at the 4" position. Selective phosphorylation
of the 4’ position on Quercetin (C,sH,;,0,) was performed to
achieve 4'-QP following a reported synthetic pathway with
detailed structural characterization. The details of the synthesis
are reported elsewhere.'

2.4. Synthesis of Anisotropic PtNPs. Monodispersed
anisotropic platinum nanoparticles were prepared by a simple
chemical reduction method. The nanoparticles were generated
via the reduction of PtCl, by 4’-QP in water without additional
surfactants. In a one-pot synthesis, 0.01 M PtCl, reacted with
0.05 M 4-QP in the molar ratios of 1:1, 2:1, and 3:1,
respectively. The reaction was further exposed to 50 °C heat
incubation for 1 h to ascertain any changes in the resultant
shape of nanopeanuts (T1-T2) (Table 1). Next, Cubic PtNPs

Table 1. Average Zone of Inhibition after PtNPs Treatment
of Citrobacter freundii between 0 and S days of Incubation

Zone of Inhibition (mm)

Treatment Concentration

Bacteria (ug/mL) P-PtNPs C-PtNPs
Citrobacter 20 0.00 = 0.00 6.40 £+ 0.10
freundii
40 1.00 + 0.05 9.7 £ 0.1§
60 4.50 + 0.15 16.28 + 0.10

were synthesized by keeping the concentration of the platinum
metal precursor (0.01 M PtCl,) constant and varying the
concentration of 4’-QP (0.05 M) at 1:1, 1:2 and 1:3,
respectively (P1—P3). C-PtNPs were synthesized without
heat. Table S1 shows the synthesis of anisotropic PtNPs.
2.5. Preparation of C. freundii. Bacteria cultures were
prepared by following an aseptic National Committee for
Clinical Laboratory Standards (NCCLS) standard proce-
dure.”” MH Agar was prepared using the manufacturer’s
recommendation."® Briefly, 3.8 g of MH powder was dissolved
in 100 mL ultrapure water. The homogenized agar mixture was
then autoclaved at 121 °C for 30 min. MH broth was prepared
in a similar procedure. Freshly prepared MH agar solution was
spread-plated into a 100 mL sterile Petri dish to form solid
media. To prepare the bacteria culture, 10 uL of the stock
culture was inoculated into 9 mL of MH broth, and the culture
tubes were transferred into a 35 + 1 °C Thermo Scientific
Heratherm incubator for 24 h. After incubation, 75 uL of C.
freundii from the working culture were inoculated into a fresh
MH broth, incubated at 35 + 1 °C, and harvested during the
exponential growth phase by centrifugation. The supernatant
was discarded, and the bacteria were resuspended in PBS pH 7.
The bacteria concentration at 600 nm (ODyy,) was measured
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Figure 1. (A) UV—vis absorption spectra for the synthesis of P-PtNPs (B) synthesis of Platinum nanocubes. Inset: reaction vials containing varying

amounts of 0.05 M 4’-QP and 0.01 M PtCl,.

using a UV—Vis spectrophotometer and further adjusted to
107° CFU/mL using a hemacytometer.

2.6. In Vitro Antibacterial Test. The shape-dependent
antibacterial activity of anisotropic platinum nanoparticles was
tested on C. freundii using the agar well diffusion method."**’
Bacteria suspension made of 10°° CFU/mL was seeded onto
the freshly prepared MH agar plates. Three holes equidistant
from each other were created using a cork borer, and
successive concentrations of 20, 40, and 60 ug/mL of
anisotropic PtNPs were pipetted into the wells of each agar
plate. 4’-QP was used as a control. The bacteria-inoculated
plates treated with the PtNPs were incubated at 35 °C. The
agar plates were assessed daily within a 72 h incubation period.
The zone of inhibition was measured with specific intervals for
3 days, and the average results were expressed in millimeters
(mm). The experimental setup was performed for both
cuboidal and peanut PtNPs under aseptic conditions. The
minimum inhibitory concentrations (MIC) was determined by
the standard broth microdilution method (Supporting
Information).

2.7. Time Killed Evaluation of Shape-Dependent
PtNPs against C. freundii. To determine the shape effects
of C-PtNPs and P-PtNPs on C. freundii with respect to time,
UV—vis measurements (ODg,,) were performed on bacterial
cells (log phase) treated with 60 ug/mL of P-PtNPs and 60
pug/mL of C-PtNPs in separate culture tubes. The control tube
received 4'-QP as the treatment. The tubes were incubated on
a shaker at 35 °C for 24 h, and the ODyy, values were
measured at an hourly interval using an Agilent UV—vis Cary
3500. The bacterial viability was quantified and calculated
according to the following formula.

