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In Brief

\We demonstrated that one-step-synthesized PEG-coated gold
nanoparticles have high stability, very low toxicity, and high
biocompatibility in human cells and animal models. These
properties make them promising candidates for use in future
studies as diagnostic tools, therapeutic agents, drug delivery
systems, and in many other medical applications.

Highlights
= One-step synthesis provides affordable, stable, and
biocompatible nanoparticles.

= PEG-coated gold nanoparticles exhibited very low
cytotoxicity effects.

= This in vivo study did not reveal hematopoietic, renal,
or hepatic alterations.

= The histopathological analysis did not present any tissue
or cellular damage.
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ORIGINAL ARTICLE
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ABSTRACT

Objective: To evaluate the in vitro and in vivo toxicities of polyethylene glycol-coated gold
nanoparticles synthesized using a one-step process. Metheds: Gold nanoparticles were prepared via
a co-precipitation method using polyethylene glycol, and the synthesis product was characterized.
For the in vitro evaluation, a flow cytometry analysis with Annexin V and iodide propidium staining
was used to assess cytotoxicity in MG-63 cells labeled with 10, 50, and 100ug/mL of nanoparticle
concentration. For the in vivo evaluation, nanoparticles were administered intraperitoneally
at a dose of 10mg/kg dose in 10-week-old mice. Toxicity was assessed 24 hours and 7 days
after administration via histopathological analysis of various tissues, as well as through renal,
hepatic, and hematopoietic evaluations. Results: Synthesized nanoparticles exhibited different
hydrodynamic sizes depending on the medium: 51.27+1.62nm in water and 268.12+28.45nm
(0 hour) in culture medium. They demonstrated a maximum absorbance at 520nm and a zeta
potential of -8.419mV. Cellular viability exceeded 90%, with less than 3% early apoptosis, 6%
late apoptosis, and 1% necrosis across all labeling conditions, indicating minimal cytotoxicity
differences. Histopathological analysis highlighted the accumulation of nanoparticles in the
mesentery; however, no lesions or visible agglomeration was observed in the remaining tissues.
Renal, hepatic, and hematopoietic analyses showed no significant differences at any time point.
Conclusion: Polyethylene glycol-coated gold nanoparticles exhibit extremely low toxicity and high
biocompatibility, showing promise for future studies.

Keywords: Nanomedicine; Flow cytometry; In vitro techniques; Nanoparticles, polyethylene
glycols; Toxicity

INTRODUCTION

Significant attention has been devoted to the development of nanomaterials
for disease diagnosis, therapy, and prevention.) The use of biocompatible
nanoparticles (NPs) for disease detection, drug delivery systems, or as alternative
therapies in living organisms has garnered attention for its ability to address
various challenges inherent in other methods.>® These challenges include the
effective targeting pharmacological agents to tumors and overcoming issues
associated with tumors receiving low concentrations of drugs.*® Despite being
advantageous, one of the greatest challenges related to the use of NPs is the
development of biocompatible materials that have low toxicity and are capable
of internalization in the organism without presenting unwanted effects on cell
viability and tissue structure.
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In this context, gold nanoparticles (AuNPs) are
extremely promising.!” In addition to being stable,
simple to manufacture, controllable in size, and
straightforward for surface functionalization, these
NPs also present strongly enhanced optical properties
and high biocompatibility for in vivo studies.!V The
utilization of AuNPs has thus distinguished itself in a
number of applications, serving as promising carriers
for different biomolecules, such as drugs, therapeutic
proteins, DNA, or RNA,2" in addition to acting as
phototherapeutic and tumor detection agents.(!319)

One of the more feasible options for enhancing
the medical properties of AuNPs is PEGylation, which
involves coating NPs with PEG, a biopolymer that is
affordable, versatile, and FDA-cleared.(!” PEG-coated
AuNPs (PEG-AuNPs) offer improved cellular uptake,
lower cytotoxicity, and mitigation of adverse immune
system responses compared to AuNPs typically coated
with citrate. Moreover, PEGlyation allows for easier
passage of NPs through different biological barriers,
such as the blood-brain barrier.(>1

One current challenge in nanomedicine is the
development of simple, rapid, biocompatible, and
affordable PEGylation methods.!” The use of
unmodified PEG as a reducing and stabilizing agent
for AuNPs has been shown to be a viable alternative
because it is capable of synthesizing stable and low-
polydispersity NPs via a controllable and reproducible
one-step synthesis process.!”

We evaluated the cytotoxicity of PEGAuNPs in
fibroblast-like cells via flow cytometry and in vivo
toxicity via histopathological analysis of various
tissues. We also conducted hematological, hepatic,
and renal evaluations of C57BL/6 mice 1 and 7 days
postadministration.

