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Abstract

Curcumin (CUR) is a bioactive compound that has been proposed for the treatment of various
neurodegenerative diseases. However, its use is limited due to its low solubility in aqueous media and
chemical instability under physiological conditions. Herein, we propose a strategy to overcome these
limitations by using PAMAM dendrimers of generation 4.5 (DG4.5). Using a combination of biophysical
techniques together with in vitro models, we demonstrate that CUR-DG4.5 complexes: (i) increased the
solubility and stability of CUR via internalization into dendrimer’s pockets and interaction with terminal
carboxylic groups; (ii) showed in vitro biocompatibility and increased CUR uptake; (iii) presented DPPH
radical scavenging activity and in vitro inhibition of H,O,-induced stress; and (iv) interfere with a-synuclein
aggregation. In conclusion, this work lays the foundation to use curcumin-loaded PAMAM dendrimers of
generation 4.5 as nanodrugs capable of reducing oxidative stress and inhibiting a-synuclein aggregation to

treat synucleinopathies.

Keywords: Curcumin, PAMAM dendrimers, a-synuclein aggregation, antioxidant activity, Parkinson’s

disease.

1. Introduction

Parkinson's disease (PD) is a chronic, progressive neurodegenerative disease traditionally described as a
movement disorder, although non-motor symptoms are also observed. Histopathologically, it is
characterized by the loss of dopaminergic neurons in the substantia nigra, along with a-synuclein deposits
into Lewy bodies and Lewy neurites [1], increased levels of oxidative stress, and neuroinflammation [2,3].
To date, there is no pharmacological treatment to stop the progression of the disease. Taking into account
that by 2040 the prevalence of PD is expected to rise to 12 million people [4], it is imperative to develop
disease-modifying therapies that prevent or delay the disease progression. The design of new treatments
requires considering the multifactorial nature of the disease and generating multi-interventional strategies to
prevent or decrease its progression, targeting a-synuclein aggregation, oxidative stress, and

neuroinflammation.

Curcumin (CUR) is a natural polyphenol that is derived from Curcuma longa, an herbaceous root native
from Southeast Asia [5]. It has been proven to be safe in high doses in humans and is generally used as a
spice and food coloring and as a medicine in Oriental and Ayurvedic practices. Due to its antioxidant [6],
anti—-inflammatory [7], free radical scavenging [8], mitochondrial protecting [9], and iron-chelating properties
3
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treatment of PD. Furthermore, CUR has been shown to inhibit monoamine oxidase activity, which could
enhance dopaminergic levels in the brain [12], and to modulate alpha-synuclein mediated toxicity by
binding to preformed aggregates [13]. Altogether, this data has encouraged the scientific community to
pursue preclinical [14] and clinical studies [15] to evaluate the potential of CUR for the treatment of PD.
Unfortunately, these efforts have been hindered by its low bioavailability. In particular, low oral absorption,
rapid metabolization, and high elimination rate of the system contribute to the low bioavailability of CUR
[16]. Additionally, its poor water solubility and its instability in physiological conditions, constitute other
challenges to be overcome. Over the years, many drug delivery systems have been proposed to overcome

these limitations [17].

Dendrimers are synthetic polymers that present unique properties in the field of drug delivery systems since
they have minimal polydispersity, defined surface groups, globular shape, and controlled nanometric size.
Mainly, polyamidoamine (PAMAM) dendrimers of generation 4.5 (DG4.5) are optimal delivery systems
because they have high water solubility and are capable of encapsulating small drug molecules into their
internal pockets and/or anchoring both small and large drug molecules to their surface groups through ionic
interactions [18,19]. Consequently, the drug complexed in dendrimers would acquire their physicochemical
properties, which would increase its solubility in agueous media and, as a result, modify its pharmacokinetic

profile and biodistribution.

Moreover, it has been recently shown that dendrimers could have intrinsic activity and act as drugs per se,
exhibiting anti-protein aggregation, anti-viral, anti-bacterial, and anti-inflammatory properties [20-22].
Indeed, PAMAM dendrimers can be considered nanodrugs, because they have properties as inhibitors of
acetylcholinesterase [23,24], as inhibitors of B-amyloids aggregation [25,26], as anti-microbial and anti-
inflammatory [27,28]. Hence, it is important to consider PAMAM dendrimers not only as delivery systems

but as nanodrugs per se, which could act in combination with other bioactive agents in the treatment of PD.

In this work, we develop and characterize a CUR delivery system based on PAMAM dendrimers of
generation 4.5. Then, related to the treatment of PD, we study the activity of our delivery system to inhibit

the oxidative stress process and a-synuclein aggregation.

