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Abstract

Parkinson’s disease is one of the neuropathies characterized by accumulation of a-
synuclein protein, leading to motor dysfunction. Levodopa is the gold standard treatment,
however, in long term usage, it leads to levodopa induced dyskinesia (LID). New therapeutic
options are need of the hour to treat the a-synuclein based neuropathies. The role of
imbalance of neurotransmitters other than dopamine has been underestimated in a-synuclein
based neuropathies. Here, we explore the role of serotonin, epinephrine and norepinephrine
as a therapeutic moiety. For the efficient in vivo delivery, we use DNA nanotechnology-based
DNA tetrahedra that has shown the potential to cross the biological barriers. In this study, we
explore the use of DNA nanodevices, particularly DNA tetrahedron functionalized with
neurotransmitters, as a novel therapeutic approach for MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) induced Parkinson’s disease in PC12 cellular system. We first establish
the effect of these nanodevices on clearance of a-synuclein protein in cells. We follow the
study by understanding the various cellular processes like ROS, iron accumulation and lipid
peroxidation. We also explore the effect of the neurotransmitter loaded nanodevices in in vivo
zebrafish model. We show that neurotransmitter loaded DNA nanocages can potentially clear
the MPTP induced a-synuclein aggregates in cells and in vivo. The findings of these work
open up new avenues for use of DNA nanotechnology by functionalizing it with
neurotransmitters for future therapeutics in treatment of neurodegenerative diseases such as
Parkinson’s disease.
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1. Introduction

Parkinson’s disease is the second most common neurodegenerative disease which is
affecting around 6 million people from a survey conducted in 2016". The hallmark of PD is
the accumulation of a-synuclein protein, which forms amyloidogenic inclusions known as
Lewy bodies, disrupting cellular function and contributing to the disease's progression?. While
the primary symptoms of PD are motor-related, such as tremors, bradykinesia, and rigidity,
non-motor symptoms, including anxiety and depression, frequently precede the onset of
motor dysfunction#. Currently, the mainstay treatment for PD is levodopa (L-DOPA), a
dopamine precursor that helps alleviate motor symptoms by replenishing dopamine levels in
the brain®. However, long-term use of L-DOPA is often associated with the development of



levodopa-induced dyskinesia (LID), a condition characterized by involuntary, abnormal
movements that can significantly impact patient quality of life®. Given the limitations of long-
term usage of existing treatments, there is a pressing need for novel therapeutic strategies
that can potentially offer more effective and sustainable treatment options for individuals living
with Parkinson’s disease.

Neurotransmitters and their balance play a huge role in neurodegenerative disease’.
Dopamine, serotonin, epinephrine and norepinephrine are all from amine neurotransmitter
family8. The current treatment regimen focuses on balancing the dopamine levels using
levodopa, the precursor of dopamine. The role of successors of dopamine, epinephrine and
norepinephrine, have shown some promise but remain unexplored. Norepinephrine
innervation has shown protection against MPTP induced damage to dopaminergic neurons®.
Although the disease predominantly affects dopaminergic neurons, there is increasing
evidence to suggest that serotonergic neurons are also implicated in its pathophysiology™°.
So, in this study we decided to explore the role of serotonin, epinephrine and norepinephrine
in Parkinson’s disease.

DNA nanotechnology is a rising field with lot of potential. DNA tetrahedron (TD) is a
nanocage which has been explored for variety of applications ranging from stem cell
differentiation to drug delivery'2, The advantages of using DNA tetrahedron are
biocompatibility, small size, ease of synthesis and capability of functionalization'34. Several
reports suggest that DNA tetrahedron can cross the blood brain barrier'®. Since serotonin
cannot cross the blood brain barrier, utilizing the potential of TD to cross the blood brain
barrier and drug delivery application promises a viable therapy option for Parkinson’s
disease.

In light of these considerations, the aim of this study is to explore the roles of serotonin,
epinephrine, and norepinephrine in treatment of a-synuclein based neuropathies utilizing the
role of DNA tetrahedron as a delivery agent. We begin with synthesis and characterization of
TD and TD:NT (TD loaded with either serotonin, epinephrine or norepinephrine). We proceed
to confirm the cellular uptake and the potential of these nanodevices in combating o-
synuclein protein in MPTP induced PC12 cell line model. We further delve into the studying
the effect of these nanodevices into reactive oxygen species, iron accumulation, transferrin
uptake and lipid peroxidation, the major markers of neurodegeneration. We ended our study
by looking the effect of our nanodevices in an MPTP induced in vivo zebrafish model.

2. Results & Discussion
2.1. Synthesis and characterization of TD and TD:NT

TD was synthesized using one pot synthesis method as discussed in our previous work 6.
Briefly, all four primers (M1, M2, M3 and M4) were mixed with magnesium chloride and
subjected to thermal annealing (Figure 1a). TD was then characterized using electrophoretic
mobility shift assay (EMSA), dynamic light scattering (DLS) and atomic force microscopy
(AFM). EMSA shows the formation of higher order structure based on the difference in
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molecular  weight.
8% native PAGE gel
was used to check
the band pattern.
The M1 runs the
fastest based on the
molecular  weight
and
M1+M2+M3+M4
runs the slowest
showing that higher
order structure is
formed (Figure 1b).
We moved to check
the size of the
formed structure
using DLS. The
hydrodynamic size
of TD found using
DLS was 133 =
0.59 nm (Figure 1c).

We then used
atomic force
microscopy (AFM)
for checking the
morphology of
formed  structure.

We found triangular
structures indicating
the successful
formation of TD
(Figure 1d).

Figure 1: Synthesis
and
Characterization of
TD and TD:NT.
(a)Representative
image of TD and
TD:NT  synthesis
(b)EMSA showing
higher order
structure formation.

