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Abstract

The interaction between nanoparticles (NPs) and the small intrinsically disordered protein a-synuclein (aSN),
whose aggregation is central in the development of Parkinson’s Disease, is of great relevance in biomedical
applications of NPs as drug carriers. Here we showed using a combination of different techniques that aSN
interacts strongly with positively charged polyethyleneimine-coated human serum albumin (PEI-HSA NPs),
leading to a significant alteration in aSN secondary structure. In contrast, the weak interactions of aSN with
HSA NPs allowed aSN to remain unfolded. These different levels of interactions had different effects on aSN
aggregation. While the weakly interacting HSA NPs did not alter the aggregation kinetic parameters of aSN, the
rate of primary nucleation increased in the presence of PEI-HSA NPs. The aggregation rate changed in a PEI-
HSA NP-concentration dependent and size independent manner and led to fibrils which were covered with small
aggregates. Furthermore, PEI-HSA NPs reduced the level of membrane-perturbing oligomers and reduced
oligomer toxicity in cell assays, highlighting a potential role for NPs in reducing aSN pathogenicity in vivo.
Collectivelly, our results highlight the fact that a simple modification of NPs can strongly modulate interactions

with target proteins, which may have important and positive implications in NPs safety.

Keywords: Human Serum Albumin Nanoparticles, a- Synuclein, Polyethylenimine-Coated Human Serum

Albumin Nanoparticles, Interaction, Conformation, Fibrillation.



Page 3 of 36 Nanoscale

1 Introduction

The 140 amino acid long-synuclein (aSN) protein is the main component of Parkinson’s Disease (PD) associated
deposits known as Lewy Bodies '.aSN has three main region: an amphiphilic N-terminal part (residues 1-60)
which initiates the interaction with membranes **, a non-amyloid S-peptide component (NAC) region as the
hydrophobic part of aSN which makes up the core of amyloid fibrils *; and an acidic C-terminus, which is
unstructured in all forms of monomer and aggregates *. Although oSN, is known to be an intrinsically disordered
protein °, it is not completely unfolded and can assume conformations that are stabilized by long-range
interactions between C terminus and the NAC regions, which inhibit oligomerization and aggregation *’. aSN

forms different forms of aSN oligomers and fibrils with various levels of interaction with membranes *°.

10-12
.Because of the

Different small molecules are known to inhibit the formation of toxic oligomers and fibrils
presence of the blood-brain barrier (BBB) as the homeostatic defense mechanism of the brain, various
nanoparticles (NPs) have been designed to successfully transport small molecules specially hydrophilic ones
across the BBB *'*. While several studies show that NPs with different structures interact with proteins and

15_19, there is limited data on the interaction of aSN with NPs and the effect on

affect the fibrillation of proteins
aggregation. For instance, acceleration of aSN fibrillation in the presence of aSN-conjugated CdSe/ZnS
quantum dots was shown *°. Yang et al.*'** also studied the interaction of SN with negatively and positively
charged gold NPs. aSN underwent multilayer adsorption on the surface of Au NPs via the N-terminus, based on
strong electrostatic interactions in the hard corona and weaker non covalent protein-protein interaction in the soft
corona *2. No observable conformational change in aSN was induced by negatively charged NPs; however, aSN
adopts a random orientation on positively charged Au NPs, with an increase in - sheet and a decrease in a- helix
structures . On the other hand, aSN undergoes extensive conformational change when binding to negatively

charged vesicles **. These reports suggest that in addition to electrostatics, interactions depend on the type of

NPs which range from hard platform Au NPs to liquid ordered vesicles. Alvarez et al.** showed an accelerating
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effect of negatively charged Au NPs with different sizes on the interaction of NPs; however, the change in the
size of lipid vesicles had no effect on the fibrillation of aSN *. NPs also affect the toxicity of aggregates that
form during fibrillation. For instance, dendrimers reduce toxicity of Af 1-28 peptide during aggregation along

with accelerating formation of mature fibrils .

Human serum albumin (HSA) NPs are nontoxic, biodegradable, nonimmunogenic, and stable during storage *’
and are used to transport drugs across the BBB '*** Albumin protein with a negative charge at pH 7.4 is the main
component of HSA NPs. Albumin is the most abundant protein in Cerebrospinal Fluid (CSF) and its
concentration in CSF can increase from 3 up to 60 uM when the blood—CSF barrier is impaired *°. Due to the
presence of different binding sites and the high content of amine and carboxyl groups, HSA NPs can easily be
coated with different ligands or polymers *°. Polyethyleneimine (PEI), a cationic polymer, has been used to
provide positive charges on the surface of HSA NPs to facilitate transport across the BBB and also to transport

negatively charged small molecules *'.