2. Materials and methods
2.1 Materials

Curcumin (CUR, CAS N°458377) was from Santa Cruz Biotechnology (Texas, USA). Polyamidoamine
(PAMAM) dendrimer of generation 4.5 (DG4.5, CAS N°470457) was acquired from Sigma-Aldrich
(Missouri, USA). The commercial methanolic suspension (purity >99%) was stored at 4 °C, as
recommended by the supplier, and used without additional purifications. Tetrazolium MTT salt was from
USB Corporation; MEM was from HyClone; the antibiotic-antimycotic 100X and trypsin 10X solutions were

from Gibco (Thermo Fisher Scientific). The FBS was from Internegocios S.A. (Buenos Aires, Argentina).
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and 2,2-Diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl (DPPH) were acquired in Sigma-Aldrich. Finally, neutral

red dye (NR) was from BioPack (Buenos Aires, Argentina). The remaining chemicals were analytical grade.
2.2 CUR-DG4.5 complexation process

Different amounts of CUR were combined in a methanolic solution with a constant amount of DG4.5 to
determine the optimum CUR:DG4.5 ratio. The molar ratios were 2:1, 5:1, 10:1, and 25:1, corresponding to
0.048, 0.12, 0.24, or 0.6 mM of CUR and 0.024 mM of DG4.5, respectively. The mixtures (n=3) were
incubated under constant stirring in the dark for 24 h at 28 °C, and then methanol was evaporated at 25 °C
in a SAVANT® AES1010 SpeedVac concentrator (Thermo Fisher Scientific, USA). The remaining solids
were resuspended in 10 mM phosphate buffer saline at pH=7.4 (PBS). The samples were centrifuged at
10000 rpm for 5 minutes to separate the insoluble free CUR from the DG4.5 or CUR-DG4.5 complexes in
suspension (Fig. S1). The complexation protocol was repeated (n=16) to study its reproducibility.

2.3 CUR quantification

The quantification of CUR was carried out by monitoring its maximum absorbance peak at 424 nm in
dimethyl sulfoxide (DMSO) (Fig. S2 A) using a Cytation 5 spectrophotometer (BioTek Instruments, USA).
The equation of the calibration curve was obtained by linear regression (R?=0.9928) in a concentration
range of 1-530 uM (n=6). The CUR incorporated into DG4.5 was quantified by an indirect method (Fig. S3).

2.4 CUR-DG4.5 complexes characterization and stability studies
2.4.1 Fourier Transformed Infrared (FTIR) Spectroscopy

Suspensions of CUR and CUR-DGA4.5 were frozen at -80 °C overnight and then lyophilized for 24 h in a
LABCONCO Freezone® 4.5 lyophilizer. The solid samples were analyzed using a Nicolet 8700 FTIR
spectrometer (Thermo Fisher Scientific, USA) and the attenuated total reflectance technique, after 64

scans in the wavenumber range from 1250 to 4000 cm™, with a resolution of 2 cm™.
2.4.2 {-potential and size distribution

Suspension of CUR-DG4.5 and DG4.5 were examined at 25 + 2 °C with a Zetasizer Nano ZSP ZEN 5600
analyzer (Malvern Instrument, UK). The refractive index was set to 1.45 for DG4.5 and CUR-DG4.5

complexes, and 1.33 for the dispersant.
2.4.3 UV-visible Spectroscopy

UV-vis absorption spectra of CUR, CUR-DGA4.5, and DG4.5 were obtained with the NanoDrop™ 1000 UV-
Vis spectrometer (Thermo Fisher Scientific, USA). The resolution of the instrument was 2 nm, and the

wavelength range was 220-700 nm.
2.4.4 Stability studies

Suspensions of CUR and CUR-DG4.5 were stored at -20, 4, or 25 °C for O, 1, 3, 7, 15, and 30 days, and

evaluated by macroscopic observations and UV-Vis spectroscopy. In the former, the presence of
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amount of soluble drug and the shifts in absorbance maximum peak were analyzed. These tests were

performed in triplicate (n=3) on samples obtained from different complexation processes.
2.5 CUR-DG4.5 compatibility and uptake profiles in cell culture

The effects of free CUR (0.625-10 uM), DG4.5 (0.15-2.4 uM), and CUR-DG4.5 complexes (0.625-10 uM
CUR in 0.15-2.4 uM of DG4.5) on Neuro-2a cell line were analyzed after 4 or 24 h-treatments by three
colorimetric methods. The viability test using crystal violet (CV) staining [29], the metabolic activity test by
MTT reaction [30], and the membrane states test by neutral red (NR) uptake [31] were performed following
our previously reported methods [18,19]. Besides, the in vitro uptake of CUR and CUR-DG4.5 complexes
was determined by fluorescence spectroscopy. The maintenance of cells and methods are fully described

in Supplementary Material.
2.6 CUR-DGA4.5 antioxidant activity assays
2.6.1 DPPH radical scavenging

The antioxidant activities of CUR,CUR-DGA4.5, and DG4.5 were measured using DPPH radical scavenging
activity assay according to the protocol described by Mohammadian et al. [32] with few modifications.
Briefly, 100 pL of CUR (200 uM), CUR-DGA4.5 (200 uM of CUR in 48 uM of DG4.5), or DG4.5 (48 uM)
suspensions were placed in a 96-well plate. Then, 100 pL of ethanolic DPPH solution (0.2 mM) was added
to each well. The mixtures were mixed and stored in the dark for 30 min at room temperature. The
absorbance was measured at 517 nm using Cytation 5 multi-plate reader. The DPPH radical scavenging

activity was calculated according to Equation 1.