1:ladder; 2:M1+M2+M3+M4; 3:M1+M2+M3; 4-M1+M2; 5-M1 (c) DLS showing TD size as
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13.3 £+ 0.59 nm. (d) AFM image showing triangular TD morphology. (e)Fluorescence
quenching study of serotonin and TD:Ser. (f) Fluorescence quenching study of serotonin and
TD:Epi. (g) Fluorescence quenching study of serotonin and TD:Nor. (h) UV visible spectra
for TD, serotonin and TD:Ser. (i) UV visible spectra for TD, serotonin and TD:Epi. (j) UV
visible spectra for TD, serotonin and TD:Nor. (k) DLS showing size of TD (13.3 £ 0.59 nm)
and TD:Ser (16.1 £ 1.97 nm). (I) DLS showing size of TD (13.3 £ 0.69 nm) and TD:Epi (14.65
1+ 0.92 nm). (m) DLS showing size of TD (13.3 £ 0.59 nm) and TD:Nor (14.55 + 0.65 nm). (n)
Zeta potential of TD (-15.19 £ 1.89 mV ), serotonin(2.44 £ 1.74 mV) and TD:Ser (-3.53 £ 0.88
mV). (o) Zeta potential of TD (-15.19 £ 1.89 mV ), epinephrine(-2.99 t 4.14 mV) and TD:Epi
(-13.57 £ 2.42 mV). (p) Zeta potential of TD (-15.19 £ 1.89 mV ), norepinephrine(-5.12 + 1.66
mV) and TD:Nor (-6.22 £ 3.63 mV).

After the successful synthesis of TD, we moved forward with loading the neurotransmitters
(serotonin, epinephrine and norepinephrine) on TD (Figure 1a). We selected serotonin,
epinephrine and nor-epinephrine neurotransmitters for our study. These neurotransmitters
are fluorescent molecule with excitation at 279 nm and emission at 320 nm. The interaction
of these neurotransmitters with DNA quenches their fluorescence'’. So, we used this property
for initial screening of interaction between TD and neurotransmitters. We did a time and
concentration dependent quenching study (Supplementary 1a, 1b, 1c). Based on that, we
finally selected TD:Serotonin (TD:Ser) at 1:50, TD:Epinephrine (TD:Epi) at 1:500 and
TD:Norepinephrine (TD:Nor) at 1:500 ratio (Figure 1e, 1f, 1g). We further validated the
interaction of TD and neurotransmitters using UV visible spectroscopy. The absorption of TD,
serotonin, epinephrine and norepinephrine is at 260, 275, 280 and 280 nm respectively. We
found a shift in wavelength of our loaded structures compared with TD and neurotransmitters
suggesting the successfully interaction of neurotransmitters with TD (Figure 1h, 1i, 1j). We
then performed the dynamic light scattering of our structures to find the hydrodynamic size.
The hydrodynamic size of TD:Ser, TD:Epi and TD:Nor was 15.1 £ 1.97, 14.65 + 0.92 and
14.55 £ 0.65 nm respectively (Figure 1k, 11, 1m). The size of TD:NT were larger than TD
advocating the successful interaction of TD and neurotransmitter. We also checked the zeta
potential and found change in that as well. The zeta potential of TD was -15.19 + 1.89 mV.
The zeta potential of serotonin, epinephrine and norepinephrine were 2.44 + 1.74, -2.99 +
4.14 and -5.12 + 1.66 mV respectively. The zeta potential of TD:Ser, TD:Epi and TD:Nor were
-3.53 £ 0.88, -13.57 £ 2.42 and -6.22 + 3.63 mV respectively (Figure 1n, 10, 1p). The zeta
potential of TD:NT were higher than TD and lower than neurotransmitter insinuating charge
based interaction between the TD and neurotransmitters. Finally, we checked for the stability
of TD:NT structures and found them stable upto 120 minutes (Supplementary figure 2). With
this, we progressed to our cellular studies.

2.2. TD:NT can clear the a-synuclein accumulation in MPTP induced PC12 cells

Since we were interested in a-synuclein based neuropathies, we first began by developing
a cellular model for the same. MPTP hydrochloride is known to cause the mitochondrial
damage and a-synuclein accumulation in cells'®. We used 500 uM of MPTP hydrochloride
for 12 hours to induce the a-synuclein accumulation. TD is known to enter the cells without
the aid of any transfection agent. However, we wanted to confirm the same remains true for
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MPTP induced cellular system. We also wanted to check whether the loading of
neurotransmitters will have any change in its internalization. So, we performed a cellular
uptake study in the MPTP induced cellular model. We used TD conjugated with Cy5 dye to
understand and quantify the uptake using confocal laser scanning microscope. The study
showed TD was readily taken up by the cells (Figure 2a, 2b). We also observed higher uptake
of TD:Ser in the cells. TD:Epi and TD:Nor were also being internalized higher than TD
(Supplementary Figure 3a, 3b). This gave us the confidence to take the next step of
understanding the effect of TD:NT in MPTP induced cellular system.
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Figure 2: a-synuclein clearance from MPTP induced PC12 cellular system. (a)
Representative confocal images of cellular uptake of TD & TD:Ser in MPTP induced PC12
cellular system. Red indicates Cy5 labelled TD or TD:Ser. Blue indicates nucleus stained by
DAPI.(b) Quantification of cellular uptake represented in figure (a). (c) Quantification of a-
synuclein present represented in figure (d). (d) Representative confocal images of a-
synuclein immunostaining in control, TD & TD:Ser treated MPTP induced PC12 cellular
system. Red indicates a-synuclein labelled by A647 secondary antibody. Blue indicates
nucleus stained by DAPI. The scale bar is 20 uM.