Here we systematically assess (a) the nature of the interaction of HSA and PEI-coated HSA NPs (PEI-HSA NPs)
with aSN, (b) the effect of the NPs on the kinetics of aSN aggregation, and (c) toxicity of aggregates that form
in the presence of the NPs. We have applied a number of different techniques to assess this. Centrifugation
methods, small angle X-ray scattering (SAXS), circular dichroism (CD) and fluorescence anisotropy confirmed
the stronger interaction of aSN with PEI-HSA NPs and the change in the secondary structure of aSN. Thioflavin
T fluorescence time profiles reveal that PEI-HSA NPs promote the primary nucleation step without changing the
growth rate and secondary pathway. Atomic force microscopy (AFM) indicated formation of small globular
aggregates in the plateau region of samples with PEI-HSA NPs. Finally, a cellular toxicity assay showed that the

aggregates formed in the presence of the NPs are less toxic than those formed without the NPs.
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2 Materials and methods

2.1 Preparation of HSA NPs

HSA NPs with four different sizes were prepared based on a desolvation technique using methanol, ethanol,
acetone or acetonitrile as the solvent as described previously *'. Briefly, 100 mg of HSA was dissolved in 1.0 mL
of 10 mM NaCl solution and the pH was adjusted to 8.2. Particle formation was performed by drop-wise
addition of the solvent to HSA solution at the rate of 1.0 mL/min under continuous stirring (550 rpm) until the
solution became turbid. Subsequently, 60 uL of 8% glutaraldehyde solution was added to induce particle
crosslinking by stirring for 12 h. The resulting NPs were purified by three cycles of centrifugation (28,000xg, 25
min at 4°C) and redispersion of the pellets to the original volume in 10 mM NaCl.

2.2 Preparation of PEI-HSA NPs

Details of the PEI coating HSA NPs method have been published previously 31 and only a brief summary is
given here. PEI-HSA NPs were prepared through coating HSA NPs with PEI via covalent amide bond formation
between the amine groups of PEI and carboxyl groups of HSA NPs using N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC.HCI). 1 mL phosphate-buffered saline (PBS)
buffer (10 mM, pH 7.4) containing NHS (0.2 mg/mL), EDC (1 mg/mL), and sonicated HSA NPs (5 mg/mL) was
stirred slowly for 7 min. The particles were collected by centrifugation and the resulting carboxyl activated NPs
were resuspended to 2 mL PBS buffer containing PEI (5 mg/mL). The coating was allowed to proceed for 1 h
and the NPs were collected by centrifugation and washed three times with PBS buffer, and finally redispersed in
deionized-water.

2.3 Protein handling

oSN was expressed in Escherichia coli BL21(DE3) and purified as described in Lorenzen et al** and
Supplementary Information (SI). Prior to use, freshly dissolved aSN in PBS buffer (20 mM phosphate, 150 mM

NaCl, pH 7.4) was filtered (0.2 um). Protein concentration was measured by absorbance measurements at 280
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nm with a NanoDrop™ 1000 spectrophotometer (Thermo Scientific) using a theoretical extinction coefficient of
0.412 (mg/mL)™" .

2.4 Circular dichroism(CD) spectroscopy

For far-UV CD, sonicated fibril solutions with protein concentration of 0.2 mg/mL (14 M) were put in a | mm
cuvette and the spectra were measured from 250 to 195 nm at 25 °C with a Jasco J-810 spectrophotometer (Jasco
Spectroscopic Co. Ltd., Japan). To measure the induced changes in the secondary structure of aSN by NPs, 0.2
mg/mL of aSN was mixed with 0.1 mg/mL of HSA NPs and different concentrations of PEI-HSA NPs (25-100
ug/mL) in PBS buffer. CD spectra of PBS buffer and the NPs were recorded and subtracted from the protein
spectra and the CD signal given as mean residue ellipticity (degrees cm” dmol™).

2.5 Adsorption of aSN onto the surface of NPs

Centrifugation was used to separate free proteins from a denser particle/protein complex. Solutions of the NPs in
PBS buffer at 0.5 mg/mL concentration with different SN concentrations (0.2, 0.3, 0.5, 1, and 2 mg/ml) were
incubated for 30 min at 37 °C. The solutions were then centrifuged (14500, 20 min) and the absorbance of free
protein was measured at 280 nm with a NanoDrop™ 1000 spectrophotometer (Thermo Scientific). The

Langmuir equation was used to determine the binding constant of SN to HSA and PEI-HSA NPs.

_ quLCe

=" 3
1+K,C, ®

de

where ¢, is the equilibrium adsorption capacity (mg/g), C. is the equilibrium liquid phase concentration, (mg/L),
qm 1s the adsorption capacity, (mg/g), and K is adsorption equilibrium constant, (L/mg).

2.6 Fluorescence labeling of SN monomers

Labeling was carried out by using asuccinimidyl ester of Fluor 594 carboxylic acid (Invitrogen) according to the
manufacturer’s instructions, leading to a labeling molar ratio of 0.5 (dye to protein).

2.7 Fluorescence anisotropy
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Fluorescence anisotropy was used to measure changes in rotational correlation time of the molecule. The binding
of aSN to the NPs is therefore expected to change the anisotropy. Fluorescence anisotropy was measured by a
LS 55 Luminescence Spectrometer (Perkin Elmer). Samples were excited with vertically polarized light at 594
nm, and the emission intensity was measured at 617 nm through both parallel and perpendicular polarizers. The
anisotropies were obtained at a protein concentration of 2 #M and a NPs concentration of 0.5 mg/mL.

2.8 Small-angle X-ray scattering (SAXS)

Samples for SAXS were prepared by incubating 0.5 mg/mL NPs in PBS buffer with 1 mg/mL aSN for 30 min at
37 °C. Solutions containing only NPs or only aSN at the above concentrations were used as control samples.
Samples were measured on a flux and background optimized NanoSTAR SAXS camera from Bruker AXS
located at Aarhus University *. Due to the relatively large size of the NPs, the camera was set up for measuring
at low angle using a first pinhole after the optics of 0.75 mm @ and a square hombuilt “scatterless’ slit ** (0.5 x
0.5 mm?), a sample-detector distance of 107 cm and a pinhole of 2.0 mm @. The acquisition time was 60 min for
all samples and background buffers and conversion to absolute scale was done with the SUPERSAXS program
package (C.L.P. Oliveira and J.S. Pedersen, unpublished). The intensity is presented as a function of the
magnitude of the scattering vector ¢ = 4nsinf/A, where A=1.54 A is the wavelength and 26 is the scattering

angle.

