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Abstract: Generally, platinum nanoparticles (PtNPs) are considered non-toxic; however, toxicity
depends on the size, dose, and physico-chemical properties of materials. Owing to unique
physico-chemical properties, PtNPs have emerged as a material of interest for several biomedical
applications, particularly therapeutics. The adverse effect of PtNPs on the human monocytic cell line
(THP-1) is not well-established and remains elusive. Exposure to PtNPs may trigger oxidative stress
and eventually lead to inflammation. To further understand the toxicological properties of PtNPs,
we studied the effect of biologically synthesized ultra-small PtNPs on cytotoxicity, genotoxicity,
and proinflammatory responses in the human monocytic cell line (THP-1). Our observations clearly
indicated that PtNPs induce cytotoxicity in a dose-dependent manner by reducing cell viability and
proliferation. The cytotoxicity of THP-1 cells correlated with an increase in the leakage of lactate
dehydrogenase, generation of reactive oxygen species, and production of malondialdehyde, nitric
oxide, and carbonylated proteins. The involvement of mitochondria in cytotoxicity and genotoxicity
was confirmed by loss of mitochondrial membrane potential, lower ATP level, and upregulation of
proapoptotic and downregulation of antiapoptotic genes. Decreases in the levels of antioxidants
such as reduced glutathione (GSH), oxidized glutathione (GSH: GSSG), glutathione peroxidase (GPx),
superoxide dismutase (SOD), catalase (CAT), and thioredoxin (TRX) were indicative of oxidative
stress. Apoptosis was confirmed with the significant upregulation of key apoptosis-regulating genes.
Oxidative DNA damage was confirmed by the increase in the levels of 8-oxodG and 8-oxoG and
upregulation of DNA damage and repair genes. Finally, the proinflammatory responses to PtNPs
was determined by assessing the levels of multiple cytokines such as interleukin-1β (IL-1β), IL-6,
IL-8, tumor necrosis factor-α (TNF-α), granulocyte-macrophage colony-stimulating factor (GM-CSF),
and monocyte chemoattractant protein 1 (MCP-1). All the cytokines were significantly upregulated in
a dose-dependent manner. Collectively, these observations suggest that THP-1 cells were vulnerable
to biologically synthesized ultra-small PtNPs.

Keywords: platinum nanoparticles; oxidative stress; genotoxicity; proinflammatory response;
cytokines; apoptosis; DNA damage

1. Introduction

Owing to their catalytic and unique surface-related physicochemical properties, including
high surface area, platinum nanoparticles (PtNPs) have garnered considerable interest in the
automotive sector, chemical industry, and biomedical device manufacturing industry [1–3]. In addition,
Pt catalysis is used in hydrogenation reactions, oxidation during organic acid production, isomerization,

Cells 2019, 8, 444; doi:10.3390/cells8050444 www.mdpi.com/journal/cells

http://www.mdpi.com/journal/cells
http://www.mdpi.com
https://orcid.org/0000-0001-9924-8433
https://orcid.org/0000-0003-4402-7064
https://orcid.org/0000-0003-1232-5307
http://dx.doi.org/10.3390/cells8050444
http://www.mdpi.com/journal/cells
https://www.mdpi.com/2073-4409/8/5/444?type=check_update&version=2


Cells 2019, 8, 444 2 of 23

and dehydrogenation, as well as in the oxidation of carbon monoxide [4–6]. Application of PtNPs
in industry and biomedicine depends on several factors such as their size, shape and elemental
composition, electronic surface structure, presence of capping agent, dispersion state, solubility,
and cell type [3,7,8]. Several methods have been developed for PtNPs synthesis; however, these
methods have several disadvantages, such as unnecessary toxic effects of nanoparticles due to the
presence of various potential harmful contaminants or hazardous chemicals, production of high
amounts of waste, and uncontrolled size. Among the physical, chemical, and biological methods of
synthesis, the biological method is most viable and ecofriendly. For instance, PtNPs are synthesized
using bacteria [9], cyanobacteria [10,11], seaweeds [12], fungi [13], plants [14], and honey [15].

Although biological system-assisted synthesis of PtNPs appears to be simple, non-toxic,
and cost-effective, it has certain limitations for biomedical applications; for example, the presence of
endotoxins and fragments of biological materials with unwanted biological activity necessitate expensive
and time-consuming purification procedures, including downstream processing. Furthermore, generation
of biocompatible and stable products is laborious. Therefore, new and efficient methods utilizing suitable
reducing agents are required to produce nanomaterials of controllable size, shape, stability, catalytic
properties, and surface functionalization within a short period [1]. For example, PtNPs encapsulated
within apoferritin exhibited high efficiency of cellular uptake and caused lower level of membrane
damage. To avoid unnecessary impurities in nanoparticle preparation, Gurunathan and colleagues
used various purified biomolecules such as saponin [16], quercetin [17], resveratrol [18], lycopene [19],
R-phycoerythrin [20], and luteolin [21] during the synthesis of various nanoparticles, including silver,
palladium, graphene, and gold.

Generally, nanoparticles induce toxicity in human cells via oxidative stress, DNA damage, cell
cycle arrest, and mitochondrial dysfunction. Biological activity of nanomaterials is dependent on their
size, shape, polarity, porosity, and surface chemistry, type of capping agents, surfactants, and organic
solvents used for synthesis. In addition, pristine PtNPs or PtNPs coated with cell-compatible materials
exhibit less toxicity. PtNPs in the size range of 5–10 nm did not induce cytotoxicity, oxidative stress,
and cell death in A549 and HaCaT cells [22]. Similarly, PtNPs synthesized using citrate as the reducing
agent, with particle sizes ranging from 5 to 20 nm, showed significant cytocompatibility, and all
the internalized particles accumulated in endosomal/lysosomal vesicles [23]. Functionalization of
nanomaterials plays a significant role in cellular toxicity. Human peripheral blood monocytes (THP-1)
treated with polystyrene nanoparticles functionalized with carbonyl group (PS-COOH) exhibited no
cytotoxicity, whereas polystyrene nanoparticles functionalized with PS-NH2 not only inhibited THP-1
proliferation, but also induced apoptosis in THP-1 cells [24].

Traditionally, Pt-group elements (PGEs) are considered non-toxic and are used extensively as
catalysts. However, they cause undesired side effects on human health as airborne particulate matter
in vehicle exhaust, which accumulates in living organisms and interferes with various biological
pathways [25]. The effects of PtNPs on different cell types require extensive investigation. Although
PtNPs are generally considered anti-oxidant molecules, they may cause severe problems once the
threshold level is reached. Compared to other metal nanoparticles such as silver nanoparticles
(NPs), PtNPs show limited toxicity. Several studies have demonstrated either biocompatibility or
considerable cytotoxicity following PtNP exposure, depending on the cell model [26,27]. Interestingly,
PtNPs have been shown to act as reactive oxygen species (ROS) scavengers in the presence of other
stressors [28,29]. However, in some cases, PtNPs elicited negative bioresponses, including activation of
cellular stress, as well as DNA damage and genotoxic effects in vitro [30–32]. The addition of PtNPs
causes developmental delay and decreases heart beat rate in zebrafish [33]. Contradictory reports on
the positive and negative responses to PtNPs have prompted additional evaluation of the cellular
responses to PtNPs in human cell lines and biocompatibility of biologically synthesized PtNPs. In this
context, we attempted to evaluate the cytotoxic, genotoxic, and immunological responses to biologically
synthesized PtNPs in human THP-1 cells.
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2. Materials and Methods

2.1. Materials

The THP-1 cell line was obtained from the American Type Culture Collection (ATCC; Manassas,
VA, USA). The cells were maintained as described in Section 2.3. All cells were cultured in 75 cm2

tissue culture flasks (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C in the presence of 5% CO2 and 95%
relative humidity. Dried and hydrated hexachloroplantinic acid (H2PtCl6·6H2O) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Penicillin-streptomycin, trypsin-EDTA, Roswell Park Memorial
Institute (RPMI)-1640 cell culture medium, fetal calf serum (FCS), and antibiotic-anti-mycotic reagents
were obtained from Life Technologies/Gibco (Grand Island, NY, USA). The in vitro toxicology assay
kit was purchased from Sigma-Aldrich. The reagent kits for the measurement of malondialdehyde
(MDA), protein carbonyl content, and antioxidant assay were purchased from Sigma-Aldrich. All other
chemicals were purchased from Sigma-Aldrich unless otherwise stated.