OBJECTIVE

Based on this, the current study aimed to evaluate the
in vitro and in vivo toxicity of PEG-AuNP synthesized
through a simple one-step synthesis process.

METHODS

In vitro studies

Synthesis of PEG-AulNPs

PEG-AuNPs were synthesized using a one-step process,
according to Stiufiuc et al.* Briefly, the procedure was
performedin a 150mLsingle-neck round-bottomed flask
containing a solution of 45mL of MilliQ® water (EMD
Millipore Corporation, MA, USA), 6g of PEG1500
(Sigma-Aldrich, MO, USA), and 0.75SmL NaOH 1%m/m
solution (Merck, Darmstadt, Germany). Subsequently,
the system was heated to 50°C under magnetic stirring.
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A 5SmL aqueous solution containing 19.7mg of HAuCl,
(Sigma-Aldrich, MO, USA) was then added to the flask,
and the resulting transparent solution was heated up
to 80°C under stirring. Once a characteristic ruby-red
color developed, the solution was stirred and heated at
80°C for an additional 3 minutes before suspending the
reaction. The product was then allowed to cool to room
temperature.

Characterization of PEG-AuNPs

To evaluate the hydrodynamic diameter of the
synthesized PEG-AuNPs, a solution of 50ug/mL
was prepared for dynamic light scattering (DLS)
analysis using a Zetasizer Ultra System (Malvern,
Worcestershire, UK), employing the same parameters
reported in a previous study.?® Dulbecco’s Modified
Eagle’s Medium/F12 (DMEM) supplemented with 10%
fetal bovine serum (FBS) was used, with a viscosity of 0.94
centipoise. The mean diameter and standard deviation
were obtained by fitting the experimental data to a
lognormal distribution function. To verify the effects of
the culture medium on the polydispersion and stability
of NPs (0 and 24 hours), the same DLS conditions
were used for a solution of PEG-AuNP resuspended in
DMEM (GIBCO® Invitrogen Technologies, NY, USA)
and supplemented with 10% FBS (GIBCO® Invitrogen
Technologies, NY, USA).

The zeta potential was immediately evaluated using
the Zetasizer Ultra System with a 50ug/mL PEG-AuNP
solution at pH 7.4 and 37°C. Subsequently, the surface
plasmon resonance (SPR) of the prepared NPs was
determined by obtaining the absorption spectrum of a
50ug/mL PEG-AuNP solution ranging from 400 to
800nm. Absorption spectra were obtained using a
UV-1800 spectrometer (Shimadzu, Kyoto, Japan).

Cell culture of MG-63 lineage

To further evaluate the cytotoxicity of the synthesized
PEG-AuNPs, we used the fibroblast-like MG-63 cell
line obtained from the Cell Bank of Rio de Janeiro
(BCRI, code: 0173). The cells were cultivated using
DMEM supplemented with 10% FBS, 1% of penicillin-
streptomycin (GIBCO® Invitrogen Corporation, CA,
USA), and 1% of L-glutamine (GIBCO® Invitrogen
Corporation, CA, USA) and incubated at 37°C, 5%
CO,, and 60% relative humidity. For detachment of
the MG-63 cells from the T-25 flasks, 0.25% trypsin
EDTA (GIBCO® Invitrogen Corporation, CA, USA)
was added at 37°C, followed by a 5-minutes incubation
period ina 5% CO,, 98% of humid atmosphere at 37°C.

Evaluation of PEG-AulNP cytotoxicity on MG-63 cells
The evaluation of PEG-AuNP cytotoxicity was
performed using a fluorescein isothiocyanate (FITC)
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Annexin V Apoptosis Detection Kit 1 (BD Biosciences,
CA, USA), followed by flow cytometry on an Attune™
NxT Flow Cytometer (Thermo Fisher Scientific, MA,
USA). Briefly, MG-63 cells were seeded in a 24-well
plate at a density of 1 X 10° cells per well. After 48
hours, the culture medium was replaced, and the cells
were labeled with 10, 50, and 100wg/mL of PEG-AuNP
for 24 hours. Cells were detached via trypsinization and
resuspended in DMEM. Cytotoxicity was evaluated
using FITC-Annexin V and propidium iodide staining
kits (Thermo Fisher Scientific, Eugene, EUA),
according to the manufacturer’s instructions. The data
obtained were analyzed using FlowJo software version
10.6 (BD Biosciences, CA, USA), where the cells were
categorized as early apoptotic (Annexin V+/PI-), late
apoptotic (Annexin V+/PI+), necrotic (Annexin V-/PI+),
or viable (Annexin V-/PI-).

