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Multiple Protective Roles of Nanoliposome-Incorporated 
Baicalein against Alpha-Synuclein Aggregates

Farhang Aliakbari, Hossein Mohammad-Beigi, Shahsanam Abbasi, Nasrollah Rezaei-Ghaleh, 
Frederik Lermyte, Soha Parsafar, Stefan Becker, Azita Parvaneh Tafreshi, Peter B. O’Connor, 
Joanna F. Collingwood, Gunna Christiansen, Duncan S. Sutherland, Poul Henning Jensen, 
Dina Morshedi,* and Daniel E. Otzen*

Nanoparticles are useful for increasing drug stability, solubility, and avail-
ability. The small molecule baicalein inhibits fibrillation, and detoxifies 
aggregates of α-synuclein (αSN) associated with Parkinson’s disease (PD), 
but it suffers from instability, low solubility and consequent low availability. 
Here it is demonstrated that incorporation of baicalein into zwitterionic 
nanoliposomes (NLP-Ba) addresses these problems. NLP-Ba inhibits αSN 
fibril initiation, elongation, secondary nucleation, and also depolymerizes 
mature fibrils more effectively than free baicalein and prevents soluble αSN 
aggregates from seeding new fibrils. Importantly, NLP-Ba perturbs oligomers’ 
capacity to permeabilize the membrane. The interaction between NLP-Ba 
and αSN is confirmed by different biophysical techniques. This nanosystem 
crosses the blood-brain barrier in vitro and is effective against rotenone 
neurotoxicity in vivo. The effect of NLP-Ba on αSN fibrillation/cytotoxicity 
is attributed to a combination of free baicalein and empty NLPs. The results 
indicate a neuroprotective role for NLP-Ba in decreasing αSN pathogenicity 
in PD and highlight the use of nanoliposomes to mobilize poorly soluble 
hydrophobic drugs.

DOI: 10.1002/adfm.202007765

1. Introduction

Parkinson’s disease (PD) is the second 
most widespread neurodegenerative dis-
ease. PD is characterized by the loss of 
dopaminergic neurons in the substantia 
nigra pars compacta region of the brain 
and affects 1% of the population above 
65 years of age.[1] α-synuclein (αSN), a 
natively unfolded protein found at high 
concentrations in dopaminergic neu-
rons, is recognized as the key constituent 
of PD-associated intracellular deposits 
called Lewy bodies[2] in which the protein 
assumes a β-sheet rich amyloid struc-
ture. However, rather than fibrils, the 
most toxic species of αSN are thought to 
be smaller aggregates called oligomers 
which have been shown to disrupt cel-
lular membranes, increase oxidative 
stress, depolarize mitochondria, disturb 
protein clearance pathways and alter the 
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cytoskeleton, leading to neuronal damage.[3,4] The steady ageing 
of the human population highlights a growing need for thera-
peutic approaches against neurodegenerative diseases; however, 
no such treatment is currently in sight. Current therapies are 
palliative, providing dopamine analogs which reduce clinical 
symptoms but do not prevent disease progression and show 
marked side effects. Considerable efforts have been made to 
identify and develop a wide variety of small molecules which 
hinder or eliminate αSN aggregation, diminish the cyto-
toxicity of toxic species and reduce oligomers–membrane 
interactions.[5–9] A particularly well-studied inhibitor of αSN 
aggregation is baicalein (5,6,7-trihydroxyflavone, Figure S1, Sup-
porting Information), a flavonoid from the traditional Chinese 
medicinal plant Scutellaria baicalensis Georgi which inhibits 
αSN fibrillation, reduces the production of toxic oligomers and 
protects neurons against toxic aggregates of αSN.[10,11] Baicalein 
is an antioxidant and scavenges free radicals and is generally 
neuroprotective,[12,13] e.g., against attacks by bacterial lipopoly-
saccharides on dopaminergic neurons.[14] Baicalein’s multiple 
roles in PD patients highlight its therapeutic potential. How-
ever, use of baicalein is challenged by its low chemical stability, 
solubility, absorption and bioavailability, which are compounded 
by the need for high and multiple doses for efficient treatment.