2.2. Synthesis and Characterization of PtNPs

PtNPs were synthesized by reducing PtCl6 2- ions into PtNPs by mixing 10 mL of 1 mg/mL apigenin
with 90 mL of 1 mM aqueous H2PtCl6.6H2O. The mixture was maintained at 100 ◦C (on a hotplate) in
a sealed flask to avoid evaporation for 1 h, as temperature catalyzes the reduction process. For control
experiments, identical amounts of platinum solution and apigenin were maintained separately under
the same reaction conditions. The reduced platinum solution was sonicated for 10 min to separate
platinum nanomaterials from the biomolecules. After sonication, the solution was filtrated with a
0.2-µm syringe filter. The reduced platinum metal was purified by repeated centrifugation at 5000× g
for 30 min and the pellets were washed with distilled water to remove the impurities. Scheme 1
indicates the various steps involved in synthesis and purification of the PtNPs. Purified PtNPs were
characterized using various analytical techniques such as UV-vis spectroscopy, X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), scanning electron
microscopy (SEM), and transmission electron microcopy.

1 
 

 
Scheme 1. Environmentally friendly Synthesis of PtNPs using apigenin. PtNPs were synthesized by
reducing PtCl6 2- ions into PtNPs by mixing 10 mL of 1 mg/mL apigenin with 90 mL of 1 mM aqueous
H2PtCl6.6H2O.

2.3. Cell Culture Conditions and PtNP Exposures

THP-1 cells were cultured in RPMI-1640 cell culture medium supplemented with 10% FCS, 2 mM
L-glutamine, 10 mM HEPES, 1 mM pyruvate, 100 U/mL penicillin, and 0.1 mg/mL streptomycin
(Sigma-Aldrich). The cells were sub-cultured usually twice a week with 1 × 106 viable cells/mL and
incubated at 37 ◦C in a 5% CO2 atmosphere. The medium was replaced the next day with 100 µL fresh
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media and the cells were incubated for 24 h prior to PtNP exposure. Experiments were performed
in 96-, 24-, and 12-well plates and 100-mm cell culture dishes, as required. Cells were treated with
various concentrations of PtNPs or the required dose of PtNPs.

2.4. Cell Viability Assay

Cell viability was measured using cell counting kit-8 (CCK-8; CK04-01l; Dojindo Laboratories,
Kumamoto, Japan). Briefly, THP-1 cells were plated in 96-well flat-bottom culture plates containing
various concentrations of PtNPs. After 24 h culture at 37 ◦C in a humidified 5% CO2 incubator,
the CCK-8 solution (10 µL) was added to each well, and the plate was incubated for another 2 h at
37 ◦C. The absorbance was measured at 450 nm using a microplate reader (Multiskan FC; Thermo
Fisher Scientific, Waltham, MA, USA).

2.5. BrdU Cell Proliferation Assay

Cell proliferation was determined according to manufacturer’s instructions (Sigma-Aldrich,
St. Louis, MO, USA). Cells were incubated with various concentrations of PtNPs for 24 h; the BrdU
labeling solution was added to the culture medium 2 h before the end of the incubation. The cells were
fixed and the level of incorporated BrdU was determined using the BrdU enzyme-linked immunosorbent
assay (ELISA) kit (Roche, Basel, Switzerland) following the manufacturer’s instructions. Proliferation
of the untreated cells at 0 h was considered 100%.

2.6. Assessment of Membrane Integrity

The membrane integrity of THP-1 cells was evaluated using a lactate dehyrogenase (LDH)
cytotoxicity detection kit. Briefly, the cells were exposed to various concentrations of PtNPs for 24 h.
Subsequently, 100 µL of cell-free supernatant from each well was transferred in triplicate into the
wells of a 96-well plate, and 100 µL of the LDH reaction mixture was added to each well. After 3 h of
incubation under standard conditions, the optical density of the final solution was determined at a
wavelength of 490 nm using a microplate reader.

2.7. Cell Mortality Assay

Cell mortality was evaluated using the trypan blue assay as described previously [34]. THP-1 cells
were plated in the wells of 6-well plates (1 × 105 cells per well) and incubated for 24 h with various
concentrations of PtNPs. Cells cultured in medium without PtNPs were used as controls. After 24 h,
the cells were detached using 300 µL trypsin–EDTA solution, and both adherent and suspended cells
were collected. The mixture of the supernatant and detached cells was centrifuged at 1200 rpm for
5 min. The pellet was mixed with 700 µL trypan blue solution and dispersed. After 5 min of staining,
the cells were counted using a cytometer. The viable cells were unstained and the dead cells were
stained blue. Three independent experiments were performed in triplicate. The mean and standard
deviation were calculated. Cell proliferation is expressed as the percentage of viable cells relative to
the appropriate control.

2.8. Determination of ROS, MDA, Nitric Oxide (NO), and Carbonylated Protein Levels

ROS were estimated as described previously [35]. THP-1 cells were seeded into wells of 24-well
plates at a density of 5 × 104 cells per well and cultured for 24 h. After washing twice with
phosphate-buffered saline (PBS), fresh medium containing various concentrations of PtNPs was added
and incubated for 24 h. The cells were supplemented with 20 µM DCFH2-DA, and incubation was
continued for 30 min at 37 ◦C. The cells were rinsed with PBS, 2 mL PBS was added to each well, and the
fluorescence intensity was determined using a Gemini EM spectrofluorometer (Molecular Devices,
Sunnyvale, CA, USA) at an excitation wavelength of 485 nm and an emission wavelength of 530 nm.
MDA levels were determined using a thiobarbituric acid-reactive substances assay as previously
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described with suitable modifications. NO production was quantified spectrophotometrically using
Griess reagent (Sigma-Aldrich). The absorbance was measured at 540 nm and nitrite concentration was
determined using a calibration curve prepared with sodium nitrite as the standard [36]. Carbonylated
protein content was measured according to a previously described method [37].

2.9. Measurement of Anti-Oxidative Marker Levels

The expression levels of oxidative and anti-oxidative stress markers were determined as
described previously [38]. The levels of anti-oxidative stress markers, glutathione (GSH), catalase
(CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione S-transferase (GST),
and glutathione reductase (GR) were determined according to the manufacturer’s instructions. THP-1
cells were cultured in 75-cm2 culture flasks and exposed to IC50 concentrations of PtNPs for 24 h.
The cells were harvested in chilled PBS by scraping and washing twice with 1× PBS at 4 ◦C for 6 min
each at 1500 rpm. The cell pellet was sonicated at 15 W for 10 s (three cycles) to obtain the cell lysate.
The resultant supernatant was stored at −70 ◦C until analysis.

2.10. Measurement of 8-Oxo-7,8-Dihydro-2′-Deoxyguanosine (8-Oxo-Dg) and 8-Oxo-G Levels

8-oxo-dG content was determined as described previously [35,39] and also per the manufacturer’s
instructions (Trevigen, Gaithersburg, MD, USA).

2.11. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from the LNCaP cells treated with various concentrations of PtNPs
for 24 h using the PicoPure RNA isolation kit (Arcturus Bioscience, Mountain View, CA, USA).
Samples were prepared according to the manufacturer’s instructions. RT-qPCR was conducted using
a Vill7 device (Applied Biosystems, Foster City, CA, USA) and SYBR Green as the double-stranded
DNA-specific fluorescent dye (Applied Biosystems). Target gene expression levels were normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression, which was unaffected by the
treatment. The sequences of the PCR primers are shown in Supplemental Table S1.

2.12. Measurement of Cytokine Levels

THP-1 cells were treated with PtNPs for 24 h and cytokine levels were determined using
multianalyte inflammatory cytokine ELISA array (Qiagen, Valencia, CA, USA). Sample values were
normalized to control values and are displayed as fold change over control.

2.13. Statistical Analysis

Independent experiments were repeated at least three times such that data are represented as
mean± standard deviation (SD) for all duplicates within an individual experiment. Data were analyzed
using the t-test, multivariate analysis, or one-way analysis of variance (ANOVA), followed by Tukey’s
test for multiple comparisons to determine the differences between groups denoted by an asterisk.