The pair distance distribution function p(r) was calculated using the indirect Fourier transformation (IFT)
method ** implemented in the WIET program °. The function p(r) is a histogram over distances between pairs of
points within the particle, weighted by the excess scattering length density at the points. It thus gives information

about the particle size and shape in real space.

A model of polydisperse spheres, consistent with the p(r) functions, was also fitted to the data. The number size

distribution was described by a Gaussian and a Lorentzian term with a scale factor was added to the scattering
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from the polydisperse spheres for describing random parts of the aSN or free aSN. The expressions for

scattering model can be found in *’.

2.9 Plate reader fibril formation assays

SN fibril formationwas carried out as previously described **. Briefly, 150 4L PBS solution containing70 xM
aSN, 40 uM ThT and increasing concentration of NPs was added to each well of a 96-well-plate (Nunc, Thermo
Fischer Scientific, Roskilde, Denmark) with a 3 mm diameter glass bead. Plates were sealed with Crystal clear
sealing tape (Hampton Research, Aliso Viejo, CA). The fibrillation was followed at a Genios Pro fluorescence
plate reader (Tecan, Ménerdorf, Switzerland) at 37 °C with 300 rpm orbital shaking between the readings for 12
min. Samples were excited at 448 nm and emission was measured at 485 nm. To study the effect of salt
concentration, the NPs were added to aSN solutions with different salt concentrations (50 — 300 mM NaCl). The

Finke-Watzky (F-W) two step model *° was fitted to the normalized ThT fibrillation data:

1
FO = —weay (1)

1
In =t12 — 5 (2)

2v

where ¢/, is the time required to produce half the total product, v is the rate of growth at that time, and ¢#y is the

duration of the nucleation phase.

2.10 Oligomerization assays

1 mg/mL aSN monomer was incubated on an Eppendorf thermoshaker, TS-100, BioSan, Latvia with 50 ug/mL
of NPs for 1 h at 37 °C and 900 rpm. The solution was centrifuged (14500 rpm, 20 min) and the supernatant was
injected into a 24 mL superpose 6 10/300 column, GE Healthcare Lifescience for separating different aSN
species.

2.11 Preparation of Large Unilamellar Vesicles (LUVs)
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LUVs were prepared as described before *°. Briefly, 1, 2-dioleoyl-sn-3-phosphatidylglycerol (DOPG)
wasdissolved at 5 mg/ml in PBS in the presence of calcein at self- quenching concentration (70 mM). The
solution was subjected to 10 freeze thaw cycles between liquid nitrogen and a 50 °C water bath. The lipid
solution was extruded 21 times through a 100 nm filter. After extrusion, vesicles solution wasrun on a PD-10
desalting column (GE Healthcare) to separate the free calcein from calcein entrapped vesicles.

2.12 Calcein release assays

Permeabilization of vesicles due to the interaction with oligomers results in calcein release and an increase in the
fluorescence signal due to the dilution. DOPG vesicles at a final lipid concentration of 42 uM were loaded in
triplicate in a 140 uL assay solution onto a 96-well plate (Nunc, Thermo Fisher Scientific, Roskilde, Denmark).
The lipid concentration is based on an estimated two-fold dilution of the vesicles in the desalting step. The
background fluorescence at excitation 485 nm and emission at 520 nm was measured on Genios Pro
fluorescence plate reader (Tecan, Mianerdorf, Switzerland) before and after addition of vesicles. The NPs and/ or
oligomers at a final concentration of 1-100 ug/mL and 0.5 uM, respectively,were mixed with vesicles in a final
volume of 150 uL. The plates were sealed with crystal clear sealing tape (Hampton Research, Aliso Viejo, CA)
and calcein release was measured for 1 h at 37 °C and a 2-s autoshake. Finally, 1 4L Triton X-100 (0.1% (w/V))

was added to measure the saturated end-level of fluorescence. Background fluorescence was subtracted.
2.13 Evaluation of cell viability

The 3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay was implemented to measure
cellular viability after 24 h treatment by monomeric or aggregated forms of aSN. PC-12 Cells were seeded in 96
well-plates at the concentration of 30000 cells/100 uL/well in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10 % fetal bovine serum (FBS), 100 units/mL penicillin, and100 xg/mL streptomycin and
cultured for 24 h. Media were then replaced with fresh media containing 7.5 % aSN samples (collected during

the fibrillation process). After 24 hours treatment, the old media were replaced with fresh ones containing 10 %

9
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MTT (5 mg/mL), and the plates were incubated for an additional 4 h at 37 °C. The MTT solution was removed
and replaced by 100 xL. DMSO in order to dissolve Formazan crystals through incubating 1 hour on shaking
table at room temperature. Ultimately, absorbance was determined by a plate reader at 570 nm using 650 nm as a

reference wavelength.