In vivo studies

Ethics statement

This study was approved by the FEthics in Animal
Research Committee of Hospital Israelita Albert
Einstein (number 4932/21). Twenty-four 10-week-old
female C57BL/6 mice were used. These animals were
maintained at 21 +2°C and 60% =5% relative humidity
with full ventilation, under a 12-hours light/dark cycle
(from 7 am until 7 pm). All mice had access to food
and water ad libitum at the Centro de Experimentacdo
e Treinamento em Cirurgia, a vivarium accredited by
the Association for the Assessment and Accreditation
of Laboratory Animal Care International (AAALAC
International).

PEG-AuNP in vivo administration

To avoid the contamination and administration of
eventual clusters of NPs, the PEG-AuNPs were filtered
through a 0.22um sterile syringe filter. The material
was then administered intraperitoneally at a final dose
of 10mg/kg. After 1 and 7 days of administration, the
animals were euthanized via anesthesia overdose to
collect organs (gonads, brain, lung, kidney, spleen, liver,
and mesentery) for histopathological analysis.

Histopathological analysis

Histopathological analysis was performed using
hematoxylin and eosin (H&E) staining to evaluate the
possible effects and toxicity of PEG-AuNPs after 1 and
7 days of administration (n=5 per time of evaluation).
All the tissues were initially fixed in flasks containing a
4% buffered paraformaldehyde solution. Subsequently,
the samples were dehydrated in absolute alcohol for 5

hours, diaphonized in xylene for 3 hours, and immersed
in paraffin for 2 hours at 60°C. The blocks were sliced
to a thickness of Sum using a Leica RM2245 microtome
(Leica, IL, USA) and stained using the H&E standard
protocol. Microscopic examination was performed
using a Nikon TiE fluorescence microscope (Nikon,
Tokyo, Japan).

Blood count and biochemical analysis

To evaluate the influence of PEG-AuNPs on the
hematopoietic environment and the kidney and liver
systems, blood samples were collected from each
animal (n=9). Serological analysis was performed using
a ChemWell T Auto-Analyzer (Awareness Technology,
FL, USA) for alanine transaminase (ALT), aspartate
transaminase (AST), albumin, blood urea nitrogen
(BUN), and creatinine. Subsequently, the blood count
analysis was performed using a Hematoclin 2.8 vet
(Bioclin, Belo Horizonte, Brazil) for granulocytes,
lymphocytes, red blood cells (RBCs), and platelets.

Statistical analysis

The data were described as the mean and standard
deviation. Inferential statistical analysis was conducted
using the one-way analysis of variance (ANOVA) test
for cytotoxicity evaluation and blood analyses. Post hoc
analysis was performed using the Bonferroni correction
method. Statistical analyses were performed using
JASP software v0.14.1 (http://www.jasp-stats.org; accessed
on July 14, 2023). The statistical significance level was
set at p<0.05.

RESULTS

Characterization of PEG-AuNPs

The hydrodynamic diameter and optical and surface
charge characterizations of the synthesized PEG-
AuNPs were performed using DLS, UV-VIS, and zeta
potential techniques, as depicted in figure 1 (parts A, B,
and C, respectively).

Figure 1A shows the DLS measures obtained
from PEG-AuNPs, along with potential interferences
from the culture medium. Readings were performed
in MilliQ® water and in DMEM supplemented with
10% of FBS. Two peaks with different sizes and
intensities were observed for each condition. In
MilliQ® water, a more intense peak was observed
at 51.27x1.62nm, attributed to PEG-AulNPs, and
another at 2.06+0.01nm, representing residual PEG in
solution. Conversely, in the culture medium, the peaks
were less intense but exhibited larger hydrodynamic

einstein (Sao Paulo). 2024;22:1-9
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Figure 1. Characterization of PEG-AuNPs. (A) Hydrodynamic diameter size evaluation via dynamic light scattering of PEG-AuNPs in water and
culture media; (B) PEG-AuNP absorption spectrum; (C) zeta potential measurements of PEG-AuNPs

diameters. Specifically, PEG-AuNPs showed a size of
268.12+28.45nm (0 hour) and 270.62+22.17nm (24
hours), while the PEG peak shifted to 11.50%+0.05nm
(0 hour) and 11.56+0.04nm (24 hours), showing
adequate stability over 24 hours, consistent with the
duration of the cytotoxicity evaluation.

The optical properties of PEG-AuNPs, as analyzed
by the absorbance spectrum (Figure 1B), revealed a
maximum absorbance at 520nm. Additionally, the value
of the zeta potential of the synthesized PEG-AuNPs
was determined to be approximately -8.42mV, as shown
in figure 1C.