3. Results and Discussion

3.1. Synthesis and Characterization of PtNPs Using Apigenin

In this study, we investigated the cellular responses to PtNPs in THP-1 cells. To demonstrate the
cytotoxic, genotoxic, and pro-inflammatory effects of PtNPs, we first confirmed bio-reduction of Pt ions
using phenolic compounds such as apigenin as the reducing and stabilizing agent. Bio-reduction was
visually verified by initial color change from pale yellow to dark brown, and finally by the appearance
of a brownish-black precipitate. The intensity of the color depended on the period of incubation.
The color change is due to the reaction between hexachloroplatinic acid and apigenin and indicates the
formation of platinum nanoparticles [40]. The entire reaction was completed within 2 h due to the
presence of pure phenolic compounds in the solution. The single sharp peak at 300 nm was attributed
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to the excitations of surface plasmon vibrations, indicating the synthesis of PtNPs (Figure 1A), which is
in agreement with the results of previous reports [41,42]. Several studies have reported that metal
nanoparticles can be synthesized using biomolecules as reducing and stabilizing agents. For example,
silver and copper nanoparticles were prepared using ascorbic acid as the reducing and stabilizing
agent [43,44]. In addition to color change, the formation of PtNPs was confirmed by a continuous
absorption spectrum in the range of 300–600 nm in a UV-visible spectrophotometer (Figure 1A).
The surface plasmon resonance of PtNPs synthesized using apigenin was observed at 302 nm. PtNPs
synthesized using Ajwa and Barni dates exhibited resonance at 321 and 329 nm, respectively; however,
the absorption spectra are dependent on the size and morphology of the particles.

Figure 1. Synthesis and characterization of platinum nanoparticles (PtNPs). (A) Absorption spectra
of apigenin-mediated synthesis of PtNPs. (B) X-ray diffraction patterns of PtNPs. (C) FTIR spectra
of PtNPs. (D) Size distribution analysis of PtNPs using DLS. (E) SEM micrograph images of PtNPs.
(F) TEM images of PtNPs. (G) Histograms showing particle size distribution. At least three independent
experiments were performed for each sample and reproducible results were obtained. The data represent
the results of a representative experiment.

The purity and crystal structure of the synthesized PtNPs were assessed using XRD. As shown in
Figure 1B, the broad reflections of the synthesized nanoparticles indicated the nanocrystalline nature
of the powder. Broad diffraction peaks of the XRD pattern were observed at 2θ = 40.6, 48.4, and 68.1,
corresponding to reflections (111), (200), and (220), respectively, which are consistent with the face
centered cubic (fcc) structure of platinum and can be assigned to JCPDS Card 04-0802, demonstrating
the presence of crystalline. Shah et al. [45] reported synthesis of PtNPs with an XRD pattern similar to
that reported in this study, using a low-temperature economically feasible method. The sharpening of
the peaks clearly indicated that the particles were in the ultra-small size range. The size of the platinum
nanocrystals as estimated from the full width at half maximum of the (111) Pt peak using the Scherrer
formula was 1–2 nm. The XRD pattern clearly illustrates that the PtNPs formed using this present
synthesis method were crystalline in nature.

The bio-reduction and capping of PtNPs was confirmed using FTIR. The typical characteristic
bands at 1660 and 3350 cm−1 represented the C−N (amide) and O−H bonds, respectively (Figure 1C).
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The amino acids show the possible interaction of PtNPs and stretching modes for C=O and OH
groups. The bio-reduction and capping of PtNPs using water-soluble apigenin was evident from the
disappearance of a strong band at 1760 cm−1. Furthermore, the presence of a strong band at 1200 cm−1

indicated the presence of C−O bond. The binding of biomolecules with platinum nanoparticles via
amino acid groups was evident from the shift in NH frequency from 2900 cm−1. Al-Radadi et al. [46]
demonstrated synthesis of PtNPs using date fruit extracts, which contain polyphenols, organic acids,
amino acids, and antioxidants such as apigenin and glutathione, which are responsible for the reduction
of Pt salts.

Accurate determination of the size of synthesized nanoparticles is crucial for developing nanoscale
technologies and biological studies, as size affects many of the physical and chemical properties of
these materials. DLS has been widely used for determining particle size [47]. As shown in Figure 1D,
the average size of the particles was 2 nm, which is in accordance with the data obtained from
TEM images. The results obtained from DLS exhibited unimodal distribution of nanoparticles with
maximum percentage intensity of ~2 nm.

The surface morphology of PtNPs was determined using SEM. As shown in Figure 1E, SEM
showed individual PtNPs as well as aggregates. The PtNPs aggregated into large irregular structures
with no well-defined morphology and all the particles possessed almost identical morphology. Finally,
the structure and size of the PtNPs were analyzed using TEM. The TEM images showed that PtNPs had
a uniform spherical shape and regular size, and were well dispersed with a narrow size distribution
from 1.0 to 2.0 nm. DLS showed that the particles were 2 nm in diameter (Figure 1F). TEM exhibits
significantly smaller size of the particles and good correlation with DLS, as TEM involves imaging of
dry nanoparticles, whereas DLS is a measure of the hydrodynamic diameter.

3.2. PtNPs Decreased the Survival and Proliferation of THP-1 Cells

First, to evaluate the cytotoxic effects of PtNPs on THP-1 cells, we performed a mitochondria-based
viability assay (CCK-8) using different doses of PtNPs. The higher doses of PtNPs (100–150 µg/mL)
had a drastic effect on THP-11 viability, reducing cell viability to 60 ± 6.5% after 24 h of exposure
(p < 0.05). This tendency continued, reaching 90% ± 7% after 24 h (Figure 2A). In contrast, compared to
the control cells, low doses of PtNPs (25 µg/mL) did not significantly affect cell viability during the
first 24 h of exposure (p > 0.05). Viability of THP-1 cells decreased by 90–95% after 24 h of treatment.
Comparison of cell viability kinetics of THP-1 indicated that all PtNP treatments reduced the total
number of viable cells after 24 h of treatment. Results of the CCK-8 assay showed that PtNPs reduced
the number of viable cells in a dose-dependent manner in the concentration range of 25–150 µg/mL.

Figure 2. PtNPs reduced the viability and proliferation of THP-1 cells. (A) Viability of THP-1 cells was
determined after 24 h exposure to different concentrations of PtNPs (25–150 µg/mL). (B) Proliferation
of THP-1 cells was determined using the BrdU assay after 24 h exposure to different concentrations of
PtNPs (25–150 µg/mL).

Next, we evaluated the potential anti-proliferative effect of PtNPs on THP-1 cells. For this purpose,
we cultured THP-1 cells in the presence of different concentrations of PtNPs. Treatment of THP-1 with
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PtNPs (25–150 µg/mL) for 24 h reduced cell proliferation to 25% at 50 µg/mL and to 85% at 150 µg/mL.
These observations indicate that PtNPs exhibit dose-dependent cytotoxicity of THP-1 cells by inhibiting
cell proliferation (Figure 2B). Yogesh et al. [48] reported in vitro and in vivo activities of biosynthesized
PtNPs against human lung cancer, and PtNPs inhibited tumor growth by 66% in Severe combined
immunodeficient mice SCID mice. Recently, Gurunathan et al. [38] reported that graphene oxide and
reduced graphene oxide reduced the viability and proliferation of THP-1 cells.

3.3. PtNPs Altered Cell Morphology

Changes in cell morphology by PtNPs were assessed using a digital microscope (Figure 3).
Compared to the control, cells treated with various concentrations of PtNPs displayed significant
changes in morphology, including loss of uniformity and remarkable shrinkage around the cell clusters.
(Figure 3). The consistency in results obtained for cell viability, cell proliferation, and LDH leakage
assay, trypan blue staining, and digital microscopy after PtNP treatments indicated that PtNPs affect
cell survival and eventually cause cytotoxicity. Similarly, U87 glioblastoma cells treated with various
concentrations of PtNPs showed characteristic cell death morphology with long branched protrusions.
Compared to that in the control, PtNPs treatment reduced the cell number and the length of the cell
protrusions [49]. At higher concentrations, the cells exposed to PtNPs clearly show membrane blebbing
and loss of plasma membrane integrity. Collectively, the results suggest that PtNPs can alter cell
morphology. Chronic exposure of human bronchial cells BEAS-2B cells with crystalline silica Min-U-Sil
5 induces epithelial-to-mesenchymal transition via argpyrimidine-modified Hsp70, miR-21 and SMAD
signaling [50].