One way to circumvent these issues is to combine baica-
lein with nanoparticles, which could be a promising carriers of 
drugs against neurodegenerative diseases such as Alzheimer’s 
and PD.[15] This avoids the need to modify the drug molecule 
and controls drug release in the brain to some extent, potentially 
reducing side effects.[16] Of particular interest are nanoliposomes 
(NLPs) (liposomes of diameter ≈100  nm) which combine bio-
compatibility and biodegradability with high incorporation/
encapsulation capacity and ability to transport both hydrophobic 
and hydrophilic drugs simultaneously, either incorporated into 
the phospholipid membrane or encapsulated in the aqueous 
core. They preserve the chemical integrity of drugs, modify 
systemic exposure and adverse drug effects and so reduce their 
side effects.[17–20] Nevertheless, their use has been tempered by 
concerns regarding possible cytotoxicity, particularly for charged 
NLPs. Anionic NLPs have been shown to promote protein 
aggregation while positive NLPs may be cytotoxic.[21,22] Here we 
report a study of the interaction of αSN with baicalein-incorpo-
rated zwitterionic NLPs containing cholesterol and PEG2000 
PE (NLP-Ba). We describe the mechanisms through which this 
nanosystem affects fibrillation kinetics in vitro and reduces 
toxicity against neuroblastoma SHSY5Y and oligodendroglia 
OLN-93 cell lines. We and others have shown that uncharged 
liposomes are compatible with neuronal cells.[19,20,23,24] We also 
show here that zwitterionic NLPs preserve baicalein’s ability 
to attenuate harmful effects of αSN and conclude that NLP-Ba 
could be promising candidates to treat αSN pathology.

2. Results

2.1. NLP-Ba affects αSN Fibrillation and Alters  
the Final Product Even at Low Concentrations

Here we investigate the effect of NLP-Ba on αSN fibrillation 
and αSN aggregate cytotoxicity. Recombinant αSN was first 

produced and validated with mass spectrometry (Figure S2a,b 
and Tables S1 and S2, Supporting Information). NLP-Ba was 
prepared by thin layer evaporation followed by hydration and 
extrusion (Figure  1). TEM images indicated that the NLP-Ba 
formulated here was unilamellar and spherical with an average 
diameter of 90.9 ± 2 nm, while DLS indicates an average par-
ticle size of 136.3 ± 2.4  nm  based on intensity (polydispersity 
index PdI = 0.14 ± 0.017)  (Figure  1). The slightly larger value 
obtained by DLS compared to TEM likely reflects both the 
effect of drying on liposome particles and DLS’ bias toward 
larger size segments. To investigate the influence of NLP-Ba on 
the fibrillation of αSN, 70 × 10−6 m αSN was incubated with 
2–250 × 10−6 m NLP-Ba (based on baicalein concentrations; the 
phospholipid: baicalein ratio is 3:1  mol/mol) and the kinetics 
of fibrillation was monitored using Thioflavin T (ThT) fluores-
cence intensity. Free baicalein was included as control. Both 
NLP-Ba and free baicalein inhibited the fibrillation in a con-
centration-dependent manner leading to complete suppression 
of αSN fibrillation at 250 × 10−6 m NLP-Ba (Figure 2a,b). More 
details on the mechanistic effects of NLP-Ba were obtained by 
fitting ThT data to the Finke–Watzky model (Figure S3a, Sup-
porting Information). Results obtained from this fitting cor-
roborated that NLP-Ba increases t1/2 (half-time to maximum 
signal) and tN (fibrillation lag phase time). At higher concen-
trations (125 and 250 × 10−6 m), the growth rate was also sig-
nificantly reduced. In addition, a reduction in the end point 
ThT fluorescence (Figure S3b, Supporting Information) was 
observed, suggesting that NLP-Ba reduces the extent of fibril-
lation. Light scattering analysis at 90° during fibrillation pro-
cess also showed an increase in the scattering of αSN except 
when treated with NLP-Ba or baicalein, confirming the reduc-
tion of large aggregates in the end point products (Figure S3c, 
Supporting Information).

