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Neurons Against Oxidative Damages Induced by L-Dopa

Ivan Mamié,* @ Maja Beus,? @ Nikolina Kaléec,? @ Nikolina Perani¢,2 @ Ruza Frkanec,?® © Petra Turci¢,2*
Ivana Vinkovi¢ Vréek2#

1 University of Zagreb, Faculty of Pharmacy and Biochemistry, A. Kovaci¢a 1, 10000 Zagreb, Croatia

2 |nstitute for Medical Research and Occupational Health, Ksaverska cesta 2, 10000 Zagreb, Croatia

3 University of Zagreb, Centre for Research and Knowledge Transfer in Biotechnology, Rockfellerova 10, 10000 Zagreb, Croatia
* Corresponding author’s e-mail address: pturcic@pharma.hr

# Corresponding author’s e-mail address: ivinkovic@imi.hr

RECEIVED: April 1, 2025 * REVISED: June 24, 2025 # ACCEPTED: June 25, 2025
PROCEEDING OF THE SOLUTIONS IN CHEMISTRY 2024, 11-15 NOVEMBER 2024, SVETI MARTIN NA MURI, CROATIA

Abstract: Parkinson's disease (PD) is progressive neurodegenerative disorder marked by a loss of dopaminergic neurons, inflammation and
oxidative stress and most commonly treated with L-Dopa. Long-term use of L-Dopa is associated with motor complications and side effects,
highlighting the need for improved formulations. Gold nanoparticles (AuNPs) represent promising nanocarriers for improving drug delivery and
reducing drug-induced toxicity. Building upon our previous work, where we demonstrated reversible binding of L-Dopa by AuNPs functionalized
with peptidoglycan monomer (PGM-AuNPs) or 1-adamantylamine (Ad-AuNPs), we present here the intracellular uptake, biocompatibility, and
antioxidative potential of such nanoformulations in vitro, using SH-SY5Y cells differentiated in dopaminergic neurons. Both AuNPs showed good
biocompatibility, and no cytotoxicity at the tested concentrations. Intracellular uptake of AuNPs was confirmed using flow cytometry and
confocal microscopy, with greater internalization seen for PGM-AuNPs compared to Ad-AuNPs. Finally, both AuNPs demonstrated the
antioxidative effect under L-Dopa induced stress. These findings suggest that PGM- and Ad-AuNPs hold potential as effective nanocarriers while

reducing L-Dopa induced oxidative stress.

Keywords: Parkinson's disease, gold nanoparticles, nanocarriers, L-Dopa, SH-SY5Y.

INTRODUCTION

P ARKINSON'’S disease (PD) is the world’s second most
common neurodegenerative disorder, affecting
roughly 1 % of people over the age of 60.1 Despite signifi-
cant scientific efforts, current pharmacological treatment is
exclusively symptomatic. Despite being the most effective
treatment for PD, chronic L-Dopa therapy is associated with
debilitating motor complications leaving patient without
effective treatment options.[2l Mechanism behind L-Dopa
induced dyskinesias are poorly understood, but involve
dopaminergic cell loss and consequential dopamine deple-
tion, which remodels synapses in a way that pulsatile
L-Dopa stimulation produces abnormal ganglia output.Bl In
addition, some studies suggest that L-Dopa can contribute

to oxidative stress,[4-6] excitotoxicity,!”) impairment of mito-
chondrial function, 8] thereby contributing to dopaminergic
neuron degeneration. This emphasises the need for novel
formulations that may minimize drug fluctuations and
toxicity.

Nano-enabled drug delivery systems hold promises
to address the limitations of conventional L-Dopa ther-
apy.l”! Nanocarriers can be engineered to improve the
pharmacokinetic profiles of the drugs, increase transport
across biological barriers, protect the drug from peripheral
metabolism and to enable targeted delivery. Among many
nanomaterials, gold nanoparticles (AuNPs) are interesting
due to their chemical inertness, biocompatibility, and sim-
ple synthesis.['?] They can be easily functionalized with
targeting or transport-enhancing ligands, or loaded with
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drugs.['Y) AuNPs also exhibit intrinsic “nanozyme” activity
that can either generate or scavenge reactive oxygen
species (ROS): by carefully optimising their size, shape, and
surface coating, these properties can be engineered to pro-
mote ROS formation for cancer therapy or to scavenge ROS
and alleviate oxidative stress.[!2] Aligned to their nanozyme
properties, some studies even suggest AuNPs can restore
impaired NAD+/NADH ratio in the brain of PD patients.[!3]
Finally, several clinical trials are currently evaluating AuNPs
for therapeutic and diagnostic applications.[*4] All of this
makes AuNPs a promissing platform for the treatment of
Parkinson’s disease.

In this study, we build upon our previous findings
demonstrating that gold nanoparticles (AuNPs) functional-
ized with peptidoglycan monomer (PGM-AuNPs) or
1-adamantylamine (Ad-AuNPs) reversibly bind L-Dopa.[**!
Here, we further investigate these AuNP-based formula-
tions by assessing their intracellular uptake, effects on cell
viability and oxidative stress, as well as evaluating their
potential protective properties against L-Dopa-induced
cytotoxicity under in vitro settings.