Figure 3. PtNPs altered the morphology of THP-1 cells. The effect of PtNPs on cell morphology was
determined after 24 h exposure to different concentrations of PtNPs (25–150 µg/mL) using an optical
microscope. The results are expressed as mean ± standard deviation of three independent experiments.
At least three independent experiments were performed for each sample. The treated groups showed
statistically significant differences from the control group per the Student’s t-test (* p < 0.05). Scale bar
200 µm.

3.4. PtNPs Induced Toxicity via Increase in LDH Leakage and Decrease in THP-1 Cell Viability

THP-1 cells were treated with different concentrations (25–150 µg/mL) of PtNPs for 24 h, and LDH
leakage, which acts as a sensitive and integrated tool for measuring the integrity of the cell membrane,
was determined [35]. Biotoxicity of nanomaterials can be estimated from the leakage of LDH, which is
released in culture medium from cells after plasma membrane damage. LDH is commonly known as
an indicator of NP penetration into cells; it is ubiquitously present in nearly all cells and is expelled
through the damaged plasma membrane into the extracellular space [51]. Plasma membrane damage
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is the major cause of cell death. Several studies have shown that nanoparticles increase LDH leakage in
various cell types, including human breast cancer, ovarian cancer, adenocarcinoma, and neuroblastoma
cells [34,47,52,53]. Our results also demonstrated that PtNPs induced LDH leakage in a dose-dependent
manner (Figure 4A). Similarly, Wright et al. [54] had demonstrated that carbon nanodots increased
LDH leakage in THP-1 cells.

Figure 4. PtNPs increased lactate dehyrogenase (LDH) leakage and cell death. (A) THP-1 cells were
treated with PtNPs (25–150 µg/mL) for 24 h, and LDH activity was measured at 490 nm using the
LDH cytotoxicity kit. (B) Cell death was determined using trypan blue assay after 24 h of exposure
to (25–150 µg/mL). Cell death was quantified as the ratio of living cells. At least three independent
experiments were performed for each sample. The results are expressed as mean ± standard deviation
of three independent experiments. The treated groups showed statistically significant differences from
the control group per the Student’s t-test (* p < 0.05).

To further confirm the results obtained from the LDH assay, we counted the number of cells after
staining with trypan blue. Incubation of cells with various concentrations of PtNPs for 24 h significantly
reduced cell viability (Figure 4B). Results suggest that membrane integrity was compromised in
PtNPs-treated cells. Kutwin et al. [49] demonstrated the effect of PtNPs on U87 glioma cells; their
results suggested that the cells treated with PtNPs showed morphological deformations, DNA
damage, decreased metabolic activity, and genotoxic effects. Exposure of human cervical cancer
SiHa cells to platinum-copper alloy nanoparticles inhibited cell proliferation and enhanced nuclear
morphological changes, including cell shrinkage, intranucleosomal DNA fragmentation, and chromatin
condensation [55]. Collectively, PtNPs potentially induce membrane damage in THP-1 cells. Similarly,
carbon nanoparticles such as graphene oxide and reduced graphene oxide increased LDH level and
decreased THP-1 proliferation [38].

3.5. PtNPs Induced ROS Generation and Expression of Oxidative Stress Markers

Oxidative stress results from an imbalance between ROS production and ROS scavenging activity
in cells. The balance between pro- and anti-oxidants determines various cellular functions, signal
transductions pathways, and cellular metabolism [56]. ROS play an important role in the progression
of several diseases, including inflammation, atherosclerosis, aging, and age-related degenerative
disorders. We determined the effect of PtNPs on ROS induction in THP-1 cells. PtNPs induced the
generation of significant levels of ROS in THP-1 cells (Figure 5A). PtNPs modulate oxidative stress by
impairing receptor activator of nuclear factor-κB ligand (RANKL) signaling [57]. Our results showed
that ROS production is a common mechanism of toxicity both in vitro and in vivo.

Furthermore, oxidative stress induced by PtNPs has been correlated with lipid peroxidation
(Figure 5B), which increases MDA levels in cells, eventually leading to oxidative damage of
mitochondrial DNA, alterations in the mitochondrial membrane potential, and changes in the
expression of key antioxidant enzymes such as SOD2 [58–61]. The exposure of THP-1 cells to
PtNPs increased MDA concentration in a dose-dependent manner after 24 h. As shown in Figure 5B,
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compared to that in the control, MDA level increased continuously with PtNP dose. Our results
suggest that adaptation of the antioxidative system was not sufficient to prevent damage to membrane
lipids induced by increasing doses of PtNPs. Significant elevation of MDA levels was observed in
PtNP-treated THP-1 cells. The lipid peroxidation (LPO) products may subsequently affect the structure
of DNA bases [62], proteins, and carbohydrates. Similar results were reported in Medical Research
Council cell MRC [63] and human bronchial epithelial BEAS-2B cells exposed to TiO2 nanoparticles [58]
and silver nanoparticles [35]. LPO-generated 4-hydroxynonenal (HNE) and its protein adducts as
possible mechanism of PtNPs induced cytotoxicity in THP-1 cells. Although we measured LPO levels
using TABARS, this assay cannot be considered an optimal bio-analysis method for LPO. Therefore,
the future focus will be on immunochemical analysis of HNE-protein adducts, which is a more
reliable and significant biomarker and could further support mechanistic studies on PtNP bioactivities.
To further investigate the PtNP-induced ROS-mediated cellular responses, we determined the levels of
reactive nitrogen species such as the NO radical and products that are formed by its reaction with the
superoxide anions, e.g., peroxynitrite and nitrous oxide radicals [64]. NO is one of the most widespread
signaling molecules in mammals. It modulates various physiological reactions, including vasodilation
and relaxation of smooth muscles associated with circulation, neurotransmission in various neural
processes, and regulation of immunological defense mechanisms [65]. The effect of PtNPs on NO
production and inflammatory responses remains unclear. Cells treated with PtNPs showed higher
levels of NO than the control groups (Figure 5C). The results obtained from the NO assay are consistent
with those obtained from the cell viability and LDH assays. Exposure of airway epithelial cells to
crystalline silica induces mitochondrial mediated apoptotic pathway via a novel mechanism involving
Hsp70, JNK, and NF-κB [66].

Figure 5. PtNPs induced reactive oxygen species (ROS) generation, lipid peroxidation, and nitric oxide
production, and increased protein carbonyl content. THP-1 cells were treated with PtNPs (25–150µg/mL)
for 24 h. (A) Spectrophotometric analysis of ROS using DCFH-DA. (B) Malondialdehyde (MDA)
concentration was measured using a thiobarbituric acid-reactive substances assay and was expressed
as nanomoles per milliliter. (C) Nitric oxide (NO) production was quantified spectrophotometrically
using the Griess reagent and expressed as micromoles per milliliter (D). Protein carbonyl content was
determined and expressed relative to the total protein content. The results are expressed as mean
± standard deviation of three independent experiments. The treated groups showed statistically
significant differences from the control group per the Student’s t-test (* p < 0.05).
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Protein carbonylation, a marker of oxidative stress, is involved in various metabolic diseases.
Carbonylation is dependent upon the severity of oxidative stress in cells. For instance, in highly
oxidative cells such as macrophages, ROS produced by the NADPH oxidase system may lead to the
formation of significant amounts of lipid aldehydes that covalently modify endogenous enzymes
and proteins [67]. Therefore, we determined the dose-dependent effect of PtNPs on carbonylation of
proteins in THP-cells. Results showed that increasing the dose of PtNPs directly increased intracellular
protein carbonyl content by 10–18-fold compared to control cells (Figure 5D). The results regarding
these oxidative stress biomarkers indicate a close relationship between cytotoxicity and oxidative stress
generated by PtNP treatment. Antognelli et al. (2009) [68] demonstrated the effect of crystalline silica
Min-U-Sil 5 on oxidative stress, efficiency of antiglycation and antioxidant enzymatic defenses.