Note: Details of protein production and purification, fibril elongation assays, fibril disaggregation assays,
preparation of oligomers, and structural and morphology characterization of fibrils by transmission electron
microscopy (TEM), atomic force microscopy (AFM), and attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR) are provided in SI.

10
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3 Results and discussion

3.1 Centrifugation, Fluorescence Anisotropy, Small-Angle X-ray Scattering (SAXS), and Circular

Dichroism (CD) Confirm the Strong Interaction of aSN and PEI-HSA NPs

HSA NPs were synthesized using the desolvation method, leading to an average zeta potential of -36+3.1 mV.
When the cationic polymer PEI was used to coat the surface of HSA NPs, the zeta potential value of the NPs
increased to +35 = 2.8 mV. The NPs were imaged by TEM (Fig. S1). The TEM images confirmed the spherical

shape of HSA and PEI-HSA NPs.

To explore the nature of the interaction of aSN with HSA and PEI-HSA NPs, centrifugation, fluorescence
anisotropy, small-angle X-ray scattering (SAXS), and circular dichroism (CD) were used. 0.2-2 mg/ml aSN was
incubated for 0.5 h with 0.5 mg/mL NPs. Subsequently we used centrifugation to pellet particle-protein
complexes and separate free and weakly bound aSN from strongly attached aSN. Most of the aSN incubated
with HSA NPs remains unbound in the solution after centrifugation (Fig. 1A), which shows that substantial
proportion of the aSN either do not bind to HSA NPs, or bind reversibly and exchange with proteins in the bulk
during centrifugation, aided by shear forces *'. In contrast, «SN shows strong binding to PEI-HSA NPs, which
may be caused by electrostatic interactions between PEI and aSN. The Langmuir equation was used to determine
the binding constant of @SN to HSA and PEI-HSA NPs. This model could fit binding of aSN to PEI-HSA NPs,
giving an equilibrium adsorption capacity (qm.) of 1.24+0.11 mg/mg and an adsorption equilibrium constant
(K1) of 0.598 + 0.08 L/g (regression coefficient (R%) = 0.989) . This model could also fit binding of aSN to HSA
NPs but with lower confidence (R* = 0.92), giving a gmax of 0.71+0.27 mg/mg and K| of 0.23+0.13 L/g. The
Langmuir model is based on the fact that on the surface of NPs, a monomolecular layer of protein is formed, and

all active sites are identical and energetically equivalent *'. So, the reduced confidence of the fit for the model

11
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for adsorption of aSN on HSA NPs can be due to the combined results of a too weak interaction between aSN

and HSA NPs and inhomogeneous active sites on the surface of HSA NPs for aSN.

Fluorescence anisotropy was used to measure changes in rotational correlation time of the aSN. If the rotational
Brownian motion of aSN is slowed down by the attachment of fluorophores to the NPs, the anisotropy will be
increased . Indeed, we saw a significant increase in the fluorescence anisotropy of aSN when added to PEI-
HSA NPs but not to HSA NPs (Fig. 1B), which confirms the observation from centrifugation experiments that

oSN binds strongly to PEI-HSA NPs but not to HSA NPs.

We turned to SAXS to elucidate whether NP-aSN interactions would lead to significant changes in shape or size
of the two components (Fig. 1C). &SN as an intrinsically disordered protein has a radius of gyration (R,) of 40 A.
This value is less than the R, of a completely random-coil chain (52 A) but much greater than that of a globular
protein of 140 residues (15.1 A), showing that aSN is unfolded but more compact than a completely unfolded
and random coil **. We have earlier shown that small amounts of aSN oligomers are present in freshly dissolved
oSN solutions, giving a higher scattering intensity / (g) at low g than would be expected from aSN monomer .
However, the NPs have a much larger mass than aSN, so that free aSN hardly contributes to total scattering at

low ¢ when the NPs and oSN are mixed.

Indirect Fourier transformation of data was used to obtain a pair distance distribution function p (r) (Fig. S2),
which provides information on the structure of the particles. The shape of the p (r) function suggested a nearly
spherical shape for the NPs both with and without SN monomer. The NPs have some degree of polydispersity
and therefore a model with spherical particles with polydispersity was used to fit the SAXS data and describe the

aSN-NP complex.

The first fits showed that the polydispersity of the particles and complexes is very similar and close to 18%. The

polydispersity was then fixed to 18 % and only the average size was varied.The size of the particles and the scale

12
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of fluctuation term are given in Table 1. The radius of PEI-HSA NPs (37.3+0.2 nm) was slightly larger than that
of HSA NPs (36.2+0.3 nm) due to the polyethylenimine layer on the PEI-HSA NPs. As the random parts outside
the particle will contribute only to the hydrodynamics of the particle, the size obtained by SAXS is expected to
be slightly smaller than the hydrodynamic radius determined by DLS 37 (41 nm and 37.5 nm for PEI-HSA NPs
and HSA NPs, respectively). Upon addition of SN to the HSA NPs, no significant change in the size of HSA
NPs could be seen (36.0+0.2 nm) showing that aSN do not tightly interact with the NPs. However, addition of
aSN to the PEI-HSA NPs increased the size of the particles (39.2+0.3 nm) demonstrating that a layer of aSN had
attached to the particle surface. To obtain a proper fit with the model, a fluctuation term taken as a Lorenzian
function with a scale and a correlation length of 30 A (fixed) was included that takes into account the signal from
free aSN monomer and loosely bound aSN on the NP surface. For PEI-HSA NPs,the scale of the term is higher
(2749 in arbitrary units) than HSA NPs (1.3£1.2) which could be due to PEI being bound in a flexible
conformation on the surface of the NPs. When aSN is added to the NPs, an increase in the scale for both HSA
NPs (152+11) and PEI-HSA NPs (13249) is seen. The smaller value for PEI-HSA NPs compared to HSA NPs

could be due to smaller amounts of free aSN in solution, since aSN is bound to the NP surface.

