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Abstract: Gold nanoparticles (AuNPs) are widely used in biomedicine due to their remarkable
therapeutic applications. However, little is known about their cytotoxic effects on the ubiquitin
proteasome system (UPS). Herein, the cytotoxicity of different sizes of AuNPs (5, 10, and 80 nm) on the
UPS was investigated with a particular focus on deubiquitinating enzymes (DUBs) such as ubiquitin-
specific proteases (USP) and ubiquitin carboxyl-terminal hydrolases (UCHL-1) in human alveolar
epithelial adenocarcinoma (A549). It was found that all sizes of AuNPs reduced the percentage of
viable A549 cells and increased lactate dehydrogenase (LDH) release, measured using the MTT and
LDH assays, respectively. Furthermore, the 5 nm AuNPs were found to exhibit greater cytotoxicity
than the 10 and 80 nm AuNPs. In addition, apoptosis and necrosis were activated through reactive
oxygen species (ROS) generation due to AuNPs exposure. The internalisation of AuNPs in A549 cells
increased with increasing particle size (80 > 10 > 5 nm). Interestingly, the expression of USP7, USP8,
USP10, and UCHL-1 was significantly (p < 0.001) downregulated upon treatment with 5–30 µg/mL
of all the AuNPs sizes compared to control cells. Moreover, the inhibition of these proteins triggered
mitochondrial-related apoptosis through the upregulation of poly (ADP-ribose) polymerase (PARP),
caspase-3, and caspase-9. Collectively, these results indicate that AuNPs suppress the proliferation of
A549 cells and can potentially be used as novel inhibitors of the proteasome.

Keywords: proteasome; deubiquitinases; AuNPs; A549 cells; cytotoxicity

1. Introduction

In recent years there has been an increase in AuNPs-related research due to their
potential applications in cancer treatment [1,2]. Their unique size-related (1–100 nm)
physicochemical properties and high surface area to volume ratio enhance their reactivity
with other molecules and enables them to cross biological barriers [3,4]. Additionally,
AuNPs can be used as drug carriers to improve drug delivery and reduce side effects
through more effective targeting [5,6]. Recent advances in AuNPs development have
shown that they may also be ideal candidates for viral targeting and diagnosis [7–9] and
may be used as stand-alone entities or carriers for other drugs or vaccine delivery [10–12].

Despite having various applications in cancer research, bioimaging, vaccines, and drug
delivery, there is a growing concern about their short- and long-term health effects [13,14].
Studies have revealed that the accumulation of AuNPs may impede the biological per-
formance of the cells through the induction of oxidative stress, reduction in metabolic
activities, decrease in mitochondrial membrane potential, depletion of glutathione, and
increase in lipid peroxidation, consequently leading to apoptosis and necrosis [15–17]. For
instance, exposure to AuNPs induced the apoptosis of A549 cells and was characterised
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by cell shrinkage, reactive oxygen species (ROS) generation, and an increase in apoptotic
protein expression [18,19]. Apart from cytotoxicity, the induction of cell cycle arrest in dif-
ferent cell phases upon exposure to AuNPs has also been reported [20,21]. Prasad et al. [22]
found that AuNPs induced oxidative stress and G0/G1 cell cycle arrest by blocking the
S phase, therefore inducing apoptotic cell death. Similar results were also reported using
modified AuNPs [23]. The toxicity of AuNPs is considered to depend on their size, shape,
surface charge, composition, concentrations, and cell type [24–26].

The UPS is the major intracellular pathway for the degradation of 80–90% of proteins
in eukaryotic cells [27,28]. During the process, ubiquitin (76 amino acids) covalently binds
to the proteins to be degraded in the proteasome. This is accomplished by three enzymes:
ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin
ligases (E3) (Scheme 1) [29,30]. DUBs reverse the degradation process by removing the
covalently attached ubiquitin from proteins, allowing the recycling of ubiquitin for fur-
ther use by the proteasome [31]. The enzymes play an important role in controlling the
process and are involved in many signalling activations such as DNA repair, apoptosis,
and cell cycle progression [32,33]. Due to their regulatory functions, tumour cells have
been demonstrated to depend on DUBs for proliferation [34,35]. Recently, many molecules
have been tested for their toxicity against DUB activity and implicated in cancer treatment.
For instance, cisplatin has been shown to suppress the proliferation of ovarian cancer
through proteasome inhibition [36]. In breast cancer, the small molecule bis-benzylidine
piperidone 15 (b-AP15) and platinum pyrithione (PtPT) were tested against elevated USP14,
UCHL-5, and RPN11 proteases. These compounds were found to induce cell cycle arrest
and cell death associated with caspase activation, endoplasmic reticulum stress, and down-
regulation of the endoplasmic reticulum by downregulating DUBs [37]. Although these
compounds have shown a promising effect, there is still the issue of their limited efficacy,
specificity, and biocompatibility [38]. Therefore, alternative DUB inhibitors are urgently
needed in cancer treatment to improve efficacy and biocompatibility. Herein, we first
investigated whether different sizes of AuNPs (5, 10, and 80 nm) coated with citrate can
affect the UPS, with a particular focus on DUBs such as the ubiquitin-specific protease (USP)
and ubiquitin carboxyl-terminal hydrolase L1 (UCHL-1) in A549 cells. Extensive insight
into the underlying mechanisms of AuNPs toxicity in A549 cells was further investigated
by assessing their metabolic activity, ROS, expression of apoptotic-related proteins, and
their cellular uptake mechanisms.
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which forms a thioester bond in the presence of a higher energy compound (ATP). The activated
ubiquitin is then transferred to the ubiquitin conjugation enzyme (E2) via a transthiolation reaction.
Ubiquitin ligases (E3) provide substrate specificity for the reaction and catalyse the covalent binding
of ubiquitin to the target substrate through an isopeptide bond. The polyubiquitinated substrate
moves to the proteasome for degradation. Finally, DUBs associated with the 19S proteasome remove
conjugated ubiquitin from the substrate prior to the degradation.

2. Materials and Methods
2.1. Materials and Reagents

AuNPs of sizes 5, 10, and 80 nm coated with citrate were used in this study. They were
all purchased from NanoComposix (San Diego, CA, USA). Phosphate-buffered saline (PBS),
F12 nutrimix media, penicillin/streptomycin, 0.25% trypsin-EDTA, fetal bovine serum
(FBS), and RPMI 1640 were purchased from Thermo Fisher Scientific (Paisley, UK) and the
CytoTox 96® non-radioactive cytotoxicity assay was from Promega (Southampton, UK).
Chlorpromazine hydrochloride, wortmannin, nystatin, simvastatin, methyl-β-cyclodextrin
(MβCD), menadione, staurosporine, dimethyl sulfoxide (DMSO), tris-base, glycine, and
sodium chloride were purchased from Sigma Aldrich (Dorset, UK). Bovine serum albumin
(BSA), acrylamide/bis-acrylamide, 4% paraformaldehyde, and ponceau were bought from
Alfa Aesar (Lancashire, UK). Alexa fluor 488® Annexin V/PI cell death and CellRox deep
red reagent kits were purchased from Thermo Fisher Scientific (Paisley, UK). The PVDF
membrane and ECL ™ were bought from GE HealthCare (Buckinghamshire, UK). USP7,
USP8, USP10, UCHL-1, caspase-3, caspase-9, and PARP primary antibodies were purchased
from Cell Signaling Technology (CST) (London, UK).

2.2. Physicochemical Characterisation of Different Sizes of AuNPs

The sizes, polydispersity index (PDI), and zeta potentials of 5, 10, and 80 nm AuNPs
coated with citrate at a concentration of 10 µg/mL were measured in Ultrapure Wa-
ter (UPW), and cell culture media (CCM) supplemented with 10% FBS and 1% peni-
cillin/streptomycin at 0 and 24 h by dynamic light scattering (DLS) (Malvern Instruments
Ltd., Worcestershire, UK) at 25 ◦C. A total of 1 mL of the dispersed AuNPs were pipetted
into a disposable polystyrene cuvette (Bohemia, NC, USA) for size and PDI measurement.
For zeta potential, the dispersions were pipetted into a capillary cell cuvette (Malvern Instru-
ments Ltd., Worcestershire, UK). The morphology and size distribution of the nanoparticles
was studied using a transmission electron microscope (TEM) (JEOL Ltd. Hertfordshire, UK)
operating at an accelerating voltage of 80 keV (JEOL 1400 TEM, University of Birmingham,
Centre for Electron Microscopy). A freshly prepared 10 µL of AuNPs (10 µg/mL) dispersed
in UPW was deposited onto a copper 300 Mesh TEM grid (EM Resolutions Ltd., Sheffield,
UK) and allowed to dry for 2 h in a safety cabinet before observation by TEM.

2.3. Cell Culture of A549 Cells

A549 cells cryopreserved at a very low passage number of five in our laboratory were
thawed and cultured in F-12 nutrimix media. The media was supplemented with 10% FBS,
1% 100 µg/mL penicillin, and 100 mg/mL streptomycin at 37 ◦C in an incubator with a
humidified atmosphere of 5% CO2. A549 cells were used in this study because the lungs
represent the first portal to the body once nanomaterials are inhaled and therefore can be
used for studying the AuNPs’ cytotoxicity on one type of lung cells.