EXPERIMENTAL

AuNP Synthesis

PGM-AuNPs and Ad-AuNPs were synthesized using a reduc-
tion method as previously described.!*5] Briefly, to obtain
Ad-AuNP and PGM-AuUNP, 10 mM HAuCls3H,0 (Sigma-
Aldrich, Chemie, GmbH) and 0.67 mM 1-adamantylamine
hydrochloride (Sigma-Alrdich Chemie GmbH) or 0.12 mM
PGM (Pliva, Chemical and Pharmaceutical Works, Zagreb,
Croatia) were added to 6.5 mL of ultrapure water (UPW),
followed by the addition of 15 mM NaBH, (Alfa Aesar,
Kandel, Germany) under rigorous stirring. When the colour
of the mixture turned from pale yellow to wine red it was
stirred at room temperature for an additional 1.5 hours in
the case of Ad-AuNPs and 20 minutes in the case of
PGM-AuNPs. AuNPs were then purified by centrifugation at
8 000 x g 2 times for 10 min, respectively. The supernatant
was removed, the pellet was resuspended in UPW and
stored in the dark at 4 °C.

AuNPs Characterization

Detailed characterization of prepared AuNPs has been
described in our previously published paper(**l and includes
various spectroscopic, light scattering and microscopic
techniques. Briefly, the elemental gold (Au) concentration
of AuNP in stock suspension was determined using a graph-
ite furnace atomic absorption spectrometer (GFAAS)
(Perkin Elmer AAnalyst 600, Perkin Elmer, Shelton, USA)
calibrated with a standard Au solution (1000 mg L2 in 5 %
HNOs;; Darmstadt, Germany) Method details along with

calibration curves are available as supporting information
(Figure S5, Table S1). Working concentrations for all biological
experiments were prepared by diluting characterized stock
suspension to desired final concentrations. The hydrody-
namic diameter (du) and zeta ({) potential of AuNPs were
determined from by dynamic (DLS) and electrophoretic
light scattering (ELS) methods, respectively, using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
equipped with a “green” laser (532 nm). DLS results were
reported from the size-intensity distribution function as a
mean value of six measurements with standard deviation,
while ¢ potential was calculated using Henry's equation
with the Smoluchowski approximation and was expressed
as the average value of six consecutive measurements with
SD. Further characterization was performed using transmis-
sion electron microscopy (TEM, 902A; Carl Zeiss Meditec
AG, Jena, Germany) in a bright-field mode with an acceler-
ation voltage of 80 kV to determine the primary size (drem)
and shape of AuNPs. Additionally, AuNPs colloidal stability
was assessed in UPW and complete cell culture medium
using DLS and ELS techniques.

Calculation of Effective AUNP Exposure
Concentrations

Besides reporting the nominal AuNPs concentrations (e.g.,
pg Au mL-1) used in our experiments, we also estimated the
actual dose delivered to the cell surface using the freely
available “in vitro dosimetry” web application, which imple-
ments the distorted-grid model, as described by Cheimarios
et al.l!¢l nanoparticles tend to agglomerate and sediment
under standard cell culture conditions, the true concentra-
tion reaching cells can be substantially different than the
nominal dose, which makes it difficult to accurately
compare effects of two or more nanoparticle types, even
when they have similar physicochemical properties. To
calculate effective concentrations, we entered the nominal
dose, DLS-derived volume-weighted size distributions,
solvent properties, liquid height, effective density, and ran
simulations for 4 h (related to oxidative stress assays) or
24 h (related to viability and uptake assays). We extracted
the predicted particle concentration in the bottom
0.005 mm compartment — which accounts for sedimenta-
tion and diffusion — and used these effective doses along-
side nominal concentrations when presenting our results.
Effective concentrations are expressed as number of AUNPs
per volume in the bottom compartment [N cm~3].

Drug Loading Efficiency
To determine drug loading efficiency (DLE), AuNPs were
incubated with L-Dopa in UPW for 10, 30, and 120 minutes.
After incubation, free L-Dopa was separated from AuNPs on
Amicon Ultra-2 Centrifugal Filter Unit (cut-off size 2 kDA,
Merck, Darmstadt, Germany) at 3500 x g for 15 minutes.
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The concentration of free L-Dopa in the ultrafiltrate was
measured using a CARY 3500 UV-Vis spectrophotometer
(Agilent Technologies, Santa Clara, USA) at a wavelength of
280 nm in a quartz cuvette with a 10 mm optical path length.
A fresh standard calibration curve of L-Dopa (Figure S4) in
UPW was prepared for each experiment and used to
calculate the concentration of L-Dopa in the ultrafiltrate.
DLE was calculated with the following equation:

total amount of L-Dopa

total amount of drug

DLE/%=(

amount of free L-Dopa 100
total amount of drug

Cell Culture

SH-SY5Y cells (ECACC, Salisbury, UK) were grown in
complete cell culture medium (CCM) composed of
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12), with 10 % fetal bovine serum (FBS), 1 %
Penicillin/Streptomycin, 1 % non-essential-amino-acids,
and 1 % L-glutamine (all purchased from Sigma-Aldrich
Chemie GmbH, Germany). Cells were kept in T-75 culture
flasks (Sarstedt, Nimbrecht, Germany) under humified
conditions at 37 °C and 5 % CO,. The medium was changed
every four days and cells were subcultured when 70-80 %
confluent. During subculturing, non-adherent cells were
spun down and combined with adherent cells that were
detached using 0.25 % Trypsin-EDTA solution (Sigma-
Aldrich, Chemie GmbH). Cells were counted on TC20 Cell
Counter (Bio-Rad, Hercules, USA). In all experiments cells
between 5th and 15t passage were used. SH-SY5Y cells
were differentiated towards dopaminergic-like phenotype
according to protocol described elsewhere.[7.18] After
seeding in the complete culture medium, cells were
allowed to attach overnight. Next day, culture medium was
removed, cells were washed with phosphate-buffered
saline (PBS) and incubated in culture medium with 10 uM
retinoic acid (RA; Sigma-Aldrich, Chemie GmbH, Germany )
for 3 days. Retinoic acid was handled in the dark and kept
minimum time at the room temperature to prevent degra-
dation.!9) After 3 days the medium was removed, cells
were rinsed with PBS, and incubated in cell culture medium
with 80 nM 12-O-tetradecanoyl-13-acetate (TPA; Sigma-
Aldrich, Chemie GmbH, Germany) for 3 additional days.