Cytotoxicity of PEG-AuNPs for MG-63 cells

Flow cytometry was used to analyze the MG-
63 cell toxicity for all PEG-AuNP concentrations
tested (control, 10, 50, and 100g/mL) in the cellular
labeling process, as shown in figure 2 (A to D). The
cellular condition corresponding to increasing NP
concentrations in the labeling process was depicted by

einstein (Sao Paulo). 2024;22:1-9

the quadrants, where Q1 represented early apoptosis
cells ranging from 0.57+0.36 to 1.10x0.06, Q2
denoted necrotic cells (2.90%£1.23 to 5.50%1.33), Q3
indicated late apoptosis cells ranging from 2.13%+0.30 to
2.61x0.97, and Q4 depicted viable cells ranging from
94.40%1.0 t0 90.79x1.21.

The quadruplicate sample results of this assay were
plotted in the histogram by percentile values of each cell
condition (Figure 2 E to H), with no significant difference
being observed with increased PEG-AuNP concentration
for each cell condition using ANOVA. Low cell toxicity
was observed at higher NP concentrations (90.79%)
compared to the control (94.40%), with evident dose-
dependent toxicity (necrotic cells increased from 2.90%
to 5.50% with an increase in NP concentration; figure
2F; the percentage of early and late apoptotic cells
was less than 1.1% and 2.6%, respectively, with small
variations between labeling conditions. With the control
representing 100% viability, the other conditions tested
exhibited the following percentages of viability: 98.52%
(10ug/mL), 97.30% (50ug/mL), and 96.18% (100ug/mL).
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Figure 2. PEG-AuNP cytotoxicity evaluation via flow cytometry. (A-D) Representative flow cytometry charts of cell labeling with 0 (control), 10,
50, and 100ug/mL of PEG-AuNPs, respectively; (E-H) Analysis of quadruplicate samples of the percentage of early apoptotic, necrotic, viable, and
late apoptotic cells, respectively
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labeling only decreased cell viability by 3.82%. There were no significant differences in the RBC,
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. . . time (Figure 4A). Moreover, no differences in AST,
In vivo evaluation of PEG-AuNP toxicity

Histopathological analysis

Histopathological analysis (Figure 3) revealed no tissue
or cellular damage attributable to PEG-AuNP toxicity
in the animal models across the main tissues of the
evaluated organs over time. However, PEG-AuNP
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Figure 4. Biochemical and blood count analyses. (A) Hematological evaluation

Figure 3. Histopathological evaluation of the gonads, brain, lung, kidney, spleen, for platelets, red blood cells, lymphocytes, and granulocytes; (B) Biochemical
liver, and mesentery of control animals and animals after 1 and 7 days of PEG- analyses of aspartate transaminase, alanine transaminase, albumin, creatinine,
AuNP administration and blood urea nitrogen
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ALT, or albumin levels were observed over time in
the hepatic evaluation (Figure 4B). Renal evaluation
showed an increase in BUN values (p=0.154) between
1 and 7 days post-administration, whereas creatinine
levels remained similar throughout the entire
experiment (Figure 4B). These results indicate that
PEG-AuNPs did not affect the hematopoietic, hepatic,
or renal systems, corroborating the histopathological
findings and reinforcing PEG-AuNP biocompatibility.

DISCUSSION

This study demonstrated that PEG-AuNPs synthesized
using a one-step protocol demonstrate sufficient
properties for biomedical applications. PEG-AuNPs
were evaluated in vitro and in vivo under various
physiological conditions, exhibiting acceptable stability,
adequate zeta potential, high biocompatibility, and low
toxicity.

AuNPs find significant applications in nanomedicine,
particularly in biosensor labeling, bioimaging, drug
delivery systems, and phototherapeutic roles.(213152)
Recent research have focused on the development of
affordable biocompatible NPs that can be employed
in clinical trials.” In this scenario, AuNPs stand out
because of their high biocompatibility and ability to
be used in different applications.”'*) To improve
the biocompatibility and the medical applications of
AuNP, researchers have turned to coating these NPs
with PEG, a biocompatible polymer® that avoids
non-specific binding with proteins. This contributes
to the stability of NPs and improves their efficiency in
the physiological environment.**?¥ Moreover, various
nanomedicine disciplines have focused on devising
rapid and economical PEGylation methods, with one-
step syntheses of AuNPs particularly praised for their
simplicity and efficiency.1%%)

In this study, we aimed to fill a gap in the literature on
the toxicity of PEG-AuNPs synthesized using a one-step
co-precipitation method that does not require the use
of organic solvents or toxic reagents. This is in contrast
to most one-step-synthesized AuNPs reported in the
literature, which are synthesized using citrate to reduce
Au(III) to Au(0).?**" In our synthesis protocol, PEG
acts as both a reducing agent and stabilizer,”® enabling
a simple, fast, affordable, and direct application of
these nanomaterials from the synthesis product.1%»29)
This approach aims to improve the viability of using the
nanomaterial in both clinical and pre-clinical studies.