Taken together, evidence from several different analytical approaches shows that the interaction between PEI-
HSA NPs and aSN is stronger than the interaction between aSN and HSA NPs. This evidence can be
summarized as follows: Firstly, 1.75 more aSN remains bound to the surface of PEI-HSA NPs after
centrifugation. Secondly, the fluorescence anisotropy of aSN increases 9 times more when added to PEI-HSA

NPs than to HSA NPs. Thirdly, PEI-HSA NPs increases more in size than HSA NPs upon addition of aSN.

To explore whether the structure of aSN changes after mixing with the NPs, far-UV circular dichroism
spectroscopy (CD) was used. The mass ratio of aSN to HSA NPs was maintained at 2:1. aSN adsorption onto
HSA NPs did not induce any observable spectral change, i.e. aSN keeps its unstructured nature when adsorbed

(Fig.1D). In contrast, addition of different concentrations of PEI-HSA NPs (20 — 200 ug/mL) caused a

13
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significant change in the secondary conformation of aSN (Fig.1E), which can lead to exposure of the
hydrophobic NAC region to the solvent and increasing the number of nucleation events ’. PEI by itself does not
cause significant change in aSN’s secondary structure (Fig. 1F) **. The lack of conformational change in the
presence of PEI polymer and HSA NPs and the change of secondary conformation in aSN due to interaction
with PEI-HSA NPs confirm that PEI-HSA NPs interact more strongly with aSN than PEI polymer and HSA

NPs.

Combining the data obtained from the different analytical approaches, we conclude that interaction of aSN and

PEI-HSA NPs is strong and leads to conformational change in aSN.
3.2 The Presence of PEI-HSA NPs Alters the Aggregation Kinetics of aSN

To explore the effect of HSA and PEI-HSA NPs on aSN aggregation via week and strong interactions,
respectively, ThT assay was used to systemically study the kinetic of aggregation of aSN after mixing with the

NPs.

5-100 pg/mL of negatively charged HSA NPs (hydrodynamic diameter = 75 nm) had no significant effect on the
kinetics of fibrillation of aSN (Fig.2A), which contrasts with other negatively charged NPs. For instance, various
concentrations of negatively charged gold NPs of different sizes (10-22 nm) strongly accelerate aSN
aggregation, increasing both the nucleation and growth rate of the overall mechanism **. Furthermore, binding of
oSN to anionic lipid vesicles (20-100 nm) can enhance the rate of primary nucleation by three orders of
magnitude (20-100 nm) *°. The anionic polymer heparin also accelerates aSN fibrillation due to the presence of

specific heparin-binding sites in the N-terminal region of aSN *°,

In the next step, we studied the effect of PEI- HSA NPs (82 nm) on the kinetics of aSN fibrillation. aSN
fibrillation is dramatically accelerated in the presence of PEI *. ThT data showed that PEI-HSA NPs also
accelerate the fibrillation of aSN in a dose dependent manner; however, ThT data reach the same plateau value

14
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either in the presence or absence of PEI-HSA NPs (Fig.2B). Increasing the PEI-HSA NPs concentration above
100 ug/mL does not further affect aggregation kinetics (data not shown). These results are contrary to those of
Taebniaet al.*’ who showed that oSN fibril formation is reduced considerably in the presence of PEI-coated

mesoporous silica nanoparticles (PEI-MSNPs).

To quantify the effect of the NPs on the fibrillation kinetics, the Finke-Watzky model was fitted to the ThT data
(Fig.2 C-E). PEI-HSA NPs produced a concentration dependent reduction of the lag phase and half time; the
highest concentrations produced the strongest reduction in the lag phase and half time; however, PEI-HSA NPs
had no effect on the growth rate of aSN at different concentrations. Polycations mainly interact with C-terminal
residues of aSN ”. These interactions can decrease the repulsion of neighboring aSN molecules and increase the
local concentration of aSN on the surface of PEI-HSA NPs **. Although the relative lag and half time parameters

decreased by increasing the PEI-HSA NPs, the growth rate did not changed compared to the control.

Fig.S3 shows that the kinetic parameters of aSN are not dependent on the sizes of either HSA (75, 100, 155, and
280 nm) or PEI-HSA NPs (82 and 180 nm), at least in the ranges that were used in our study. Galvagnion et al.”
also showed that membrane curvature of vesicles of >20 nm and <100 nm does not have a major role for either

the binding or nucleation of aSN. However, Alvarez et al. ** showed that the smaller Au NPs with curvature

comparable to aSN (10 nm) lead to the greatest effect on the acceleration of the aggregation.
3.3 HSA and PEI-HSA NPs Do Not Change the Secondary Pathway of aSN Aggregation

To determine whether or not the NPs can affect the secondary pathway (secondary nucleation and/ or
fragmentation) of aSN aggregation, seeding was used to bypass the primary nucleation and study the secondary
nucleation as the main pathway responsible for the proliferation of fibrils **. Secondary nucleation (surface
catalysed nucleation building on existing aggregates) creates aggregates at a rate that will depend on the

concentration of both monomeric aSN and existing aggregates. Here we added short fibrillar seeds (5 %) to