MTS Assay

Effect of PGM-AuNPs and Ad-AuNPs on cell viability in dif-
ferentiated SH-SY5Y cells was assessed using CellTiter 96°
Aqueous Non-Radioactive Cell Proliferation Assay
(Promega, Madison, WI, USA) following manufacturer
instructions. SH-SY5Y cells were seeded clear in 96-well

plate (Eppendorf, Hamburg, Germany) at a density of
12.5 x 10* cells cm=2, differentiated according to the
protocol described above, and exposed to 2-fold serial
dilution of Ad-AuNPs and PGM-AuNPs suspensions at 37 °C
and 5 % CO,. Treatments were prepared as 10x working
concentration in UPW and diluted directly in the well to 1x
final concentration. AuNPs were vortexed for 30 seconds
before preparing solutions and before cell treatment. For
negative control, cells were incubated in complete cell
culture medium with the addition of sterile UPW. 10 %
dimethyl sulfoxide (DMSO) was used as positive control.
After 24 h cells were washed three times with PBS and
100 pL of phenol red-free complete cell culture medium
was added to each well followed by 20 pL of MTS / PMS
solution (20 : 1). Plate was incubated for 2 h at 37 °C and
5 % CO,. Following incubation, absorbance was measured
at 490 nm using Victor 3 microplate reader (Perkin Elmer,
Waltham, MA, USA). Results are expressed as the mean
+ standard error of the mean (SEM) relative to the negative
control. At least three independent experiments were
performed in triplicate, and blank values were subtracted
from all absorbance measurements.

Flow Cytometry Experiments

Since AuNPs can interfere with conventional spectrophoto-
metric assays such as MTS,[2% cell viability results were con-
firmed using an Annexin V-FITC/propidium iodide (PI) kit
(Bio-Rad Laboratories, Hercules, CA, USA) on a CytoFLEX
SRT Benchtop Cell Sorter (Beckman Coulter, Brea, CA, USA).
This method also allowed us to investigate the AuNPs tox-
icity mechanism and their relative uptake into differenti-
ated SH-SY5Y cells. Cells were seeded in 24-well plates
(Eppendorf, Hamburg, Germany) at a density of 15 x 10*
cells cm=2 and left to attach overnight at 37 °C and 5 % CO,.
Cells were differentiated according to the protocol
described above. All treatments were prepared as 10x
working solutions in sterile UPW and diluted to 1x final con-
centration directly in the well. For negative control cells
were incubated in CCM with addition of sterile UPW. AuNPs
were vortexed for 30 seconds before preparing solutions
and before cell treatment. 10 % DMSO was used as positive
control. Treatments were added to CCM, and plates were
incubated for 24 h at 37 °C and 5 % CO,. After incubation
supernatants were collected in designated tubes, cells were
rinsed with sterile PBS, and detached from plate with
0.25 % Trypsin-EDTA solution. CCM was added to inhibit
trypsin activity and cell suspension was mixed with
corresponding supernatants and PBS washes. Finally, cells
were stained according to instructions in Annexin V Assay
Kit (Biorad, Hercules, California, USA) to determine relative
ammounts of live, late apoptotic/dead and early apoptotic
cells. Additionally, side scattered light intensity (SSC) of live
cells, measured by flow cytometry, was used as an indicator
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of AuNPs uptake because it correlates with cellular
granularity, which increases when metallic NPs are inter-
nalized. By comparing the median SSC intensity between
treated and untreated cells, we quantified relative uptake
of AuNPs.[21.221 Samples were analysed on a CytoFLEX SRT
Benchtop Cell Sorter device (Beckman Coulter, Crea, CA,
USA). Results are expressed as the mean + standard error
of the mean (SEM) relative to the negative control. Three
independent experiments were performed in triplicate,
and blank values were subtracted from all absorbance
measurements.

Visualization of AuNPs in cells

Differentiated SH-SY5Y cells (12.5 x 10* cells cm~2) seeded
onto coverslips in 24-well plates (Eppendorf, Hamburg,
Germany) were treated for 24 h with freshly prepared
suspensions of Ad-AuNP or PGM-AuNP (final concentration:
10 pg Au mL-1). After three PBS washes, cells were fixed (4
% paraformaldehyde, 10 min), permeabilized (0.25 % Triton
X-100, 15 min), blocked (10 % FBS with 0.1 % Tween-20,
90 min at 37 °C), and incubated with mouse monoclonal
anti-B-tubulin antibody (1 : 200, Sigma-Aldrich) overnight at
4 °C. Next, cells were incubated with AlexaFluor®488 second-
ary antibody (2 pg mL™, Abcam, 2 h), and stained with phal-
loidin-FITC (1 pg mL™L, Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany). Finally, nuclei were labeled with
Hoechst 33258 (10 pg mL™, Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany). Coverslips were mounted with
Fluoroshield (Sigma-Aldrich) and stored at —20 °C until imag-
ing. Confocal microscopy (Leica TCS SP8 X) with reflectance
contrast mode was used to confirm nanoparticle internaliza-
tion through Z-stack images (4-7 per sample), processed
with Image) software (University of Wisconsin, USA).