2.4. Cell Viability Assays of Different Sizes of AuNPs
2.4.1. MTT Assay

The viability of A549 cell lines exposed to 5, 10, and 80 nm was measured using
the MTT assay. The A549 cells were seeded in flat bottom 96 well plates at a density of
7000 cells/well, diluted in 100 µL of CCM, and allowed to attach overnight at 37 ◦C in a 5%
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CO2 humidified incubator. The cells were treated with different concentrations of AuNPs
(5–40 µg/mL) diluted in CCM for 24 and 48 h. Control cells were incubated with CCM
while the positive control cells were treated with 20% DMSO diluted in CCM. The MTT
solution was prepared as 5 mg/mL stock in sterile PBS and filtered with 0.22 µM Acrodisc
syringe filter (Sigma Aldrich, Dorset, UK) in a microbiological safety cabinet. After the
treatment, the media was removed and 120 µL of MTT solution was added, diluted in CCM
at a ratio of 1:6 for 4 h. The MTT solution was replaced by adding 200 µL of DMSO for
10–15 min to solubilise the formazan crystals in the dark with gentle agitation of the
shaker. The absorbance was recorded using a FLUOstar Omega microplate reader (BMG
LABTECH Ltd., Aylesbury, UK) at 570 nm emission wavelength to determine the percentage
cell viability of the A549 cells. The percentage cell viability was calculated using the
following equation:

% Cell Viability = [Absorbance of treated cells/Average absorbance of control cells] × 100

2.4.2. LDH Release Assay

The LDH assay was used to measure the percentage of cell membrane damage induced
by the nanoparticles associated with the release of the LDH enzyme from the cytoplasm [39].
The LDH assay was carried out using Cytotox 96 non-radioactive cytotoxicity assay Kit
(Promega, Southampton, UK) according to the manufacturer’s instructions. After incu-
bation with different sizes of AuNPs as described in the MTT assay, 50 µL of aliquots
from all treated and control wells were transferred to a new flat-bottom 96-well plate and
50 µL of the reconstituted substrate was added to each well and incubated for 15 min in
the dark. After the incubation period, the reaction was terminated by adding 50 µL of
stop solution. The absorbance was measured using a FLUOstar Omega microplate reader
(BMG LABTECH Ltd., Aylesbury, UK) at 490 nm emission wavelength. The absorbance of
supernatant corresponds to the LDH released in the media which indicates the number
of damaged cells caused by the AuNPs exposure. The percentage of LDH released was
calculated by the following equation:

% LDH released = [Absorbance of treated cells/Average absorbance of control cells] × 100

2.5. Cellular Uptake of Different Sizes of AuNPs
2.5.1. Inductively Coupled Plasma Mass Spectrometry

ICP-MS was used to measure the amount of Au uptake by A549 cells. A549 cells were
seeded in six well plates at a density of 2 × 105 cells/well in 3 mL of CCM supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 ◦C. At 24 h post-seeding, the A549 cells
were exposed to 5, 15, and 30 µg/mL of different sizes of AuNPs dispersed in CCM for 24 h.
After the exposure, the cells were washed three times with PBS, harvested, and transferred
to a glass vial (Ampulla, Lancashire, UK). The cells were digested with 3 mL of aqua regia
prepared with 37% hydrochloric acid (HCl) and 70% nitric acid (HNO3), then 1 mL of
hydrogen peroxide was added to the cell suspension. The glass vials were properly closed
and heated at 120 ◦C for 30 min. The samples were diluted to a final acid concentration
of 2% HNO3 and filtered with a 0.22 µM syringe filter (Sigma Aldrich, UK) to ensure the
removal of any debris. The total Au concentration in the samples was measured by ICP-MS
(NexION 300X, Perkin Elmer, Waltham, MA, USA) in the Helium KED mode (Helium Gas
Flow at 5 mL/min). A calibration curve of gold standard series was also prepared (0, 0.25,
0.5, 1, 2, 5, 10, 20, 50, and 100 ppb) in 2% HNO3 to set up the ICP-MS.

2.5.2. Flow Cytometry

For the measurement of AuNPs uptake using flow cytometry, A549 cells were seeded
in six well plates at a density of 2 × 105 cells/well in 3 mL of CCM and allowed to adhere
overnight at 37 ◦C in 5% CO2. Then, the cells were exposed to different sizes of AuNPs at
concentrations of 5, 15, and 30 µg/mL while the control cells were treated with CCM for
24 h. After the exposure time, the cells were washed with PBS three times to remove any
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unattached AuNPs and were then harvested and centrifuged for 5 min at 1500 rpm at 4 ◦C.
The supernatant was discarded, and the cell pellet was resuspended in 500 µL of PBS. The
samples were then analysed using BD LSRFortessa™ X-20 flow cytometry (BD Biosciences,
Franklin Lakes, NJ, USA)) by acquiring at least 10,000 events.

2.5.3. Transmission Electron Microscopy

A549 cells were seeded at a density of 2 × 105 cells/well onto a 13 mm diameter
sterilised coverslip in six well plates and allowed to adhere overnight at 37 ◦C in 5% CO2.
The next day, the cells were incubated with different sizes of AuNPs at 30 µg/mL for 24 h.
At the end of the exposure time, the cells were rinsed with PBS to remove unattached
AuNPs. This was followed by fixation with 2.5% glutaraldehyde in 0.1M PO4 buffer diluted
in PBS for 24 h at 4 ◦C. The samples were then taken to the Electron microscopy centre
(University of Birmingham, Birmingham, UK) for processing. The cells were dehydrated in
ethanol and embedded in epoxy resin. An ultrathin section (70–90 nm) parallel to the cover
glass was cut with a diamond knife and mounted onto 300 mesh copper grids on a carbon
film. Images were visualised with TEM (JEOL 1400) operated at an acceleration voltage of
80 kV in imaging mode.

2.6. Cellular Uptake Mechanisms of Different Sizes of AuNPs using Pharmacological Inhibitors
2.6.1. Inductively Coupled Plasma Mass Spectrometry

A549 cells were seeded in six well plates at a density of 2 × 105 cells/well in 3 mL
of CCM, supplemented with 10% FBS and 1% penicillin/streptomycin at 37 ◦C. At 24 h
post-seeding, the cells were pre-treated with either 10 µg/mL of chlorpromazine (clathrin-
coated pit inhibitor), 5 µg/mL of nystatin (caveolae-mediated inhibitor), 2.5 µM of methyl-
β-cyclodextrin (MβCD) (caveolae-mediated/cholesterol inhibitor), and 10 µg/mL of wort-
mannin (macropinocytosis inhibitor) for 1 h. This was followed by treatment with 30 µg/mL
of different sizes of AuNPs dispersed in CCM for 3 h. After exposure, the cells were washed
three times with PBS, harvested, and transferred to a glass vial. The cells were digested
with 3 mL of aqua regia prepared with 37% HCL and 70% HNO3. Then, 1 mL of hydrogen
peroxide was added to the cell suspension. The glass vials were properly closed and heated
at 120 ◦C for 30 min. The samples were diluted to a final acid concentration of 2% HNO3
and filtered with a 0.22 µM syringe filter (Sigma Aldrich, UK) to ensure the removal of any
debris. The total Au concentration in the samples was measured using the same procedure
as described in Section 2.5.1.

2.6.2. Flow Cytometry

The A549 cells were seeded in six well plates at a density of 2 × 105 cells/well in
3 mL of CCM and allowed to adhere overnight at 37 ◦C in 5% CO2. The next day, the A549
cells were pre-treated with either chlorpromazine (10 µg/mL), nystatin (5 µg/mL), MβCD
(2.5 µM), or wortmannin (10 µg/mL) for 1 h, followed by treatment with 30 µg/mL of
different sizes of AuNPs dispersed in CCM for 3 h. At the end of the exposure time,
the cells were rinsed with PBS to remove unattached AuNPs, followed by harvesting
and centrifugation at 1500 rpm for 5 min at 4◦C. The supernatant was discarded and
resuspended in 500 µL of PBS. The samples were then analysed using the same procedure
as described in Section 2.5.2.

2.7. Detection of Reactive Oxygen Species Generation

The CellRox™ deep red reagent kit was used for oxidative stress detection in A549 cells
as per the manufacturer’s instructions. A549 cells were seeded in 12 well plates at a density
of 2 × 104 cells/well and incubated overnight to adhere. The cells were then treated with 5,
15, and 30 µg/mL of different sizes of AuNPs for 24 h while a 50 µM menadione treatment
for 1 h was used as the positive control. Following the incubation, the cells were detached
by trypsinisation and centrifuged at 1500 rpm for 5 min. The cells were then stained with
5 µM CellRox deep red reagent diluted in phenol-free RPMI 1640 media for 1 h at 37 ◦C
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and protected from light. The cells were then centrifuged for 5 min at 1500 rpm after the
staining and the pellet was resuspended with 1 mL of RPMI 1640 media. The amount of
ROS generated was then analysed immediately by BD LSRFortessa™ X-20 flow cytometry
(BD Biosciences, Franklin Lakes, NJ, USA) by acquiring at least 10,000 events.

2.8. Annexin-V/PI Apoptosis Assay

Apoptosis induced after exposure to different sizes of AuNPs was evaluated using
the Annexin V-FITC/PI assay kit (Thermo Fisher Scientific, Paisley, UK) according to
the manufacturer’s instructions. A549 cells were seeded in six well plates overnight at a
density of 2 × 105 cells/well and treated with different concentrations of AuNPs (5, 15,
and 30 µg/mL) for 24 h. The positive controls were incubated with either 10% DMSO or
1 µM Staurosporine for 6 h as inducers of necrosis and apoptosis, respectively. The cells
were then collected by trypsinisation and centrifuged at 1500 rpm for 5 min at 4 ◦C. The
pellet was resuspended with 100 µL of Annexin binding buffer and incubated with 5 µL
of Annexin V-FITC and 1 µL of PI for 15 min in the dark at room temperature. After the
incubation, the cell suspension was further diluted with 400 µL of Annexin binding buffer
and analysed by BD LSRFortessa™ X-20 flow cytometry (BD Biosciences, Franklin Lakes,
NJ, USA) by acquiring at least 10,000 events. Electronic compensation was performed
between the fluorophores to prevent any spectral overlap. The maximum excitation and
emission wavelengths for the Alexa Fluor® 488 Annexin V stain were 488/499 nm, and
535/617 nm for the PI stain. The recorded data were analysed by FlowJo software version
10.7.1 (Ashland, Oregon, USA) and expressed as the percentage cell population stained
with PI or Annexin V.

2.9. Western Blotting

For Western blotting, A549 cells were seeded at a density of 2.5 × 105 cells/well
in six well plates and incubated for 24 h to adhere to the plates. Cells were treated
with different sizes of AuNPs at concentrations of 5, 15, and 30 µg/mL for 24 h with
10 µg/mL MG132 proteasome inhibitor being used as a positive control. The cells were
then lysed with an NP40 lysis buffer containing a protease inhibitor cocktail (Thermo
Fisher Scientific, UK) on ice. The cells were then collected in a fresh Eppendorf tube and
centrifuged at 13,000 rpm for 10 min at 4 ◦C. Protein concentrations were measured using
the Bradford reagent. Afterwards, 20 µg of the lysates were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Bio-Rad Ltd., Watford, UK) and
transferred to a PVDF membrane. The membranes were blocked in TBST (Tris Base, NaCl,
pH 8.3) prepared with Tween-20 (0.1%) and skim milk (5%) for 1 h at room temperature
with gentle agitation. The membranes were then washed three times with TBST for 8 min,
followed by incubation with primary antibodies diluted in TBST containing 5% bovine
serum albumin (1:1000) overnight at 4 ◦C on the shaker. After washing with TBST, the
membranes were then incubated with a secondary antibody (horseradish peroxidase-
conjugated anti-rabbit or anti-mouse IgG) diluted 1:2000 in TBST containing 5% BSA for 1 h
at room temperature. Subsequently, the membranes were washed with TBST and enhanced
chemiluminescent reagents were added to detect the signal intensity of the proteins using
G:BOX Chemi XX6/XX9 (Syngene, Cambridge, UK).