% D (percent viability) = (Dgyy — Dyo0)/ (Dggo) X 100

where % D stands for percent viability, the Dy, is the control,
and the Dy, represents the treated bacterial cells.

2.8. SEM Characterizations of C. freundii. To visualize
the shape influence of C-PtNPs on bacterial cells, the bacteria
cells in MH broth media were treated with 25 pg/mL (MIC)
of C- PtNPs and incubated at 35 °C for 24 h contact time. The
SEM sample preparation adapted for visualization is as follows:
the C-PtNPs-treated bacteria were harvested by centrifugation
at 5000 rpm for S min. The precipitate was prepared for SEM
visualization by washing with PBS 3X, followed by the fixation
with 2.5% glutaraldehyde for 6 h at 4 °C. After the
glutaraldehyde was discarded, the bacteria cells were
dehydrated using a different grade of the ethanol mixture in

38559

a sequential manner of 0, 50, 70, 90, 95, and 100%. Finally, the
bacteria cells were harvested and freeze-dried for the SEM
investigation.

2.9. Catalytic Activity of Anisotropic PtNPs on 4-NP in
Wastewater Samples. Grab wastewater samples were
obtained from an anonymous waste plant in Middlesex
County, New Jersey, following EPA method 537.1. The
physical characteristics of the water samples include pH 6.8
and colorless solution to avoid interference in the analysis of 4-
NP. The kinetic reduction of 4-NP in the presence of a PtNPs
catalyst was monitored at room temperature to determine the
shape-dependent catalytic properties of C-PtNPs and P-PtNPs.
In a typical catalytic experiment, 1 mL of wastewater spiked
with 10™* M 4-nitrophenol was mixed with 0.5 mL of 0.1 M
sodium borohydride solution and diluted with 10 mL
deionized water. The catalytic reaction was initiated by the
addition of 50 L PtNPs catalyst in a cleaned quartz cuvette at
25° (room temperature). A UV—Vis spectrophotometer was
used to record the time-dependent absorption spectra over the
wavelength range of 250—550 nm.

2.10. Statistical Analysis. The experiments were
performed in triplicates, and all the data are expressed as the
mean + standard deviation from the successive experiments.
The data in this study were subjected to statistical analysis of
one-way ANOVA using Origin Pro Software. A probability (p
< 0.05) was considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. UV-Vis Characterization of Cuboidal and Pea-
nuts Platinum Nanoparticles. UV—vis measurements were
performed to monitor the formation of anisotropic PtNPs at
room temperature within the wavelength range of 200—800
nm. Quercetin Monophosphate (4-QP) (Figure S1) acted as
the reducing and capping agent for the reduction of Pt*" ions
in water. The UV—vis spectra of unmodified quercetin exhibit
two major absorption bands. The first absorption band I at 370
nm is ascribed to the B ring cinnamoyl system, while the
second band II at 256 nm represents the A ring benzoyl
system.”””> In the case of 4'-QP, a new absorption band
appeared around 274 nm (band II) and a less pronounced
peak at 375 nm (Figure S3) due to the presence of phosphate
group at the 4 position of quercetin. Figure 1 shows the UV—
vis spectra of C-PtNPs and P-PtNPs with different molar
concentrations of 4’-QP and PtCl, reactants. The broad SPR
absorption peak from 320 to 400 nm in Figure 1A indicated
the formation of platinum nanoparticles (Inset: reaction vails
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Figure 2. (A-B) HRTEM images of P-PtNPs with sizes 39.1 + 0.20 nm and 43.11 + 0.12 nm, respectively. Inset: schematic model of PtNPs.