TEM images of αSN incubated in the presence or absence 
of NLP-Ba over time corroborated the ThT results (Figure 2c), 
revealing that NLP-Ba led to very different aggregates. After 
7 h of incubation, numerous oligomers appeared in the αSN 
sample but few were observed in the samples treated with 
NLP-Ba as well as free baicalein. After 12 h extended fibrils 
appeared in the αSN-only sample, while the oligomers still 
dominated in the treated samples. Over longer periods of incu-
bation (18–32 h), some fibrils were observed in the treated sam-
ples, though with shorter lengths than that of control. However, 
non-fibrillar aggregates still dominated in the treated samples. 
Fluorescence microscopy also showed a marked reduction in 
sub-visible aggregates (Figure S4, Supporting Information).

Changes in the secondary structure of αSN during the 
fibrillation process were assessed by far-UV CD spectroscopy 
(Figure 2d–g). In the absence of inhibitor, αSN rapidly changed 
from random coil to β-sheet structure with a characteristic min-
imum around 220 nm (Figure 2d), while samples treated with 
NLP-Ba (Figure  2e) maintained αSN in its random coil state 
up to nearly 32 h. Free baicalein (Figure 2f) also preserved the 
native random coil structure in αSN. A plot of the CD signal 
ratio 200/220 nm (which changes greatly upon fibrillation) con-
firmed the inhibitory effect of baicalein and NLP-Ba on β-sheet 
formation (Figure 2g).

To further investigate the types of soluble aggregated spe-
cies remaining in the final products, centrifugation was 
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used to remove fibrils (1300  rpm for 30 min), after which the 
supernatants were analyzed by SDS-PAGE (Figure S5, Sup-
porting Information). A single weak band was detected in con-
trol samples, which indicated that at the end stage almost all 
proteins aggregated to an insoluble state. In the treated sam-
ples with low concentration of NLP-Ba (16 × 10−6 m), a single 
band was also detected. Surprisingly at higher concentrations 
(64–125 × 10−6 m) of NLP-Ba no band was detected, suggesting 
that higher concentrations of NLP-Ba sequester all protein. 
Samples treated with free baicalein, by contrast, maintain all 
αSN species in the soluble state, either as monomers or sol-
uble aggregates. Liquid-state NMR spectroscopy experiments 
using two kinds of NLP-Ba (with or without PEG2000 PE, NLP-
Cholesterol-Baicalein and NLP-Cholesterol-PEG2000 PE-Bai-
calein) showed a general loss in signal. The largest signal loss 
was observed for residues 3–5 (VFM), 13–17 (EGVVA), 36–39 
(GVL), 93–99 (GFVKKDQ), and 131–135 (NEAYE), indicating 
that these residues interact particularly strongly with NLP-Ba 
(Figure  2h,i). In addition, mass spectrometry of αSN after 
48 h incubation with NLP-Ba and free baicalein showed cova-
lent adducts of NLP-Ba and free baicalein with different oxida-
tion states of the αSN (Figure S6, Supporting Information).

We also explored the interaction of NLP-Ba with αSN in the 
presence of gold nanoparticles (NG). The NG surface atoms 
readily interact with proteins and consequently their sur-
face character changes.[15,25] The interaction of NG with αSN 
monomers leads to a hyperchromic (intensity increase) as well 
as bathochromic (displacement to higher wavelengths) shift of 
the absorbance spectrum of NG (Figure 2j and Figure S7, Sup-
porting Information). It is interesting that pre-formed fibrils 

(PFF) caused more hyperchromicity as well as bathochro-
micity. αSN fibrils are reported to induce higher absorbance 
than monomeric αSN.[26] Adding NLP-Ba and Ba decreased 
the interaction of NG with both monomeric and aggregated 
αSN (Figure  2j and Figure S7, Supporting Information). This 
further demonstrates that both baicalein and NLP-Ba are able 
to interact with αSN either in monomeric or aggregated forms 
and this interaction reduces the interaction of NG with αSN. 
The interaction is depicted in Figure 8b. The effect was particu-
larly pronounced for aggregated αSN which is consistent with 
the role of baicalein/NLP-Ba in depolymerizing aggregated 
αSN (Figure 3).