2.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 9.0. BD
LSR-Fortessa X20 flow cytometry data were analysed by FlowJo software version 10.7.1
(Ashland, OR, USA). All the data were presented as the mean ± standard deviation for at
least three independent experiments. The one-way analysis of variance (ANOVA) was
used to calculate the statistical significance between the control and AuNPs treated groups,
followed by Bonferroni post hoc multiples comparison.
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3. Results
3.1. Physicochemical Characterisation of Different Sizes of AuNPs

The hydrodynamic size distribution, polydispersity index (PDI), and zeta potential of
5, 10, and 80 nm AuNPs used in this study was measured using DLS in UPW and CCM
at 0 and 24 h. The DLS measurement revealed that the hydrodynamic diameter of 5, 10,
and 80 nm were 12.92 ± 1.45 nm, 16.40 ± 0.39 nm, and 85.85 ± 0.76 nm, respectively,
in UPW at 0 h (Figure 1A). Moreover, when the AuNPs were kept in UPW for 24 h, a
slight increase in hydrodynamic diameter was observed compared to the hydrodynamic
diameter at 0 h, as shown in Figure 1A. In addition, the PDI also showed an apparent
change in AuNPs stability for 0 and 24 h in the UPW. For instance, the 5 nm AuNPs showed
an initial PDI value of 0.38 ± 0.08 for 0 h which changed slightly to 0.48 ± 0.09 after
24 h. Likewise, the PDI values of 10 nm AuNPs increased from 0.27 ± 0.01 at 0 h to 0.36
± 0.02 after 24 h, whereas 80 nm showed a noticeable PDI decrease at 24 h. To further
understand how AuNPs behave in the exposed CCM, we suspended the particle in CCM
containing 10% FBS and 1% penicillin/streptomycin at the concentration of 10 µg/mL. As
seen in Figure 1B, there was an increase in the hydrodynamic diameter of all the AuNPs
once exposed to CCM when compared to the UPW. This could be due to the presence of
macromolecules in the CCM media such as vitamins, amino acids, antibiotics, glucose, and
protein supplements. The PDI values in the CCM show higher values compared to the
UPW with all the nanoparticles, slightly fluctuating between 0 and 24 h. While the PDI
values slightly increased for the 5 and 10 nm AuNPs after 24 h, there was a slight decrease
in PDI value for the 80 nm AuNPs as shown in Figure 1B. As expected, the measured zeta
potential showed that all the nanoparticles were negatively charged in UPW and CCM
(Figure 1C–D). Interestingly, the zeta potential values of the AuNPs showed an apparent
decrease in UPW for all nanoparticles as shown in Figure 1C. However, the zeta potential
of the AuNPs noticeably increased when assessed in CCM at both time points (Figure 1D).
TEM images of all three sized AuNPs showed that the particles are spherical with a uniform
size distribution (Figure S1 in Supplementary Materials).

3.2. AuNPs Decreased Cell Viability and Increased LDH Release in A549

In the current study, the cytotoxicity of 5, 10, and 80 nm AuNPs was measured based
on the metabolic activity and LDH release from A549 cells using the MTT and LDH assays,
respectively. As shown in Figure 2, the decrease in percentage cell viability and release
of LDH is related to the increase in AuNPs concentrations (5–40 µg/mL) and incubation
period (24–48 h). In Figure 2A, the cell viability of A549 cells was maintained with up to
10 µg/mL for 5, 10, and 80 nm AuNPs after 24h incubation. As the concentrations increased
above 10 µg/mL, the cell viability of A549 cells decreased for all three sizes of AuNPs.
AuNPs at 40 µg/mL showed the most significant decrease in cell viability (9.24%, 12.91%,
and 24.08%) for the 5, 10, and 80 nm, respectively. Using the same concentrations, the cell
viability measured after 48 h dramatically decreased at a greater rate (Figure 2B), with low
concentration (5 µg/mL) having a minor impact (91%, 87.1%, and 85.4%) for the 80, 10,
and 5 nm, respectively. The membrane integrity effect induced by AuNPs on A549 cells
was also assessed by LDH release in cell culture media. It was found that AuNPs showed
a dose-dependent increase in LDH release at a concentration of 20 µg/mL and higher
(Figure 2C). In addition, an increase in LDH release was observed from a concentration
of 10 µg/mL (5.2% increase compared to control) for all the nanoparticles (Figure 2D). A
statistically significant difference (p < 0.01) between the treated concentrations and control
was observed at the exposure levels (25–40 µg/mL) and (20–40 µg/mL) for 24 and 48 h,
respectively. In summary, the assays revealed that 5 nm was more cytotoxic than 10 and
80 nm at both 24 and 48 h. Although mass concentrations were used for the viability assays,
we further explored if the cytotoxicity of the nanoparticles is related to the surface area
of the AuNPs and particle number concentration by normalising the surface area and
particle number concentration from the corresponding concentrations used in the MTT
assay. We found that surface area varies with the variation of particle diameter; at the
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same concentration (40 µg/mL), 5 nm AuNPs (4.13 × 10−5 m2/g) have a higher surface
area compared to the 10 nm (1.09 × 10−5 m2/g) and 80 nm (1.02 × 10−6 m2/g) AuNPs
which could explain why they are more cytotoxic (Table S1 in Supplementary Materials).
Conversely, normalisation of mass concentration to particle number concentration revealed
that 80 nm AuNPs were more cytotoxic than 5 and 10 nm AuNPs due to the fact that 80 nm
AuNPs require a lower amount of particle number concentration (8.46 × 108 NPs/mL) to
inhibit the percentage of cell viability at the same mass concentration (40 µg/mL) compared
to the 5 nm and 10 nm AuNPs (3.17 × 1013 NPs/mL, 2.49 × 1012 NPs/mL) (Table S2 in
Supplementary Materials).
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3.2. AuNPs Decreased Cell Viability and Increased LDH Release in A549 

Figure 1. Characterisation of different sizes of AuNPs by DLS in UPW and CCM. Hydrodynamic
size distribution and PDI of 5, 10, and 80 nm AuNPs in (A) UPW after 0 and 24 h and (B) CCM after
0 and 24 h. Zeta potential values of 5, 10, and 80 nm AuNPs in (C) UPW after 0 and 24 h and
(D) CCM after 0 and 24 h. Plotted graphs represent the means ± standard deviation (SD) of
10 different measurements.

Based on these experiments, we selected concentrations of 5, 15, and 30 µg/mL for
subsequent experiments to evaluate other modes of toxicities.

3.3. AuNPs Uptake in A549 cells by ICP-MS, Flow Cytometry, and Transmission Electron
Microscopy (TEM)

ICP-MS, flow cytometry, and TEM were used to measure the cellular uptake of different
sizes of AuNPs after incubation for 24 h. When the mass concentrations of AuNPs in
the cells were quantitatively measured using ICP-MS, it was observed that the uptake
of AuNPs was highly dependent on the concentration and size of the nanoparticles, as
shown in Figure 3A. The uptake was lowest at 5 µg/mL for the 5, 10, and 80 nm AuNPs
(with 5.62, 22.90, and 38.97 Au pg/104 cells, respectively). As the concentration was
tripled, the uptake slightly increased for the 10 nm (25.84 Au pg/104 cells) and 80 nm
(59.08 Au pg/104 cells) but did not increase for the 5 nm AuNPs. Interestingly, when the
concentration of AuNPs was further increased to 30 µg/mL, the uptake only increased
with the 80 nm nanoparticles (118.38 Au pg/104 cells). It was interesting to find that the
order of AuNPs uptake (80 > 10 > 5 nm) did not correspond with the order of cell viability
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decrease and LDH release, thus, the 80 nm AuNPs proved to be less cytotoxic than the 5
and 10 nm.
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Figure 2. Cell viability and lactate dehydrogenase (LDH) release of A549 cells treated with
5–40 µg/mL of different sizes of AuNPs measured using MTT and LDH assays. Percentage of
cell viability after incubation with AuNPs for (A) 24 h and (B) 48 h. Percentage LDH release in media
after incubation with AuNPs for (C) 24 h and (D) 48 h. 20% DMSO was used as a positive control.
Plotted graphs represent the means ± SD of six independent experiments. Bars with an asterisk (*)
show statistical differences (* p < 0.05, ** p < 0.01, and *** p < 0.001) compared with the control.

We then used another method to assess the cellular uptake of AuNPs into A549 cells.
Flow cytometry was used to measure the intensity signal of side scatter (SSC) which indi-
cates the cells’ internal granularity and complexity [40]. This technique was previously used
to evaluate the uptake of functionalised carbon nanotubes in A549 cells [41], and AuNPs in
MDA-MB-231 cells [42]. When the cells were incubated with the same concentrations used
for ICP-MS at 24 h, the SSC intensity signals increased in a dose-dependent manner when
compared with the control, which could be attributed to the uptake of AuNPs (Figure 3B).
On the other hand, a maximal SSC intensity was observed with the 80 nm size, suggesting
greater uptake compared to the 5 and 10 nm (Figure S2 in Supplementary Materials). This
is in complete agreement with that of ICP-MS which also showed greater uptake of the
80 nm. In order to accurately assess the localisation of AuNPs in the cells during the uptake
process, A549 cells were incubated with 30 µg/mL of different sizes of AuNPs for 24 h
and sectioned using TEM. Ultra-thin sections inside the cells were visualised with TEM
to assess the localisation of AuNPs in various organelles. All AuNPs were found to be
localised within vesicles of cells as shown in Figure 3C–E. Moreover, the 5 nm AuNPs were
also seen to be slightly bound to the cell surface (Figure 3C).
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Figure 3. Cellular uptake of different sizes of AuNPs in A549 cells after 24 h incubation. (A) The
Au content in A549 cells measured with inductively coupled plasma mass spectrometry (ICP-MS)
(B) Side scatter (SSC) intensity changes due to the uptake of AuNPs analysed using flow cytometry.
TEM Images of the internalisation of AuNPs into A549 cells after treatment with 30 µg/mL for 24 h of
(C) 5 nm, (D) 10 nm, and (E) 80 nm AuNPs. AuNPs are indicated by circles. Plotted graphs represent
the means ± SD of three independent experiments. Bars with an asterisk (*) show a statistical
difference (*** p < 0.001) when compared with the control.