15
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monomeric aSN (1 mg/mL) to accelerate the nucleation phase of amyloid formation via seeding under shaking.
Then the NPs (50 ug/mL) were added to monomeric aSN containing seeds. As shown above, PEI-HSA NPs
accelerated the fibrillation of aSN in the experiments without seeds (Fig.2B) and therefore must promote
nucleation events leading to fibrils. However, they did not affect the lag phase in the presence of seeds (Fig.
S4A). We therefore conclude that the NPs do not affect secondary nucleation. Rather, they likely promote
heterogeneous primary nucleation by providing a surface on which the monomers can nucleate and start the
fibrillation process. After formation of such a primary nucleus on the surface of PEI-HSA NPs, the elongation
continues with the same growth rate compared to the samples without the NPs and the secondary nucleation

occurs on the surface of the growing aggregates without any additional participation by NPs.

We also added 50 ug/mL HSA and PEI-HSA NPs to the final mixture of aSN monomers and aggregates to
assess whether or not the NPs can reverse fibrillation or change the final chemical equilibrium and start a new
aggregation. ThT signals showed no effect of the NPs on the premade fibrils (Fig.S4 B) , and TEM images also

indicated no significant difference in the structure of fibrils (data not shown).

These findings suggest that PEI-HSA NPs induce a catalytic mechanism in the primary nucleation step without
changing the growth rate and secondary pathway (secondary nucleation and fragmentation). The seeding assay
also confirms that when there are enough preformed seeds to start elongation, PEI-HSA NPs do not affect the
growth rate. On the other hand, PEI-HSA NPs could not dissociate the preformed fibrils. Unlike primary and
secondary nucleation that are dependent on free monomers and do not affect kinetics at late stages in the
reaction, fragmentation and dissociation play significant roles in the establishment of chemical equilibrium
between monomeric and fibrillary protein *’. The end point signals of ThT without and with PEI-HSA NPs are
almost the same. This means that the NPs do not change the extent of fibrillation, which in turn means they do
not change the equilibrium between monomer and fibril. Furthermore, they have no effect on the dissociation

and fragmentation rate. Rather, the effect of PEI-HSA NPs during aSN fibril formation is to accelerate
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nucleation. We provide a scheme (Fig. 3) which shows the possible mechanism of the effect of HSA and PEI-
HSA NPs on aSN’s adsorption, orientation and aggregation based on the experimental data obtained in this

work.
3.4 Factors besides Electrostatic Interactions Can Affect the Primary Nucleation of SN on PEI-HSA NPs

To further understand the mechanism of the effect of HSA and PEI-HSA NPs on aSN fibrillation, the effect of
the NPs on aSN aggregation at different NaCl concentrations (50-300 mM) was studied. The ThT data and
associated kinetic parameters (Fig.4) indicate that increasing NaCl concentration induces an increase in the
extent of fibrillation (was confirmed by ThT data and TEM images (Fig.S5)), which could be due to the change
in the availability of water molecules, thus changing the thermodynamic properties of the fibrils such as solution
activity of aSN 50, Furthermore, an increase in NaCl concentration led to a significant decrease in #,, and #p,, but
only a slight increase in growth rate. Like at 150 mM NaCl concentration, HSA NPs did not show significant
effect on the kinetic parameters and endpoint ThT fluorescence at other NaCl concentrations, which shows that
changing the NaCl concentration cannot affect the interaction of aSN and HSA NPs. The parameters ¢, and £y,
did not change in the presence of PEI-HSA NPs at different NaCl concentrations; however, the growth rate
slightly changed. In contrast, Galvagnion et al® showed that the NaCl concentration can influence the
interaction of aSN and vesicles. However, since increasing NaCl concentration did not have an effect on the
primary interaction of PEI-HSA NPs and aSN, we believe that factors besides electrostatic interactionscan affect

the primary nucleation of SN on PEI-HSA NPs.

21,2551
=" we conclude that

Combining the data obtained from the different techniques in this work and other studies
the interactions depend on the charges of NPs, and whether or not the interaction is dependent on the size of NPs

is dependent on the nature of the particle surface. For instance, the interaction is dependent on the both charges
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and sizes of Au NPs %' | but it is independent of vesicle sizes (in the range of 20-100 nm) %°, HSA NPs (in the

range of 75-280 nm) and PEI-HSA NPs (in the range of 82-180 nm).

3.5 The NPs Do Not Affect the Structure of aSN Fibrils, while Small Spherical Aggregates Form in the

Presence of PEI-HSA NPs

Structural analysis of aSN fibrils formed alone or in the presence of either HSA NPs or PEI-HSA NPs has been
made using CD and ATR-FTIR (Fig. S6). The CD spectra of the monomers resembles the classical spectrum of
an unstructured protein andthe fS-sheet structures of fibrils are characterized with a negative peak at 222 nm and
a positive at 204 nm. ATR-FTIR spectra of aSN fibrils and their deconvolution shows maximum at 1629 , 1654,
and 1673 cm’™ indicative of antiparallel S-sheet structure, unordered structures, and turn or S-sheet, respectively
>2_ Deconvolution of the spectra showsthat there is no significant difference between f-sheet and unordered
content of aSN fibrils formed alone compared with those formed in the presence of HSA and PEI-HSA NPs

(Table 2).