T1—T3). Similar studies show that the SPR peak of platinum
nanoparticles is broad over the range of 215—370 nm,** which
confirms our results. Phytochemical agents (flavonoids)
composed of hydroxyl functional groups are responsible for
the reduction of Pt** to Pt’. In this study, the phosphate and
hydroxyl groups of 4"QP are electron-rich sites that form a
complex with Pt ions, thus facilitating the reduction of Pt ions
during the nucleation of PtNPs. The concentration-dependent
effect of water-soluble 4’-QP on the reduction rate of Pt ions in
solution was investigated to determine the physicochemical
properties of resultant anisotropic platinum nanoparticles. In a
typical experiment, 4'-QP was reacted with Pt ions in a molar
ratio of 1:1, 1:2, 1:3, respectively. In this setup, the 4’-QP acts
as the limiting reagent in the presence of the increasing
concentration of the Pt ions. Since 4'-QP is limited, Pt ions are
not completely reduced, and the reduction rate is slow, with
limited growth of nanoparticles after the nucleation stage. It is
worth noting that as the reactant concentrations increase, the
absorbance of the nanoparticles increases.

In the second experiment (Figure 1B), the effect of
increasing 4'-QP in the presence of a fixed concentration of
Pt ions was investigated. The increasing effect of 4’-QP in the
presence of platinum metal precursor in the molar ratio 3:1
shows the reduction power and shape-directing property of 4'-
QP, respectively. Excess 4'-QP acting as both reducing and
stabilizing agents further directed the resultant shape of the
nanoparticles. It was observed that the 2:1 ratio gives a mixture
of cubes and irregular shapes. The 3:1 ratio of 4’-QP and Pt
ions gives a monodispersed and uniform cubic shape.
Experimental evidence has shown that the decrease in particle
size correlates to the increasing reducing agent.”” This
phenomenon is attributed to the increased reaction rates due
to excess reducing agents during the nanosynthesis. When the
reaction rate increases due to the high concentration of the

reducing agent, the platinum ions are rapidly reduced, which
leads to smaller particles.

The UV—vis spectra exhibit a sharper SPR peak, indicating
the formation of smaller particles upon increasing reducing
agents. This observation has been reported in similar studies
elsewhere.”””* Furthermore, the synthesis of PtNPs was
exposed to S0 °C heat treatment to identify the optimum
temperature for the shape evolution of the nanoparticles. The
color of the nanoparticle solution became dark, as seen in
Figure 1A inset (T1—T3). The influence of heat treatment (50
°C) increased the kinetic reaction of nanoparticles to form
nuclei that further grow into matured PtNPs. It was observed
that increasing the heat (>50 °C) rapidly increased the
reaction kinetics and vice versa. In all, the rate of heat
treatment impacts the nucleation process and modulates the
sizes of the resultant PtNPs, without altering the shape.””

3.2. TEM Characterization of Anisotropic PtNPs. The
morphological characterizations of the as-synthesized aniso-
tropic platinum nanoparticles were performed with high-
resolution TEM.* Figure 2A shows the TEM image of
prepared nano peanuts. The formation of nanopeanuts are
highly dense uniform particles possessing smooth surfaces. The
as-prepared nanopeanuts are composed of two or more
interconnected growing particles produced via aggregation of
smaller spherical nanoparticles.”” It is worth noting that
increasing the Pt metal precursor to 4'-QP in the ratio of 2:1
and 3:1 led to the formation of the nanopeanuts.

In Figure 2A, the interparticle lattice fringes were estimated
to be 0.22 nm, which reveals that the growth and crystallinity
of the nanoparticles occur preferably on the (111) index
plane.”” To investigate the increasing effect of 4'-QP on the
reduction of Platinum ions, the molar ratio of 4'-QP to PtCl,
reactants was maintained at 2:1, and the resulting particles
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Figure 3. (A) HRTEM image of irregular-shaped anisotropic PtNPs with the corresponding size distribution histogram. (B) C-PtNPs at 25 °C.
Inset: a schematic model of nanocubes. The mean size of (A,B) were 45.1 + 0.24 and 48.1 + 0.17 nm, respectively.

adopted irregular anisotropic shapes such as cubes and
cuboidal shapes as seen in Figure 3A.