3.4. Assessment of the Uptake Mechanism(s) of Different Sizes of AuNPs in A549 Cells

Chlorpromazine, nystatin, MβCD, and wortmannin endocytic inhibitors were selected
to investigate the uptake mechanism(s) of AuNPs in A549 cells. These pharmacological
inhibitors were chosen because they have been previously used to inhibit specific endocy-
totic uptake mechanisms through the depletion of cholesterol in the biological membrane
(MβCD and nystatin), serum protein transferrin inhibition blocking of transglutaminase
2 enzyme (chlorpromazine), and show fewer effects on the actin cytoskeleton (wortman-
nin) [43–46]. First, we assessed the toxicity of these inhibitors in A549 cells using the
MTT assay after 1 h of incubation (Figure S3 in Supplementary Materials). We selected a
concentration that is non-toxic to the cell membrane to avoid interference with the actin
filaments. As shown in Figure 4A, the A549 cells were pre-treated with chlorpromazine
(10 µg/mL) for 1 h. Chlorpromazine is used to inhibit clathrin-coated pit formation in order
to assess whether it will disturb the internalisation of AuNPs. As assessed by ICP-MS,
the pre-incubation with chlorpromazine demonstrated a stronger inhibition of the uptake
for 5 nm (11.34 Au pg/104 cells) and 10 nm (11.85 Au pg/104 cells) compared to 80 nm
(32 Au pg/104 cells) in A549 cells. This indicates that all the AuNPs could be internalised
via clathrin-mediated endocytosis. In the presence of nystatin, which specifically inhibits
caveolae-medicated endocytosis, the internalisation of all the AuNPs remained relatively
close (11.12, 11.71, and 11.17 Au pg/104 cells) for 5, 10, and 80 nm respectively. A similar
trend was also observed when the cells were incubated with another caveolae inhibitor
or cholesterol inhibitor (MβCD). Likewise, when cells were pre-treated with a specific
macropinocytosis inhibitor (wortmannin), the uptake of 5 and 10 nm AuNPs decreased
(9.63 and 13.29 Au pg/104 cells, respectively) compared to the control (100 Au pg/104 cells).
However, the uptake of 80 nm reduced to 23.41 Au pg/104 cells but was still much higher
than that of the 5 and 10 nm AuNPs. Similar outcomes were observed when A549 cells
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were pre-incubated with the same endocytic inhibitors and the change in SSC signal in-
tensity was assessed using flow cytometry as shown in Figure 4B. A dot plot analysis of
the SSC against FSC signal intensities can be found in Figure S4 in the Supplementary
Materials. Herein, we show that the uptake of all AuNPs could be either via clathrin- or
caveolae-mediated endocytosis.
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Figure 4. Effects of pharmacological inhibitors on the internalisation of different sizes of AuNPs
(30 µg/mL) in A549 cells. Cells were separately pre-incubated with chlorpromazine, nystatin, MβCD,
and wortmannin for 1 h, followed by incubation with AuNPs for 3 h and analysed by (A) ICP-MS
and (B) flow cytometry. Plotted graphs represent the means ± SD of three independent experiments.
Bars with an asterisk (*) show a statistical difference (*** p < 0.001) when compared with the control.

3.5. Upregulation of ROS Production Caused by Different Sizes of AuNPs

Reactive oxygen species (ROS) are molecules that are formed as a by-product of the
normal metabolism of oxygen [47]. They are regarded as activators of many signalling
pathways in tumour cells such as AKT signalling and the apoptotic and Wnt pathways [48].
The production of these molecules is triggered mainly by exposure to environmental
stress and toxic materials, which may also include nanoparticles. In our study, we used
the CellRox deep red reagent kit to detect the production of ROS by different sizes of
AuNPs after 24 h incubation at a concentration of 5, 15, and 30 µg/mL. In total, 50 µM
of menadione was used as an inducer of oxidative stress (positive control) in A549 cells.
Figure 5A–C shows that the fluorescence intensity gradually increased after exposure to
various concentrations of different sizes of AuNPs which corresponds to an increase in
intracellular ROS generation in A549 cells. For instance, 5 nm shows the highest increase in
fluorescence intensity at 30 µg/mL compared to 10 and 80 nm AuNPs. When the mean
fluorescence intensity (MFI) was quantified, 5 nm AuNPs showed a greater ROS generation
in A549 cells when incubated with 5–30 µg/mL compared to the control. Notably, a lower
MFI (188 ± 2.65) was observed with 10 nm AuNPs when compared with 5 nm AuNPs
(211 ± 1.78) at 30 µg/mL. However, at 5 µg/mL, 10 nm AuNPs showed a significant increase
in MFI (140 ± 1.53) compared to 5 nm AuNPs (127.33 ± 1.52). In contrast, 80 nm AuNPs
successfully showed a dose-dependent increase in MFI from 87.40 ± 10.67 at 5 µg/mL
to 178 ± 15.39 at 30 µg/mL (p < 0.001 compared to the control). Overall, 30 µg/mL was
observed to induce a greater ROS production in all the AuNPs. In addition, 5 nm AuNPs
showed significant effects compared to 10 and 80 nm AuNPs as seen in Figure 5D.

3.6. Mechanism of Cell Death of Different Sizes of AuNPs Assessed by Annexin-V/PI

We studied two mechanisms by which A549 cell death could be induced upon expo-
sure to different sizes of AuNPs using flow cytometry. During early apoptosis, the cells
undergo physiological changes which are characterised by the flip flop of the phosphatidyl-
serine to the outer layer of the biological membrane to which fluorescently labelled Annexin
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V binds and emits green fluorescence signals, showing that apoptosis is occurring. At
a late stage of the process, propidium iodide (PI) enters the cells, binds to the nucleus
(DNA), and emits red fluorescence, indicating necrosis. As shown in Figure 6A,B, 5 and
10 nm AuNPs slightly induced both apoptosis and necrosis in a similar manner as the
concentration of AuNPs increased. However, 80 nm AuNPs induced minimal apoptosis
and necrosis compared to 5 and 10 nm (Figure 6C). FlowJo scatter dot plots can be found in
the supporting information (Figure S5 in Supplementary Materials).
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Figure 5. ROS production in A549 cells following exposure to different sizes of AuNPs analysed
using flow cytometry with the CellRox deep red kit. Histograms of flow cytometry treated with
(A) 5 nm (B) 10 nm and (C) 80 nm AuNPs. (D) Bar graphs represent the median fluorescence intensity
(MFI) of A549 cells exposed to 5, 10, and 80 nm AuNPs. Menadione (50 µM) was used as a positive
control. Plotted graphs represent the means ± SD of three independent experiments. Bars with an
asterisk (*) show a statistical difference (** p < 0.01, and *** p < 0.001) when compared with the control.

3.7. Effects of Different Sizes of AuNPs on 19S Proteasome DUBs Enzymes

To establish whether AuNPs affect the UPS, we investigated the expression of USP7,
USP8, USP10, and UCHL-1 which are involved in the removal of covalently attached
ubiquitin from target proteins to be degraded using Western blotting. The enzymes’ ac-
tivities regulate various signalling pathways, cell homeostasis, and protein stability and
are heavily linked to cancer proliferation [49]. In A549 cells, the enzymes are highly ex-
pressed [50]. Exposure to AuNPs resulted in the strong inhibition of these enzymes in a
dose-dependent manner at 24 h. At the lowest concentration of AuNPs (5 µg/mL), we
found that all AuNPs did not inhibit the activity of USP7, USP8, USP10, and UCHL-1
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(Figure 7A). Likewise, at 15 µg/mL AuNPs slightly inhibited the activities of these enzymes
compared to control cells and the lower concentration. However, exposure of A549 cells
to 30 µg/mL AuNPs resulted in a significant downregulation of these proteins. Inter-
estingly, 30 µg/mL AuNPs inhibited the expression of proteins in a similar way to the
positive control (MG132) which has been shown to inhibit the proteasome. The changes of
the relative protein expression of DUBs exposed to 5 nm AuNPs decreased significantly
(p < 0.001) in a dose-dependent manner with a greater decrease observed at 30 µg/mL
for USP7, USP8, USP10, and UCHL-1 as shown in Figure 7B. Similarly, 10 nm AuNPs
decreased the relative protein expressions of USP7, USP8, USP10, and UCHL-1 as shown
in Figure 7C (p < 0.001). In addition, 80 nm AuNPs significantly (p < 0.001) decreased the
relative protein expression of USP7, USP8, USP10, and UCHL-1 at 30 µg/mL (Figure 7D).
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Figure 6. Bar graph analyses of apoptosis and necrosis assessed by flow cytometry after the incubation
of A549 cells with (A) 5 nm, (B) 10 nm, and (C) 80 nm AuNPs at concentrations of 5–30 µg/mL.
Treatment with 1 µM of staurosporine and 10% DMSO for 6 h were used as positive controls for
apoptosis and necrosis, respectively. Plotted graphs represent the means ± SD of three independent
experiments. Bars with an asterisk (*) show a statistical difference (*** p < 0.001) when compared with
the control.

3.8. Effects of Different Sizes of AuNPs on the Expression Level of Apoptosis-Related Proteins

We next assessed the induction of apoptosis of 5, 10, and 80 nm AuNPs by check-
ing the expression of Poly (ADP-ribose) polymerase (PARP), caspase-3, and caspase-9
when incubated with 5–30 µg/mL AuNPs for 24 h. Following exposure to 5 µg/mL
AuNPs, the expression of PARP and caspase-3 did not increase compared to the con-
trol. As cells were incubated with 15 µg/mL AuNPs, PARP, caspase-3, and caspase-
9 were slightly upregulated as shown in Figure 8A. As the concentration increased to
30 µg/mL AuNPs, PARP, caspase-3, and caspase-9 were significantly upregulated, in-
dicating the induction of apoptosis at higher concentrations. As shown in Figure 8B,
the relative protein expression of pro-apoptotic proteins was upregulated in a dose-
dependent manner when incubated with 5 nm AuNPs with the highest concentration
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showing a higher upregulation of PARP (1.54), caspase-3 (1.33), and caspase-9 (1.57)
compared to the control (0.522) (p < 0.001). In addition, Figure 8C shows that the rel-
ative protein expression of PARP, caspase-3, and caspase-9 was significantly increased
when treated with 30 µg/mL of AuNPs as shown in Figure 8C. Likewise, following
the treatment of A549 cells with 80 nm AuNPs, the relative protein expression of PARP,
caspase-3, and caspase-9 increased but to a lesser extent compared to 5 and 10 nm AuNPs
(p < 0.001) (Figure 8D).
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Figure 7. AuNPs downregulate the expression of DUBs in A549 cells. (A) Expression levels of DUBs
detected by Western blot after A549 cells were incubated with 5, 15, and 30 µg/mL of different sizes
of AuNPs for 24 h. MG132 (10 µg/mL) was used as a positive control. The relative protein expression
signal intensity was semi-quantified by ImageJ software for (B) 5 nm, (C) 10 nm, and (D) 80 nm
AuNPs. Plotted graphs represent the means ± SD of three independent experiments. Bars with an
asterisk (*) show a statistical difference (*** p < 0.001) when compared with the control.
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(A) The expression of apoptosis-related protein levels detected by Western blot after A549 cells were
incubated with 5, 15, and 30 µg/mL of different sizes of AuNPs for 24 h. MG132 (10 µg/m) was
used as a positive control. The relative expression signal intensity of apoptosis-related proteins
semi-quantified by ImageJ software for (B) 5 nm, (C) 10 nm, and (D) 80 nm AuNPs. Plotted graphs
represent the means ± SD of three independent experiments. Bars with an asterisk (*) show a
statistical difference (* p < 0.05, ** p < 0.01, *** p < 0.001) when compared with the control.