Oxidative Stress and Mitochondrial
Membrane Potential Measurements

SH-SY5Y cells were seeded in black 96-well plates (Thermo
Fisher Scientific, Waltham, MA, USA) at a density of
12.5 x 10* cells/well and incubated overnight at 37 °Cin a
5 % CO, atmosphere to allow attachment. Following differ-
entiation as previously described, cells were washed with
PBS and treated with AuNPs and/or L-Dopa. All treatments
were freshly prepared in UPW at 10x working concentra-
tions, 30 min prior to cell exposure. Nanoparticle solutions
were vortexed for 30 s before dilution and application to
cells. Final well concentrations were: AuNPs, 10 pg Au mL™;
L-Dopa, 50 uM; and AuNPs loaded with L-Dopa, 50 uM
L-Dopa / 10 pug Au mL~t AuNPs. These concentrations were
selected based on preliminary oxidative stress and flow
cytometry experiments, aiming to induce oxidative stress
without significant cytotoxicity and to maintain
physiologically relevant L-Dopa concentrations.[23] Negative
control cells were incubated in CCM supplemented with

sterile UPW, while positive control cells were exposed to
20 uM tert-butyl hydroperoxide (t-BHP).

To measure oxidative stress parameters, AuNPs
were removed, cells washed three times with PBS and
incubated (40 min, room temperature) with fluorescent
probes diluted in PBS (containing Ca?* and Mg?* to prevent
cell dettachment): 20 uM 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA, Sigma-Aldrich Chemie GmbH, Taufkir-
chen, Germany) for general ROS detection; 20 uM dihy-
droethidium (DHE, Sigma-Aldrich Chemie GmbH) for
superoxide radicals; 50 UM monochlorobimane (mBCl,
Fluka) for reduced glutathione; and 0.1 uM rhodamine 123
(Rh123, Sigma-Aldrich Chemie GmbH) for mitochondrial
membrane potential measurement. After incubation, the
culture medium was carefully aspirated, cells rinsed twice
with PBS, and fluorescence was immediately measured on
a Victor3 microplate reader (PerkinElmer, Waltham, MA,
USA). Excitation/emission wavelengths were set at 485/535
nm for DCFH-DA, 380/460 nm for mBCl, 507/529 nm for
Rh123, and 480/567 nm for DHE. Background fluorescence
(blank) values were subtracted from all measurements.
Results are expressed as mean + SEM relative to negative
controls from at three independent experiments per-
formed in triplicate.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA). Data were ana-
lyzed for statistical significance by one-way ANOVA fol-
lowed by Dunnett's multiple comparisons test, comparing
all groups to the control. Tukey’s test was applied for com-
parisons between multiple groups. A p-value < 0.05 was
considered statistically significant.

RESULTS AND DISCUSSION

AuNP Characterization

The primary size and shape of AuNPs were determined
using TEM. Both Ad-AuNPs and PGM-AuNPs present
homogeneous spherical structures with similar primary
diameters of aproximately 24 nm. (Figure 1). The dy and ¢
potential values were measured using DLS and ELS,
respectively, in both UPW and CCM (Table 1). The dy for
both AuNPs were larger than their primary sizes
determined by TEM (drem), Which can be attributed to the
formation of hydration shell.[2425] The polidispersity
indexes (PDI) in UPW were above 0.1, a treshold for
monodisperse systems.[26] ¢ potential values in UPW were
similar for both AuNPs, around to —30 mV, indicating good
colloidal stability.27) In the CCM, dy of Ad-AuNPs increased
significantly at 0 h, with further increase at 4 h, and
remained stable up to 24 h. The initial dyy of PGM-AuUNPs in
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Figure 1. Transmission electron micrographs of gold
nanoparticles (AuNPs) coated with A) 1-adamantylamine
(Ad-AuNPs) and B) peptidoglycan monomer (PGM-AuNPs).
Scale bars are 100 nm.

CCM was slghtly smaller compared to UPW, but increased
substantially at 4 h and 24 h. The observed increase in dy is
likely due to the protein corona formation, rather than
agglomeration, evidenced by stable PDI, monomodal
intensity-weighted size distribution, and  potential values
similar to those of serum proteins.[26:28.29 Protein corona
likely stabilized the AuNPs in the CCM, despite T potential
values not sufficient for electrostatic stabilization of
nanoparticles.[27,30]

Drug Loading Efficiency
DLE analysis showed differences between Ad-AuNPS and
PGM-AuUNPS formulations (Table 2). PGM-AuNPS demon-
stated higher DLE than Ad-AuNPS at both tested
concentrations (10 and 100 mg Au L™1). At 100 mg Au L
and 500 pumol L1 of L-Dopa, DLE for PGM-AuNPs was
10.3 + 3.6 % after 10 min, increased to 11.1 + 2.0 % after
30 min, and dropped slightly at 10.0 + 2.0 % after 120 min.
Under the same conditions, Ad-AuNPs performed poorer
with 5.6 + 3.1 % after 10 min, 5.9 + 1.7 % after 30 min, and
3.9 £+ 1.3 % after 120 min. At lower AuNPs and L-Dopa
concentrations (10 mg Au L™ and 50 umol L™1), results were
similar, with PGM-AuNPs demonstrating better DLE. Since

Table 1. Primary size (dvem, n = 100), hydrodynamic
diameter (du), polydispersity index (PDI), and zeta potential
(0 of gold nanoparticles (AuNPs) coated with 1-
adamantylamine (Ad-AuNPs) and peptidoglycan monomer
(PGM-AuUNPs) in ultrapure water (UPW) and cell culture
medium (CCM). Results are reported as mean values +
standard deviation.