To achieve and confirm the platinum nanocubes, the molar
concentrations of 4-QP and Pt** ions were fixed at 3:1,
respectively. The high concentrations of 4’-QP reacting with
the low concentrations of Pt** ions led to the formation of
platinum nanocubes (Figure 3B). The concentrations of the 4'-
QP (shape-directing agent) and PtCl, were maximized to
achieve different shapes and sizes. Figure 3B shows that the
nanocubes are monodispersed with smooth edges. The clear
lattice fringes reveal the crystallinity of the particles which is
represented by the sharp peak of {111} index.”® The data
suggest that the morphology of nanoparticles can be tuned and
controlled with an increasing reducing/stabilizing agent (4'-
QP) concentration with respect to a lower concentration of
metal precursor. The significant effect of reducing, capping,
and stabilizing agents on the shape and size of platinum
nanocubes is justified by the concentration variations of the 4'-
QP and PtCl, reactants. It is plausible that the coordination
between Pt** ions and 4'-QP plays a role in stabilizing the
resultant particles. The particle mean sizes from the size
distribution histogram were determined by measuring nano-
particles in different sections of the TEM grid. The
monodispersed platinum nanocubes exhibit a mean size of
45.1 + 0.24 and 48.1 + 0.17 nm for Figure 3A-B, respectively.

3.3. Growth Mechanism of Shape-Controlled PtNPs.
The concentration effects of 4-QP on the shape evolution of
anisotropic platinum nanoparticles were studied using a time-
dependent UV—vis absorption spectroscopy. In a typical
particle growth experiment, 3 mol equiv of 4’-QP were reacted
with 1 mol equiv of Pt ions stirred at 100 rpm. Figure 4 shows
the absorbance measurements at a 10 min fixed time interval
starting from time, t-0, to ¢-80. The different shapes observed
with changing concentrations can be understood by the growth

0.8
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Figure 4. Time-dependent formation of cubic PtNPs at room
temperature from time #, to tg.

mechanism of the platinum particles.”*** When low 4'-QP
concentrations reacted with Pt** ions, the rate of platinum
nucleation was slow. The 4'-QP acting as the reducing and
capping agent played the role of limiting reagent. The resultant
nuclei grow into a spherical shape. It was observed that the
platinum nanoparticles agglomerate and further grow into
nanopeanuts. The energetics of the platinum ions and 4'-QP
are the driving force for shape evolution under a low
concentration of 4'-QP. Nevertheless, a different growth
mechanism occurred when a higher concentration of 4'-QP
reacted with Pt*" ions.

Since the concentration of 4’-QP is high, the reduction of
Pt** ions occur rapidly, resulting in a faster growth of the
anisotropic platinum nanoparticles. In addition, the kinetic
control of the growth mechanism was favorable when the 4'-
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Scheme 1. Growth Mechanism of the Shape-Controlled Process of Platinum Nano-Peanuts and Nanocubes
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Figure 5. (A) XRD of anisotropic PtNPs. (B) SAED (C) EDX.

QP was in excess. Preferentially, the growth of particles
occurred at the {1,1,1} index plane of the nuclei;*”** hence,
the reduction rate of Pt** ions directs the final shape of the
particles. The growth of platinum on the {1,1,1} index has
been attributed to the influence of surfactants, which can
change the growth kinetics of the resultant particles. Some
reports have shown that synthetic nanoparticle reactions under
kinetic growth produce anisotropic particles such as highly

branched particles.”***

In summary, the mechanism of
nanocube formation follows (i) nucleation, thus reduction of
Pt** ions transitions into the nuclei, (ii) rapid growth processes
at high concentrations of 4’-QP (iii) directional growth of

nanocubes particles.28 The schematic representation of the

growth mechanism of anisotropic platinum nanoparticles is
shown in Scheme 1.

3.4. XRD Characterization. XRD analysis was performed
to characterize the crystal structure of as-synthesized
anisotropic PtNPs. In Figure SA, the XRD pattern confirmed
the PtNPs crystal structure. The three distinct peaks at 40.12,
46.70, and 67.89° over the 2-theta range of 30—80° were
ascribed to {111}, {200}, and {220} index planes, respectively.
The characteristic peaks represent face-centered cubic (FCC),
which agree with reported data and the Joint Commission on
Powder Diffraction Standards (JCPDS:004-0802).””*° The
most intense peak and preferred growth of the platinum
nanoparticles is along the {111} plane.””* The energy
dispersive (EDX) X-ray analysis revealed the elemental signal
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Figure 6. Dose—response inhibition of C. freundii in the presence of C-PtNPs (A) Control (B) 20 (C) 40 (D) 60 pug/mL. The control group was
treated with 4’-QP and did not show any zone of inhibition. Each concentration was repeated in triplicates.

of platinum, as shown in Figure SC. The elemental
composition of the PtNPs shows a sharp and intense peak at
2.2 keV, corresponding to the presence of Pt. The copper peak
at 8 keV originates from the copper grid on which the sample
was coated. The selected area electron diffraction (SAED)
pattern shows a ring formation and sharp diffraction spots from
the anisotropic Pt nanoparticles. The SAED ring pattern (inner
to outer) is assigned to the {111} and {220} index reflections
of the FCC of nano platinum, respectively (Figure SB). The
SAED confirms the crystallinity of the as-synthesized PtNPs.
Our results agree with reports by Venu et al.”’