It is necessary to characterize this material prior
to its application in toxicity tests. This study showed
that PEG-AuNPs achieved adequate properties post-

synthesis and were stable under physiological labeling
conditions (in vitro: water and medium culture) over 24
hours. Despite showing an increase in size and in corona
protein formation due to interactions between NPs and
complex components of the culture medium — driven
by electrostatic forces, van der Waals forces, steric
forces, and magnetic forces modulated by the Brownian
motion associated with NPs®3% — PEG-AuNPs maintain
colloidal stability and resist aggregation, consistent with
Moore et al.?Y The absorbance spectrum displayed the
typical SPR peak of 50nm AuNPs.®? Lastly, the zeta
potential indicated a low surface charge and efficient
PEGylation.®%3)

The labeling of MG-63 cells with AuNPs in
previous studies®**> reported no significant effects
on the cellular cycle or key signaling pathways after
labeling with up to 40uM AuNPs, consistent with
our results. Steckiewicz et al.?® reported that high
cell viability exceeding 95% was observed in MG-63
cell labeling with concentrations of up to Sug/mL of
spherical AuNPs, whereas our study demonstrated
96.18% viability even at concentrations of up to
100ug/mL, representing a mere 3.82% compromise in
viability. This indicates high biocompatibility and low
cytotoxicity of PEG-AuNPs.

The toxicity evaluation of PEG-AuNPs in vivo was
evaluated via histopathological analysis, biochemical
evaluation of renal and hepatic parameters, and
blood count. Histopathological analysis highlighted
an accumulation of PEG-AuNPs at the mesentery
site, probably because of the route of administration,
as already observed by Pham et al.®” Moreover, the
accumulation was reduced after 7 days, indicating
that NPs progressively left this site over time. Signs of
inflammation were also identified in the mesentery;
however, as PEG-AuNPs are foreign to the body, certain
degrees of inflammation are still considered a normal
response, as well as an increase in the population of
macrophages in the region of accumulation.®**) Because
PEG-AuNPs are distributed in other places in a more
subdued and non-agglomerated manner than in the
mesentery, no obvious agglomeration of PEG-AuNPs
was observed in the analyses of the other tissues.#4
The absence of substantial toxicity signals and the
lack of significant lesions in the tissues indicate the
material’s potential biocompatibility and low toxicity,
both of which have been previously reported.®“) The
observation of inflammation solely in the mesentery
further underscores the material’s low toxicity, as the
inflammatory response was localized, relatively mild,
and attributed to NP agglomeration resulting from the
administration route.®
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The histopathological findings corroborated with
biochemical and blood count analyses, and no significant
variation was observed over time, demonstrating that
PEG-AuNPs exhibited no significant effects on the
hepatic, renal, or hematopoietic systems, reaffirming the
low toxicity already reported in previous studies.**5)

Further development of this study could involve
assessing the biodistribution of PEG-AuNPs using
other methods, such as inductively coupled plasma
mass spectrometry.

CONCLUSION

The in vitro and in vivo assessments of PEG-
AuNPs, synthesized via a one-step synthesis method,
demonstrated no toxic effects on MG-63 cells even
at high labeling concentrations. Moreover, up to 7
days post-administration, no significant lesions were
observed in tissues used for in vivo testing, with no
indications of renal or hepatic function alterations.
The lymphocyte, granulocyte, platelet, and red blood
cells populations were unaffected by PEG-AulNPs.
Therefore, these findings suggest the exceptional
promise of these PEG-AuNPs for future investigations
and potential translation into clinical studies, given their
extraordinarily low toxicity and high biocompatibility.

ACKNOWLEDGMENTS

Supported by Conselho Nacional de Desenvolvimento
Cientifico e Tecnologico (CNPq), #308901/2020,
#400856/2016-6; Fundacdo de Amparo a Pesquisa
do Estado de Sao Paulo (FAPESP), #2019/21070-3,
#2017/17868-4, #2016/21470-3; Sistema Nacional de
Laboratorios em Nanotecnologias (SisNANO) 2.0/
MCTIC, #442539/2019-3; and Amigos da Oncologia e
Hematologia Einstein (AMIGOH).