To expand on these observations, we also carried out a 
fibrillation experiment at 42 °C where NLP-Ba is in the fluid 
phase (according to DSC experiment, NLP-Ba has a transition 
temperature of ≈41 °C, with the transition completed around 
42 °C[19]). As shown in Figure S8 (Supporting Information), 
NLP-Ba also inhibited fibrillation in a dose dependent manner 
at 42 °C, indicates that NLP-Ba maintains baicalein activity and 
is a suitable carrier for baicalein at this elevated temperature. 
Moreover, the extent of inhibition is significantly greater at  
42 °C than 37 °C for both NLP-Ba and baicalein. At both tem-
peratures, the efficiency of NLP-Ba was consistently lower 
than that of free baicalein over the 48 hrs of the experiment. 
This is not unexpected, as the release of baicalein from NLP is 
slow (over a 144 h period, ≈22% of the baicalein was released 
in vitro without reaching a plateau within this period)[19] and 
so the amount of baicalein which is provided for αSN or cells 
is expected to be lower than that of its free form. Note that 
since baicalein is dissolved in organic solvents, we could not 

Figure 1. Schematic procedure for the preparation of NLP-Ba using thin film evaporation followed by hydration and extrusion, and the size and 
morphology of NLP-Ba. Size determined by DLS based on intensity as well as measuring the particle size diameter using Image J from TEM images 
(scale bar 200 nm).
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Figure 2. The effect of the NLP-Ba and baicalein on αSN fibrillation. a,b) ThT signals obtained from fibrillation of αSN (70 × 10−6 m) at 37 °C in the presence of 
different concentrations (2–250 × 10−6 m) of NLP-Ba (based on baicalein concentration, µM) (a) and baicalein (b). Arrows indicate increasing concentrations of 
NLP-Ba or Ba. ThT fluorescence was measured using excitation and emission of 440 and 480 nm respectively. c) TEM images of αSN incubated without or with 
NLP-Ba and baicalein (65 × 10−6 m) after 7, 12, 18, and 32 h of incubation. The black arrows indicate oligomers, the white arrows indicate NLP-Ba, the light gray 
arrows indicate fibrils and the dark gray arrows indicate amorphous aggregates. Scale bar, 200 nm. At early stages of fibrillation (7h), oligomers are formed in 
all samples, but particularly in the absence of Ba or NLP-Ba. At intermediate stages of fibrillation (12–18 h), fibrils dominate in the control, whereas oligomers, 
amorphous aggregates and a few fibrils are observed in the treated samples. At late stages of fibrillation there are significantly more fibrils in the control sample 
compared to those of treated samples. d–g) Far-UV CD spectra of the αSN (200 µg mL−1) incubated in the absence (d) or the presence of 125 × 10−6 m NLP-Ba  
(e) and baicalein (f). αSN incubated with NLP-Ba and baicalein retained its random coil structure significantly longer than αSN alone. g) The ratio 200/220 nm 
of CD signal versus time for different concentrations of NLP-Ba and baicalein. h) Overlay of 2D 1H,15N HSQC spectra of αSN in the absence (red) or presence of 
NLP-Ba (blue). No significant chemical shift perturbation was observed. For the sake of visibility, the blue spectrum has been displaced by 0.02 ppm in 1H dimen-
sion. i) The HSQC intensity perturbation profile after addition of liposomes to αSN. Some residues, e.g., residues 3–5, 13–17, 36–39, 93–99, 131–135, exhibit prefer-
ential interaction when compared to neighboring residues. Less signal intensity loss is observed when liposomes contain PEG2000 PE. j) The plasmon resonance 
absorbance spectrum of the surface of NGs with or without αSN (35 × 10−6 m) in the presence or absence of NLP-Ba or baicalein (12.5 × 10−6 m, final concentra-
tion of baicalein). k) ThT end point fluorescence levels over 24 h incubation of αSN (70 × 10−6 m) alone or in the presence of free baicalein or NLP-Ba at 37 °C.
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Figure 3. Effect of NLP-Ba at concentration of 125, and 250 × 10−6 m on the secondary nucleation of αSN fibrillization under shaking (300 rpm) 
a) or quiescent conditions b) for 48 h. c) SDS-PAGE analysis of the final end product for the secondary nucleation of αSN fibrillization (70 × 10−6 m) 
incubated with or without NLP-Ba (125 and 250 × 10−6 m based on baicalein concentration) after 48 h of incubation. Samples were centrifuged for 
30 min at 13 000 rpm and the supernatants were loaded on the 12% gel. d) Quantitative data from scanning the gel using AlphaEaseFC software. 
e,f) Effect of NLP-Ba and baicalein on depolymerization of αSN fibrils. ThT signal following exposure of 35 × 10−6 m of αSN fibrils to either NLP-Ba 
or baicalein at 125 and 250 × 10−6 m over 48 h, either with shaking at 300 rpm (e) or quiescent (f). g) The materials derived from 48 h of incubation 
(using 250 × 10−6 m NLP-Ba and baicalein) were loaded on FPLC and monitored at 280 nm for αSN fibrils alone and for αSN fibrils treated with 
NLP-Ba and baicalein. h) Light scattering using fluorescence at 500 nm measured during incubation of preformed αSN fibrils alone and with NLP-Ba 
and baicalein over a 24 h period. i–k) αSN fibril formation in the presence of supernatants (sup) derived from depolymerization of αSN fibrils in 
the absence or the presence of NLP-Ba or baicalein. The materials resulting from depolymerization experiments (after 48 h incubation, e and f) 
were centrifuged (13 000 rpm, 30 min) and the supernatants were added to αSN. For control a 5% of the sonicated fibrils (Figure S10, Supporting 
Information) as a seed were added to the samples. ThT fluorescence intensity for up to 80 h of incubation was recorded. Insignificant fluorescence 
intensity was detected for control.
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administer it directly in this form in an animal model or other 
biological conditions. Instead, we tested how NLPs stabilized 
baicalein against chemical degradation as follows: free baicalein 
(dissolved in 100% DMSO) and NLP-Ba were incubated at 37 °C 
for 120 h (Figure S9, Supporting Information), after which they 
were incubated at 25 × 10−6 m (baicalein units) with monomeric 
αSN under fibrillation-inducing conditions. Compared to fresh 
baicalein, the aged baicalein showed considerably reduced 
inhibitory potency (Figure 2k), while NLP-Ba was able to sup-
press αSN aggregation completely (Figure 2k).