The effect of the NPs on the morphology of aSN aggregates formed at different time courses (1 and 4 h) during
the fibrillation process was analyzed using TEM (Fig.5A). TEM images of both aSN incubated alone or in the
presence of HSA NPs showed small crowded oligomers after 1 h and larger aggregates after 4 h, while aSN

fibrils gradually appeared in the presence of PEI-HSA starting from 1 h.

The morphology of the fibrils in the plateau region of ThT fluorescence were studied by TEM and AFM (Fig.5).
Both TEM and AFM images showed coexistence of ribbon and helical ribbon-like fibril structures. Zhang et al.”
showed that flat ribbons twist into helical fibrils, which are smother. As this process is very slow, both structure
can coexist at the end of fibrillation. TEM images showed that there are no significant differences between fibrils

formed at different salt concentration in the presence or absence of HSA NPs and PEI-HSA NPs (Fig. S5).
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However, more fibrils were observed at higher salt concentration, leading at 300 mM to long fibrils that were

tightly stacked on top of each other.

Based on AFM analysis, the average periodicity of the twisted fibrils in all samples with and without the NPs
were about 200 nm and most were in the range 150- 250 nm (Fig.5D). In the samples with PEI-HSA NPs, three
distinct types of structures were present. Fibrils with a height of around 8 nm covered by small spherical species
with a height of about 20 nm (Fig.5F, less than the height of PEI-HSA NPs, 70 nm (Fig.5G)), and other spherical
species with a height of about 70 nm that can be attributed to large aggregates and/or PEI-HSA NPs that acted as

seeds to start nucleation.
3.6 PEI-HSA NPs Reduce the Level of Membrane-Perturbing Oligomers

In order to study the effect of the NPs on soluble aggregates, we prepared oligomeric species of aSN using our
previously developed method **, removing insoluble species by centrifugation and separating the supernatant on

a gel filtration column. This allows us to focus on the formation of soluble species larger than monomeric aSN.

Under these conditions, aSN forms two populations of oligomers after 1 h which correspond to elongated large
and small spherical oligomers **. SEC analysis revealed that the amounts of small oligomers in the presence of
HSA NPs had no significant difference with control (Fig.6). However, PEI-HSA NPs dramatically decreased the

amount of small oligomer to a level comparable to that of the large oligomers.
3.7 PEI-HSA NPs Reduce the Perturbation of Oligomers in Membranes

As a first step to investigate potential toxicity of aSN aggregates formed at different time courses, calcein release
assay was used to investigate if the NPs can decrease or increase the membrane permeabilization by aSN
oligomers (0.5 uM). The NPs alone did not lead to any calcein release up to 10 #g/ml; above this concentration

range, PEI-HSA NPs alone led to significant release while HSA NPs had no effect (Fig.7 A and B). This is
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consistent with the observation that PEI-HSA NPs at higher concentrations (>100 xzg/mL) show a slight increase
in free radical formation in PC-12 cells *'. Consequently, we only investigated NPs concentrations up to 10
ug/ml. PEI-HSA NPs can decrease calcein release in a dose response fashion (from 65 % to 37 %), while HSA

NPs showed a weaker inhibitory effect (from 65 % to 52 %, respectively).

3.8 Toxicity of Formed Aggregates Decreases in the Presence of the NPs

To evaluate the toxicity of formed aggregates during the fibrillation process, samples were taken at different
time courses (0, 0.5, 1.5, 4, 8, 10, 12, and 24 h). The toxicity of the aggregates was assessed on PC-12 cells using
MTT. Neuroendocrine PC-12 cells have the capability to produce the neurotransmitter dopamine (DA) and
contain functional DA metabolism pathways. In the control experiments the toxic effects of the aggregates
progressed for up to 10 h and then decreased (Fig.8); however, the final aggregates were still toxic which could
be due to the toxicity of the mature fibrils and/or the presence of off-pathway oligomers that cannot elongate to
fibrilsand coexist with mature fibrils °. Cell toxicity of aggregates formed in the presence of NPs shows a
similarity in trends with controls ones, but differences in cell viability and the times for minimal cell viability.
Aggregates that formed in the presence of PEI-HSA NPs at two different concentrations (25 and 50 ug/mL) were
less toxic than those formed in the presence of HSA NPs and profoundly less than the control ones.

The reduced toxicity of the formed aggregates in the presence of PEI-HSA NPs may arise from a number of
figures. Incubation of aSN in the presence of PEI-HSA NPs reduced the level of off-pathway oligomers. On the
other hand, the calcein release assay showed that PEI-HSA NPs can slightly decrease the interaction of

oligomers and vesicles.
4 Conclusion
We report here that it is possible to modulate the interaction of aSN and NPs by modifying the surface of NPs,

which can have critical implication in NPs safety. Using a combination of experimental approaches, we showed
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that while the weak interaction between aSN and negatively charged HSA NPs cannot alter conformation and
kinetics of aggregation of aSN, there is a strong interaction between aSN and PEI-HSA NPs that alters the aSN
secondary structure and accelerates the primary nucleation of aSN fibrillation. Comparing our results with
previous works, we conclude that other than the charge of NPs, the chemical composition of NPs can affect their

interaction with aSN.