AUTHORS’ CONTRIBUTION

Murilo Montenegro Garrigds: conceptualization, data
curation, formal analysis, investigation, methodology,
validation, visualization, writing - original draft,
writing - review, and editing. Fernando Anselmo de
Oliveira: conceptualization, data curation, formal
analysis, investigation, methodology, visualization,
writing - original draft, writing - review, and editing.
Cicero Julio Silva Costa: data curation, formal analysis,
investigation, validation, visualization, and writing
of the original draft. Lucas Renan Rodrigues: data
curation, formal analysis, investigation, validation,
and visualization. Mariana Penteado Nucci: formal

einstein (Sao Paulo). 2024;22:1-9

analysis and investigation. Arielly da Hora Alves: formal
analysis, investigation, writing the original draft. Javier
Bustamante Mamani and Gabriel Nery de Albuquerque
Rego: formal analysis, methodology, and writing the
original draft. Juan Matheus Munoz: investigation and
validation. Lionel Fernel Gamarra: conceptualization,
data curation, formal analysis, funding acquisition,
investigation, methodology, project administration,
resources, supervision, validation, visualization, writing
- original draft, writing - review, and editing.

AUTHORS' INFORMATION

Garrigés MM: http://orcid.org/0000-0002-7082-8730
Oliveira FA: http://orcid.org/0000-0002-7226-1694
Costa CJ: http://orcid.org/0000-0003-1707-5917
Rodrigues LR: http://orcid.org/0009-0004-9512-1143
Nucci MP: http://orcid.org/0000-0002-1502-9215
Alves AH: http://orcid.org/0000-0003-3570-0827
Mamani JB: http://orcid.org/0000-0001-5038-0070
Rego GN: http://orcid.org/0000-0003-2011-0373
Munoz JM: http://orcid.org/0000-0002-4473-1644
Gamarra LF: http://orcid.org/0000-0002-3910-0047

REFERENCES

1. XuM, HanX, XiongH, GaoY,XuB, ZhuG, et al. Cancer Nanomedicine: Emerging
Strategies and Therapeutic Potentials. Molecules. 2023;28(13):5145.

2. Patra JK, Das G, Fraceto LF, Campos EV, Rodriguez-Torres MD, Acosta-Torres
LS, et al. Nano based drug delivery systems: recent developments and future
prospects. J Nanobiotechnology. 2018;16(1):71.

3. Paluszkiewicz P Martuszewski A, Zareba N, Wala K, Banasik M, Kepinska
M. The Application of Nanoparticles in Diagnosis and Treatment of Kidney
Diseases. Int J Mol Sci. 2021;23(1):131.

4. Ghorbani M, Mahmoodzadeh F. Nezhad-Mokhtari P Hamishehkar H. A
novel polymeric micelle-decorated Fe304/Au core-shell nanoparticle for
pH and reduction-responsive intracellular co-delivery of doxorubicin and
6-mercaptopurine. New J Chem. 2018;42(22):18038-49.

5. Hafeez MN, Celia C, Petrikaite V. Challenges towards Targeted Drug Delivery
in Cancer Nanomedicines. Processes (Basel). 2021;9(9):1527.

6. Haque M, Shakil MS, Mahmud KM. The Promise of Nanoparticles-Based
Radiotherapy in Cancer Treatment. Cancers (Basel). 2023;15(6):1892.

7. Bahadar H, Magbool F, Niaz K, Abdollahi M. Toxicity of Nanoparticles and an
Overview of Current Experimental Models. Iran Biomed J. 2016;20(1):1-11.

8. Ranjha MM, Shafique B, Rehman A, Mehmood A, Ali A, Zahra SM, et al.
Biocompatible Nanomaterials in Food Science, Technology, and Nutrient Drug
Delivery: Recent Developments and Applications. Front Nutr. 2022;8:778155.

9. LiX,WangL,FanY,FengQ, Cui k. Biocompatibility and Toxicity of Nanoparticles
and Nanotubes. J Nanomater. 2012;2012:548389.

10. Arvizo R, Bhattacharya R, Mukherjee P. Gold nanoparticles: opportunities and
challenges in nanomedicine. Expert Opin Drug Deliv. 2010;7(6):753-63.

11. Huang X, El-Sayed MA. Gold nanoparticles: optical properties and
implementations in cancer diagnosis and photothermal therapy. J Adv Res.
2010;1(1):13-28.

12. Okta E, Biatecki P Kedzierska M, Pedziwiatr-Werbicka E, Mitowska K, Takvor
S, et al. Pegylated Gold Nanoparticles Conjugated with siRNA: Complexes
Formation and Cytotoxicity. Int J Mol Sci. 2023;24(7):6638.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Assessing the toxicity of one-step-synthesized PEG-coated gold nanoparticles

. Yang Y, Zheng X, Chen L, Gong X, Yang H, Duan X, et al. Multifunctional

Gold Nanoparticles in Cancer Diagnosis and Treatment. Int J Nanomedicine.
2022;17:2041-67.