AUNps M/ du/nm 7/ mv PDI
nm
uPw 85.6+33 -293+38 022
wv (=)}
% N Oh 111.4+02 -112%39 024
<
> d oM 4h 1246+04 -151427 025
< S\
24h 1251405 -133%22 026
. uPw 793+3.7 -312+14 024
< <
5 o Oh 741+09 -95+16 032
< +H
= 3 oM 4h 819:84 -116+45 034
o
a

24h  97.1+£95 -13.6+3.0 0.34

both of AuNPs have similar size, shape, surface charge, and
total surface area, higher DLE exhibited by PGM-AuNPs is
likely due to the more favorable surface chemistry.®1 DLE
results were similar to our previously published work, 5]
and aligned with usually reported DLE for nanoparticulate
systems.[32] Since the highest DLE was observed after
30 min of incubation, this incubation time was selected for
subsequent experiments involving L-Dopa-loaded AuNPs.

Cytotoxicity of AuNPs

MTS results showing cytotoxicity of PGM-AuNPs and Ad-
AuNPs towards differentiated SH-SY5Y cells are given in
Figure 2 After 24 h, none of the tested AuNPs concen-
trations showed significant cytotoxicity. Interestingly, at
the highest AuNPs concentrations (100 and 200 pg Au mL™1),
viability values were significantly higher than negative

Table 2. Drug loading efficiency (DLE) of L-Dopa onto gold nanoparticles (AuNPs) functionalized with 1-adamantylamine
(Ad-AuNPs) and peptidoglycan monomer (PGM-AuNsP). The AuNPs suspensions (10 and 100 mg Au/L) were incubated with
L-Dopa (50 and 500 pmol L1, respectively), and samples were analyzed after 10, 30, and 120 min. DLE (%) is presented as mean
+ standard deviation (SD) (n = 3). The table also includes AuNPs concentration given as number of nanoparticles per liter
(Naunp/L), total nanoparticle surface area (SA, nm? L™1), mass concentration (ca, in mg Au L), and L-Dopa molar concentration

(CL-popa in pmol L1).

CAu/ CAu / CL—Dopa/ total SA/ 10 min 30 min 120 min
NP mg Lt mol L mol L Naune /L nm2L?
J " H DLIE/% SD DLE/% SD DLE/% SD
100 507.7 500 6.98 x 10% 1.28 x 1018 5.6 3.1 5.9 1.7 3.9 13
Ad-AuNP

10 50.8 50 6.98 x 103 1.28 x 1077 5.5 2.2 8.6 1.9 7.5 18
PGM- 100 507.7 500 6.4 % 10% 1.24 x 1018 10.3 3.6 111 2.0 100 2.0
AuNP 10 50.8 50 6.4 x 1013 1.24 x 10V 14.9 1.6 19.9 6.1 15.5 49
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Figure 2. MTS assay results for peptidoglycan monomer (PGM-AuNPs, A) and 1-adamantylamine functionalized gold
nanoparticles (Ad-AuNPs, B) after 24 h of treatment at 37 °C and 5 % CO,. Untreated cells served as the negative control (Ctrl),
while cells treated with 10 % dimethyl sulfoxide (10% DMSO) were used as the positive control. Data are presented as the mean
percentage of control + SEM (n = 4). Effective nanoparticle concentrations are indicated in the brackets.

control  (Ctrl), which probably caused by
spectrophotometric interference induced by AuNPs,[33]
since microscopic observations did not indicate toxicity,
and AuNPs residues were clearly visible on the bottom of
the wells even after extensive washing with PBS. Also, these
AuNPs strongly absorb light around 500 nm,[5] which
overlaps with detection wavelength of formazan. PGM-
AuNPs seem to interfere more strongly, which may be due
to 30-fold higher effective concentrations of PGM-AuNPs.
Additionally, flow cytometry results did not demonstrate
such artifact.

To confirm biocompatibility of AuNPs and evaluate
their effect on induction of apoptosis, we employed
Annexin V-FITC/PI assay using flow cytometry (Figure 3).
Annexin V is protein that binds phosphatidyl serin,34 which
is translocated from inner to outer membrane in early
apoptosis.[*s Pl is membrane-impermeable dye that binds
DNA, which happens upon membrane damage in late apop-
totic cells or cells that undergo necrosis.[*% Based on this, it
is possible to distinguish four different population of the
cells: live (Annexin V-/Pl-), dead (Annexin V-/Pl+), early
apoptotic (Annexin V+/Pl-), and late apoptotic (Annexin
V+/Pl+).

At doses from 1 to 200 pg Au mL™1, none of the
AuNPs significantly affected number of live cells with all val-
ues above 80 % and comparable with the negative control
(Figure 3A). Percentege of early apoptotic (Figure 3B), late
apoptotic (Figure 3D), and dead cells (Figure 3C) also did
not differ from negative control, while 10 % DMSO decreas-
ed the number of live cells to about 30 %. The same assays
were used to evaluate L-Dopa toxicity (results presented in
Figures S2 and S3 of Supporting Information).

was

Together, the MTS and flow cytometry results indi-
cate no cytotoxicity at the tested AuNPs concentrations,
confirming their biocompatibility.

The toxicity of AUNPs remains a subject of ongoing
debate. While numerous studies report minimal or no tox-
icity at low-to-moderate concentrations, others found evi-
dences of significant adverse effects.3”] For example, study
by Valdiglesias et al.}8] demonstrated that negatively
charged AuNPs (~5 nm) did not induce cell death in SH-SY5Y
cells at concentrations up to 50 ug mL! after 24 hours. Sim-
ilarly, a study on gold nanostars functionalized with poly-
ethylene glycol (PEG) found no toxicity in SH-SY5Y cells at
concentrations as high as 100 ug Au mL™1. In contrast, gold
nanostars functionalized with polyallylamine hydrochloride
and PEG exhibited higher cellular uptake and clear dose-
dependent cytotoxicity. Such findings highlight that AuNPs
toxicity does not depend solely on nanoparticle composi-
tion but is strongly influenced by factors such as particle
size, shape, and surface functionalization.3%-41 Therfore, it
is wrong to just presume biocompatibility of AuNPs, but
extensive toxicity screening is required to confirm it.