Similarly, after treatment with silver nanoparticles, THP-1-derived macrophages showed an
approximately 3-fold higher level of protein carbonyls than control cells [69]. Thus, we concluded
that PtNP-induced oxidative stress is responsible for the observed cytotoxic effects. Recently,
Gurunathan et al. (2019) [38] reported that graphene oxide and reduced graphene oxide increased the
level of oxidative stress in THP-1 cells by increasing ROS levels, lipid peroxidation, nitric oxide levels,
and protein carbonylation.

3.6. Effect of PtNPs on Antioxidant Markers

The most common negative outcome of the use of nanoparticles as therapeutic molecules for
cancer is the excessive generation of ROS, which is a key factor in NP-induced toxicity [70]. Imbalance
in oxidative status occurs due to production of higher levels of ROS in the system. Thus, antioxidants
are required to scavenge the excess free radicals. Reoccurrence of oxidative stress eventually leads to
inflammation. Studies have reported that PtNPs are suitable agents for reducing ROS levels under
certain conditions [71]. Hence, we attempted to determine the effect of higher concentration and
smaller size (larger surface area) of PtNPs on THP-1 cells. To determine the effect of PtNP size on the
cellular levels of various antioxidants, we analyzed the expression of markers such as GSH, CAT, SOD,
GPx, GST, and GR. Results revealed that the levels of all the tested markers were significantly lower in
the treated cells than in the control, and the reduction occurred in a dose-dependent manner (Figure 6).
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Figure 6. Effect of PtNPs on anti-oxidant markers. THP-1 cells were treated with different concentrations
of PtNPs (25–150 µg/mL) for 24 h. After incubation, the cells were harvested and washed twice with
ice-cold phosphate-buffered saline solution. The cells were collected and disrupted by ultrasonication
for 5 min on ice. (A) Glutathione (GSH) concentration was expressed as percentage of control.
(B) Catalase (CAT) was expressed as percentage of control. (C) Superoxide dismutase (SOD) was
expressed as percentage of control. (D) Glutathione peroxidase (GPx) concentration was expressed as
percentage of control. (E) Glutathione S-transferase (GST) concentration was expressed as percentage of
control. (F) Glutathione reductase (GR) concentration was expressed as percentage of control. Results
are expressed as mean ± standard deviation of three independent experiments. There was a significant
difference between treated and untreated cells per Student’s t-test (* p < 0.05).

The potential effect of different metallic nanoparticles on the production of either ROS or
antioxidants depends on their chemical composition, particle size, surface area, and shape, as well
as on the mode of interaction with cells, aggregation, inflammation, and pH of the medium [70,72].
Importantly, the imbalance between ROS and antioxidants at the cellular level is dependent on the
concentration of NPs. Exposure to low NP concentration improves the endogenous antioxidant defense
system, which combats the damaging consequences of oxidative stress and recovers redox balance,
whereas exposure to high NP concentrations induces excess ROS formation, which overwhelms the
antioxidant system and causes cytotoxicity and inflammation [73]. Similarly, the exposure of PC12
cells to SiO2-NPs for 24 h resulted in apoptosis, accompanied by increased intracellular ROS levels
and oxidative damage due to depletion of glutathione (GSH), production of methane dicarboxylic
aldehyde, and inhibition of SOD. Accordingly, the antioxidant defense system of THP-1 cells reacted
negatively to PtNP toxicity by decreasing the level of antioxidant markers. The possible mechanism
underlying reduction in the level of antioxidants involved interaction between the sulfhydryl groups or
inhibition of several cellular activities involving cysteine uptake [63]. Collectively, our results indicated
that reductions in the levels of GSH, CAT, SOD, GPx, GST, and GR, and elevations of the levels of ROS,
MDA and carbonylated protein, impede the activity of the antioxidant defense mechanisms in THP-1
cells, which cannot efficiently counteract the oxidative stress induced by exposure to PtNPs, resulting
in cellular damage. Recently, Gurunathan et al. (2019) [38] reported that graphene oxide and reduced
graphene oxide treatment lowered the level of antioxidant proteins in THP-1 cells.

3.7. PtNPs Impaired Mitochondrial Membrane Potential (MMP) and Decreased ATP Level

Mitochondria are vital organelles involved in the nanoparticle-induced generation of cellular
ROS via depolarization of MMP and interference with the electron-transport chain [73]. NP exposure
can block the mitochondrial electron-transport chain, consequently increasing the cellular levels of
superoxide radicals via electron transfer from respiratory carriers to molecular oxygen [74]. To determine
the effect of PtNPs on MMP in THP-1 cells, the cells were treated with various concentrations of
PtNPs for 24 h and the MMP level was determined. The MMP level in cells treated with various
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concentrations of PtNPs was lower than that in the control group (Figure 7A). Almeer et al. (2018) [75]
suggested that a decrease in MMP level is cytotoxic to HEK293 cells.

Figure 7. PtNPs decreased mitochondrial membrane potential (MMP) and ATP content. (A) THP-1
cells were treated with PtNPs (25–150 µg/mL) for 24 h, and the mitochondrial membrane potential
(MMP) was determined using the cationic fluorescent indicator JC-1. (B) THP-1 cells were treated with
PtNPs (25–150 µg/mL) for 24 h and the intracellular ATP content was determined according to the
manufacturer’s instructions (Catalogue Number MAK135; Sigma-Aldrich). The results are expressed
as the mean ± standard deviation of three independent experiments. The treated groups showed
statistically significant differences from the control group per the Student’s t-test (* p < 0.05).

The ATP level is crucial for regulating cellular metabolic activity; therefore, we investigated the
dose-dependent effect of PtNP on ATP level. The results showed that ATP content decreased in cells
treated with PtNPs, which is in agreement with the decrease in cellular metabolism in the cell viability
test (Figure 7B). Similarly, the exposure of human colon cancer cells to silver nanoparticles altered MMP,
lowered ATP concentration, and increased Bax expression. Recently, Gurunathan et al. (2019) [38]
reported that graphene oxide and reduced graphene oxide treatment lowers ATP level in THP-1 cells.

3.8. PtNPs Increased the Expression of Proapoptotic Genes and Decreased the Expression of Antiapoptotic Genes

To investigate the mechanisms associated with DNA damage and apoptosis in PtNPs-treated
THP-1 cells, we determined the expression of key genes involved in mitochondria-mediated apoptosis.
Results showed significantly higher expression of proapoptotic genes such as those encoding p53, p21,
Bax, Bak, caspase 9, and caspase 3 (Figure 8). A previous study showed that exposure of THP-1 cells to
ZnONPs increased the expression of endoplasmic reticulum (ER) stress- and apoptosis-related gene
expression, which is dependent on the interactions between ZnONPs and biological molecules [76].
Similarly, Almeer et al. [75] reported increase in the levels of Bax and caspase 3 and decrease in the
level of Bcl2 in PtNP-treated HEK293 cells. The downregulation of Bcl-2 mRNA and concomitant
upregulation of proapoptotic genes indicated that Bcl-2 and Bax play a key role in the execution
of apoptosis and that the Bcl-2 family is involved in the regulation of apoptosis. Similarly, carbon
nanoparticles such as graphene oxide and reduced graphene oxide increased the expression of
proapoptotic genes and downregulated antiapoptotic genes in THP-1 cells.
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Figure 8. Effect of PtNPs on expression of pro and anti-apoptotic genes. THP-1 cells were treated with
various concentrations of PtNPs (25–150 µg/mL) for 24 h. The mRNA expression of apoptotic and
antiapoptotic genes was analyzed using quantitative reverse-transcription polymerase chain reaction in
THP-1 cells treated for 24 h with PtNPs. After 24 h, the fold change in the expression was determined
relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. Results are expressed as
mean fold change ± standard deviation from three independent experiments. There was a significant
difference between treated cells and untreated cells per Student’s t-test (* p < 0.05).