. Vines JB, Yoon JH, Ryu NE, Lim DJ, Park H. Gold Nanoparticles for

Photothermal Cancer Therapy. Front Chem. 2019;7:167.

. Yang Z, Wang D, Zhang C, Liu H, Hao M, Kan S, et al. The Applications of

Gold Nanoparticles in the Diagnosis and Treatment of Gastrointestinal Cancer.
Front Oncol. 2022;11:819329.

. Sani A, Cao C, Cui D. Toxicity of gold nanoparticles (AuNPs): A review.

Biochem Biophys Rep. 2021;26:100991. Review.

. Jokerst JV, Lobovkina T, Zare RN, Gambhir SS. Nanoparticle PEGylation for

imaging and therapy. Nanomedicine (Lond). 2011;6(4):715-28.

. Jia YP Ma BY, Wei XW, Qian ZY. The in vitro and in vivo toxicity of gold

nanoparticles. Chin Chem Lett. 2017;28(4):691-702.

. Stiufiuc R, lacovita C, Nicoara R, Stiufiuc G, Florea A, Achim M, et al. One-

Step Synthesis of PEGylated Gold Nanoparticles with Tunable Surface Charge.
J Nanomater. 2013;2013:146031.

Nucci MP. Mamani JB, Oliveira FA, Filgueiras IS, Alves AH, Theinel MH,
et al. Optimization of Multimodal Nanoparticles Internalization Process
in Mesenchymal Stem Cells for Cell Therapy Studies. Pharmaceutics.
2022;14(6):1249.

Roy A, Pandit C, Gacem A, Algahtani MS, Bilal M, Islam S, et al. Biologically
Derived Gold Nanoparticles and Their Applications. Bioinorg Chem Appl.
2022;2022:81842117.

Hadjesfandiari N, Parambath A. 13 - Stealth coatings for nanoparticles:
Polyethylene glycol alternatives. In: Parambath A, editor. Engineering of
Biomaterials for Drug Delivery Systems. Woodhead Publishing; 2018. pp.
345-61.

Patil T, Gambhir R, Vibhute A, Tiwari AP Gold Nanoparticles: Synthesis
Methods, Functionalization and Biological Applications. J Cluster Sci.
2023;34(2):705-25.

Manson J, Kumar D, Meenan BJ, Dixon D. Polyethylene glycol functionalized
gold nanoparticles: the influence of capping density on stability in various
media. Gold Bull. 2011;44(2):99-105.

Tang C, Sosa CL, Pagels RF Priestiey RD, Prud’homme RK. Efficient
preparation of size tunable PEGylated gold nanoparticles. J Mater Chem B.
2016;4(28):4813-7.

Chen TY, Chen MR, Liu SW, Lin JY, Yang YT, Huang HY, et al. Assessment of
Polyethylene Glycol-Coated Gold Nanoparticle Toxicity and Inflammation In
Vivo Using NF-xB Reporter Mice. Int J Mol Sci. 2020;21(21):8158.

Zhang XD, Wu D, Shen X, Liu PX, Yang N, Zhao B, et al. Size-dependent in vivo
toxicity of PEG-coated gold nanoparticles. Int J Nanomedicine. 2011;6:2071-81.
Yeh YC, Creran B, Rotello VM. Gold nanoparticles: preparation, properties,
and applications in bionanotechnology. Nanoscale. 2012;4(6):1871-80.
Nandakumar A, Wei W, Siddiqui G, Tang H, Li Y, Kakinen A, et al. Dynamic
Protein Corona of Gold Nanoparticles with an Evolving Marphology. ACS Appl
Mater Interfaces. 2021;13(48):58238-51.

Rahman M, Laurent S, Tawil N, Yahia LH, Mahmoudi M. Nanoparticle and
Protein Corona. Springer Ser Biophys. 2013;15:21-44.

Moore TL, Rodriguez-Lorenzo L, Hirsch V, Balog S, Urban D, Jud C, et al.
Nanoparticle colloidal stability in cell culture media and impact on cellular
interactions. Chem Soc Rev. 2015;44(17):6287-305.

Shafiga AR, Abdul Aziz A, Mehrdel B. Nanoparticle Optical Properties:
Size Dependence of a Single Gold Spherical Nanoparticle. J Phys Conf Ser.
2018;1083(1):012040.

Meng F Engbers GH, Feijen J. Polyethylene glycol-grafted polystyrene
particles. J Biomed Mater Res A. 2004;70(1):49-58.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Tsai SW, Liaw JW, Kao YC, Huang MY, Lee CY, Rau LR, et al. Internalized
gold nanoparticles do not affect the osteogenesis and apoptosis of
MG63 osteoblast-like cells: a quantitative, in vitro study. PLoS One.
2013;8(10):e76545.