) — AbScontrol—(AbSsample—AbSpiank) x 100

Radical scavenging activity (% Equation 1

AbScontrol

where AbScontrol, ADSsample, aNd Absy.qk are the absorbance of negative control (PBS with DPPH), sample
(CUR,CUR-DG4.5, or DGA4.5 suspension with DPPH), and blank (CUR,CUR-DG4.5, or DG4.5 suspension
without DPPH), respectively. in addition, BHT at 200 uM was used as a positive control due to its well-

known antioxidant activity.
2.6.2 Activity against H,O,-induced stress in cell culture

MTT assay was performed to determine the cytoprotective effect of CUR and CUR-DG4.5 complexes
against H,O.-induced stress in Neuro-2A cell culture following the method described by Ghaffari et al. [33]
with minor modifications. Cells were seeded in a 96-well plate (5x10* cell/well) and incubated for 24 h. On
the one hand, to examine the effect of co-treatment, cells were washed and treated with 2.5-10 uM CUR or
CUR-DG4.5 complexes, and 35 uM H,0O,. On the other hand, to study the effect of pre-treatment, cells
were washed and treated with 2.5-10 uM CUR or CUR-D complexes for 2 h before the addition of 35 uM
H,O.,. In both cases, after 24 h of incubation, the metabolic activity test was performed as described in

section 2.5.



2.7.1 Preparation of a-synuclein

Expression and purification of recombinant human a-synuclein were performed as previously described
[34]. The purity of the protein was assessed by SDS-PAGE. Monomeric a-synuclein stock solutions were
prepared in PBS pH 7.4. Before measurements, protein solutions were filtered and centrifuged for 30 min at
12000xg. Protein concentration was determined by the measurement of absorbance at 280 nm using

extinction coefficient €,75 = 5600 cm™ M2,
2.7.2 Protein aggregation

The aggregation protocol was adapted from previous studies [35]. Briefly, monomeric a-synuclein solutions
(70 pM), were incubated in a Thermomixer comfort (Eppendorf) at 37 °C under orbital agitation at 600 rpm
either in the absence or in the presence of CUR (100 uM), DG4.5 (24 uM), or CUR-DG4.5 complexes (100
UM CUR in 24 uM of DG4.5).

2.7.3 Congo red assay

The formation of a cross-f structure during aggregation was followed by the addition of Congo Red on
aliquots withdrawn from the incubation mixture at different times, according to Klunk et al [36,37]. Changes
in the absorbance spectra were monitored in a TECAN multiplate reader using a 96-well plate. The amount

of fibril was estimated following Equation 2.

_ ODs4o _ ODyyy

= Equation 2
25295 46306

2.7.4 Transmission Electron Microscopy

Aliquots taken from protein aggregation were adsorbed onto glow-discharged 200 mesh formvar carbon
coated copper grids (Electron Microscopy Sciences) and stained with 2% uranyl acetate. Excess liquid was
removed, and grids were allowed to air dry. Images were captured using a Libra 120 (Carl Zeiss)

transmission electron microscope.
2.7.5. Cytotoxicity assay

SH-SY5Y cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (PS), at 37 °C and 5% CO,. For cytotoxicity assay cells were seeded in 96 wells
plates at 20000 cells/well and maintained in 100 yl of DMEM supplemented with 10% FBS and 1% PS for
24 h at 37 °C. Afterwards, cells were treated with a PBS buffer, pH 7.4 (NT), a-synuclein oligomers, fibrils,
and the other species formed in presence of curcumin and dendrimer. After treatment, cells were incubated
for 24 h at 37 °C 5 % CO, and to determine cytotoxicity was determined using the Cytotoxicity Detection Kit
(Roche) following instructions from the manufacturer. The assay is based on the measurement of the
activity of lactate dehydrogenase (LDH) released into the culture medium upon permeabilization or lysis of

cells. Percentage of cytotoxicity is referred to the LDH activity released from cells after treatment with 1%
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expressed as a percentage relative to the untreated cell control.
2.8 Statistical analyses

All measurements are expressed as the mean * the standard deviation. The statistical analyses were
performed using the Graph Pad Prism v8.0 program. Depending on the experimental design, T-test, One-
way ANOVA, or Two-way ANOVA were used, followed by corresponding multiple comparisons post-test. In
all cases, only when the p-value was less than 0.05, the differences were considered significant. The
degree of significance was represented with asterisks, such as * p<0.05, ** p<0.01, *** p<0.001, and ****

p<0.0001. The abbreviation ns was used to express not significant differences.