3.9. PtNPs Increased Oxidative Damage to DNA and RNA

Nanoparticle-induced oxidative stress and DNA damage may alter cell proliferation, differentiation,
or cell-to-cell signaling [77]. It is well-known that nanoparticle-induced ROS can generate 8-oxodG
and 8-oxo-G, markers of oxidative DNA and RNA damage, respectively [78], and major ROS-induced
oxidative modifiers [79,80]. 8-Oxo-dG and 8-oxo-G levels were determined to evaluate the effects of
PtNP-induced ROS on DNA damage in THP-1 cells. Exposure of THP-1 cells to various concentrations
of PtNPs for 24 h increased oxidative DNA damage, as indicated by a significant elevation in
8-oxo-dG and 8-oxo-G production. Results indicated that PtNPs dose-dependently increased the
level of 8-oxo-dG and 8-oxo-G (Figure 9A,B). Compared to the control groups, a significant difference
was observed in DNA and RNA damage by measuring the levels of 8-oxo-dG and 8-oxo-G after
exposure to PtNPs for 24 h. Hydroxyl radical is a crucial molecule that damages nucleic acids and
other biomolecules. Excessive hydroxyl radical attacks adjacent DNA strands both in the nucleus
and mitochondria, eventually generating different types of oxidation products [81]. RNA is more
susceptible than DNA due to lack of specific RNA-protecting proteins in living cells [82]. Gurunathan
and colleagues have observed that carbon nanomaterials such as graphene oxide and reduced graphene
oxide cause oxidative DNA damage by increasing the levels of 8-oxodG and 8-oxo-G in THP-1 cells [38].
The mechanism underlying DNA damage might involve cross-linking of phospholipid membranes by
smaller PtNPs, which reach the nucleus and bind to DNA [83]. This might lead to direct induction of
DNA damage by these small particles. Collectively, the smaller PtNPs (2 nm) can potentially cause
DNA damage in THP-1 cells.
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Figure 9. PtNPs increase oxidative damage to DNA and RNA. (A) THP-1 cells were treated with
various concentrations of PtNPs (25–150 µg/mL) for 24 h. 8-Oxo-dG level was measured after 24 h
of exposure. (B) THP-1 cells were treated with various concentrations of PtNPs (25–150 µg/mL) for
24 h. 8-Oxo-G level was measured after 24 h of exposure. Results are expressed as mean ± standard
deviation from three independent experiments. There was a significant difference between treated cells
and untreated cells per Student’s t-test (* p < 0.05).

3.10. PtNPs Regulated DNA Damage and Repair Genes

Oxidative stress is one of the most common mechanisms of nanoparticle-induced DNA damage,
and oxidatively-induced DNA lesions are predominantly repaired by the base excision repair (BER)
pathway. Damage to DNA bases due to oxidative stress are deleterious, leading to stalled replication
forks, mutations, and eventually cell death [84]. To understand the genotoxicity of PtNPs, we
assessed the expression of various genes involved in DNA repair as an adaptive response to PtNPs.
We determined the expression levels of relevant DNA glycosylases involved in BER, such as OGG1,
APEX1, CREB1, POLB, UMG, and GADD45A. PtNP treatment upregulated all the tested genes in a
dose-dependent manner (Figure 10). These results indicated that the PtNPs modulate the expression
of DNA glycosylases. Titanium dioxide NPs (TiO2 NPs) induce the activation of the serine/threonine
kinase ATM/Chk2, which is involved in the DDS signaling pathway [85]. TiO2 NPs-induced increase in
the expression of ATM in hepatocellular carcinoma cells (HepG2) leads to induction of double strand
breaks (DSBs), chromatin condensation, nuclear fragmentation, and apoptosis due to increased ROS
production and subsequent DNA damage [86]. The exposure of cells to engineered nanomaterials
affects the functioning of the entire cellular system, including fidelity of DNA replication and cell
division, resulting in wide ranging DNA lesions that include genome rearrangements, single strand
breaks (SSBs), DSBs, intra/inter strand breaks (SBs), and formation of modified bases. DNA lesions can
lead to chromosomal aberrations, mutations, apoptosis, carcinogenesis, or cellular senescence [87–90].
Gurunathan and colleagues observed that carbon nanomaterials such as graphene oxide and reduced
graphene oxide cause oxidative DNA damage by increasing the expression of DNA damage and repair
genes in THP-1 cells [38].
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Figure 10. PtNPs aberrantly upregulate DNA damage and repair genes. THP-1 cells were treated with
various concentrations of PtNPs (25–150 µg/mL) for 24 h. mRNA expression of DNA damage-related
genes was analyzed using quantitative reverse-transcription polymerase chain reaction in THP-1 cells
treated for 24 h. After 24 h of treatment, fold change in expression was determined with respect to
GAPDH level. Results are expressed as mean fold changes ± standard deviation of three independent
experiments. There was a significant difference between treated cells and untreated cells per Student’s
t-test (* p < 0.05).

3.11. PtNPs Increased the Expression of Proinflammatory Cytokines and Chemokines

ROS cause oxidative damage to various macromolecules, including proteins, lipids, and nucleic
acids [91]. Repair of DNA lesions is crucial for maintaining genomic integrity, whereas other
oxidatively damaged macromolecules undergo degradation [92]. Previous studies have reported that
proinflammatory cytokines are induced after exposure of RAW264.7 macrophages [93] and THP-1
monocytes [94,95] to PM2.5. However, studies on the effect of PtNPs on THP-1 cells are lacking so far.
Therefore, we investigated the molecular mechanism of macrophage inflammatory responses to PtNPs.
To determine whether proinflammatory cytokines are upregulated in THP-1 cells after exposure to
PtNPs, we determined the protein levels of interleukin-1β (IL-1β), IL-6, IL-8, tumor necrosis factor-α
(TNF-α), granulocyte-macrophage colony-stimulating factor (GM-CSF), and monocyte chemoattractant
protein 1 (MCP-1). Exposure of THP-1 cells to PtNPs significantly increased the expression levels of
IL-1β, IL-6, IL-8, TNF-α, GM-CSF, and MCP-1 in a dose-dependent manner (Figure 11).

Figure 11. Effect of PtNPs on cytokine and chemokine levels. THP-1 cells were treated with various
concentrations of PtNPs (25–150 µg/mL) for 24 h. Cytokine concentration was measured in the cell culture
supernatant after PtNP treatment. All values are in picograms and are represented as mean ± SE.
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Gold nanoparticles (GNPs) altered proinflammatory cytokine expression in rat liver and kidneys.
Exposure of innate immune cells such as macrophages, dendritic cells, and monocytes to SiNPs
increased production of pro-inflammatory cytokines such as IL-1b and IL-18 [96]. The expression levels
of IL-1, IL-6, and TNF-α were significantly increased in silver nanoparticle-treated THP-1 cells and
primary blood monocytes [97]. Recently, Khan et al. [98] reported that a single intraperitoneal injection
of small-sized GNPs (5 nm) significantly increased IL-1 beta and IL-6 mRNA expressions in mouse brain,
whereas the larger GNPs (20 and 50 nm) did not produce any inflammatory response. This indicates
that the size of the nanoparticles plays a critical role in cytokine production. Gomez et al. [99] evaluated
the potential in vitro immunomodulatory effect of 12-nm and 200-nm SiNPs on the expression of
pro-inflammatory cytokines and NLRP3 inflammasome components in human primary neutrophils
and peripheral blood mononuclear cell PBMCs. They observed that SiNPs induced the production of
pro-inflammatory cytokines in a dose-dependent manner. Exposure of macrophages to atmospheric
particulate matter with aerodynamic diameter less than 2.5 µm (PM2.5) significantly increased
the intracellular levels of TNF-α, IL-1β, and IL-6, in both a dose- and time-dependent manner.
Recently, Gurunathan et al. [38] suggests that graphene oxide and reduced graphene oxide aberrantly
increase the expression of proinflammatory cytokines and chemokines. Our findings demonstrate
that the smaller size of PtNPs is responsible for the production of proinflammatory cytokines in a
dose-dependent manner.