Although we tested a wide range of AuNPs concen-
trations and found no evidence of cytotoxcity, which is in
line with most in vitro studies, possible adverse effects on
human health outside this concentration range should be
also considered. As mentioned above, the toxicological pro-
file depends not only on dose but also on size, shape, sur-
face modifications, route of administration, etc. This makes
cross-study comparisons based solely on dose mislead-
ing.[“2l Recent data suggest that concentrations below
1 pug mL? are generally well tolerated.[*3-%5] However,
depending on the shape, size or surface charge AuNPs can
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Figure 3. Effects of gold nanoparticles (AuNsP) functionalized with peptidoglycan monomer (PGM-AuNPs) and
1- adamantylamine (Ad-AuNPs) on differentiated SH-SY5Ycells. Cells were treated for 24 h at 37 °C and 5 % CO,. Live cells;
FITC-/PI-, early apoptotic: FITC+/PI-, late apoptotic FITC+/Pl+, dead FITC-/Pl+. Untreated cells served as the negative (Ctrl), while
cells treated with 10 % DMSO were used as the positive control. Data were analyzed using one-way ANOVA, followed by
Dunnett’s multiple comparisons test against the control group. Results are expressed as mean + SEM (n = 3). Asterisks (*)
indicate statistically significant differences (p < 0.05). Effective AUNPs concentrations (Naunes/ ML) are given in the brackets.

exert toxicity even at doses below 1 pg mL™.1384647] With
increasing AuNP concentration, the classical “higher-dose
- higher-risk” trend often holds, but even at doses above
100 pg mL™, outcomes remain formulation-specific: some
NPs remain non-toxic.[*849 and others induce nearly com-
plete cell death.5% Based on observed results, we may
assume that toxicity with doses below tested is unlikely,
while exposure to higher doses is also unlikely.

Besides short-term in vitro toxicity, a critical aspect
of AuNPs’ biocompatibility is the ability of AuUNPs to accu-
mulate inside the cells and organs. Such accumulation
may lead to delayed or cumulative toxicity of non-toxic
AuNPs doses and must be considered when developing
Au-based nanodelivery systems. For example, the study
by Liu Y et al.[5¥l demonstrated AuNPs accumulattion and
cytotoxicity in TM3 cells in time- and concentration-
dependent manner, with the most pronounced toxicity
after 96 h incubation. The same study authors reported

time-dependent accumulation of AuNPs inside the Leydig
cells of BALB/c mice following 14-day intravenous
injections. A study on BSA-coated AuNPs in mice revealed
that AuNPs were still detectable in liver and spleen 120
days after a single intravenous injection accompanied by
tissue inflammation and fibrosis.[521 Another in vivo study
on AuNPs of various sizes clearly demonstrated that
AuNPs between 8 and 37 nm in diameter induced toxicity
with significant reduction in mice lifespan and sings of
damage in the liver, lungs, and spleen.[33 These and
similar studies underscore the limitations of short-term in
vitro biocompatibility testing of AUNPs and confirm that
in vitro results can not be translated to in vivo. Future
work should focus on long-term, repeated dosing of
AuNPs animal models to determine AuNPs
accumulation, biodistribution, and long-term safety
profile of PGM- and Ad-AuNPs as potential L-Dopa
delivery system.
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Figure 4. Uptake of Ad-AuNPs and PGM-AuNPs in
dopaminergic neurons obtained from, differentiated SH-
SYSY cells as determined by side scatter light (SSC) intensity
on flow cytometer. Cells were treated for 24 h at 37 °C and
5% CO,. Untreated cells served as the control. For the
combination group, L-Dopa (50 um) was incubated with
nanoparticles (10 pg Au mL™1) for 30 min, followed by cell
exposure. Data were analyzed by one-way ANOVA followed
by Dunnett’s multiple comparisons test versus control.
Results are presented as mean + SEM. Asterisks (*) indicate
statistically significant difference (p < 0.05). Effective AuNPs
concentrations are indicated in the brackets.

Our results clearly show that Ad-AuNPs and PGM-
AuNPs are not toxic to in vitro model of the dopaminergic
neurons at any tested concentration, indicating their good
biocompatibility.

Nanoparticle Uptake by Dopaminergic
Neurons
SSC intensity of the live cell population (PI-/Annexin V-FITC-)
revealed a dose dependant uptake of AuNPs (Figure 4). At

dose of 10 mg Au L™, uptake was poor for both AuNPs, and
only slightly higher for Ad-AuNPs compared to PGM-AuNPs
(1.15 vs 1.11). At doses above 10 pg Au mL~* PGM-AuNPs
were internalized more readily compared with Ad-AuNPs.
This higher internalization could be due to the an order of
magnitude higher effective concentration of PGM-AuNPs
compared with Ad-AuNPs. Loading AuNPs with L-Dopa did
not alter their uptake significantly.