2.2. NLP-Ba inhibits Secondary Fibrillation and Disaggregates 
Fibrils into Seeding-Incompetent Species

Sonicated mature fibrils (Figure S10, Supporting Information) 
were added to the monomeric form of αSN to evaluate the 
ability of NLP-Ba to inhibit seeding of fibril growth. Both with 
and without shaking, NLP-Ba efficiently reduced elongation 
kinetics (Figure 3a,b and Table 1), emphasizing its potential in 
suppressing growth of in vivo fibril seeds. SDS-PAGE analysis 
of the supernatant (Figure 3c,d) shows that NLP-Ba affected the 
final end product and increased the amount of soluble αSN 
compared to NLP-free αSN in the seeding experiment, presum-
ably by binding to monomeric αSN or small soluble aggregates 
of αSN.

Next, we investigated the effect of NLP-Ba on disaggregation 
of preformed fibrils. Interestingly, both NLP-Ba and free baica-
lein were able to disaggregate/depolymerize mature fibrils after 
24 h of incubation both with and without shaking, according 
to ThT fluorescence assays (Figure  3e,f). This was confirmed 
when we used fast protein liquid chromatography (FPLC) 
to estimate the amount of soluble αSN using absorption at 
215 nm (Figure 3g). As shown in the chromatograms, the sig-
nals from untreated fibrils are different from those treated with 
NLP-Ba and free baicalein, suggesting that NLP-Ba as well as 
free baicalein can depolymerize mature fibrils. Finally, we mon-
itored light scattering at 90° (500  nm) for all samples during 
the disaggregation process (Figure 3h). This revealed a signifi-
cant reduction in signal within the first 4 h for treated samples 
with either NLP-Ba or baicalein (but none for fibrils alone), con-
firming these species’ ability to disaggregate fibrils. To elucidate 
the species which are produced during the depolymerization 
process, the supernatants were added to αSN alone or in the 
presence of NLP-Ba to induce fibrillation. Adding 10% of the 