4. Conclusions

Owing to their unique physical and chemical properties, metallic nanoparticles (NPs) are being
used in biomedical applications and as consumer products. Pt is also used as a vehicle exhaust
catalyst, leading to possible exposure via inhalation. Despite their use, data on the cytotoxic, genotoxic,
and proinflammatory responses to them and possible size-dependent effects are limited, particularly
for PtNPs. Therefore, we analyzed the effect of ultra-small PtNPs (1–2 nm) on cytotoxicity, genotoxicity,
and proinflammatory responses in THP-1 cells. First, we synthesized PtNPs using apigenin and
characterized them using various analytical techniques. PtNPs caused cytotoxicity by decreasing cell
viability and proliferation in a dose-dependent manner. The potential cytotoxicity of PtNPs on cellular
redox systems was determined by determining LDH leakage, ROS generation, lipid peroxidation,
and expression of antioxidants. Interestingly, LPO-generated 4-hydroxynonenal (HNE) and its protein
adducts could play crucial role in cytoto, geno and immunotoxicity and these products could be a
possible mechanism of PtNPs-induced toxicity (Figure 12). Studies are required to address these
biological effects of PtNP which will be a focus point of future research. The results suggest that
PtNPs potentially induce oxidative stress by increasing the levels of oxidative stress markers such
as ROS and lipid peroxidation, and decrease the levels of antioxidant markers. The involvement
of mitochondria in oxidative stress and genotoxicity was determined by assessing MMP, ATP level,
and gene expression. The results of all these cellular assays clearly suggest that PtNPs treatment
potentially leads to loss of mitochondrial functions. The possible mechanism of PtNPs-induced cell
death was confirmed by gene expression analysis, which revealed upregulation of apoptotic markers
such as p53, p21, Bax, Bak, caspase 9, and caspase 3, and simultaneous downregulation of antiapoptotic
genes encoding Bcl-2 and Bcl-xl. The impact on DNA damage was confirmed by increased expression
of DNA damage and repair genes associated with increases in the levels of 8-oxoG. PtNP treatment
increased oxidative DNA damage and impaired DNA integrity. Altogether, PtNPs were able to
stimulate multiple stress responses such as oxidative stress, cytotoxicity, genotoxicity, and secretion of
proinflammatory cytokines. However, further in vivo and molecular mechanistic studies are necessary
to understand the trafficking patterns of these nanoparticles inside cells and the mechanism underlying
the proinflammatory response.
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Figure 12. The possible mechanism of PtNPs on induced cyto, geno and immunotoxicity through
oxidative stress, LPO-generated 4-hydroxynonenal (HNE) and its protein adducts and DNA damage in
THP-1 cells.
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Mašić, A.; et al. Toxicity of silver nanoparticles in human macrophages: Uptake, intracellular distribution
and cellular responses. J. Phys. Conf. Ser. 2011, 304, 012030. [CrossRef]

70. Dayem, A.A.; Kim, B.; Gurunathan, S.; Choi, H.Y.; Yang, G.; Saha, S.K.; Han, D.; Han, J.; Kim, K.; Kim, J.-H.;
et al. Biologically synthesized silver nanoparticles induce neuronal differentiation of SH-SY5Y cells via
modulation of reactive oxygen species, phosphatases, and kinase signaling pathways. Biotechnol. J. 2014, 9,
934–943. [CrossRef]

71. Yusof, F.; Ismail, N.A.S. Antioxidants effects of platinum nanoparticles: A potential alternative treatment to
lung diseases. J. App. Pharm. Sci. 2015, 5, 140–145. [CrossRef]

72. Fu, P.P.; Xia, Q.; Hwang, H.-M.; Ray, P.C.; Yu, H. Mechanisms of nanotoxicity: Generation of reactive oxygen
species. J. Food Drug Anal. 2014, 22, 64–75. [CrossRef] [PubMed]

73. Nel, A.; Xia, T.; Mädler, L.; Li, N. Toxic potential of materials at the nanolevel. Science 2006, 311, 622.
[CrossRef] [PubMed]

74. Lushchak, O.; Zayachkivska, A.; Vaiserman, A. Metallic nanoantioxidants as potential therapeutics for type
2 diabetes: A hypothetical background and translational perspectives. Oxid. Med. Cell Longev. 2018, 2018, 9.
[CrossRef] [PubMed]

75. Almeer, R.S.; Ali, D.; Alarifi, S.; Alkahtani, S.; Almansour, M. Green platinum nanoparticles interaction with
HEK293 cells: Cellular toxicity, apoptosis, and genetic damage. Dose Response 2018, 16. [CrossRef]

76. Gong, Y.; Li, X.; Liao, G.; Ding, Y.; Li, J.; Cao, Y. Cytotoxicity and ER stress–apoptosis gene expression in
ZnO nanoparticle exposed THP-1 macrophages: Influence of pre-incubation with BSA or palmitic acids
complexed to BSA. RSC Adv. 2018, 8, 15380–15388. [CrossRef]

77. Eustaquio, T.; Leary, J.F. Single-cell nanotoxicity assays of superparamagnetic iron oxide nanoparticles.
Methods Mol. Biol. 2012, 926, 69–85. [CrossRef] [PubMed]

78. Guo, C.; Ding, P.; Xie, C.; Ye, C.; Ye, M.; Pan, C.; Cao, X.; Zhang, S.; Zheng, S. Potential application of the oxidative
nucleic acid damage biomarkers in detection of diseases. Oncotarget 2017, 8, 75767. [CrossRef] [PubMed]

79. Fleming, A.M.; Zhou, J.; Wallace, S.S.; Burrows, C.J. A Role for the fifth G-Track in G-Quadruplex forming
oncogene promoter sequences during oxidative stress: Do these “Spare Tires” have an evolved function?
ACS Central Sci. 2015, 1, 226–233. [CrossRef]

80. Guo, C.; Li, X.; Wang, R.; Yu, J.; Ye, M.; Mao, L.; Zhang, S.; Zheng, S. Association between oxidative DNA
damage and risk of colorectal cancer: sensitive determination of urinary 8-Hydroxy-2′-deoxyguanosine by
UPLC-MS/MS Analysis. Sci. Rep. 2016, 6, 32581. [CrossRef]

81. Valko, M.; Izakovic, M.; Mazur, M.; Rhodes, C.J.; Telser, J. Role of oxygen radicals in DNA damage and
cancer incidence. Mol. Cell. Biochem. 2004, 266, 37–56. [CrossRef]

http://dx.doi.org/10.1166/jnn.2010.2682
http://dx.doi.org/10.1016/j.cbi.2005.12.009
http://dx.doi.org/10.18388/abp.2010_2416
http://www.ncbi.nlm.nih.gov/pubmed/20835408
http://dx.doi.org/10.1016/j.niox.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20547235
http://dx.doi.org/10.1016/S0891-5849(98)00092-6
http://dx.doi.org/10.1016/j.freeradbiomed.2015.03.026
http://dx.doi.org/10.1016/j.tem.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22742812
http://dx.doi.org/10.1016/j.cbi.2009.08.002
http://dx.doi.org/10.1088/1742-6596/304/1/012030
http://dx.doi.org/10.1002/biot.201300555
http://dx.doi.org/10.7324/JAPS.2015.50722
http://dx.doi.org/10.1016/j.jfda.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24673904
http://dx.doi.org/10.1126/science.1114397
http://www.ncbi.nlm.nih.gov/pubmed/16456071
http://dx.doi.org/10.1155/2018/3407375
http://www.ncbi.nlm.nih.gov/pubmed/30050652
http://dx.doi.org/10.1177/1559325818807382
http://dx.doi.org/10.1039/C8RA02509F
http://dx.doi.org/10.1007/978-1-62703-002-1_5
http://www.ncbi.nlm.nih.gov/pubmed/22975957
http://dx.doi.org/10.18632/oncotarget.20801
http://www.ncbi.nlm.nih.gov/pubmed/29088908
http://dx.doi.org/10.1021/acscentsci.5b00202
http://dx.doi.org/10.1038/srep32581
http://dx.doi.org/10.1023/B:MCBI.0000049134.69131.89


Cells 2019, 8, 444 23 of 23

82. Nunomura, A.; Moreira, P.I.; Takeda, A.; Smith, M.A.; Perry, G. Oxidative RNA Damage and
Neurodegeneration. Curr. Med. Chem. 2007, 14, 2968–2975. [CrossRef] [PubMed]

83. Tsoli, M.; Kuhn, H.; Brandau, W.; Esche, H.; Schmid, G. Cellular uptake and toxicity of Au55 clusters. Small
2005, 1, 841–844. [CrossRef] [PubMed]

84. Fleming, A.M.; Ding, Y.; Burrows, C.J. Oxidative DNA damage is epigenetic by regulating gene transcription
via base excision repair. Proc. Nat. Acad. Sci. USA 2017, 114, 2604–2609. [CrossRef] [PubMed]

85. Prasad, R.Y.; Chastain, P.D.; Nikolaishvili-Feinberg, N.; Smeester, L.; Kaufmann, W.K.; Fry, R.C. Titanium
dioxide nanoparticles activate the ATM-Chk2 DNA damage response in human dermal fibroblasts.
Nanotoxicology 2013, 7, 1111–1119. [CrossRef] [PubMed]