3.5. Antibacterial Performance of Shape-Dependent
PtNPs against C. freundii. The shape dependency activity of
P-PtNPs and C-PtNPs was tested on C. freundii as the model
microorganism due to its nosocomial infections (urinary tract
diseases) by using the agar well diffusion method, as seen in
Figure 6. The shape effects of PtNPs treatments were assessed
using a zone of inhibition method for S days. To investigate the
influence of shape on the antibacterial performance of P-PtNPs
and C-PtNPs, the synthetic routes, concentrations, and
selected average sizes of both nanoparticles were kept constant
at approximately 45.1 + 0.24 nm. Three agar plates seeded
with C. freundii (107 CFU/mL) were treated with 20, 40, and
60 pug/mL of C- PtNPs in a dose-dependent manner. This
experimental setup was repeated for the treatment of P-PtNPs.
Figure 6 shows the results after the treatment of C-PtNPs
against C. freundii. At 20 ug/mL treatment of C-PtNPs, a
visible zone of inhibition (6.40 + 0.10 mm) is observed. The
inhibition zone increases with an increasing dose treatment of
C-PtNPs. However, the dose treatment of the P-PtNPs did not
show tangible zone of inhibition at 20 pug/mL (Figure S4).
Meanwhile, the zone of inhibition of 1.00 & 0.05 and 4.50 +
0.15 mm was observed for P-PtNPs at 40 and 60 ug/mL,
respectively. At a constant dose, the antibacterial performance
of C-PtNPs is higher than P-PtNPs.

The excellent antibacterial activity of the C-PtNPs can be
ascribed to the contact interaction and active facets as the two
important factors that drive the antibacterial effectiveness of
the nanoparticle shape. Furthermore, the high surface-to-
volume ratio of the nanocubes binds strongly to the cell
membrane of C. freundii in comparison to P-PtNPs. The
performance of nanocubes is ascribed to the sharp edges and
high-ener%y active facets {111} that demonstrate stronger
reactivity.”” Antimicrobial studies on the facet reactivity of
nanoparticles have been demonstrated by Ren et al.’’
Furthermore, shape-dependent studies of silver nanoparticles
have been demonstrated by Pal et al.>> Their results showed
that triangular nanoplates of Ag induces a higher antibacterial

activity owing to the active facet of nanosilver as compared to
spherical silver.”* Our findings suggest that the as-prepared C-
PtNPs interact with the bacterial cell surface via contact killing
and arresting the growth of the C. freundii via inducing
membrane damage. The effectiveness of PtNPs was confirmed
by determining the MIC against C. freundii. The C-PtNPs
nanoparticles exhibit a MIC value of 25 yg/mL, while the MIC
of P-PtNPs was 45 ug/mL (Figure S5) against the C. freundii.
In all, the C-PtNPs are more effective compared to P-PtNPs,
supporting the evidence that the morphology and small
surface-to-volume ratio influences the bactericidal activity of
C-PtNPs against C. freundii””** We found that the inhibition
zones of C-PtNPs at low concentration against C. freundii can
exert a bactericidal effect inhibiting the growth of the bacteria
as compared to the P-PtNPs. For stability and effectiveness of
the C-PtNPs,> the dose-dependent inhibition was repeated
three times, and it was observed that there was no bacteria
growth in the zone of inhibition for several days. The C-PtNPs
interacted highly with the bacteria, as indicated at the edges of
the zone of inhibition, suggesting that they released their toxins
onto the agar plates. This result indicates that C-PtNPs
nanoparticles target resistant bacteria via the release of the ion
via contact killing, and this approach could be a promising
therapeutic agent to eradicate emerging microbial resist-
ance.””* Table 1 shows the average zone of inhibitions and
demonstrates that the as-prepared anisotropic PtNPs possessed
potent bactericidal activity compared to the controls. This
study demonstrates the potential of the anisotropic PtNPs
against C. freundiiresistant bacteria.