Since flow cytometry cannot distinguish between
internalized nanoparticles and those adsorbed on the cell
surface,® confocal microscopy in reflectance mode was
used to accurately determine AuNPs internalization.[5>!
Confocal images (Figures 5 and S1 in Supporting Infor-
mation) and Z-stack videos (see Supporting Information)
confirmed that AuNPs are present inside the dopaminergic
neurons, with only rare instances of nuclear localization.
This findings is expected since only very small AuNPs, with
size usually bellow 10 nm, demonstrate efficient nuclear
uptake.[>6]

Oxidative Stress Response

One of the main mechanism behind AuNPs toxicity include
oxidative stress, and inflammation, although pathways
involved are usually complex.[37.571 Many studies link AuUNPs
to elevated ROS levels in cells. For example, a study by
Zhang et al.b8] found that 4.5 nm PEG-coated AuNPs
induced 6-fold increase in ROS levels in SH-SY5Y cells. This
was accompanied by doubling of MDA, lipid peroxidation
and mitochondrial damage. In PC12 cells, AuNPs induced
high levels of ROS along with the cell death. The same study
demonstrated coated AuNPs were more toxic compared to

uncoated ones. However, comprehensive review on AuNP
toxicity clearly stated that these response are dependent
on physicochemical characteristics of AuNPs and that

Figure 5. Confocal microscopy images of differentiated SH-SY5Y cells treated with Ad-AuNPs (A) and PGM-AuNPs (B) and non-
treated control cells (C). All AuNPs were applied at a dose of 10 pg Au mL™ and were visualized as yellow dots in the contrast
reflectance channel of confocal microscope. Cell nuclei are stained blue, actin fibres red, and B-tubulin green (as shown in the
composites of individual channels). White arrows indicate AuNPs inside the cell.
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responses range from minimal to significant toxicity,?”]
emphasiszing once again the need for thoroguh safety
assesment of AuNPs, despite existing body of literature
supports their biocompatibility.

We evaluated oxidative stress response in dopamin-
ergic neurons by means of mitochondrial membrane
potential, ROS and GSH levels. ROS levels in differentiated
SH-SY5Y cells were quantified with 2,7-dichlorofluorescin
diacetate (DCFH-DA) and dihydroethidium (DHE) assays
(Figures 6A and B). After 4 h of treatment, t-BHP and L-Dopa
increased DHE fluorescence intensity relative to control by
1.12 and 1.29, respectively, indicating production of ROS.
AuNPs alone did not induce ROS production and more
importantly attenuated effects of L-Dopa as evidenced by
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decrease in fluorescence intensity from 1.29 to 0.91 for L-
Dopa loaded to PGM-AuNPs and 0.96 for L-Dopa loaded to
Ad-AuNPs.

GSH levels were assessed using mBCL assay
(Figure 6C). L-Dopa reduced GSH levels to 0.79 relative to
control, while none of the AuNPs alone had significant
effect on GSH levels at a dose of 10 pug Au mL™. When
combined with L-Dopa, PGM-AuUNP and Ad-AuNP were able
to maintain higher levels of GSH compared with L-Dopa
treatment alone (0.86 and 0.97), but none of the results are
statistically significant.

Mitochondrial membrane potential was evaluated
using Rh123 staining (Figure 6D). L-Dopa reduced mitoc-
hondrial membrane potential as evidenced by decrease in
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Figure 6. Effects of gold nanoparticles (AuNPs) on the generation of reactive oxygen species (A; DCFH2-DA assay), superoxide
radicals (B; DHE assay), intracellular reduced glutathione levels (C; mBCL assay), and mitochondrial membrane potential
(D; Rh123 assay) in differentiated SH-SY5Y cells after a 4-hour treatment at 37 °C and 5 % CO,. Cells were treated with either
peptidoglycan monomer-functionalized AuNPs (PGM-AuNPs) or 1-adamantylamine-functionalized AuNPs (Ad-AuNPs) at
10 ug Au mL™L, or with AuNPs pre-loaded with L-Dopa (50 uM L-Dopa / 10 pug Au mL™1). Corresponding AuNPs effective
concentrations were 1.27 x 10 and 2.98 x 1012, Untreated cells served as the negative control (Ctrl), whereas cells exposed
to 20 uM tert-butyl hydroperoxide (tBHP) were used as the positive control. Results are presented as mean fold-change relative
to control + SEM (n = 3). Statistical analysis was conducted using one-way ANOVA followed by Tukey’s multiple comparisons
test. Significant differences (p < 0.05) are indicated with an asterisk (*) versus the vehicle control (VC) and a hash (#) versus the
L-Dopa-treated group (LD).
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Rh123 dye fluorescence. PGM-AuNP and Ad-AuNP had neg-
ligible effects on mitochondrial membrane potential with
relative fluorescence values of 1.02 and 1.00, respectively.
When combined with L-Dopa, AuNPs increased Rh123 fluo-
rescence compared to L-Dopa alone, suggesting protective
effects, but the results were not statistically significant.

These results indicate that PGM-AuNPs and Ad-
AuNPs did not impair mitochondrial function or increased
ROS levels at selected concentrations. Furthermore, they
effectively attenuated L-Dopa-induced ROS production,
GSH depletion, and mitochondrial membrane potential
reduction in differentiated SH-SY5Y cells, although not all
results were statistically significant.

The protective effects observed in this study could
be due to reduction in free L-Dopa concentration, AuNPs
“nanozyme” activity, or free radical scavenging ability of
AuNPs.[59.60] Other mechanisms may also play a role; but
the assays used in this study do not allow for their
identification. Further research should therefore focus
more on elucidating underlying antioxidative pathways as
this is essential for the design of more effective nano-
enabled drug carriers.

Finally, when interpreting the results, the potential
for AuNP interferences with conventional assays should be
considered as they represent a great challenge in nanotox-
icology research and often lead to data misinterpreta-
tion.[6162] The AuNPs used in this study have absorption
peak around 500 nm, which may overlap with the emission
wavelengths of fluorescent probes and cause signal atten-
uation. AuNPs can also scatter visible light and due to their
surface plasmon resonance properties they can either
enhance or quench fluorescent signals from assays like
mBCL, Rh123, and DHE. In our study, we used relatively low
AuNPs concentrations along with multiple washing steps to
remove unbound particles prior to dye incubation and flu-
orescence measurement. Furthermore, consistency across
different assays suggests that obtained results reflect true
biological response rather than artifacts arising from nano-
particle-induced interferences.