Abdulwahab M, Khan AA, Abdallah SH, Khattak MN, Workie B, Chehimi
MM, et al. Arylated gold nanoparticles have no effect on the adipogenic
differentiation of MG-63 cells nor regulate any key signaling pathway during
the differentiation. BMIC Res Notes. 2021;14(1):192.

Steckiewicz KP. Barcinska E, Malankowska A, Zauszkiewicz-Pawlak A,
Nowaczyk G, Zaleska-Medynska A, et al. Impact of gold nanoparticles shape
on their cytotoxicity against human osteoblast and osteosarcoma in in vitro
model. Evaluation of the safety of use and anti-cancer potential. J Mater Sci
Mater Med. 2019;30(2):22.

Pham BT, Colvin EK, Pham NT, Kim BJ, Fuller ES, Moon EA, et al.
Biodistribution and Clearance of Stable Superparamagnetic Maghemite Iron
Oxide Nanoparticles in Mice Following Intraperitoneal Administration. Int J
Mol Sci. 2018;19(1):205.

Reichel D, Tripathi M, Perez JM. Biological Effects of Nanoparticles on
Macrophage Polarization in the Tumor Microenvironment. Nanotheranostics.
2019;3(1):66-88.

Liu J, Liu Z, Pang Y, Zhou H. The interaction between nanoparticles and
immune system: application in the treatment of inflammatory diseases. J
Nanobiotechnology. 2022;20(1):127.

Rattanapinyopituk K, Shimada A, Morita T, Sakurai M, Asano A, Hasegawa
T, et al. Demonstration of the clathrin- and caveolin-mediated endocytosis at
the maternal-fetal barrier in mouse placenta after intravenous administration
of gold nanoparticles. J Vet Med Sci. 2014,76(3):377-87.

Lipka J, Semmler-Behnke M, Sperling RA, Wenk A, Takenaka S, Schleh C, et
al. Biodistribution of PEG-modified gold nanoparticles following intratracheal
instillation and intravenous injection. Biomaterials. 2010;31(25):6574-81.

De Jong WH, Hagens WI, Krystek P. Burger MC, Sips AJ, Geertsma RE.
Particle size-dependent organ distribution of gold nanoparticles after
intravenous administration. Biomaterials. 2008;29(12):1912-9.

Lopez-Chaves C, Soto-Alvaredo J, Montes-Bayon M, Bettmer J, Llopis J,
Sanchez-Gonzalez C. Gold nanoparticles: Distribution, bioaccumulation and
toxicity. In vitro and in vivo studies. Nanomedicine (Lond). 2018;14(1):1-12.

Abdelhalim MA, Mady MM. Liver uptake of gold nanoparticles after
intraperitoneal administration in vivo: a fluorescence study. Lipids Health Dis.
2011;10(1):195.

Yahyaei B, Nouri M, Bakherad S, Hassani M, Pourali P Effects of biologically
produced gold nanoparticles: toxicity assessment in different rat organs after
intraperitoneal injection. AMB Express. 2019;9(1):38.

Elbakary RH, Okasha EF, Hassan Ragab AM, Ragab MH. Histological Effects of

Gold Nanoparticles on the Lung Tissue of Adult Male Albino Rats. J Microsc
Ultrastruct. 2018;6(2):116-22.

Abdelhalim MA, Jarrar BM. Histological alterations in the liver of rats
induced by different gold nanoparticle sizes, doses and exposure duration. J
Nanobiotechnology. 2012;10(1):5.

Khanna P. Ong C, Bay BH, Baeg GH. Nanotoxicity: An Interplay of Oxidative
Stress, Inflammation and Cell Death. Nanomaterials (Basel). 2015;5(3):1163-80.

Pinzaru I, Coricovac D, Dehelean C, Moaca EA, Mioc M, Baderca F, et al.
Stable PEG-coated silver nanoparticles - a comprehensive toxicological
profile. Food Chem Toxicol. 2018;111:546-56.

Abdelhalim MA, Abdelmottaleb Moussa SA. The gold nanoparticle size and
exposure duration effect on the liver and kidney function of rats: in vivo. Saudi
J Biol Sci. 2013;20(2):177-81.

Isoda K, Tanaka A, Fuzimori C, Echigoya M, Taira Y, Taira |, et al. Toxicity
of Gold Nanoparticles in Mice due to Nanoparticle/Drug Interaction Induces
Acute Kidney Damage. Nanoscale Res Lett. 2020;15(1):141.

einstein (Sao Paulo). 2024;22:1-9