3.6. SEM Characterization of PtNPs Treated C.
freundii. Visualization of bacteria morphology was performed
using SEM to ascertain the inhibitory effects of C-PtNPs on
bacteria cell membranes since C-PtNPs were more effective
than P-PtNPs. The experimental setup included C. freundii
treated with C- PtNPs at MIC of 25 ug/mL and the control
experiment did not receive treatment. The experimental setups
were incubated at 35 °C for 24 h contact time. After this step,
the bacteria cell samples were prepared for the SEM analysis
following a standard procedure.*®

Figure 7A shows the bacteria control cells maintained an
intact rod-like shape in the absence of PtNPs treatment.
Nonetheless, it was observed that the bacterial cell membrane
suffers structural damage after exposure to C-PtNPs in Figure
7B. The bacterial cells were deformed, indicating severe
membrane damage followed by cell contents released into the
media with a loss of their intact rod-like shape. It can be
observed that 25 ug/mL of the C- PtNPs coat the surface of
the C. freundii, thus the coating of PtNPs on bacteria cells
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Figure 7. SEM images of PtNPs treated C. freundii. (A) Control (B)
C-PtNPs at 25 pug/mL.

established an effective interaction via the active facets of
platinum nanocubes. The C-PtNPs coating on C. freundii
demonstrated the inhibitory effectiveness of cubic PtNPs and
initiated cell death.*

3.7. Kinetic Assessment of Shape-Dependent PtNPs
on C. freundii. The growth inhibition curves of C. freundii
after contact with shape-dependent PtNPs are shown in Figure
8A. The treatment of C-PtNPs showed a significant time-
dependent decrease in the viability of bacteria cells from 10° to
10" CFU/mL after 24 h incubation. The PtNPs poison the
media via platinum ion migration, this effect coats the surface
of the bacteria membrane, thus inhibiting its growth. This
indicates the bactericidal action of anisotropic PtNPs. The
inhibitory effect of C-PtNPs on C. freundii was more
pronounced than P-PtNPs.

Furthermore, the Spread-plate technique was adopted to
confirm the contact killing of C. freundii in broth media in the
presence of anisotropic PtNPs. Briefly, C. freundii in broth
media treated with or without P-PtNPs (60 pg/mL), and C-
PtNPs (60 pg/mL), were incubated at 35 °C for a 24 h contact
time. After this step, the treated and untreated C. freundii were
plated on a freshly prepared agar to confirm the contact killing
of the bacteria. Figure 8B—D confirms the shape—effect
activity of C-PtNPs and P-PtNPs on C. freundii after the kinetic
assessment from contact killing. Bacteria colonies were
counted to determine the inhibition rate of PtNPs. Figure
8C,D shows inhibition rates of 99.7 and 77% for C-PtNPs and
P-PtNPs, respectively.

The shape effect of C-PtNPs shows a higher kinetic
antibacterial activity than P-PtNPs because the nanocubes
possess sharp edges and active facets’’ responsible for high
bactericidal activity against C. freundii. Taken together, C-
PtNPs kill C. freundii faster and more effectively than P-PtNPs

due to its morphology given that the antibacterial factors such
as particle sizes, and concentration are controlled and constant.
Hence, the particle shape could be an essential parameter in
the design of time-dependent antibacterial agents. Our results
agree with similar reports elsewhere.'”””

3.8. Mechanism of Bacterial Inhibition by Shape-
Dependent PtNPs. The shape effects of PtNPs on bacteria
cells are the main goal of this work. In this study, Peanut-
shaped PtNPs are compared to cubic-shaped PtNPs for their
antibacterial performance. Past Literature demonstrated that
differences in the antimicrobial activity of nanoparticles are
attributed to multiple factors such as size and shape.”® Our
results suggest that cubic shaped-PtNPs inhibit bacterial
growth via a contact-killing mechanism due to active facets
of nanocubes, and sharp edges of cubes that facilitate effective
interaction with bacteria cell membrane in comparison to the
nano peanut shape.’® Furthermore, some of the bacteria
mechanism of PtNPs involves the Pt ions coating and binding
to cell membranes of microorganisms and affecting the protein
machinery of bacterial cells.”® The binding of Pt ions to the
bacteria membrane leads to the leakage and rupture of the
bacteria cell membrane causing bacteria death. Some reports
have demonstrated the bacterial inhibitory mechanisms, which
include nanoparticle interference of DNA replication machi-
nery and the induction of tumor suppressor proteins for a
bacterial apoptosis-like response, reactive oxygen species,
leading to bacteria death.”**’ These findings agree with
myriad studies suggesting that the physical and chemical
parameters of the nanomaterials, such as dose, size,
concentration, shape, and exposure time, influence the
bactericidal activity of PtNPs.