Taken together, the results presented in this study
demonstrate the potential of PGM- and Ad-AuNPs as L-
Dopa carriers, but validation in in vivo models is necessary
not only to confirm these findings, but also to expand on
important aspects like pharmacokinetics, which cannnot be
tested in vitro. Such next studies require careful planning
and execution, since in vivo testing is complex, costly and
time consuming, requires trained personnel, long-term
dosing regimens, and must comply with high ethical
standards. In vivo testing of nanomaterials comes with
some specific challenges like lack of standardised assays
and protocols, difficulties in scaling up nanoparticle
production, and batch to batch variability.l63! On the end
note, results obtained on animal models can be difficult to

translate to humans due to the species-related differences
in physiology.

CONCLUSION

This study provides evidence that PGM-AuNPs or Ad-AuNP
are biocompatible carriers of L-Dopa and reduce L-Dopa-
induced oxidative damage in an a in vitro model of
dopaminergic neurons. None of AUNPs showed cytotoxicity
at the tested concentrations, assessed by MTS and flow
cytometry assays. Cellular uptake studies suggest higher
internalization of PGM-AuNPs compared to Ad-AuNPs,
which may be due to their greater effective concentrations.
Interestingly, both AuNP formulations were able to
alleviate L-Dopa-induced oxidative stress. The results
suggest that functionalized AuNPs can serve as carriers of
L-Dopa and simultaneously exert protective effects against
drug-induced toxicity in the model of dopaminergic
neurons. Future studies should focus on more advanced
models to validate these results.
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Content:
Individual channel images from confocal microscopy uptake studies
Z-stack video sequences of nanoparticle uptake obtained by confocal microscopy

MTS and flow cytometry data demonstrating L-Dopa-induced toxicity in differentiated SH-SY5Y

cells
Standard calibration curve for L-Dopa

GFAAS method parameters and standard curve for Au quantification

Figures:

Figure S1. Individual channel images illustrating nanoparticle uptake in differentiated SH-SYSY cells





Figure S2. MTS viability assay of differentiated SH-SYSY cells following 24-hour exposure to L-
Dopa

Figure S3. Flow cytometry analysis illustrating cellular effects induced by L-Dopa after 24-hour
exposure in differentiated SH-SY5Y cells

Figure S4. L-Dopa standard curve utilized for quantifying L-Dopa concentration in filtrates from

drug-loading efficiency (DLE) experiments

Figure S5. Calibration Curve for Au quantification by GFAAS.

Tables:

Table S1. GFAAS method parameters for Au quantification

Videos:

Video S1. Confocal Z-stack video demonstrating intracellular uptake of Ad-AuNPs in differentiated
SH-SYSY cells

Video S2. Confocal Z-stack video demonstrating intracellular uptake of PGM-AuNPs in differentiated
SH-SYS5Y cells

Video S3. Confocal Z-stack video of control differentiated SH-SYS5Y cells





Figure S1. Nanoparticles uptake in differentiated SH-SYSY cells. Individual channels of images
presented in the paper. Nanoparticles were visualized in the contrast reflectance channel and can be
seen as yellow dots. Cell nuclei are stained blue, actin fibres red, and p-tubulin green. Upper row: Ad-

AuNP, middle row: PGM-AuNP and bottom row: control cells.
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Figure S2. MTS assay results for differentiated SH-SY5Y cells after 24 h L-Dopa treatment at 37°C
and 5% CO,. Untreated cells served as the negative control (Ctrl), while cells treated with 10% dimethyl
sulfoxide (10% DMSO) were used as the positive control Data were analyzed using one-way ANOVA,
followed by Dunnett’s multiple comparisons test against the control group. Results are expressed as

mean + SEM (n = 3). Asterisks (*) above bars indicate statistically significant differences (p <0.05).
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Figure S3. Effect of L-dopa on differentiated SH-SYSY cells. Cells were treated for 24h at 37°C and
5% COs. Live cells; FITC-/PI-, early apoptotic: FITC+/PI-, late apoptotic FITC+/PI+, dead FITC-
/PI+. Untreated cells served as the negative (Ctrl), while cells treated with 10% DMSO were used as
the positive control. Data were analyzed using one-way ANOVA, followed by Dunnett’s multiple
comparisons test against the control group. Results are expressed as mean = SEM (n = 3). Asterisks

(*) above bars indicate statistically significant differences (p <0.05).
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Figure S4. Example of L-Dopa standard curve in ultrapure water (UPW).
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Figure SS. Calibration Curve for Au Determination by GFAAS. Peak area was plotted against Au

standard concentrations (0—500 pg/L).






Table S1. GFAAS method parameters for Au quantification

Parameter Value

Limit of Detection (LOD)  1.787 pg/L

Limit of Quantification

5.195 pg/L
(LOQ) He
Calibration Range 0-500 pg/L
Linearity (R?) 0.9995
Slope 0.0019
Intercept 0.001
Matrix Ultrapure water

Supplementary video S1.

Control cells:
https://drive.google.com/file/d/1 XtRgWGsx_[tbKZhRg6ESIXn5gUoA6INk/view?usp=share link

Supplementary video S2.

Ad-AuNP:
https://drive.google.com/file/d/1dUJ5uwa3s1 NpNzjsGpoKOxNSMLkIONi9/view?usp=share _link

Supplementary video S3.

PGM-AuNP:
https://drive.google.com/file/d/1gsGOWSKDmBk42zVSGINaKE2FItoQmQjc/view?usp=share _link
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