4. Discussion

AuNPs are extensively used in biomedicine because of the relative ease of controlling
their physicochemical properties, (e.g. size and shape), and their apparent biocompatibility
compared with other metallic nanoparticles [51,52]. However, it has also been proposed
that increasing exposure to AuNPs through inhalation and ingestion can potentially cause
adverse effects on human health even at a low dose [53]. In this study, we investigated the
cytotoxicity of different sizes of AuNPs and their effects on the UPS of A549 cells. Initially,
the hydrodynamic size of all the AuNPs was measured and was found to be slightly lower
at 0 h compared to 24 h in both UPW and CCM. In addition, the size distribution of the
particles was greater in CCM compared to UPW. This is because the characteristics of
nanoparticles change in biological media in the presence of growth-stimulating factors such
as vitamins, amino acids, and supplemented FBS. These growth stimulants could lead to
the formation of a protein corona [54]. Moreover, all the AuNPs sizes exhibited negative
surface charges in UPW and CCM, with a noticeable increase at 24 h, demonstrating that
certain serum proteins in the media could mask the surface charge of the AuNPs [55].

We then looked at the biological effects of AuNPs on A549 cells. It was found that AuNPs
induced cytotoxicity to A549 cells in an increasing order of their sizes (5 > 10 > 80 nm), with
the smallest AuNPs (5 nm) causing the most cytotoxicity. In addition, when cells were
exposed to a high concentration of 40 µg/mL for 24 and 48 h, the cell viability significantly
decreased while the LDH release increased, indicating that cytotoxicity occurs at high
AuNPs concentrations with all AuNPs sizes. In addition, these results demonstrate that
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the cytotoxicity of AuNPs in vitro depends not only on their sizes but also on their concen-
trations and incubation times, which is similar to what was previously reported [56,57].
Moreover, we observed that AuNPs affected oxidative phosphorylation in the mitochondria
and caused the generation of intracellular ROS in A549 cells. The generation of intracellular
ROS upon exposure to AuNPs can result in oxidative damage to mitochondrial proteins,
redox imbalance, and hindrance in the ability of the cells to carry out metabolic activities.
This can consequently lead to pathological conditions [58,59]. In our study, we found that
ROS generation was dependent on the concentration and size of AuNPs. Surprisingly, 80
nm AuNPs were found to induce greater ROS generation than 10 nm, even though they
showed the least cytotoxicity in the MTT and LDH assays. Using ICP-MS, flow cytometry,
and TEM, we then investigated if the toxicity of AuNPs is related to their cellular uptake
after 24 h incubation. We observed that A549 cells uptake 80 nm AuNPs to a greater extent
(by mass), especially at high concentrations, compared to 10 and 5 nm, indicating that the
uptake of nanoparticles increased proportionally with the increase in their size. Interest-
ingly, this shows that the cytotoxicity of AuNPs does not correlate with their cellular uptake.
The degree of uptake of AuNPs likely depends on other factors such as the diffusion of
the particle, the density of the particles, and interaction with the cellular membrane [60–
62]. Our cellular uptake results are in agreement with those of Chithrani et al. [63] who
compared the uptake of different sizes of AuNPs in HeLa cells and found 50 nm to be
the ideal AuNPs size for their cellular internalisation. Furthermore, the TEM imaging of
A459 cells showed all nanoparticles were localised in vesicles, as evidenced by endosome
formation. To gain further insight into the different mechanisms of AuNPs internalisation,
we pre-incubated A549 cells with different pharmacological inhibitors for 1 h, followed
by 30 µg/mL of different sizes of AuNPs (5, 10, and 80 nm) for 3 h. It was previously
suggested that A549 cells can internalise AuNPs through pinocytosis [64,65]. Pinocytosis
is an ideal internalisation mechanism for endothelial cells [17]. Accordingly, a particle
size between 1–200 nm is expected to be internalised through either clathrin- or caveolae-
mediated endocytosis [66]. In our current study, we found that the internalisation of AuNPs
gradually decreased when pre-incubated with clathrin- or caveolae-mediated inhibitors.
This suggests that the uptake of our AuNPs was via clathrin- and caveolae-dependent
pathways.

Several cytotoxicity studies have suggested that ROS generation could be a prominent
mechanism of AuNPs toxicity [67,68]. Furthermore, we have investigated the possible
mechanisms of cell death, especially that the activation of apoptosis and necrosis following
treatment with AuNPs can be related to their cellular uptake and ROS generation as
reported by others [69,70]. As shown in our flow cytometry results using the double
staining of Annexin V/propidium iodide, all the AuNPs sizes induced both apoptosis and
necrosis in a dose-dependent manner. Our study suggests that the cytotoxicity of AuNPs
in A549 cells may involve different molecular mechanisms and aligns with the work of
Xia et al. [71] who demonstrated that 5 nm AuNPs induced both apoptosis and necrosis
through the production of ROS.

The UPS plays a critical role in protein degradation, including misfolded proteins,
intracellular proteins involved in cell cycle arrest, overexpressed proteins, and apoptosis-
related proteins [72]. Dysregulation of UPS has been reported to be associated with the
pathogenesis and progression of various tumour cells, therefore inhibition of UPS activity
might be an important target in cancer treatment [33,37,73]. Although the inhibitors of
proteasome such as bortezomib, carfilzomib, and MG 132 have been identified and proven
to suppress the proliferation of tumour cells via proteasome inhibition [38,74–76], the lack
of specificity and solubility of these compounds prompts an urgent call for other effective
proteasome inhibitors. We have, therefore, tested the effectiveness of different sizes of
AuNPs on proteasome inhibition, with a specific focus on 19S proteasome DUB activity
such as USP7, USP8, USP10, and UCHL-1. The Western blotting analysis confirmed that
30 µg/mL of all sizes of AuNPs could downregulate the expression of these enzymes in
the same way as the 10 µg/mL positive control (MG 132). This is the first study to show
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that AuNPs can affect the UPS of A549 cells. Others have shown that TiO2 nanoparticles
downregulated the expression of UCHL-1 in rat PC12 cells [77]. We further investigated if
the inhibition of 19s proteasome DUBs could lead to the induction of apoptosis since tumour
cells use these proteins in the degradation of tumour suppressors [78,79]. Interestingly, it
was found that AuNPs treatment in A549 cells upregulates the levels of PARP, caspase-3,
and caspase-9 in a dose-dependent manner starting at 15 µg/mL of NPs. This agrees
with previous findings which demonstrated that AuNPs inhibited the proliferation of
cells through the induction of apoptosis [70,80,81]. For instance, the study agrees with
Jawaid et al. [82] who confirmed the size-dependent apoptotic induction of different sizes
of AuNPs (2, 40, and 80 nm) through caspase-3 upregulation.

5. Conclusions

In conclusion, the present study was undertaken to investigate the effects of different
sizes of AuNPs on the UPS in A549 cells. The exposure of A549 cells to different sizes
of AuNPs resulted in a decrease in percentage cell viability, an increase in LDH release,
induction of apoptosis, and intracellular ROS generation that may be involved in cellular
oxidative stress. A549 cells’ toxicity following treatment with AuNPs was observed to
be highly dependent on their size and concentration. Furthermore, exposure to AuNPs
downregulates the expression of USP enzymes such as USP7, USP8, USP10, and UCHL-1
and upregulates the expression of caspase-3, caspase-9, and PARP. Thus, this study sheds
light on the mechanisms of AuNPs cytotoxicity on a lung carcinoma cell lines, as well as
highlights their inhibitory effects on the UPS (Scheme 1).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15020432/s1. Figure S1: TEM images of different
sizes AuNPs; Figure S2: Dot plots of the side scatted intensity (SSC) versus forward scattered intensity
(FSC) of A549 cells treated with different concentrations of AuNPs for 24 h; Figure S3: Percentage
cell viability of A549 cells pre-treated with pharmacological inhibitors determined using MTT assay;
Figure S4: Dot plot effects of pharmacological inhibitors on the internalisation of different sizes
AuNPs in A549 cells; Figure S5: Apoptosis and necrosis analysis of A549 cells following the exposure
to AuNPs of different sizes using flow cytometry at of 5–30 µg/mL for 24 h; Table S1: Surface area
(m2/g) of different 5, 10, and 80 nm AuNPs at different mass concentrations used in the cell viability
assays; Table S2: Table showing the number of particles per volume (NPs/ML) for the highest
concentration used in the cell viability assay and the number of viable cells remaining after exposed
to different sizes of AuNPs for 24 h.

Author Contributions: B.I.: Conceptualisation, Methodology, Validation, Investigation, Formal
analysis, Writing, Visualisation, Editing. T.H.A.: Methodology, Visualisation, Formal Analysis,
S.C.: Methodology, Formal Analysis, Writing, Visualisation, Editing, H.A.-B.: Conceptualisation,
Methodology, Validation, Visualisation, Editing E.V.-J.: Conceptualisation, Visualisation, Editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All the data presented here are available on request from the corre-
sponding authors.

Acknowledgments: B.I. thanks the Petroleum Technology Development Fund (PTDF) for the spon-
sorship (PTDF/ED/PHD/IB/1394/18).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Peng, J.; Liang, X. Progress in research on gold nanoparticles in cancer management. Medicine 2019, 98, e1531120192019-98.
2. Vines, J.B.; Yoon, J.H.; Ryu, N.E.; Lim, D.J.; Park, H. Gold Nanoparticles for Photothermal Cancer Therapy. Front. Chem. 2019, 7,

167. [PubMed]
3. Jain, S.; Hirst, D.G.; O’Sullivan, J.M. Gold nanoparticles as novel agents for cancer therapy. Br. J. Radiol. 2012, 85, 101–113.

[CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics15020432/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15020432/s1
http://www.ncbi.nlm.nih.gov/pubmed/31024882
http://doi.org/10.1259/bjr/59448833


Pharmaceutics 2023, 15, 432 18 of 20

4. Sztandera, K.; Gorzkiewicz, M.; Klajnert-Maculewicz, B. Gold Nanoparticles in Cancer Treatment. Mol. Pharm. 2019, 16, 1–23.
[CrossRef] [PubMed]

5. Kong, F.Y.; Zhang, J.W.; Li, R.F.; Wang, Z.X.; Wang, W.J.; Wang, W. Unique Roles of Gold Nanoparticles in Drug Delivery, Targeting
and Imaging Applications. Molecules 2017, 22, 1445. [CrossRef] [PubMed]

6. Singh, P.; Pandit, S.; Mokkapati, V.; Garg, A.; Ravikumar, V.; Mijakovic, I. Gold Nanoparticles in Diagnostics and Therapeutics for
Human Cancer. Int. J. Mol. Sci. 2018, 19, 1979. [CrossRef]

7. Abu-Dief, A.M.; Salaheldeen, M.; El-Dabea, T. Recent Advances in Development of Gold Nanoparticles for Drug Delivery
Systems. J. Mod. Nanotechnol. 2021, 1. [CrossRef]

8. Afzal, O.; Altamimi, A.S.A.; Nadeem, M.S.; Alzarea, S.I.; Almalki, W.H.; Tariq, A.; Mubeen, B.; Murtaza, B.N.; Iftikhar, S.;
Riaz, N.; et al. Nanoparticles in Drug Delivery: From History to Therapeutic Applications. Nanomaterials 2022, 12, 4494. [CrossRef]

9. Pradhan, D.; Biswasroy, P.; Goyal, A.; Ghosh, G.; Rath, G. Recent Advancement in Nanotechnology-Based Drug Delivery System
Against Viral Infections. AAPS PharmSciTech. 2021, 22, 47. [CrossRef]

10. Dykman, L.A. Gold nanoparticles for preparation of antibodies and vaccines against infectious diseases. Expert. Rev. Vaccines
2020, 19, 465–477. [CrossRef]

11. Mateu Ferrando, R.; Lay, L.; Polito, L. Gold nanoparticle-based platforms for vaccine development. Drug. Discov. Today Technol.
2020, 38, 57–67. [CrossRef]

12. Sportelli, M.C.; Izzi, M.; Kukushkina, E.A.; Hossain, S.I.; Picca, R.A.; Ditaranto, N.; Cioffi, N. Can Nanotechnology and Materials
Science Help the Fight against SARS-CoV-2? Nanomaterials 2020, 10, 802. [CrossRef]

13. Carnovale, C.; Bryant, G.; Shukla, R.; Bansal, V. Identifying Trends in Gold Nanoparticle Toxicity and Uptake: Size, Shape,
Capping Ligand, and Biological Corona. ACS Omega 2019, 4, 242–256. [CrossRef]

14. Sani, A.; Cao, C.; Cui, D. Toxicity of gold nanoparticles (AuNPs): A review. Biochem. Biophys. Rep. 2021, 26, 100991. [CrossRef]
[PubMed]

15. Alaqad, K.; Saleh, T.A. Gold and Silver Nanoparticles: Synthesis Methods, Characterization Routes and Applications towards
Drugs. J. Environ. Anal. Toxicol. 2016, 6, 525–2161. [CrossRef]

16. Alkilany, A.M.; Murphy, C.J. Toxicity and cellular uptake of gold nanoparticles: What we have learned so far? J. Nanopart. Res.
2010, 12, 2313–2333. [CrossRef]

17. Chueh, P.J.; Liang, R.Y.; Lee, Y.H.; Zeng, Z.M.; Chuang, S.M. Differential cytotoxic effects of gold nanoparticles in different
mammalian cell lines. J. Hazard. Mater. 2014, 264, 303–312. [CrossRef] [PubMed]

18. Muthukumarasamyvel, T.; Rajendran, G.; Santhana Panneer, D.; Kasthuri, J.; Kathiravan, K.; Rajendiran, N. Role of Surface
Hydrophobicity of Dicationic Amphiphile-Stabilized Gold Nanoparticles on A549 Lung Cancer Cells. ACS Omega 2017, 2,
3527–3538. [CrossRef] [PubMed]

19. Zheng, Y.; Zhang, J.; Zhang, R.; Luo, Z.; Wang, C.; Shi, S. Gold nano particles synthesized from Magnolia officinalis and anticancer
activity in A549 lung cancer cells. Artif. Cells. Nanomed. Biotechnol. 2019, 47, 3101–3109. [CrossRef] [PubMed]

20. Ashokkumar, T.; Prabhu, D.; Geetha, R.; Govindaraju, K.; Manikandan, R.; Arulvasu, C.; Singaravelu, G. Apoptosis in liver cancer
(HepG2) cells induced by functionalized gold nanoparticles. Colloids Surf. B Biointerfaces 2014, 123, 549–556. [CrossRef]

21. Ramalingam, V.; Revathidevi, S.; Shanmuganayagam, T.; Muthulakshmi, L.; Rajaram, R. Biogenic gold nanoparticles induce
cell cycle arrest through oxidative stress and sensitize mitochondrial membranes in A549 lung cancer cells. RSC Adv. 2016, 6,
20598–20608. [CrossRef]

22. Prasad, A.; Khatua, A.; Mohanta, Y.K.; Saravanan, M.; Meena, R.; Ghosh, I. Low-dose exposure to phytosynthesized gold
nanoparticles combined with glutamine deprivation enhances cell death in the cancer cell line HeLa via oxidative stress-mediated
mitochondrial dysfunction and G0/G1 cell cycle arrest. Nanoscale 2022, 14, 10399–10417. [CrossRef] [PubMed]

23. Oladimeji, O.; Akinyelu, J.; Daniels, A.; Singh, M. Modified Gold Nanoparticles for Efficient Delivery of Betulinic Acid to Cancer
Cell Mitochondria. Int. J. Mol. Sci. 2021, 22, 5072. [CrossRef]

24. Henson, J.C.; Brickell, A.; Kim, J.W.; Jensen, H.; Mehta, J.L.; Jensen, M. PEGylated Gold Nanoparticle Toxicity in Cardiomyocytes:
Assessment of Size, Concentration, and Time Dependency. IEEE Trans. Nanobioscience 2022, 21, 387–394. [CrossRef]

25. Llewellyn, S.V.; Parak, W.J.; Huhn, J.; Burgum, M.J.; Evans, S.J.; Chapman, K.E.; Jenkins, G.J.S.; Doak, S.H.; Clift, M.J.D. Deducing
the cellular mechanisms associated with the potential genotoxic impact of gold and silver engineered nanoparticles upon different
lung epithelial cell lines in vitro. Nanotoxicology 2022, 16, 52–72. [CrossRef]

26. Talarska, P.; Boruczkowski, M.; Zurawski, J. Current Knowledge of Silver and Gold Nanoparticles in Laboratory Research-
Application, Toxicity, Cellular Uptake. Nanomaterials 2021, 11, 2454. [CrossRef]

27. Eldridge, A.G.; O’Brien, T. Therapeutic strategies within the ubiquitin proteasome system. Cell. Death. Differ. 2010, 17, 4–13.
[CrossRef]

28. Sha, Z.; Zhao, J.; Goldberg, A.L. Measuring the Overall Rate of Protein Breakdown in Cells and the Contributions of the
Ubiquitin-Proteasome and Autophagy-Lysosomal Pathways. Methods Mol. Biol. 2018, 1844, 261–276. [CrossRef]

29. Chen, X.; Yang, Q.; Xiao, L.; Tang, D.; Dou, Q.P.; Liu, J. Metal-based proteasomal deubiquitinase inhibitors as potential anticancer
agents. Cancer Metastasis Rev. 2017, 36, 655–668. [CrossRef]

30. Fang, S.; Weissman, A.M. A field guide to ubiquitylation. Cell. Mol. Life Sci. 2004, 61, 1546–1561. [CrossRef]
31. Wang, M.; Zhang, Y.; Wang, T.; Zhang, J.; Zhou, Z.; Sun, Y.; Wang, S.; Shi, Y.; Luan, X.; Zhang, Y.; et al. The USP7 Inhibitor P5091

Induces Cell Death in Ovarian Cancers with Different P53 Status. Cell. Physiol. Biochem. 2017, 43, 1755–1766. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.molpharmaceut.8b00810
http://www.ncbi.nlm.nih.gov/pubmed/30452861
http://doi.org/10.3390/molecules22091445
http://www.ncbi.nlm.nih.gov/pubmed/28858253
http://doi.org/10.3390/ijms19071979
http://doi.org/10.53964/jmn.2021001
http://doi.org/10.3390/nano12244494
http://doi.org/10.1208/s12249-020-01908-5
http://doi.org/10.1080/14760584.2020.1758070
http://doi.org/10.1016/j.ddtec.2021.02.001
http://doi.org/10.3390/nano10040802
http://doi.org/10.1021/acsomega.8b03227
http://doi.org/10.1016/j.bbrep.2021.100991
http://www.ncbi.nlm.nih.gov/pubmed/33912692
http://doi.org/10.4172/2161-0525.1000384
http://doi.org/10.1007/s11051-010-9911-8
http://doi.org/10.1016/j.jhazmat.2013.11.031
http://www.ncbi.nlm.nih.gov/pubmed/24316248
http://doi.org/10.1021/acsomega.7b00353
http://www.ncbi.nlm.nih.gov/pubmed/30023697
http://doi.org/10.1080/21691401.2019.1645152
http://www.ncbi.nlm.nih.gov/pubmed/31343369
http://doi.org/10.1016/j.colsurfb.2014.09.051
http://doi.org/10.1039/C5RA26781A
http://doi.org/10.1039/d2nr02150a
http://www.ncbi.nlm.nih.gov/pubmed/35819245
http://doi.org/10.3390/ijms22105072
http://doi.org/10.1109/TNB.2022.3154438
http://doi.org/10.1080/17435390.2022.2030823
http://doi.org/10.3390/nano11092454
http://doi.org/10.1038/cdd.2009.82
http://doi.org/10.1007/978-1-4939-8706-1_17
http://doi.org/10.1007/s10555-017-9701-1
http://doi.org/10.1007/s00018-004-4129-5
http://doi.org/10.1159/000484062
http://www.ncbi.nlm.nih.gov/pubmed/29049989