3. Results and discussion
3.1 CUR complexation into DG4.5

Curcumin (CUR) is a bioactive compound that could be used for the treatment of neurodegenerative
diseases, including Parkinson’s Disease (PD). However, its use is limited due to its poor water solubility
(0.6 pg/mL, 1.63 pM, at 25 °C), its instability under physiological conditions (short half-life), and its low
bioavailability [16,38,39]. In this sense, PAMAM dendrimers arise as good candidates to manage these
limitations, through interactions that depend on the characteristics of the nanomaterial, the bioactive
compound, and the conditions of the medium [40,41]. Therefore, we aimed to obtain and characterize
complexes between CUR and PAMAM DG4.5 to study if this dendrimer could increment the solubility and

stability of this bioactive compound.

The ability of DG4.5 to complex the CUR was evaluated by exposing different amounts of the drug to a
constant amount of dendrimer in methanolic solution and applying a drying and resuspension-in-buffer
processes (Fig. S1). The concentration of soluble CUR was measured by an indirect method (Fig. S3). The
concentrations of soluble CUR in the CUR-DG4.5 complexes were significantly higher than those obtained
for CUR in absence of dendrimer (Fig. 1A). In addition, the increment of CUR:DG4.5 molar ratio enhanced
the amount of CUR interacting with dendrimers (Fig. 1C). It should be noted that the concentration of
soluble CUR in the absence of the dendrimer measured by the indirect method is higher than the
concentration expected from the reported solubility (1.6 uM). This disagreement could be explained by the
existence of a degradation phenomenon. The CUR degradation could occur during the incubation period of
CUR methanolic solution and/or during the drying process. In this sense, D’Archivio and Maggi (2017)
studied the stability of curcumin in water-methanol mixtures showing that, although the increment in
methanol concentration improved the stability of curcuminoids, the half-life times still being very low (3.8 +
0.2 h) [42]. In addition, Chemroenphat et al. (2021) investigated the freeze drying, hot air drying, and sun
drying effects on curcuminoids compared with fresh turmeric, showing that curcuminoids degradation to
ferulic acid and vanillin occurs in all drying processes [43]. Particularly, in CUR concentration equivalent to

25:1 CUR:DG4.5 molar ratio, a considerable amount of degraded CUR was observed (reflected in the
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be reduced or even inhibited during the complexation with DG4.5 due to the drug-dendrimer interaction,
since it was reported that CUR degradation was significantly decreased when the drug is interacting with
lipids, liposomes, albumins, cyclodextrin, surfactants, polymers and many other macromolecular and
microheterogenous systems [44]. Therefore, in the search for a balance between increasing the
concentration of CUR in aqueous media, without losing it by degradation, we selected the 10:1 CUR:DG4.5

theoretical molar ratio to study the reproducibility of the complexation process.

At 10:1 CUR:DG4.5 molar ratio, the formation of CUR-DG4.5 complexes allowed a significant increase in
CUR solubility in aqueous media (Fig. 1B). In the free CUR control, an average resuspension of 37.77 +
6.38 UM was obtained. As the solubility of the drug in water is 1.6 uM [45], we can assume that the
difference between these values is the amount of degraded CUR during the complexation process. In the
CUR-DGA4.5 complexes, the CUR concentration was 105.5 = 17.7 pM. In this case, we cannot confirm that
the drug is degraded as in the CUR control since dendrimers stabilized the CUR during the solvent
evaporation step of the complexation process (Fig. S4). As the concentration of dendrimer in suspension
was known, we calculated the experimental CUR:DG4.5 ratio, which resulted in an average of 4 £ 1 moles
of CUR per mole of DG4.5 (Fig. 1 D). Our results are consistent with those reported by Markatou et al. [5],
who studied the incorporation of demethoxycurcumin in PAMAM DG3.5 and DG4.0 and reported that an
initial 1:8 and 1:10 dendrimer:demethoxycurcumin ratios were necessary to achieve the maximum

incorporation of 4.2 and 5.0 CUR molecules per maolecule of DG3.5 or DG4.0, respectively.