The major hallmark of Parkinson’s disease is accumulation of a-synuclein. Clearance of
a-synuclein will have a therapeutic effect'®. So, we used immunofluorescence assay to
understand whether TD:NT nanodevices have any effect in the clearance of a-synuclein. The
MPTP treated cells had significantly higher a-synuclein levels compared to the untreated
control (Figure 2c, 2d). This confirms that our MPTP model is indeed working. TD and TD:NT
treatment was given in MPTP treated cells for 6 hours. We gave the treatment in the presence
of MPTP so that we could confirm the results are due to our treatment and not due to any
other cell clearance mechanism. We found that TD alone cannot clear the a-synuclein
accumulation, however, the TD:Ser was able to clear the a-synuclein accumulation
significantly. Cui et al. showed that TD can reduce the abnormal a-synuclein accumulation
through AKT pathway?°. TD:Epi was not able to clear the accumulation, however, TD:Nor was
able to clear the a-synuclein accumulation (Supplementary Figure 4a, 4b). This opens the
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path for new treatments in the Parkinson’s disease. However, we then wanted to explore the
cellular processes affected in the process.

2.3. TD:NT can clear the excessive reactive oxygen species

Reactive oxygen species (ROS) are the byproducts of cellular processes and essential for
many physiological processes like immune reactions, synthesis of cellular structures,
secondary messengers, apoptosis and autophagy?'. The different source of ROS includes
mitochondria, ER and NADPH oxidase proteins??-24. The excessive production of ROS is a
major contributor in neurodegeneration?. Hence, we analyzed the levels of ROS using
DCFDA dye. We found out that on the treatment of MPTP, the ROS levels increase (Figure
3a, 3b). On treating the cells with TD and TD:Ser, the ROS levels decrease significantly.
TD:Epi and TD:Nor were also able to clear the excessive ROS (Supplementary Figure 5a,
5b). TD has demonstrated anti-oxidative properties in LPS induced macrophages in previous
studies?62’. So, it might be exhibiting the similar properties here.
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Figure 3: ROS clearance from MPTP induced PC12 cellular system. (a) Representative
confocal images of ROS levels using DCFDA in MPTP induced PC12 cellular system. Green
indicates ROS. Blue indicates nucleus stained by DAPI.(b) Quantification of ROS levels
represented in figure (a). (c) Quantification of mitochondrial ROS present represented in
figure (d). (d) Representative confocal images of mitochondrial ROS using mitoSOX in control
and MPTP induced PC12 cellular system. Green indicates mitochondrial ROS. Grey indicates
bright field images. The scale bar is 20 uM.

MPTP, after being metabolized, inhibits the function of complex 1 of mitochondrial
respiratory chain?®. Since MPTP causes mitochondrial damage, we decided to study the
mitochondrial mass and mitochondrial ROS in the cells. We found that the mitochondrial
mass significantly decreases in MPTP treated cells (Supplementary Figure 7a, 7b). Also, TD
and TD:Ser treatment is able to significantly recover the mitochondrial mass. On checking for
mitochondrial ROS using MitoSOX dye, we found that MPTP treated cells had significantly
higher mitochondrial ROS compared to control cells (Figure 3c¢,3d). TD and TD:Ser treated
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cells were successfully able to reduce the mitochondrial ROS. Similar effects were also seen
in TD:Epi and TD:Nor treated cells (Supplementary Figure 6a, 6b). Mitochondria is required
for optimum function of cells. TD:NT successfully reducing the ROS and reviving the
mitochondrial mass compliments its role in a-synuclein clearance. Multifunctional TD has
shown to target mitochondria in an Alzheimer’s disease model suggesting that our system
might be able to reach and target the mitochondria?®.

Excessive autophagy might be detrimental for neurons as it might result in neurite
shortening, affecting the neuron function®. We decided to explore the role of TD:NT on
autophagy as well. We checked the presence of LC3b protein using immunostaining. We
found the higher levels of LC3b protein in MPTP treated cells, which significantly reduced on
treatment of TD and TD:NT (Supplementary Figure 8a, 8b).

2.4. TD:NT uptake reverses MPTP induced ferroptosis in cells

Iron accumulation results in ROS production which further leads to membrane lipid
peroxidation. Excessive iron in the cell creates ROS using Fenton reaction, which further
results into formation of reactive species mediated by a-synuclein in the substantia nigra3'.
Excess ROS due to iron accumulation and lipid peroxidation are both a part of a process
called ferroptosis, which is iron mediated cell death3?. Ferroptosis has been shown to be
involved in neurodegenerative diseases. Hence, we decided to check the effect of TD:NT
system on ferroptosis in MPTP induced PC12 cellular model. We started by measuring the
level of iron in the cells since increased accumulation of iron is hallmark of ferroptosis. We
used phen green dye and plotted the data of FO (control) to F (treatment), so lower ratio
indicates higher iron accumulation. We found that iron is indeed accumulated in the MPTP
treated cells (Figure 4a). We also discovered that TD and TD:Ser significantly reduce the iron
accumulation in cells. TD:Epi is not able to reduce the iron accumulation but TD:Nor is able
to (Supplementary Figure 9).

We next moved to measure the lipid peroxidation, the second marker for ferroptosis. Lipid
peroxidation also disrupts the mitochondrial function and autophagy process33. We measured
the ratio of reduction/oxidation of lipids using C11 lipid peroxidation sensor where, the lower
the ratio, the more the lipid peroxidation. We found the lipid peroxidation levels high in MPTP
treated cells compared to the control (Figure 4b). TD:Ser significantly reduced the amount of
lipid peroxidation. TD:Nor also significantly reduced the amount of lipid peroxidation
(Supplementary Figure 10). Li et al. have used TD loaded with curcumin and showed that it
targets NRF2/GPX4 pathway for inhibiting ferroptosis3.
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We decided to also investigate transferrin, the transporter of iron in cells®>. We saw the
uptake of transferrin labelled with A647 in the cells for 1 hour. We hypothesized that since the
iron is high, the transferrin uptake should also be increased in case of MPTP treated cells.
We found the results supporting our hypothesis and transferrin uptake was indeed higher in
MPTP treated cells(Figure 4c, 4d). We also saw quantitative reduction in transferrin signal in
case of TD:Ser and TD:Nor (Supplementary Figure 11a, 11b) which were also able to reduce
the amount of iron in MPTP treated cells. We were able to establish that TD:Ser and TD:Nor
are able to reduce the iron accumulation, lipid peroxidation and transferrin uptake
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successfully. However, a major question of effectiveness of TD:NT in in vivo system still
remained unanswered. So, we moved to study the same in in vivo zebrafish model.