86. El-Said, K.S.; Ali, E.M.; Kanehira, K.; Taniguchi, A. Molecular mechanism of DNA damage induced by
titanium dioxide nanoparticles in toll-like receptor 3 or 4 expressing human hepatocarcinoma cell lines.
J. Nanobiotechnol. 2014, 12, 48. [CrossRef] [PubMed]

87. Singh, N.; Jenkins, G.J.S.; Nelson, B.C.; Marquis, B.J.; Maffeis, T.G.G.; Brown, A.P.; Williams, P.M.; Wright, C.J.;
Doak, S.H. The role of iron redox state in the genotoxicity of ultrafine superparamagnetic iron oxide
nanoparticles. Biomaterials 2012, 33, 163–170. [CrossRef] [PubMed]

88. Broustas, C.G.; Lieberman, H.B. BIOONE 2014, 181, 111–130.
89. Evans, S.J.; Clift, M.J.D.; Singh, N.; de Oliveira Mallia, J.; Burgum, M.; Wills, J.W.; Wilkinson, T.S.; Jenkins, G.J.S.;

Doak, S.H. Critical review of the current and future challenges associated with advanced in vitro systems
towards the study of nanoparticle (secondary) genotoxicity. Mutagenesis 2017, 32, 233–241. [CrossRef] [PubMed]

90. Biola-Clier, M.; Beal, D.; Caillat, S.; Libert, S.; Armand, L.; Herlin-Boime, N.; Sauvaigo, S.; Douki, T.;
Carriere, M. Comparison of the DNA damage response in BEAS-2B and A549 cells exposed to titanium
dioxide nanoparticles. Mutagenesis 2017, 32, 161–172. [CrossRef] [PubMed]

91. Radak, Z.; Boldogh, I. 8-Oxo-7,8-dihydroguanine: Links to gene expression, aging, and defense against
oxidative stress. Free Radic. Biol. Med. 2010, 49, 587–596. [CrossRef]

92. Beal, M.F. Oxidatively modified proteins in aging and disease1, 21Guest Editor: Earl Stadtman2This article
is part of a series of reviews on “Oxidatively Modified Proteins in Aging and Disease.” The full list of papers
may be found on the homepage of the journal. Free Radic. Biol. Med. 2002, 32, 797–803. [CrossRef]

93. Jalava, P.I.; Salonen, R.O.; Pennanen, A.S.; Sillanpää, M.; Hälinen, A.I.; Happo, M.S.; Hillamo, R.; Brunekreef, B.;
Katsouyanni, K.; Sunyer, J.; et al. Heterogeneities in inflammatory and cytotoxic responses of RAW 264.7
macrophage cell line to urban air coarse, fine, and ultrafine particles from six european sampling campaigns.
Inhal. Toxicol. 2007, 19, 213–225. [CrossRef] [PubMed]

94. Corsini, E.; Budello, S.; Marabini, L.; Galbiati, V.; Piazzalunga, A.; Barbieri, P.; Cozzutto, S.; Marinovich, M.;
Pitea, D.; Galli, C.L. Comparison of wood smoke PM2.5 obtained from the combustion of FIR and beech
pellets on inflammation and DNA damage in A549 and THP-1 human cell lines. Arch. Toxicol. 2013, 87,
2187–2199. [CrossRef] [PubMed]

95. Zhang, Y.; Wang, S.; Zhu, J.; Li, C.; Zhang, T.; Liu, H.; Xu, Q.; Ye, X.; Zhou, L.; Ye, L. Effect of Atmospheric
PM2.5 on expression levels of NF-kappaB genes and inflammatory cytokines regulated by nf-kappab in
human macrophage. Inflammation 2018, 41, 784–794. [CrossRef]

96. Kusaka, T.; Nakayama, M.; Nakamura, K.; Ishimiya, M.; Furusawa, E.; Ogasawara, K. Effect of silica particle
size on macrophage inflammatory responses. PLoS ONE 2014, 9, e92634. [CrossRef] [PubMed]

97. Murphy, A.; Casey, A.; Byrne, G.; Chambers, G.; Howe, O. Silver nanoparticles induce pro-inflammatory
gene expression and inflammasome activation in human monocytes. J. App. Toxicol. 2016, 36, 1311–1320.
[CrossRef]

98. Khan, H.A.; Alamery, S.; Ibrahim, K.E.; El-Nagar, D.M.; Al-Harbi, N.; Rusop, M.; Alrokayan, S.H. Size and
time-dependent induction of proinflammatory cytokines expression in brains of mice treated with gold
nanoparticles. Saudi J. Biol. Sci. 2019, 26, 625–631. [CrossRef]

99. Gómez, D.M.; Urcuqui-Inchima, S.; Hernandez, J.C. Silica nanoparticles induce NLRP3 inflammasome
activation in human primary immune cells. Innate Immun. 2017, 23, 697–708. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2174/092986707782794078
http://www.ncbi.nlm.nih.gov/pubmed/18220733
http://dx.doi.org/10.1002/smll.200500104
http://www.ncbi.nlm.nih.gov/pubmed/17193536
http://dx.doi.org/10.1073/pnas.1619809114
http://www.ncbi.nlm.nih.gov/pubmed/28143930
http://dx.doi.org/10.3109/17435390.2012.710659
http://www.ncbi.nlm.nih.gov/pubmed/22770119
http://dx.doi.org/10.1186/s12951-014-0048-2
http://www.ncbi.nlm.nih.gov/pubmed/25441061
http://dx.doi.org/10.1016/j.biomaterials.2011.09.087
http://www.ncbi.nlm.nih.gov/pubmed/22027595
http://dx.doi.org/10.1093/mutage/gew054
http://www.ncbi.nlm.nih.gov/pubmed/27815329
http://dx.doi.org/10.1093/mutage/gew055
http://www.ncbi.nlm.nih.gov/pubmed/27803034
http://dx.doi.org/10.1016/j.freeradbiomed.2010.05.008
http://dx.doi.org/10.1016/S0891-5849(02)00780-3
http://dx.doi.org/10.1080/08958370601067863
http://www.ncbi.nlm.nih.gov/pubmed/17365026
http://dx.doi.org/10.1007/s00204-013-1071-z
http://www.ncbi.nlm.nih.gov/pubmed/23670201
http://dx.doi.org/10.1007/s10753-018-0732-8
http://dx.doi.org/10.1371/journal.pone.0092634
http://www.ncbi.nlm.nih.gov/pubmed/24681489
http://dx.doi.org/10.1002/jat.3315
http://dx.doi.org/10.1016/j.sjbs.2018.09.012
http://dx.doi.org/10.1177/1753425917738331
http://www.ncbi.nlm.nih.gov/pubmed/29113588
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis and Characterization of PtNPs 
	Cell Culture Conditions and PtNP Exposures 
	Cell Viability Assay 
	BrdU Cell Proliferation Assay 
	Assessment of Membrane Integrity 
	Cell Mortality Assay 
	Determination of ROS, MDA, Nitric Oxide (NO), and Carbonylated Protein Levels 
	Measurement of Anti-Oxidative Marker Levels 
	Measurement of 8-Oxo-7,8-Dihydro-2'-Deoxyguanosine (8-Oxo-Dg) and 8-Oxo-G Levels 
	Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR) 
	Measurement of Cytokine Levels 
	Statistical Analysis 

	Results and Discussion 
	Synthesis and Characterization of PtNPs Using Apigenin 
	PtNPs Decreased the Survival and Proliferation of THP-1 Cells 
	PtNPs Altered Cell Morphology 
	PtNPs Induced Toxicity via Increase in LDH Leakage and Decrease in THP-1 Cell Viability 
	PtNPs Induced ROS Generation and Expression of Oxidative Stress Markers 
	Effect of PtNPs on Antioxidant Markers 
	PtNPs Impaired Mitochondrial Membrane Potential (MMP) and Decreased ATP Level 
	PtNPs Increased the Expression of Proapoptotic Genes and Decreased the Expression of Antiapoptotic Genes 
	PtNPs Increased Oxidative Damage to DNA and RNA 
	PtNPs Regulated DNA Damage and Repair Genes 
	PtNPs Increased the Expression of Proinflammatory Cytokines and Chemokines 

	Conclusions 
	References