(A) Soluble CUR (B) Soluble CUR
= 300 . . . . = 200 L .
= =
\3‘ 250' = CUR r 5 : Fkkk ,
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T 150- - § 100 =
“E Kk T E L] =
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Fig. 1 — Optimization of CUR-DG4.5 complexation. Concentration of soluble CUR after complexation process using
CUR:DG4.5 molar ratios (A) from 2:1 to 25:1 (n=3) and (B) 10:1 (n=16). Mole of CUR per mole of DG4.5 after
complexation process using CUR:DG4.5 theoretical molar ratios (C) from 2:1 to 25:1 (n=3) or (D) 10:1 (n=16).
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3.2 Characterization and stability of CUR-DG4.5 complexes

Chemically, CUR is a compound that has two phenolic hydroxyls and a p-diketone-a-B-unsaturated domain
in its structure. This domain presents keto-enol equilibrium in solution, being able to find three tautomers
(diketo, keto-enol, or dienol) in different proportions depending on the solvent and temperature [46,47]. The
diketo tautomer has two antiparallel ketone groups, which gives an angular arrangement and two non-
conjugated feruloyl fragments to the molecule, while the keto-enol tautomer presents a ketone group and
an alcohol group, which generates a completely conjugated and planar structure. The maximum
absorbances of the diketo and keto-enol forms were reported at 350-365 nm and 420-430 nm, respectively
[48,49]. The diketo tautomer predominates in aqueous media at acidic or neutral pH and is recognized as
the medicinally active tautomer, while the keto-enol predominates in organic solvents, water at alkaline pH,
and solid-state samples [50,51]. In this work, the CUR tautomeric state and the interactions with DG4.5
were characterized by FTIR spectroscopy, (-potential analyses, size distribution studies, and UV-Vis

spectroscopy.

Regarding FTIR spectroscopy, the spectrum of the CUR (Fig. 2A) presented the drug-specific absorption
bands [52,53]. These include the stretching bands of the —CH and —OH bonds at 3507 cm™, the vibration of
the —C=0 at 1626 cm™, the stretching of the -C=C— bonds of the aromatic rings at 1601 cm™, the vibration
of the —C-OH bond at 1455 cm™ and the —CH5 bond at 1427 cm™, and the stretching of —OH at 1315 and
1272 cm™. In this solid-state control, CUR was in its keto-enol form since the carbonyl stretching vibration
was presented at 1626 cm™, instead of 1715-1745 cm™ which would be expected for the di-keto form [5].
Secondly, the FT-IR spectrum of DG4.5 (Fig. 2B) showed the stretching vibrations of the -N-H bonds of the
amide inside the dendrimer at 3360 cmi™* and 1652 cm™; the stretching vibrations of the —C-C- and -C-H
bonds also inside the dendrimer at 2918 and 1558 cm™; and the symmetric vibrations of the —COO of the
terminal group at 1396 cm™ [19]. in the FTIR spectrum of the CUR-DG4.5 complexes (Fig. 2B), the
disappearance of the absorption band at 3360 cm™ and the displacement of some bands towards 2960,
1642, 1548, and 1390 cm™ were observed. As these signals correspond to both the internal and the
terminal groups of DG4.5, the CUR molecules could be interacting with both the dendrimer’s pockets and
terminal groups. Alsg, the stretching vibration of -C=0 of the CUR is presented at 1730 cm™, showing the
presence of CUR in the medicinally active di-keto form in the CUR-DG4.5 complex [5].

10
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Fig. 2 — CUR-DGA4.5 Characterization. FTIR spectra of (A) CUR, and (B) DG4.5 (dashed line) or CUR-DG4.5

complexes (solid line).

Concerning (-potential (Fig. 3A), DG4.5 presented negative {-potential since their terminal groups are
deprotonated (COO", carboxylate groups) in physiological pH. The interaction with CUR reduced the (-
potential value of CUR-DG4.5 complexes, which could be due to a dipole-anion interaction of CUR with the
carboxylate groups on the dendrimer’s surface. Size distribution studies using DLS show a monomodal
distribution centered at 155 + 39 nm for DG4.5 in aqueous solution, in contrast with a bimodal distribution
with peaks at 146 + 48 and 20 + 4 nm for CUR-DGA4.5 (Fig. 3B). Although the actual diameter of PAMAM
DG4.5 is 4-5 nm [54], it had been previously described that dendrimers agglomerates forming nanosized
particles after methanol evaporation and buffer resuspensions [55,56]. In our results, the interaction with
CUR allowed the disaggregation of dendrimers into smaller particles. Both {-potential and size results
agree with those previously described by FTIR, and with the existence of CUR-DGA4.5 superficial interaction

besides interaction with the internal pockets.

Regarding UV-Vis spectroscopy (Fig. 3C), CUR-DG4.5 complexes presented an initial maximum
absorbance peak at 424 nm, which correlated with the keto-enol tautomer. As this form is predominant in
organic solvents, the UV-Vis spectrum suggested that CUR was interacting with the low polar moieties
present in the interior of dendrimers which could be approached through the external interface [16]. These
results are consistent with those obtained by Cao et al [48], who studied the interaction of the CUR with
PAMAM G4.0 dendrimers modified on its surface with carbonated branches (C12), which they called
PAMAM-C12 25%. They reported that the CUR form complexes to its dendrimers showed maximum
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determined that their dendrimers had 5 binding sites for CUR, obtaining a 1:5 D:CUR molar ratio and that

the complexes were stabilized by hydrophobic bonds, hydrogen bridge, and van der Waals interactions.
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Fig. 3—- CUR-DG4.5 Characterization. (A) ¢-potential, (B) size distribution, and (C) UV-Vis absorption spectra of
CUR-DG4.5 and DGA4.5. (D) Stability of CUR in CUR-DG4.5 complexes stored at -20, 4, or 25 °C for 30 days.