2.5. TD:NT reduces ROS in in vivo zebrafish model

Zebrafish model has a well characterized dopamergic neuronal model which develops by
96 hpf36. We used 120 hpf zebrafish larvae and treated them with 300 nM of MPTP
hydrochloride for 2 hours. We observed the larvae getting latent with this treatment, so we
further treated it with TD:NT. We then proceeded to check the ROS generated due to the
treatment using the DCFDA assay (figure 5a). We found that with MPTP treatment, the ROS
levels increase in the larvae (Figure 5b, 5c¢). When subjected to TD and TD:Ser treatment,
we did observe the decrease in levels of ROS. We also saw significant decrease in ROS in
TD:Nor treated zebrafish (Supplementary 12a, 12b). This shows that our nanodevice has
promise in in vivo model as well.
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induced in vivo zebrafish system. Green indicates ROS. Grey indicates bright field images.
The scale bar is 200 uM.

3. Conclusion

Our work explores the capabilities of TD:NT system as a therapy for MPTP induced PC12
cellular model and in vivo zebrafish model. The cellular uptake of TD:NT increased in
comparison to TD in MPTP treated cells, TD:Nor being the highest followed by TD:Ser. a-
synuclein accumulation is the hallmark of Parkinson’s disease. TD:Nor and TD:Ser were able
to significantly reduce the amount of accumulated a-synuclein from MPTP induced cells. The
iron accumulation, ROS generation, mitochondrial dysfunction, and lipid peroxidation are
interdependent, and impairment of one exacerbates the others. In our study, we found that
TD:NT can successfully reduce ROS, making it a considerable option for use as an anti-
oxidative agent in other capacities as well. TD:Ser and TD:Nor reduced the amount of iron
accumulation and in turn lessened the burden of transferrin uptake. TD:Ser and TD:Nor were
also able to reduce the lipid peroxidation and autophagy. TD:Ser and TD:Nor also showed
significant reduction of ROS in in vivo zebrafish model. The comparative study between the
three neurotransmitter system suggests TD:Ser and TD:Nor as more promising options for
future research and therapeutic option for Parkinson’s disease.

4. Materials & Methods

4.1. Materials

The primers (M1-M4) were obtained from Sigma Aldrich. Nuclease free water and
magnesium chloride were obtained from SRL, India. Acrylamide:Bisacrylamide (30%),
TEMED, APS, paraformaldehyde, ethidium bromide, Triton X 100 were obtained from
Himedia. MPTP hydrochloride, 6X loading dye, 25 bp ladder, Mowiol, DCF-DA, DAPI is
obtained from Sigma Aldrich. Goat anti-rabbit A647 secondary antibody and transferrin A647
were obtained from Invitrogen. a-synuclein and LC3b primary antibodies were obtained from
CST. PC12 cells were obtained from ATCC. F12K Media, FBS, horse serum, trypsin and
penstrap were obtained from Gibco. MitoSOX, C11 lipid peroxidation sensor, phen green SK
and mitotracker deep red were obtained from thermos.

4.2. Synthesis of TD

TD was synthesized as described previously®”. Briefly, four single stranded
oligonucleotides (Supplementary Table 1) were mixed at equimolar ratio with 2 mM MgCl2
and denatured at 95°C for 30 minutes. They were annealed by gradually decreasing the
temperature by 5°C, reaching 4°C over 15 minutes interval at each step. The final
concentration of the formed TD was 2.5 pM. It was stored at 4°C until further use.

4.3. Synthesis of TD:NT system

TD was combined with serotonin, epinephrine and norepinephrine in 1:50, 1:500 and
1:500 ratio. They were incubated at room temperature for 15 minutes in dark. They were
stored at 4°C until further use.

4.4. Electrophoretic mobility shift assay (EMSA)
10



EMSA was performed for confirmation of higher order structure formation using 8% native
PAGE. Four tubes were taken each containing M1, M1 + M2, M1+ M2 + M3, M1+ M2 + M3
+ M4 respectively in equimolar ratio. They were synthesized using the above-mentioned
protocol and then loaded in the gel. The gel was run at 70 V for 90 minutes. The bands were
stained using EtBr for 10 minutes in shaking condition. The gel was finally visualized using
Biorad ChemiDoc MP Imaging System.

4.5. Dynamic Light Scattering and Zeta Potential

DLS was used to do size-based characterization. The sample was prepared by diluting
TD and TD:NT samples 20-fold. Then they were subjected to Malvern analytical Zetasizer
Nano ZS instrument and hydrodynamic size was measured. The same instrument was used
to measure zeta potential as well.

4.6. Atomic Force Microscopy

BioAFM was used to do the morphology-based characterization (Bruker JPK
NanoWizard sense+). The sample was prepared in 1:5 dilution on freshly cleaved mica sheet
and allowed to dry. Then contact mode was used to observe the TD. The image processing
was done using JPK software.

4.7. UV Spectroscopy
The absorption was taken to confirm the binding of neurotransmitters to TD. TD,
neurotransmitter (serotonin, epinephrine or norepinephrine) and TD:Neurotransmitter
(TD:Ser, TD:Epi or TD:Nor) were diluted at 1:20 ratio and absorption was taken using UV vis
spectroscopy. The results were further plotted using GraphPad Prism.
4.8. Fluorescence quenching study
The quenching study was done once the TD:NT were prepared using Biotek multimode
plate reader Cytation3. The excitation was 279 nm and emission was 320 nm. The system
was subjected to take reading every 20 minutes for 120 minutes and the data was further plot
using GraphPad Prism.
4.9. Stability Assay
Stability of TD and TD:NT were checked using serum stability assay. TD and TD:NT were
incubated with 10% FBS at 37°C for different time points till 360 minutes. 8% native PAGE
was run to check the band intensity at 70 V for 90 minutes. The gel was visualized using Gel
Documentation system (Biorad ChemiDoc MP Imaging System).
4.10. Cell Culture

PC12 cells were cultured in F12K media with 15% horse serum, 2.5% FBS and 1%
PenStrap. The cells were maintained at 37°C in a humidified incubator and 5% CO..