Smaller concentrations of C-PtNPs were used as the biocidal
agent to achieve sustainable bactericidal activity against C.
freundii. Previous reports have shown that higher Pt
concentration has toxic and detrimental effects on biological
cells, limiting its therapeutic applications.”**" In our case,
lower concentrations of PtNPs (20—60 ug/mL) showed
excellent shaped dependent antibacterial potency with
controlled physicochemical properties. We envision that
PtNPs could serve as a bactericidal agent for the long-term
treatment of a wide range of antibiotic-resistant micro-
organisms. The anisotropic PtNPs in this study demonstrate
an eco-friendly nanomaterial with promising antibacterial
activity at lower concentrations.

3.9. Shape-Dependent Catalytic Activity of PtNPs on
Wastewater Samples. 4-NP is applied in the synthesis of

Control
—e— P-PtNPs
—+— C-PtNPs
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Figure 8. Time killed inhibition assessment of shape-dependent PtNPs treatments on C. freundii (A) UV—vis spectra (B) Control (C) P-PtNPs (60
pug/mL) (D) C-PtNPs (60 pg/mL). Concentration and sizes are kept constant to assess the effects of shape.
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Figure 9. Absorption spectra of 4-NP conversion to 4-AP in the presence of Pt catalyst (A) control (B) P-PtNPs (C) C-PtNPs (D) plot of In (4,/

A,) vs time (s).

Table 2. Comparative Analysis of Shape-Dependent Activity of Different Nano-Catalyst

Physicochemical parameter

Nanocatalyst Shape Size (nm)
AuNP cubes 45.1
PANPs cube 50
AgNPs hexagonal 43
AgNPs quasi-spherical 36
PtNPs Peanut 39
PtNPs Cube 43

Degradation rate (k) References

0.00249 s~ Sundarapandi et al.**
0.114 min™* Dang-Bao et al®
0.259 min~! Khoshnamvand et al.**
0.265 min™! Yaun et al.*

0.00607 s~ this study

0.0108 s~ this study

drugs and fungicides. New Jersey is one of the manufacturing
hubs for pharmaceutical products. Pollution of surface water is
a pressing problem in several superfund sites across New Jersey
State due to accidental spills of organics and waste manage-
ment problems. Surface waters in NJ are contaminated with
toxic organics. Analysis of the reaction mixture of 4-
nitrophenol (4NP) and anisotropic PtNPs catalyst was
performed in a wastewater sample using sodium borohydride
(NaBH,) as a hydride source to determine the performance of
the shape-dependent catalyst. For a standard catalytic reaction
to progress, 4-NP was mixed with NaBH, and the resultant
solution was deep yellow, which indicates the formation of 4-
nitrophenolate anions with an absorption peak at 400 nm. In
Figure 9A—C, excess NaBH, reacted with 4-NP concentration
to ensure an ample supply of hydride ions for raising the pH
and nitro group deprotonation to maintain a constant
reduction rate of 4-NP concentration.’ There was no
observable change in the absorption peak at 400 nm in the
absence of the PtNPs catalyst.”” The addition of the catalyst
initiates the catalytic reduction of 4-NP to form 4-AP with the
evidence for the decreased absorption peak at 400 nm,
simultaneously giving rise to the appearance of a new peak at
317 nm (4-AP).

38565

The absorbance of each 4-NP reduction cycle was time-
dependent, and a linear fitting of —In (4,/A,) vs time (s) was
plotted to determine the apparent rate constant (Kapp).41
(Figure 9D).