Additionally, it was reported that CUR is an unstable drug that degrades to vanillin, ferulic acid, and feruloyl
methane under physiological conditions [49]. Thus, it is relevant to study if dendrimers could increase the
CUR stability during storage conditions. For this, CUR and CUR-DG4.5 samples were stored in darkness at
-20, 4, or 25 °C for 30 days. At predetermined times, macroscopic observations were made (Fig. S5) and
the UV-Vis absorbance spectra were determined (Fig. S6). Finally, the CUR half-life time was estimated as
the time needed to lose 50% of soluble CUR regarding the initial amount (Fig. 3D).

Concerning the macroscopic observations of CUR-DG4.5 samples, precipitation was observed on samples
stored at -20 and 4 °C, while a decrease in the color of the suspension was observed on samples stored at
the three evaluated conditions (Fig. S5). Regarding UV-Vis spectroscopy, a progressive decrease in the
absorbance at 424 nm and a shift to 350 nm of the maximum peak were observed as a function of time for
all the storage conditions (Fig. S6). The samples stored at 25 °C showed a faster decay of CUR
concentration than samples stored at -20 and 4 °C, indicating that the degradation processes were

exacerbated by increasing the temperature (Fig. 3D). However, it was reported that the half-life of the CUR
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DG4.5 complexes was increased to ~ 3 days (72 h) for storage at -20 ° C and 4 °C, and to 1 day (24 h) for
storage at 25 °C. The obtained results indicated that CUR is progressively released from the CUR-DG4.5
complexes and, while roughly 75% of released CUR is degraded or precipitated, a 25% is transformed into
its medicinally active tautomer and stabilized by interaction with terminal carboxylate groups (Fig. 3D).
These results are consistent with those reported by Dutta et al. (2013), who demonstrated that the di-keto
CUR tautomer shows maximum absorption at 355 nm and is stabilized in aqueous media by interaction
with low concentration of anionic surfactants. Also, they showed that keto-enol CUR tautomer presents a
maximum absorption at 425 nm and is stabilized by interaction with the hydrophobic interior of micelles

formed by anionic surfactants at concentrations above its critical micellar concentration.

Overall, the solubility of the CUR was significantly increased through interaction of the drug with both
dendrimer’s internal pockets and terminal carboxylate groups. It is probable that CUR patrtially enters the
external interface of the dendrimer forming complexes due to the synergy among various types of
interactions, i.e. ion-dipole, dipole-dipole, H-bonding, and Van der Waals interactions. The complexes also
presented controlled-release processes of the drug that resulted in the tautomerization of the CUR to its

medicinally active form.

3.3 CUR-DG4.5 compatibility and uptake profiles-in cell culture

For compatibility studies, the effects of CUR, CUR-DG4.5, and DG4.5 on the viability, metabolic activity,
and membrane status of the Neuro-2a cell line were studied after 4 or 24 h treatments (Fig.s S7 and S8,
respectively). The treatment with CUR and CUR-DG4.5 were nontoxic. Otherwise, the 24-h treatment with
the higher concentration of DG4.5 produced a reduction in NR uptake, which could mean that DG4.5
damaged the cell membrane. These results are consistent with those previously reported regarding the
toxicity of CUR in cell culture. For example, Debnath et al. (2013) studied the toxicity of CUR in two breast
cancer cell lines and, through the MTT test, determined that the 50% inhibitory concentration of metabolic
activity (ICsp) of CUR was 47.9 + 21.5 pM in SKBr3 and 35.8 + 18.4 uM for BT549. In this sense, as we
work with CUR concentrations lower than those IC50, no effects were observed at the Neuro-2a metabolic
activity. Accordingly, Wang et al. (2013) studied the toxicity of CUR in A549 cells by the MTT method and
demonstrated that 5 and 10 uM of free CUR produced no effect on metabolic activity. In addition to this, Lin
et al. studied the effect of 2.5 uM of CUR on Neuro-2a cells and reported no toxic effects measured by MTT
[58]. Therefore, the use of different detection methods, concentrations, and incubation times, allowed us to

demonstrate that CUR-DG4.5 complexes did not present cytotoxic effects in the evaluated concentrations.