supernatant from depolymerization of αSN alone to the αSN 
monomers led to a shortening of the primary nucleation and 
lag phase (Figure  3i). In the samples treated with NLP-Ba as 
well as baicalein, however, adding 40% of the supernatant to 
αSN reduced the ThT endpoint level (Figure  3j,k). An exten-
sion of the nucleation phase was also observed in the NLP-Ba 
(Figure 3j). By adding 5% of seeds to the supernatants isolated 
from depolymerization process, no ThT fluorescence intensity 
was detected after up to 80 h of incubation. AFM (Figure S11, 
Supporting Information) and PAGE studies (native and SDS-
PAGE) (Figure S12, Supporting Information) revealed different 
particles and fibrils present in the supernatant of all samples 
(with or without NLP-Ba and baicalein). However, the few parti-
cles found in the supernatants of NLP-Ba and free baicalein are 
unable to seed aggregation (Figure  3j,k). These data could be 
interpreted in two ways: I) baicalein retains its inhibitory effect 
both in NLP and in the free form or II) free baicalein is more 
effective than baicalein bound to NLP but on the other hand, 
free baicalein is degraded more rapidly than in NLP-Ba[19] so 
there is less active baicalein left to inhibit. We conclude that the 
αSN species produced during the fibrillation with NLP-Ba do 
not seed fibrillation to any significant extent.

2.3. NLP-Ba reduces Permeabilization of Membranes  
and Cytotoxicity Triggered by αSN

Permeabilization of membranes by oligomers is proposed to 
be the basis of oligomer cytotoxicity.[27] Accordingly we tested 
how NLP-Ba and free baicalein affected oligomer-induced 
membrane permeabilization. NLP-Ba and free baicalein do not 
by themselves impact membrane permeabilization (data not 
shown) but block permeabilization of membranes by oligomers 
(Figure 4a,b). Free baicalein completely blocked oligomer per-
meabilization while NLP-Ba had a smaller but still significant 
effect.

We next sought to evaluate the performance of NLP-Ba and 
baicalein in a cellular context. We incubated NLP-Ba with αSN 
and exposed SHSY5Y and OLN-93 cells to the resulting aggre-
gates, measuring the impact through two different cell assays. 
Firstly, the MTT assay (an indicator of metabolic activity of 
mitochondria) revealed that NLP-Ba decrease the cytotoxicity of 
αSN in both SHSY5Y (Figure 4c) and OLN-93 (Figure 4d) cell 
lines after 24 h of incubation. Free baicalein had a similar effect 
(Figure S13, Supporting Information). Secondly, cell death 

Table 1. Kinetic parameters for αSN secondary nucleation in the absence or the presence of 125 and 250 × 10–6 m NLP-Ba with or without shaking. 
The Finke–Watzky model was fitted to the results of the ThT time curves (half time: t1/2; lag time: tN; growth rate: ν and end point product of fibrilliza-
tion: c). “Not applicable” indicates that the curves could not be fitted because they were not sigmoidal in shape.

With shaking Without shaking

αSN + Seed + seed + NLP-Ba 
125 × 10−6 m

+ seed + NLP-Ba 
250 × 10−6 m

αSN + Seed + seed + NLP-Ba 
125 × 10−6 m

+ seed + NLP-Ba 
250 × 10−6 m

t1/2 8.93 ± 0.086 5.17 ± 0.153 13.39 ± 0.123 18.63 ± 0.224 Not applicable 6.53 ± 0.092 0.373 ± 0.127 Not applicable

tN 7.52 ± 0.067 1.33 ± 0.146 8.03 ± 0.121 8.92 ± 0.222 Not applicable Not applicable Not applicable Not applicable