Pharmaceutics 2023, 15, 432 19 of 20

32. Cartel, M.; Mouchel, P.L.; Gotanegre, M.; David, L.; Bertoli, S.; Mansat-De Mas, V.; Besson, A.; Sarry, J.E.; Manenti, S.; Didier, C.
Inhibition of ubiquitin-specific protease 7 sensitizes acute myeloid leukemia to chemotherapy. Leukemia 2021, 35, 417–432.
[CrossRef]

33. Zhao, C.; Chen, X.; Zang, D.; Lan, X.; Liao, S.; Yang, C.; Zhang, P.; Wu, J.; Li, X.; Liu, N.; et al. A novel nickel complex works as a
proteasomal deubiquitinase inhibitor for cancer therapy. Oncogene 2016, 35, 5916–5927. [CrossRef] [PubMed]

34. Das, T.; Shin, S.C.; Song, E.J.; Kim, E.E. Regulation of Deubiquitinating Enzymes by Post-Translational Modifications. Int. J. Mol.
Sci. 2020, 21, 4028. [CrossRef] [PubMed]

35. Ding, Y.; Chen, X.; Wang, B.; Yu, B.; Ge, J. Deubiquitinase inhibitor b-AP15 activates endoplasmic reticulum (ER) stress and inhibits
Wnt/Notch1 signaling pathway leading to the reduction of cell survival in hepatocellular carcinoma cells. Eur. J. Pharmacol. 2018,
825, 10–18. [CrossRef]

36. Huang, H.; Liu, N.; Liao, Y.; Liu, N.; Cai, J.; Xia, X.; Guo, Z.; Li, Y.; Wen, Q.; Yin, Q.; et al. Platinum-containing compound
platinum pyrithione suppresses ovarian tumor proliferation through proteasome inhibition. J. Exp. Clin. Cancer Res. 2017, 36, 79.
[CrossRef]

37. Xia, X.; Liao, Y.; Guo, Z.; Li, Y.; Jiang, L.; Zhang, F.; Huang, C.; Liu, Y.; Wang, X.; Liu, N.; et al. Targeting proteasome-associated
deubiquitinases as a novel strategy for the treatment of estrogen receptor-positive breast cancer. Oncogenesis 2018, 7, 75. [CrossRef]

38. Crawford, L.J.; Walker, B.; Irvine, A.E. Proteasome inhibitors in cancer therapy. J. Cell. Commun. Signal. 2011, 5, 101–110.
[CrossRef]

39. Jurisic, V.; Radenkovic, S.; Konjevic, G. The Actual Role of LDH as Tumor Marker, Biochemical and Clinical Aspects. Adv. Exp.
Med. Biol. 2015, 867, 115–124. [CrossRef]

40. Zucker, R.M.; Daniel, K.M.; Massaro, E.J.; Karafas, S.J.; Degn, L.L.; Boyes, W.K. Detection of silver nanoparticles in cells by flow
cytometry using light scatter and far-red fluorescence. Cytom. A 2013, 83, 962–972.

41. Ali-Boucetta, H.; Al-Jamal, K.T.; Müller, K.H.; Li, S.; Porter, A.E.; Eddaoudi, A.; Prato, M.; Bianco, A.; Kostarelos, K. Cellular
uptake and cytotoxic impact of chemically functionalized and polymer-coated carbon nanotubes. Small 2011, 7, 3230–3238.
[CrossRef] [PubMed]

42. Wu, Y.; Ali, M.R.K.; Dansby, K.; El-Sayed, M.A. Improving the Flow Cytometry-based Detection of the Cellular Uptake of Gold
Nanoparticles. Anal. Chem. 2019, 91, 14261–14267. [CrossRef]

43. Ivanov, M.R.; Bednar, H.R.; Haes, A.J. Investigations of the mechanism of gold nanoparticle stability and surface functionalization
in capillary electrophoresis. Acs. Nano. 2009, 3, 386–394. [CrossRef]

44. Kuhn, D.A.; Vanhecke, D.; Michen, B.; Blank, F.; Gehr, P.; Petri-Fink, A.; Rothen-Rutishauser, B. Different endocytotic uptake
mechanisms for nanoparticles in epithelial cells and macrophages. Beilstein J Nanotechnol. 2014, 5, 1625–1636. [CrossRef] [PubMed]

45. Liu, Z.; Wu, Y.; Guo, Z.; Liu, Y.; Shen, Y.; Zhou, P.; Lu, X. Effects of internalized gold nanoparticles with respect to cytotoxicity and
invasion activity in lung cancer cells. PLoS ONE 2014, 9, e9917520142014-9.

46. Subtil, A.; Gaidarov, I.; Kobylarz, K.; Lampson, M.A.; Keen, J.H.; McGraw, T.E. Acute cholesterol depletion inhibits clathrin-coated
pit budding. Proc. Natl. Acad. Sci. USA 1999, 96, 6775–6780. [CrossRef]

47. Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell. Signal.
2012, 24, 981–990. [CrossRef]

48. Enea, M.; Pereira, E.; de Almeida, M.P.; Araujo, A.M.; de Lourdes Bastos, M.; Carmo, H. Gold Nanoparticles Induce Oxidative
Stress and Apoptosis in Human Kidney Cells. Nanomaterials 2020, 10, 995. [CrossRef]

49. Yang, J.; Meng, C.; Weisberg, E.; Case, A.; Lamberto, I.; Magin, R.S.; Adamia, S.; Wang, J.; Gray, N.; Liu, S.; et al. Inhibition of the
deubiquitinase USP10 induces degradation of SYK. Br. J. Cancer 2020, 122, 1175–1184. [CrossRef]

50. Harrigan, J.A.; Jacq, X.; Martin, N.M.; Jackson, S.P. Deubiquitylating enzymes and drug discovery: Emerging opportunities. Nat.
Rev. Drug. Discov. 2018, 17, 57–78. [CrossRef]

51. Dreaden, E.C.; Alkilany, A.M.; Huang, X.; Murphy, C.J.; El-Sayed, M.A. The golden age: Gold nanoparticles for biomedicine.
Chem. Soc. Rev. 2012, 41, 2740–2779. [CrossRef] [PubMed]

52. Yang, X.; Yang, M.; Pang, B.; Vara, M.; Xia, Y. Gold Nanomaterials at Work in Biomedicine. Chem. Rev. 2015, 115, 10410–10488.
[CrossRef] [PubMed]

53. Falagan-Lotsch, P.; Grzincic, E.M.; Murphy, C.J. One low-dose exposure of gold nanoparticles induces long-term changes in
human cells. Proc. Natl. Acad. Sci. USA 2016, 113, 13318–13323. [CrossRef]

54. Lima, T.; Bernfur, K.; Vilanova, M.; Cedervall, T. Understanding the Lipid and Protein Corona Formation on Different Sized
Polymeric Nanoparticles. Sci. Rep. 2020, 10, 1129. [CrossRef] [PubMed]

55. Sabuncu, A.C.; Grubbs, J.; Qian, S.; Abdel-Fattah, T.M.; Stacey, M.W.; Beskok, A. Probing nanoparticle interactions in cell culture
media. Colloids Surf. B Biointerfaces 2012, 95, 96–102. [CrossRef] [PubMed]

56. Kumar, D.; Mutreja, I.; Chitcholtan, K.; Sykes, P. Cytotoxicity and cellular uptake of different sized gold nanoparticles in ovarian
cancer cells. Nanotechnology 2017, 28, 475101. [CrossRef]

57. Senut, M.C.; Zhang, Y.; Liu, F.; Sen, A.; Ruden, D.M.; Mao, G. Size-Dependent Toxicity of Gold Nanoparticles on Human
Embryonic Stem Cells and Their Neural Derivatives. Small 2016, 12, 631–646. [CrossRef]

58. Avalos, A.; Haza, A.I.; Mateo, D.; Morales, P. Effects of silver and gold nanoparticles of different sizes in human pulmonary
fibroblasts. Toxicol. Mech. Methods 2015, 25, 287–295. [CrossRef]

http://doi.org/10.1038/s41375-020-0878-x
http://doi.org/10.1038/onc.2016.114
http://www.ncbi.nlm.nih.gov/pubmed/27086925
http://doi.org/10.3390/ijms21114028
http://www.ncbi.nlm.nih.gov/pubmed/32512887
http://doi.org/10.1016/j.ejphar.2018.02.020
http://doi.org/10.1186/s13046-017-0547-8
http://doi.org/10.1038/s41389-018-0086-y
http://doi.org/10.1007/s12079-011-0121-7
http://doi.org/10.1007/978-94-017-7215-0_8
http://doi.org/10.1002/smll.201101004
http://www.ncbi.nlm.nih.gov/pubmed/21919194
http://doi.org/10.1021/acs.analchem.9b02248
http://doi.org/10.1021/nn8005619
http://doi.org/10.3762/bjnano.5.174
http://www.ncbi.nlm.nih.gov/pubmed/25383275
http://doi.org/10.1073/pnas.96.12.6775
http://doi.org/10.1016/j.cellsig.2012.01.008
http://doi.org/10.3390/nano10050995
http://doi.org/10.1038/s41416-020-0731-z
http://doi.org/10.1038/nrd.2017.152
http://doi.org/10.1039/C1CS15237H
http://www.ncbi.nlm.nih.gov/pubmed/22109657
http://doi.org/10.1021/acs.chemrev.5b00193
http://www.ncbi.nlm.nih.gov/pubmed/26293344
http://doi.org/10.1073/pnas.1616400113
http://doi.org/10.1038/s41598-020-57943-6
http://www.ncbi.nlm.nih.gov/pubmed/31980686
http://doi.org/10.1016/j.colsurfb.2012.02.022
http://www.ncbi.nlm.nih.gov/pubmed/22421416
http://doi.org/10.1088/1361-6528/aa935e
http://doi.org/10.1002/smll.201502346
http://doi.org/10.3109/15376516.2015.1025347


Pharmaceutics 2023, 15, 432 20 of 20

59. Pan, Y.; Leifert, A.; Ruau, D.; Neuss, S.; Bornemann, J.; Schmid, G.; Brandau, W.; Simon, U.; Jahnen-Dechent, W. Gold nanoparticles
of diameter 1.4 nm trigger necrosis by oxidative stress and mitochondrial damage. Small 2009, 5, 2067–2076. [CrossRef]

60. Augustine, R.; Hasan, A.; Primavera, R.; Wilson, R.J.; Thakor, A.S.; Kevadiya, B.D. Cellular uptake and retention of nanoparticles:
Insights on particle properties and interaction with cellular components. Mater. Today Commun. 2020, 25, 101692. [CrossRef]