For the uptake profile study, the CUR fluorescence emission in cell culture was determined after 2, 4, and
24 h of incubation with CUR or CUR-DG4.5 (Fig. 4). The CUR-DGA4.5 presented a significantly higher
uptake of CUR than free drug control after 4 and 24 h of incubation. It is possible that the higher uptake of
CUR results from the uptake of the complex into the cell through energy-dependent mechanisms, mainly by

clathrin and caveolae mediated endocytosis [59-61]. Alternatively, it is also possible that the dendrimers
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dependent mechanisms. Finally, the dendrimers also increase the stability of the CUR, allowing a greater

amount of drug to be present for a longer time for its uptake by non-energy-dependent mechanisms.

CUR and CUR-DGA4.5 uptake
2 hpi

3000

25001

2000+ wxxx [

15001

1000 N *kk Fkk
-1

5001

3000 T—— e
4 hpi
2500

2000+

FhxK

15001

KAEK

10004
5001 —

3000

Fluorescence intensity (a.u.)

25004 24 hpi
20001
1500
1000

500

5 = = = = = =

°© ES ES ES 3 ES ES

z 0 [te] S Y] [T} =]

o o o

O

O L Il 1
CUR CUR-DG4.5

Fig. 4 — In vitro uptake profile. CUR fluorescence intensity in Neuro-2a cell culture after 2, 4, o 24-h treatments with
CUR or CUR-DG4.5 complexes.

3.4 CUR-D antioxidant activity assays

The design of new PD treatments must address the multifactorial nature of the disease. To explore the
ability of CUR-DG4.5 complexes against oxidative stress, we measured the DPPH radical scavenging

activity and the in vitro activity against H,O,-induced stress in Neuro-2a cell culture.

CUR and CUR-DGA4.5 presented a significantly higher DPPH radical scavenging activity than BHT positive
control, whereas DG4.5 did not present significant scavenging activity (Fig. 5A). Similar results were
obtained for CUR encapsulated in proteins and proteins-polysaccharide nanoparticles [32,62]. Ak & Giilgin
described that DPPH radical can receive a H-radical from CUR hydroxyl group, which stop DPPH radical
reactions and confer antioxidant properties to CUR [63]. In addition, both CUR and CUR-DG4.5 reduced
the H,O,-induced stress as shown by the significant increase of the metabolic activity in the cells that were
simultaneously co-treated with H,O, and CUR or CUR-DGA4.5 in comparison to the controls treated with
H202 alone (Fig. 5B). However, these samples did not recover the metabolic activity observed in the
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before the H,O, addition, both pre-treatments allowed to recover the metabolic activity of the control treated
with PBS, showing a high inhibition of H,O,-induced stress (Fig. 5C). Likewise, Qi et al. demonstrated that,
in HTR8/SV cells, pre-treatment with 5 uM CUR alleviated H,O,-induced stress by improving the
antioxidant capacity and activating Nrf2 signaling pathway, while Rakotoarisoa et al. demonstrated that, in
SH-SY5Y cells, pretreatment with CUR loaded in cubosomes resulted in an increased number of live cells
upon exposure to H,O, [64,65]. Our results demonstrated that upon interacting with DG4.5, CUR did not
lose its capacity to inhibit oxidative stress.
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Fig. 5 —In vitro antioxidant activity. (A) DPPH radical scavenging activity of BHT, CUR, CUR-DG4.5, and DG4.5.
Capacity of CUR or CUR-DHA4.5 to inhibit H,O,-induced oxidative stress in Neuro-2a cell culture (B) during co-
treatment or (C) by 2-h pre-treatment.

3.5 CUR-D a-synuclein aggregation assays

Finally, protein aggregation has been proposed to be a key event in the development and progression of
PD. To evaluate the ability of CUR-DG4.5 complexes to interfere with the fibril assembly process of a-
synuclein, amyloid-like aggregation of this protein was monitored in the absence or presence of either
CUR, DG4.5, or CUR-DG4.5 using Congo Red. In this assay, fibril formation is seen as a bathochromic

shift in the Congo Red emission spectra upon binding of this probe to aggregates rich in cross-f structure
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exponential growth to finally reach a plateau at 48 h (Fig 6A). It should be noted that the addition of CUR to
the incubation mixture results in a shortening of the lag phase with a concomitant increment in the total
amount of fibril formed. In contrast, the presence of DG4.5 seems to affect the nucleation of a-synuclein, as
shown by the extension of the lag phase, preventing the formation of amyloid-like fibrils. The inhibitory
effect of DG4.5 on a-synuclein is retained even when loading the dendrimer with CUR. The global effect on
protein aggregation after 120 h of incubation could be better appreciated in Fig. 6B. It should be noticed
that while CUR increased a-synuclein aggregation, as previously reported [13], DG4.5 completely
abolished a-synuclein aggregation, a property that was not disrupted by loading the dendrimer with CUR.
Taking into account that CUR accelerates a-synuclein aggregation through binding only to preformed
oligomers or fibrils [13], it is possible to speculate that DG4.5 dendrimers exert their inhibitory effect in

previous stages of aggregation sequestering a-synuclein monomeric or early oligomeric species.
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Fig. 6 - Effect of CUR, CUR-DG4.5, and DG4.5 on a-synuclein aggregation. (A) Aggregation kinetics of a-
synuclein incubated either alone or in the presence of CUR, DG4.5, or CUR-DG4.5 monitored with Congo Red
aggregation assay. (B) Endpoint aggregation of samples containing 70 UM a-synuclein incubated for 120 h in the
absence or presence of CUR, CUR-DG4.5, or DG4.5.