4.11. MPTP Treatment and TD:NT treatment
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  hydrochloride (MPTP  hydrochloride)
treatment was optimized. The cells were treated with 500 yM of MPTP hydrochloride for 12
hours once they were 80% confluent. After that, the TD:NT treatment was given for 6 hours
at 200 nM concentration in the presence of MPTP hydrochloride.
4.12. Cellular Uptake
Cellular uptake of TD and TD:NT was conducted in MPTP treated cells. The cells were
seeded in 24 well plate on coverslips and allowed to grow till 80% confluency followed by the
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MPTP hydrochloride treatment. After the treatment, cells were incubated with 200 nM TD:NT
for 1 hour at 37°C. The cells were washed with 1X PBS two times. They were fixed with 4%
PFA for 15 minutes at 37°C, washed three times with 1X PBS and later mounted with DAPI
+ Mowiol. The slides were stored at 4°C until imaging.
4.13. a-synuclein Immunostaining
The cells were seeded in 24 well plate on coverslips and allowed to grow till 80%
confluency followed by the MPTP hydrochloride and TD:NT treatment. They were fixed with
4% PFA for 15 minutes at 37°C and washed three times with 1x PBS. They were
permeabilized with 0.1% Triton-X 100 for 15 minutes at 37°C and then blocked with blocking
buffer (10% FBS + 0.05% Triton-X 100) for 1 hour at 37°C. They were subjected to a-
synuclein primary antibody at 1:100 dilution for 2 hours at 37°C followed by secondary
antibody treatment for 2 hours at 37°C. The cells were then washed and mounted with DAPI
+ Mowiol. The slides were stored at 4°C until imaging.
4.14. DCFDA assay
ROS was measured using DCF-DA staining. The cells were seeded in 24 well plate on
coverslips and allowed to grow till 80% confluency followed by the treatment. The cells were
washed with 1X PBS two times. They were treated with 10 yM DCF-DA for 30 minutes at
37°C and washed with 1X PBS two times. They were fixed with 4% PFA for 15 minutes at
37°C, washed three times with 1X PBS and later mounted with DAPI + Mowiol. The slides
were stored at 4°C until imaging.
4.15. Mitochondrial superoxide indicator assay
The cells were seeded in live cell plates. The treatment was given once cells reached
80% confluency. The cells were washed with HBSS buffer. The cells were treated with 1 uM
of MitoSOX™ Green mitochondrial superoxide indicator for 30 minutes at 37°C. The cells
were then washed with HBSS buffer three times and immediately taken for confocal live cell
imaging.
4.16. Iron Indicator Assay
The cells were seeded in 96 well plate. The treatment was given once the cells reached
80% confluency. The cells were washed with HBSS buffer. They were incubated with 20 uM
of Phen Green™ SK diacetate for 10 minutes at 37°C. The cells were washed twice with
HBSS and then proceeded to take reading using Biotek multimode plate reader Cytation3.
The excitation was 507 nm and emission was 532 nm. The control was assigned as FO and
treatment as F. The values were plotted as FO/F.
4.17. Lipid Peroxidation Assay
The cells were grown in live cell plates. The treatment was given once the cells reached
80% confluency. The cells were washed with HBSS buffer and incubated with 10 yM
BODIPY™ 581/591 C11 lipid peroxidation sensor for 30 minutes at 37°C. The cells were then
washed thrice with HBSS buffer and immediately proceeded for confocal live cell imaging.
The dye gives fluorescence emission at 590 nm when lipids are in reduced state and when
they are oxidized, it emits at 510 nm. The ratio of 590 nm/510 nm was taken.
4.18. Transferrin Uptake
Cellular uptake of transferrin was conducted. The cells were seeded in 24 well plate on
coverslips and allowed to grow till 80% confluency followed by the MPTP hydrochloride and
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TD:NT treatment. Cells were incubated with transferrin 10 ug/mL for 1 hour before the
treatment ended. The cells were washed with 1X PBS two times. They were fixed with 4%
PFA for 15 minutes at 37°C, washed three times with 1X PBS and later mounted with DAPI
+ Mowiol. The slides were stored at 4°C until imaging.
4.19. Mitotracker Assay
The cells were seeded in 24 well plate and grown till 80% confluency. The MPTP and
TD:NT treatment was given. The cells were then treated with 1 yM Mitotracker™ deep red
dye for 15 minutes at 37°C. The cells were then washed with 1X PBS twice. They were fixed
with 4% PFA for 15 minutes at 37°C, washed three times with 1X PBS and later mounted with
DAPI + Mowiol. The slides were stored at 4°C until imaging.
4.20. Autophagy Analysis
The cells were seeded in 24 well plate on coverslips and allowed to grow till 80%
confluency followed by the MPTP hydrochloride and TD:NT treatment. They were fixed with
4% PFA for 15 minutes at 37°C and washed three times with 1x PBS. They were
permeabilized with 0.1% Triton-X 100 for 15 minutes at 37°C and then blocked with blocking
buffer (10% FBS + 0.05% Triton-X 100) for 1 hour at 37°C. They were subjected to LC3b
primary antibody at 1:100 dilution for 2 hours at 37°C followed by secondary antibody
treatment for 2 hours at 37°C. The cells were then washed and mounted with DAPI + Mowiol.
The slides were stored at 4°C until imaging.
4.21. ROS assay in in vivo zebrafish model
The zebrafish used were of Assam wild type strain. The conditions were maintained
according to Zebrafish Information Network (ZFIN). For the experiment, 120 hpf larvae were
taken in E3 media in 6 well plate. The MPTP treatment was given for 2 hours at 300 nM and
further the TD:NT treatment was given in presence of MPTP for 3 hours at 300 nM. The larvae
were washed and subjected to DCFDA staining at 20 uM for 30 minutes. The larvae were
then washed with water and fixed with 4% PFA for 30 minutes. They were further washed
thrice and mounted on slides with Mowiol. The slides were stored in 4°C until further imaging.
4.22. Confocal Microscopy
Leica Sp8 laser scanning confocal microscope was used for all the imaging. The slides
were imaged using 63X oil immersion objective lens for cellular studies. 10X objective lens
was used for zebrafish imaging. The pinhole was kept at 1 airy unit. 4 lasers were used to
excite different fluorophores; DAPI: 405 nm; DCFDA, MitoSOX green, C11 lipid peroxidation
sensor: 488 nm; C11 lipid peroxidation sensor: 561; and, TDCy5, anti-rabbit secondary
antibody A647, mitotracker deep red: 633nm. 4-5 images were taken for each sample with z-
stacks. Image analysis was done using Fiji ImageJ (NIH). The background from each image
was subtracted and whole cell intensity was quantified using maximum intensity projection.
Minimum 30 cells were quantified to study the cellular experiments.
4.23. Statistical Analysis
All the experiments were carried out in triplicates. The data is presented as mean = SD.
One way ANOVA was carried out with Tukey’s correction using GraphPad Prism 9.0. The
statistical significance is denoted by, * indicates p < 0.05, ** indicates p < 0.01, *** indicates
p <0.001, *** indicates p < 0.0001, and ns indicates non-significant.