61. Engstrom, A.M.; Faase, R.A.; Marquart, G.W.; Baio, J.E.; Mackiewicz, M.R.; Harper, S.L. Size-Dependent Interactions of Lipid-
Coated Gold Nanoparticles: Developing a Better Mechanistic Understanding Through Model Cell Membranes and in vivo
Toxicity. Int. J. Nanomed. 2020, 15, 4091–4104. [CrossRef] [PubMed]

62. Lee, Y.J.; Ahn, E.Y.; Park, Y. Shape-dependent cytotoxicity and cellular uptake of gold nanoparticles synthesized using green tea
extract. Nanoscale Res. Lett. 2019, 14, 129. [CrossRef] [PubMed]

63. Chithrani, B.D.; Ghazani, A.A.; Chan, W.C. Determining the size and shape dependence of gold nanoparticle uptake into
mammalian cells. Nano. Lett. 2006, 6, 662–668. [CrossRef] [PubMed]

64. Foroozandeh, P.; Aziz, A.A. Insight into Cellular Uptake and Intracellular Trafficking of Nanoparticles. Nanoscale Res. Lett. 2018,
13, 339. [CrossRef] [PubMed]

65. Uboldi, C.; Bonacchi, D.; Lorenzi, G.; Hermanns, M.I.; Pohl, C.; Baldi, G.; Unger, R.E.; Kirkpatrick, C.J. Gold nanoparticles induce
cytotoxicity in the alveolar type-II cell lines A549 and NCIH441. Part. Fibre. Toxicol. 2009, 6, 18. [CrossRef] [PubMed]

66. Xie, X.; Liao, J.; Shao, X.; Li, Q.; Lin, Y. The Effect of shape on Cellular Uptake of Gold Nanoparticles in the forms of Stars, Rods,
and Triangles. Sci. Rep. 2017, 7, 3827. [CrossRef] [PubMed]

67. Martinez-Torres, A.C.; Lorenzo-Anota, H.Y.; Garcia-Juarez, M.G.; Zarate-Trivino, D.G.; Rodriguez-Padilla, C. Chitosan gold
nanoparticles induce different ROS-dependent cell death modalities in leukemic cells. Int. J. Nanomed. 2019, 14, 7173–7190.
[CrossRef]

68. Schlinkert, P.; Casals, E.; Boyles, M.; Tischler, U.; Hornig, E.; Tran, N.; Zhao, J.; Himly, M.; Riediker, M.; Oostingh, G.J.; et al. The ox-
idative potential of differently charged silver and gold nanoparticles on three human lung epithelial cell types. J. Nanobiotechnology
2015, 13, 1. [CrossRef]

69. Mohammadinejad, R.; Moosavi, M.A.; Tavakol, S.; Vardar, D.O.; Hosseini, A.; Rahmati, M.; Dini, L.; Hussain, S.; Mandegary, A.;
Klionsky, D.J. Necrotic, apoptotic and autophagic cell fates triggered by nanoparticles. Autophagy 2019, 15, 4–33. [CrossRef]

70. Sun, H.; Jia, J.; Jiang, C.; Zhai, S. Gold Nanoparticle-Induced Cell Death and Potential Applications in Nanomedicine. Int. J. Mol.
Sci. 2018, 19, 754. [CrossRef]

71. Xia, Q.; Huang, J.; Feng, Q.; Chen, X.; Liu, X.; Li, X.; Zhang, T.; Xiao, S.; Li, H.; Zhong, Z.; et al. Size- and cell type-dependent
cellular uptake, cytotoxicity and in vivo distribution of gold nanoparticles. Int. J. Nanomed. 2019, 14, 6957–6970. [CrossRef]

72. Cardoso, F.; Ross, J.S.; Picart, M.J.; Sotiriou, C.; Durbecq, V. Targeting the ubiquitin-proteasome pathway in breast cancer. Clin.
Breast. Cancer 2004, 5, 148–157. [CrossRef]

73. Chen, X.; Yang, Q.; Chen, J.; Zhang, P.; Huang, Q.; Zhang, X.; Yang, L.; Xu, D.; Zhao, C.; Wang, X.; et al. Inhibition of Proteasomal
Deubiquitinase by Silver Complex Induces Apoptosis in Non-Small Cell Lung Cancer Cells. Cell. Physiol. Biochem. 2018, 49,
780–797. [CrossRef]

74. Dang, L.; Wen, F.; Yang, Y.; Liu, D.; Wu, K.; Qi, Y.; Li, X.; Zhao, J.; Zhu, D.; Zhang, C.; et al. Proteasome inhibitor MG132 inhibits
the proliferation and promotes the cisplatin-induced apoptosis of human esophageal squamous cell carcinoma cells. Int. J. Mol.
Med. 2014, 33, 1083–1088. [CrossRef] [PubMed]

75. Guo, N.; Peng, Z. MG132, a proteasome inhibitor, induces apoptosis in tumor cells. Asia Pac. J. Clin. Oncol. 2013, 9, 6–11.
[CrossRef] [PubMed]

76. Jayaweera, S.P.E.; Wanigasinghe Kanakanamge, S.P.; Rajalingam, D.; Silva, G.N. Carfilzomib: A Promising Proteasome Inhibitor
for the Treatment of Relapsed and Refractory Multiple Myeloma. Front. Oncol. 2021, 11, 740796. [CrossRef] [PubMed]

77. Wu, J.; Xie, H. Effects of titanium dioxide nanoparticles on alpha-synuclein aggregation and the ubiquitin-proteasome system in
dopaminergic neurons. Artif. Cells. Nanomed. Biotechnol. 2016, 44, 690–694. [CrossRef]

78. Khan, O.M.; Almagro, J.; Nelson, J.K.; Horswell, S.; Encheva, V.; Keyan, K.S.; Clurman, B.E.; Snijders, A.P.; Behrens, A. Proteasomal
degradation of the tumour suppressor FBW7 requires branched ubiquitylation by TRIP12. Nat. Commun. 2021, 12, 2043. [CrossRef]

79. Pandit, B.; Gartel, A.L. Proteasome inhibitors induce p53-independent apoptosis in human cancer cells. Am. J. Pathol. 2011, 178,
355–360. [CrossRef]

80. Di Bucchianico, S.; Fabbrizi, M.R.; Cirillo, S.; Uboldi, C.; Gilliland, D.; Valsami-Jones, E.; Migliore, L. Aneuploidogenic effects and
DNA oxidation induced in vitro by differently sized gold nanoparticles. Int. J. Nanomed. 2014, 9, 2191–2204. [CrossRef]

81. Ramalingam, V.; Revathidevi, S.; Shanmuganayagam, T.S.; Muthulakshmi, L.; Rajaram, R. Gold nanoparticle induces
mitochondria-mediated apoptosis and cell cycle arrest in nonsmall cell lung cancer cells. Gold. Bulletin. 2017, 50, 177–189.
[CrossRef]

82. Jawaid, P.; Rehman, M.U.; Zhao, Q.L.; Misawa, M.; Ishikawa, K.; Hori, M.; Shimizu, T.; Saitoh, J.I.; Noguchi, K.; Kondo, T.
Small size gold nanoparticles enhance apoptosis-induced by cold atmospheric plasma via depletion of intracellular GSH and
modification of oxidative stress. Cell. Death Discov. 2020, 6, 83. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/smll.200900466
http://doi.org/10.1016/j.mtcomm.2020.101692
http://doi.org/10.2147/IJN.S249622
http://www.ncbi.nlm.nih.gov/pubmed/32606666
http://doi.org/10.1186/s11671-019-2967-1
http://www.ncbi.nlm.nih.gov/pubmed/30976946
http://doi.org/10.1021/nl052396o
http://www.ncbi.nlm.nih.gov/pubmed/16608261
http://doi.org/10.1186/s11671-018-2728-6
http://www.ncbi.nlm.nih.gov/pubmed/30361809
http://doi.org/10.1186/1743-8977-6-18
http://www.ncbi.nlm.nih.gov/pubmed/19545423
http://doi.org/10.1038/s41598-017-04229-z
http://www.ncbi.nlm.nih.gov/pubmed/28630477
http://doi.org/10.2147/IJN.S221021
http://doi.org/10.1186/s12951-014-0062-4
http://doi.org/10.1080/15548627.2018.1509171
http://doi.org/10.3390/ijms19030754
http://doi.org/10.2147/IJN.S214008
http://doi.org/10.3816/CBC.2004.n.020
http://doi.org/10.1159/000493041
http://doi.org/10.3892/ijmm.2014.1678
http://www.ncbi.nlm.nih.gov/pubmed/24584782
http://doi.org/10.1111/j.1743-7563.2012.01535.x
http://www.ncbi.nlm.nih.gov/pubmed/22897979
http://doi.org/10.3389/fonc.2021.740796
http://www.ncbi.nlm.nih.gov/pubmed/34858819
http://doi.org/10.3109/21691401.2014.980507
http://doi.org/10.1038/s41467-021-22319-5
http://doi.org/10.1016/j.ajpath.2010.11.010
http://doi.org/10.2147/IJN.S58397
http://doi.org/10.1007/s13404-017-0208-x
http://doi.org/10.1038/s41420-020-00314-x
http://www.ncbi.nlm.nih.gov/pubmed/32963811

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Physicochemical Characterisation of Different Sizes of AuNPs 
	Cell Culture of A549 Cells 
	Cell Viability Assays of Different Sizes of AuNPs 
	MTT Assay 
	LDH Release Assay 

	Cellular Uptake of Different Sizes of AuNPs 
	Inductively Coupled Plasma Mass Spectrometry 
	Flow Cytometry 
	Transmission Electron Microscopy 

	Cellular Uptake Mechanisms of Different Sizes of AuNPs using Pharmacological Inhibitors 
	Inductively Coupled Plasma Mass Spectrometry 
	Flow Cytometry 

	Detection of Reactive Oxygen Species Generation 
	Annexin-V/PI Apoptosis Assay 
	Western Blotting 
	Statistical Analysis 

	Results 
	Physicochemical Characterisation of Different Sizes of AuNPs 
	AuNPs Decreased Cell Viability and Increased LDH Release in A549 
	AuNPs Uptake in A549 cells by ICP-MS, Flow Cytometry, and Transmission Electron Microscopy (TEM) 
	Assessment of the Uptake Mechanism(s) of Different Sizes of AuNPs in A549 Cells 
	Upregulation of ROS Production Caused by Different Sizes of AuNPs 
	Mechanism of Cell Death of Different Sizes of AuNPs Assessed by Annexin-V/PI 
	Effects of Different Sizes of AuNPs on 19S Proteasome DUBs Enzymes 
	Effects of Different Sizes of AuNPs on the Expression Level of Apoptosis-Related Proteins 

	Discussion 
	Conclusions 
	References