From the plot, the reduction of 4-NP followed the pseudo-
first-order kinetics due to the excess NaBH, applied in the
experiments. The apparent kinetic rate constant (Kapp) was
calculated from the slope of linear regression using eq 1

ln(At/AO) = _Kapp (1)

From the pseudo-first-order plots, K,,, was estimated to be
0.00607 and 0.0108 s' for nanopeanuts and nanocubes,
respectively. It was observed when experimental conditions
(reactant concentration and nanoparticle sizes) for the
reduction of 4-NP were held constant. Platinum nanocubes
show the highest activity toward the conversion of 4-NP to 4-
AP. The observed catalytic activity of the nanocubes is ascribed
to its shape and higher surface-to-volume ratio property. In all,
the shape of a nanoparticle plays a role in its catalytic activity.
The catalytic performance of nanocubes compared to P-PtNPs
is dependent on the reactivity of the cubic facets and the sharp
edges.
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3.10. Reusability and Regeneration of Shape-De-
pendent PtNPs Catalyst. To ensure a sustainable catalytic
technology, the regeneration and reusability of the catalyst are
vital requirements for practical environmental applications. For
the catalyst recovery process, centrifugation was utilized to
separate the PtNPs catalyst from 4-AP in solution after each
degradation. PtNPs were then washed and dried overnight for
the next catalytic degradation. Figure S6 shows a sustained and
effective catalytic activity of four cycles. It is worth noting that
the slight decrease in catalytic activity was due to the loss of
catalyst during the purification process. Our promising results
are in agreement with reports elsewhere.*” In all, the PtNPs are
potential catalysts for environmental remediation. The shape-
dependent catalytic activity of anisotropic PtNPs has been
compared to similar studies, as seen in Table 2. The
conversion of 4-NP to 4-AP is dependent on the interplay of
size and shape of the resultant nanoparticles. In our study, it
can be concluded that when the size of the particles is
constant, the shape of the particles influences the stability and
catalytic performance of the catalyst.

3.11. Proposed Mechanism of PtNPs Catalytic
Activity on the Reduction of 4-NP. The mechanism that
explains the reduction of 4-nitrophenol in presence of PtNPs
catalyst has been reported in several works. In this work, the
catalytic activity of shape-dependent PtNPs on the reduction
of 4-NP in wastewater obeys the Langmuir—Hinshelwood
kinetic model.*"*® To begin with, BH, ions are generated
from NaBH, in water, the BH, ions act as a source of hydrogen
ions that occupy the active site sites on the surface of the Pt
particles forming H—Pt and PtBHj; reaction intermediates.
After this step, 4-NP molecules then adsorb on the surface of
Pt-hydride, and PtNPs shuttle electrons to the nitro group of
4-NP from the BH,_ ion source.”” The PtNPs hydride forms a
complex with the 4-NP, reducing it to 4-AP. From this step,
the 4-AP is detached from the surface of the catalyst and then
recycled for the next catalytic phase, as seen in Figure S7. The
high surface-to-volume ratio and reactivity of the multiple faces
of the platinum nanocube enhance its catalytic activity for the
degradation of 4-NP to 4-AP.

4. CONCLUSIONS

Monodispersed platinum nanocubes and nanopeanuts were
synthesized at room temperature by reacting 4-QP and
platinum ions in the molar ratio of 3:1 and 1:1, respectively.
The 4-QP acted as the reducing and stabilizing agents. The
hydroxyl and phosphate functional groups of 4'-QP were
responsible for the rapid reduction of platinum ions and the
growth of different shapes. The size and shape morphologies of
PtNPs were determined and confirmed by UV—vis spectros-
copy, XRD, TEM, and EDS analysis. The shape-dependent
activity of P-PtNPs and C-PtNPs was investigated on both C.
freundii and 4-NP in wastewater. The results demonstrated that
the cubic shape of PtNPs enhances both antibacterial potency
and catalytic performance. For instance, the catalytic
conversion of 4-NP to 4-AP in the presence of C-PtNPs
generated the highest conversion rate (k) = 0.0108 s™', while
the k for the nanopeanuts catalyst was 0.00607 s~'. Platinum
Nanocubes exhibited higher catalytic activity due to the sharp
edges of nanocube particles, and active facets of the nanocubes.
Notably, parameters such as the concentration of PtNPs,
particle sizes, and morphologies contribute to effective catalysis
and antimicrobial activities. This work demonstrates that when
the controlling factors of antimicrobial activity and catalysis are

held constant, the resultant shape prevails and specifically
enhances the nanoparticle performance. Future work will focus
on the cytotoxicity effects of the shape-dependent PtNPs on
MCEF-7 breast cancer cells. This study shows the aqueous
formulation of shaped—dependent platinum nanoparticles with
superior performance. We envision that the 4-QP would serve
as a reliable reducing and stabilizing agent for the water-based
synthesis of different anisotropic nanoparticles.
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