Conflicts of Interest

13



Authors have no conflicts of interest.

Acknowledgements

All authors thank IITGN and CIF-IITGN for facilities. PV thanks UGC for PhD fellowship and
IITGN for additional fellowship. DB thanks SERB-DST Gol for research grant, Gujcost and
GSBTM, MoES-STARS for research funding.

References

(1)

3)

Ray Dorsey, E.; Elbaz, A.; Nichols, E.; Abd-Allah, F.; Abdelalim, A.; Adsuar, J. C;
Ansha, M. G.; Brayne, C.; Choi, J. Y. J.; Collado-Mateo, D.; Dahodwala, N.; Do, H. P;
Edessa, D.; Endres, M.; Fereshtehnejad, S. M.; Foreman, K. J.; Gankpe, F. G.; Gupta,
R.; Hankey, G. J.; Hay, S. I.; Hegazy, M. |.; Hibstu, D. T.; Kasaeian, A.; Khader, Y;
Khalil, I.; Khang, Y. H.; Kim, Y. J.; Kokubo, Y.; Logroscino, G.; Massano, J.; Ibrahim, N.
M.; Mohammed, M. A.; Mohammadi, A.; Moradi-Lakeh, M.; Naghavi, M.; Nguyen, B. T.;
Nirayo, Y. L.; Ogbo, F. A.; Owolabi, M. O.; Pereira, D. M.; Postma, M. J.; Qorbani, M;
Rahman, M. A.; Roba, K. T.; Safari, H.; Safiri, S.; Satpathy, M.; Sawhney, M
Shafieesabet, A.; Shiferaw, M. S.; Smith, M.; Szoeke, C. E. |.; Tabarés-Seisdedos, R.;
Truong, N. T.; Ukwaja, K. N.; Venketasubramanian, N.; Villafaina, S.; Weldegwergs, K.
G.; Westerman, R.; Wijeratne, T.; Winkler, A. S.; Xuan, B. T.; Yonemoto, N.; Feigin, V.
L.; Vos, T.; Murray, C. J. L. Global, Regional, and National Burden of Parkinson’s
Disease, 1990-2016: A Systematic Analysis for the Global Burden of Disease Study
2016. Lancet Neurol 2018, 17 (11), 939-953. https://doi.org/10.1016/S1474-
4422(18)30295-3.

Bayati, A.; Ayoubi, R.; Aguila, A.; Zorca, C. E.; Deyab, G.; Han, C.; Recinto, S. J;
Nguyen-Renou, E.; Rocha, C.; Maussion, G.; Luo, W.; Shlaifer, |.; Banks, E.; McDowell,
I.; Del Cid Pellitero, E.; Ding, X. E.; Sharif, B.; Séguéla, P.; Yaqubi, M.; Chen, C. X. Q,;
You, Z.; Abdian, N.; McBride, H. M.; Fon, E. A.; Stratton, J. A.; Durcan, T. M.; Nahirney,
P. C.; McPherson, P. S. Modeling Parkinson’s Disease Pathology in Human
Dopaminergic Neurons by Sequential Exposure to a-Synuclein Fibrils and
Proinflammatory = Cytokines.  Nature  Neuroscience 2024 2024, 1-16.
https://doi.org/10.1038/s41593-024-01775-4.

Moustafa, A. A.; Chakravarthy, S.; Phillips, J. R.; Gupta, A.; Keri, S.; Polner, B.; Frank,
M. J.; Jahanshahi, M. Motor Symptoms in Parkinson’s Disease: A Unified Framework.
Neurosci Biobehav Rev 2016, 68, 727-740.
https://doi.org/10.1016/J.NEUBIOREV.2016.07.010.

Pfeiffer, R. F. Non-Motor Symptoms in Parkinson’s Disease. Parkinsonism Relat Disord
2016, 22, S119-S122. https://doi.org/10.1016/J.PARKRELDIS.2015.09.004.

Katzenschlager, R.; Lees, A. J. Treatment of Parkinson’s Disease: Levodopa as the
First Choice. Journal of Neurology, Supplement 2002, 249 (2), ii19-ii24.
https://doi.org/10.1007/S00415-002-1204-4/METRICS.

14



(6)

(8)

(9)

(10)

(11)

(14)

(15)

(16)

Tran, T. N.; Vo, T. N. N.; Frei, K.; Truong, D. D. Levodopa-Induced Dyskinesia: Clinical
Features, Incidence, and Risk Factors. Journal of Neural Transmission 2018 125:8
2018, 725 (8), 1109-1117. https://doi.org/10.1007/S00702-018-1900-6.