PEI-HSA NPs reduced the formation of oligomers, level of membrane-perturbing oligomers and oligomer
toxicity in cell assays. Thus, in contrast to the view that the toxicity is best reduced by stopping the fibrillation,
we provide evidence that acceleration of the formation of mature fibrils which have less toxicity can be a useful
therapeutic approach. These finding show that both HSA NPs and PEI-HSA NPs that have no effect and
accelerate the fibrillation aSN, respectively, can be used as drug carriers to transport drugs across the BBB. The
potential of the NPs to be used as drug carriers and the effect of drugloaded NPs on the kinetics of aggregation

of aSN and the level of toxicity of formed aggregates are under study.
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Caption to Tables
Table 1. Main parameters in the structural model for aSN adsorption on HSA and PEI-HSA NPs fitted to the
SAXS data.

Table 2. Secondary structure content of fibrils formed alone and in the presence of either HSA or PEI-HSA NPs.
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Table 1.
Radius (nm) Scale of fluctuation term
HSA NPs 36.2+0.3 1.3+1.2
HSA NPs+aSN 36.0+£0.2 152+11
PEI-HSA NPs 37.3+0.2 2749
PEI-HSA NPs+aSN 39.2+0.3 13249
Table 2.
Wavelength (cm'l)
1629 1654 1673
(Antip. p-sheet) Unordered Turn or p-sheet
aSN fibrils 61.324+0.8 23.41+0.7 15.27+0.7
+ HSA NPs 60.35+1 24.840.9 14.85+0.3
+ PEI-HSA NPs 59.6+0.9 24.9+1 15.5+0.4
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Caption to Figures

Fig. 1. Interaction of aSN with the NPs. (A) Adsorption of aSN onto the surface of NPs. The supernatant was
analyzed by UV-visible at 280 nm and the concentration of NPs was 0.5 mg/mL. The continuous lines represent
the Langmuir model calculation. (B) Fluorescence anisotropy values of aSN alone and incubated with either
HSA or PEI-HSA NPs (mean = SD, n = 3, *p < 0.05 significant compared with aSN). (C) SAXS data (scattering
intensity / (q) vs length of scattering vector (q) for free aSN, HSA NPs, PEI-HSA NPs, HSA NPs+ aSN, and
PEI-HSA NPs+ aSN. The lines are the best fit to the data of the models described in the text. Inset shows the
SAXS data of aSN. Far-UV CD spectra of aSN alone and incubated with (D) HSA NPs, (E) PEI-HSA NPs, and
(F) PEL

Fig. 2. The effect of the NPs on aSN fibrillation. Effect of (A) HSA NPs and (B) PEI-HSA NPs at different
concentrations on aSN fibrillation monitored by ThT fluorescence. The continuous lines represent fits to eq. 1,
and the arrow indicates the increasing concentration of the NPs. Kinetic parameters for aSN fibrillation as a
function of various concentrations of HSA and PEI-HSA NPs relative to the values in the absence of the NPs
((C) relative growth rate (v/veontror), (D) relative half time (¢1/2/¢1/2 contro1), and (E) relative lag time (#n/#N control))-
Fig. 3. Schematic illustration of the possible mechanism of the effect of HSA and PEI-HSA NPs on the aSN’s
adsorption, orientation and aggregation. Weak interactions with HSA NPs have no effect on aSN conformation
and fibrillation, while strong interactions with PEI-HSA NPs alter aSN conformation and accelerate the primary
nucleation step of aggregation.

Fig. 4. Kinetic analysis of the effect of the NPs on the fibrillation of aSN at different NaCl concentrations (50-
300 mM). Effect of (A) HSA NPs (50 ug/mL) and (B) PEI-HSA NPs (50 ug/mL) at different NaCl
concentrations on aSN fibrillation monitored by ThT fluorescence. Kinetic parameters ((C) growth rate (v), (D)
half time (¢12), and (E) lag time (¢v)) and normalized maximum fluorescence intensity (F) of aSN fibrillation in

the presence and absence of HSA NPs and PEI-HSA NPs as a function of various NaCl concentrations.
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Fig. 5. (A) Electron microscopy of aSN incubated alone andin the presence of either HSA or PEI-HSA NPs after
1, 4 and 24 h (at 150 mM salt concentration). Scale bar, 200 nm. (B) AFM images of the aSN fibril morphology
formed after 24 h incubation of aSN alone (B1) and in the presence of either HSA (B2) or PEI-HSA NPs (B3)
(at 150 mM salt concentration). Scale bar, 500 nm. (C) AFM images of a twisted aSN fibril. (D) Height profile
along the major twisted fibril running from top to bottom in image C showing clear height periodicity. (E) Cross
sectional profiles of the fibril in C. (F) AFM morphology image of aggregates of aSN formed in the presence of
PEI-HSA NPs. (G) AFM images of PEI-HSA NPs.

Fig. 6. The effect of the NPs on the SEC profiles of the supernatant of SN samples. All spectra are averages of
duplicates. Percentage value of oligomers formed in the presence andabsence of the NPs are listed in the table.
Fig. 7. Calcein release from DOPG vesicles induced by (A) HSA NPs, (B) PEI-HSA NPs, (C) oligomers + HSA
NPs, and (D) oligomers + PEI-HSA NPs. The arrows indicate the direction of increased NPs concentration.

Fig. 8. Viability of PC-12 cells after 24 h incubation with aSN aggregates formed alone and in the presence of

either HSA (50 ug/mL) or PEI-HSA NPs (25 ug/mL and 50 ug/mL)over different times (0-24 h).
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