To further evaluate the impact of the dendrimer on the morphology of the species present along the
aggregation pathway, we performed TEM studies on samples of monomeric a-synuclein incubated alone or
in the presence of CUR, DG4.5, and CUR-DG4.5 for 120h. We were able to detect fibrils when a-synuclein
was incubated alone or in the presence of CUR, which were morphologically undistinguishable by TEM
(Fig.s 7A and 7B). In contrast, the absence of fibrils is evident in the samples that contained either DG4.5
or CUR-DG4.5 complex (Fig.s 7C and 7D), further corroborating the lack of aggregates with cross-8
structure observed using the Congo Red assay (Fig. 6A). Instead, small spherical aggregates show up with
an average diameter of 77 £ 8 nm (Fig.s 7C and 7D), compatible to the size of the dendrimer observed by
DLS (Fig. 3B). Even though the particle size observed for the dendrimers by TEM is smaller than the one
estimated by DLS, this difference has also been observed in other systems and attributed to solvent layers

attached to the dendrimers during DLS measurement [66]. At last, in the samples incubated in the
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observation further reinforces the idea that DG4.5 halt a-synuclein aggregation at very early stages.

To our knowledge, this is the first time that PAMAM dendrimers with carboxylate groups at the chain-ends
are shown to inhibit a-synuclein aggregation [67]. Since inhibition has also been shown to depend on the
size of the dendrimers [68], perhaps the difference observed with previous reports rely on the sample
preparation used in this study leading to larger interaction surface with the ability to stabilize monomeric or
early oligomeric species of a-synuclein. In this way, we cannot discard that the aggregates observed in

TEM images are formed by a mixture of a-synuclein and DG4.5.

Cytotoxicity of a-synuclein has been linked to both oligomeric and fibrillar species formed during protein
aggregation [69]. Considering that the DG4.5 PAMAM dendrimer seems to halt the aggregation process at
the early stages, it is crucial to evaluate the toxicity of the newly formed species. For this purpose, SH-
SY5Y cells were incubated with a-synuclein monomers, oligomers, fibrils, or the aggregated species
formed in the presence of CUR, DG4.5, or CUR-DGA4.5. After a 24 h treatment, cytotoxicity was measured
using a LDH assay kit. As shown in Fig. 7E, monomeric species of a-synuclein do not have cytotoxic
activity. In contrast, a-synuclein oligomers severely affect cell survival, as reflected by a release of up to
30% of LDH into the media, as compared to the total amount released upon treatment with 1% Triton X-
100. The toxicity of a-synuclein is hampered upon maturation of the aggregates into fibrils under our
experimental conditions, as previously reported [35]. Most importantly, the aggregates formed in the
presence of CUR, DG4.5, or CUR-DG4.5 do not induce a significant release of LDH from SH-SY5Y cells,

suggesting that these compounds could be used to prevent a-synuclein mediated toxicity.
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Fig. 7 - Morphology and cytotoxicity of a-synuclein aggregates. Transmission electron microscopy of a-synuclein

samples incubated in the absence (A) or presence of CUR (B), DG4.5 (C), or CUR-DG4.5 (D) and harvested after 120
h. The scale bar corresponds to 300 nm. (E) LDH cytotoxicity assay in SH-SY5Y cells after the addition of a-synuclein
species formed after 0 h (aSm), 16 h (aSo) or 120 h (aSf) of incubation at 37 °C under orbital agitation alone or in the

presence of CUR (aS+CURf), CUR:DG4.5 (aS+CUR-DG4.5), and DG4.5 (aS+DG4.5). Cytotoxicity values were
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Data represents the mean * S.E.M (n = 10). One-way ANOVA followed by Holm-Sidak’s multiple comparisons test.
***%n < 0.0001 vs NT.
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4. Conclusions

In the present work, a CUR delivery system has been developed based on the complexation with PAMAM
DG4.5 to obtain CUR-DG4.5 complexes. The most important expectations of this work have been fulfilled,
which included increasing the solubility of the CUR in aqueous media and its stability over storage time.
These factors were limiting the use of the drug in current treatments of neurogenerative disease. Moreover,
CUR-DG4.5 shows high antioxidant activity measured as DPPH radical scavenging activity and inhibition of
H,0,-induced oxidative stress in cell culture. Furthermore, DG4.5 interferes with a-synuclein pathological

aggregation, which adds up to CUR's known properties for the treatment of Parkinson's disease.
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