Teleanu, R. |.; Niculescu, A. G.; Roza, E.; Vladacenco, O.; Grumezescu, A. M.; Teleanu,
D. M. Neurotransmitters—Key Factors in Neurological and Neurodegenerative
Disorders of the Central Nervous System. International Journal of Molecular Sciences
2022, Vol. 23, Page 5954 2022, 23 (11), 5954. https://doi.org/10.3390/IJMS23115954.

Pearl, S. M.; Zigmond, M. J. Amine Neurotransmitters. Encyclopedia of Life Sciences
2001. https://doi.org/10.1038/NPG.ELS.0000008.

Kilbourn, M.; Sherman, P.; Synapse, L. A.-; 1998, undefined. Reduced MPTP
Neurotoxicity in Striatum of the Mutant Mouse Tottering. Wiley Online LibraryMR
Kilbourn, P Sherman, LC AbbottSynapse, 1998<Wiley Online Library.

Grosch, J.; Winkler, J.; Kohl, Z. Early Degeneration of Both Dopaminergic and
Serotonergic Axons — a Common Mechanism in Parkinson’s Disease. Front Cell
Neurosci 2016, 10 (DEC2016), 239679.
https://doi.org/10.3389/FNCEL.2016.00293/BIBTEX.

Ma, W.; Shao, X.; Zhao, D.; Li, Q.; Liu, M.; Zhou, T.; Xie, X.; Mao, C.; Zhang, Y.; Lin, Y.
Self-Assembled Tetrahedral DNA Nanostructures Promote Neural Stem Cell
Proliferation and Neuronal Differentiation. ACS Appl Mater Interfaces 2018, 10 (9),
7892-7900. https://doi.org/10.1021/acsami.8b00833.

Vaswani, P.; Naveena A, H.; Kansara, K.; Dahle, L.; Kumar, A.; Bhatia, D. DNA
Tetrahedron as a Carrier of Doxorubicin for Metastatic Breast Cancer Treatment.
ChemistrySelect 2024, 9 (9). https://doi.org/10.1002/slct.202305222.

Wang, F.; Zhou, Y.; Cheng, S.; Lou, J.; Zhang, X.; He, Q.; Huang, N.; Cheng, Y. Gint4.T-
Modified DNA Tetrahedrons Loaded with Doxorubicin Inhibits Glioma Cell Proliferation
by Targeting PDGFRB. Nanoscale Res Lett 2020, 15 (1).
https://doi.org/10.1186/s11671-020-03377-y.

Li, S.; Tian, T.; Zhang, T.; Cai, X.; Lin, Y. Advances in Biological Applications of Self-
Assembled DNA Tetrahedral Nanostructures. Materials Today 2019, 24, 57-68.
https://doi.org/10.1016/J.MATTOD.2018.08.002.

Yang, X.; Zhang, F.; Du, Y.; Cui, W.; Dou, Y.; Lin, Y.; Zhao, Z.; Ma, X. Effect of
Tetrahedral DNA Nanostructures on LPS-induced Neuroinflammation in Mice. Chinese
Chemical Letters 2022, 33 (4), 1901-1906.
https://doi.org/10.1016/J.CCLET.2021.10.029.

Rajwar, A.; Shetty, S. R.; Vaswani, P.; Morya, V.; Barai, A.; Sen, S.; Sonawane, M,;
Bhatia, D. Geometry of a DNA Nanostructure Influences Its Endocytosis: Cellular Study
on 2D, 3D, and in Vivo Systems. ACS Nano 2022, 16 (7).
https://doi.org/10.1021/acsnano.2c01382.

15



(17)

(18)

(20)

(21)

(22)

(23)

(26)

(27)

Helene, C.; Dimicoli, J. L.; Brun, F. Binding of Tryptamine and 5-Hydroxytryptamine
(Serotonin) to Nucleic Acids. Fluorescence and Proton Magnetic Resonance Studies.
Biochemistry 1971, 10 (20), 3802—-3809. https://doi.org/10.1021/bi00796a025.

Merghani, M. M.; Ardah, M. T.; Al Shamsi, M.; Kitada, T.; Haque, M. E. Dose-Related
Biphasic Effect of the Parkinson’s Disease Neurotoxin MPTP, on the Spread,
Accumulation, and Toxicity of a-Synuclein. Neurotoxicology 2021, 84, 41-52.
https://doi.org/10.1016/J.NEURO.2021.02.001.

Hebron, M. L.; Lonskaya, |.; Moussa, C. E. H. Nilotinib Reverses Loss of Dopamine
Neurons and Improves Motor Behavior via Autophagic Degradation of a-Synuclein in
Parkinson’s Disease Models. Hum Mol Genet 2013, 22 (16), 3315-3328.
https://doi.org/10.1093/HMG/DDT192.

Cui, W.; Zhan, Y.; Shao, X.; Fu, W.; Xiao, D.; Zhu, J.; Qin, X.; Zhang, T.; Zhang, M.;
Zhou, Y.; Lin, Y. Neuroprotective and Neurotherapeutic Effects of Tetrahedral
Framework Nucleic Acids on Parkinson’s Disease in Vitro. ACS Appl Mater Interfaces
2019, 11 (36), 32787-32797.
https://doi.org/10.1021/ACSAMI.9B10308/ASSET/IMAGES/LARGE/AM9B10308_000
9.JPEG.

Checa, J.; Aran, J. M. Reactive Oxygen Species: Drivers of Physiological and
Pathological Processes. J Inflamm Res 2020, 13, 1057.
https://doi.org/10.2147/JIR.S275595.

Lambert, A. J.; Brand, M. D. Reactive Oxygen Species Production by Mitochondria.
Methods Mol Biol 2009, 554, 165-181. https://doi.org/10.1007/978-1-59745-521-3_11.

Zeeshan, H. M. A,; Lee, G. H.; Kim, H. R.; Chae, H. J. Endoplasmic Reticulum Stress
and Associated ROS. International Journal of Molecular Sciences 2016, Vol. 17, Page
327 2016, 17 (3), 327. https://doi.org/10.3390/IJMS17030327.

Rada, B.; Leto, T. Oxidative Innate Immune Defenses by Nox/Duox Family NADPH
Oxidases. Contrib Microbiol 2008, 15, 164—-187. https://doi.org/10.1159/000136357.

Umeno, A.; Biju, V.; Yoshida, Y. In Vivo ROS Production and Use of Oxidative Stress-
Derived Biomarkers to Detect the Onset of Diseases Such as Alzheimer’s Disease,
Parkinson’s Disease, and Diabetes. Free Radic Res 2017, 51 (4), 413-427.
https://doi.org/10.1080/10715762.2017.1315114.

Zhang, Q.; Lin, S.; Shi, S.; Zhang, T.; Ma, Q.; Tian, T.; Zhou, T.; Cai, X.; Lin, Y. Anti-
Inflammatory and Antioxidative Effects of Tetrahedral DNA Nanostructures via the
Modulation of Macrophage Responses. ACS Appl Mater Interfaces 2018, 10 (4), 3421—
3430. https://doi.org/10.1021/ACSAMI.7B17928.

Vaswani, P.; Bhatia, D. Designer DNA Nanocages Modulate Anti-Oxidative and Anti-
Inflammatory Responses in Tumor Associated Macrophages. biorxiv 2024.
https://doi.org/10.1101/2024.07.01.601504.

16



(28)

(29)

(30)

(31)

(35)

(36)

(37)

Li, H.; Zhang, J.; Shen, Y,; Ye, Y.; Jiang, Q.; Chen, L.; Sun, B.; Chen, Z.; Shen, L.; Fang,
H.; Yang, J.; Gu, H. Targeting Mitochondrial Complex | Deficiency in MPP+/MPTP-
Induced Parkinson’s Disease Cell Culture and Mouse Models by Transducing Yeast
NDI1  Gene. Biological Procedures Online 2024, 26 (1), 1-15.
https://doi.org/10.1186/S12575-024-00236-3/FIGURES/9.

Li, W.; Peng, X.; Mei, X.; Dong, M.; Li, Y.; Dong, H. Multifunctional DNA Tetrahedron for
Alzheimer’s Disease Mitochondria-Targeted Therapy by MicroRNA Regulation. ACS
Appl Mater Interfaces 2023, 15 (19), 22977-22984.
https://doi.org/10.1021/ACSAMI.3C03181/ASSET/IMAGES/LARGE/AM3C03181_000
6.JPEG.

Lizama, B. N.; Chu, C. T. Neuronal Autophagy and Mitophagy in Parkinson’s Disease.
Mol Aspects Med 2021, 82, 100972. https://doi.org/10.1016/J.MAM.2021.100972.

Jin, S. M.; Lazarou, M.; Wang, C.; Kane, L. A.; Narendra, D. P,; Youle, R. J.
Mitochondrial Membrane Potential Regulates PINK1 Import and Proteolytic
Destabilization by PARL. J Cell Biol 2010, 191 (5), 933.
https://doi.org/10.1083/JCB.201008084.

Yan, H. fa; Zou, T.; Tuo, Q. zhang; Xu, S.; Li, H.; Belaidi, A. A.; Lei, P. Ferroptosis:
Mechanisms and Links with Diseases. Signal Transduction and Targeted Therapy 2021
6:12021, 6 (1), 1-16. https://doi.org/10.1038/s41392-020-00428-9.

Villalén-Garcia, |.; Povea-Cabello, S.; Alvarez-Cérdoba, M.; Talaverén-Rey, M.:
Suarez-Rivero, J. M.; Suarez-Carrillo, A.; Munuera-Cabeza, M.; Reche-Lopez, D.;
Cilleros-Holgado, P.; Pifiero-Pérez, R.; Sanchez-Alcazar, J. A. Vicious Cycle of Lipid
Peroxidation and Iron Accumulation in Neurodegeneration. Neural Regen Res 2022,
18 (6), 1196. https://doi.org/10.4103/1673-5374.358614.

Li, Y.; Cai, Z.; Ma, W.; Bai, L.; Luo, E.; Lin, Y. A DNA Tetrahedron-Based Ferroptosis-
Suppressing Nanoparticle: Superior Delivery of Curcumin and Alleviation of Diabetic
Osteoporosis.  Bone  Research 2024 12:1 2024, 12 (1), 1-13.
https://doi.org/10.1038/s41413-024-00319-7.

Richardson, D. R.; Ponka, P. The Molecular Mechanisms of the Metabolism and
Transport of Iron in Normal and Neoplastic Cells. Biochim Biophys Acta 1997, 1331 (1),
1-40. https://doi.org/10.1016/S0304-4157(96)00014-7.

Li, X.; Gao, D.; Paudel, Y. N.; Li, X.; Zheng, M.; Liu, G.; Ma, Y.; Chu, L.; He, F.; Jin, M.
Anti-Parkinson’s Disease Activity of Sanghuangprous Vaninii Extracts in the MPTP-
Induced Zebrafish Model. ACS Chem Neurosci 2022, 13 (3), 330-339.
https://doi.org/10.1021/ACSCHEMNEURO.1C00656/SUPPL_FILE/CN1C00656_SI_0
01.PDF.

Goodman, R. P.; Turberfield, A. J. The Single-Step Synthesis of a DNA Tetrahedron.
Chemical Communications 2004, 4 (12), 1372-1373.
https://doi.org/10.1039/B402293A.

17



TOC

l ;‘;’\3‘- TD:NT

@E@ Dysfunctional

mitochondria
a-synuclein
© accumulation
e s Iron bound
@Zm[&\e —_— # — Lipid peroxidation T transferrin
< l iy receptor

Ferroptosis

TD:NT can clear a-synuclein by targeting the ferroptosis pathway.
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