v 0.355 ± 0.038 0.129 ± 0.009 0.093 ± 0.003 0.051 ± 0.002 Not applicable 0.029 ± 0.0004 Not applicable Not applicable

c 4291 ± 23.71 14 291±82 6062 ± 26.5 3277 ± 21.54 Not applicable 2876 ± 7.851 141.7 ± 0.700 41.18 ± 0.175
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through early apoptosis or late apoptosis/necrosis was analyzed 
using flow cytometry through double staining with Annexin 
V-FITC and PI (Figure  4e). The rate of cell death (early apop-
tosis or late apoptosis/necrosis) in samples treated with αSN 
alone is higher than for those treated with αSN pre-incubated 
in the presence of NLP-Ba or free baicalein (Figure 4f).

Increased ROS levels lead to oxidative stress and may con-
tribute to neurodegeneration.[28] Accordingly, ROS levels were 
also assessed. The ROS levels in the cells treated with different 
pre-formed αSN (70  × 10−6 m) aggregates in the presence of 
NLP-Ba decreased compared to that of control (Figure 5a–c). 
NLP-Ba had almost the same effect as free baicalein. Note that 
NLP-Ba also shows antioxidant activity at concentrations as 
low as 16  × 10−6 m. We also investigated their effect on rote-
none, a toxic compound that induces cellular ROS as well 
as PD.[29] NLP-Ba and free baicalein also reduce ROS within 
rotenone-treated cells (Figure  5d). It is unclear how αSN 
aggregates lead to ROS, but it may involve their interaction 
with the membranes of mitochondria or other cellular com-
partments[30,31] (Figure S14, Supporting Information). Baica-
lein and NLP-Ba may reduce ROS directly by scavenging[19] as 
well as by influencing intracellular pathways controlling ROS 
levels.

A major feature of PD pathology is a disruption and short-
ening of neurites.[32] Therefore we incubated SHSY5Y cells 
(differentiated using all-trans 10 × 10−6 m retinoic acid[33] with 
rotenone for 12 h with or without NLP-Ba/baicalein and subse-
quently measured neurite lengths (using Neuron J software[34] 
(Figure  5e–h). NLP-Ba/baicalein eliminated the deleterious 
effect of rotenone on length distributions.

2.4. Intracellular Overexpression of αSN 
does not Disrupt NLP-Ba Efficiency

Overexpression of αSN leads to early onset PD.[35] Accordingly, 
we used a SHSY5Y cell line overexpressing αSN (here desig-
nated O-αSN cells) as a cellular mimic of PD[35] to assess the 
impact of NLP-Ba. Encouragingly, NLP-Ba reduced cell death 
(Figure 6a) even in the presence of exogenous αSN (Figure 6b) 
and also reduced ROS levels significantly in O-αSN SHSY5Y 
cells (Figure  6d). Furthermore, NLP-Ba reduced both cytotox-
icity (Figure 6c) and oxidation activity (Figure 6e,f) of the neu-
rotoxic compound rotenone in this cell line. Moreover, both 
NLP-Ba and free baicalein essentially restored neurite preva-
lence and length in O-αSN cells treated with 24 h aged αSN to 
values seen for αSN-free cells (Figure 6g–j).

Last but not least, enrichment analysis of the αSN protein-
protein interaction network (PPI) demonstrated that native 
αSN may contribute in several central biological processes. 
These include two gene ontology (GO) processes, namely cel-
lular response to oxidative stress (GO: 0034599) and regulation 
of apoptotic process (GO: 0042981) (Figure S15, Supporting 
Information). It is possible that the aggregation of the protein 
interrupts these activities. The presence of NLP-Ba and free bai-
calein may retain the beneficial αSN functions.

2.5. NLP-Ba Crossed BBB In Vitro, and was Effective In Vivo

Crossing the blood-brain barrier (BBB) is one of the main chal-
lenges in drug delivery to the brain.[36] Therefore, we tried to 
find whether NLP-Ba can cross BBB. To do this, hCMEC/D3 
cells were cultured and transepithelial/transendothelial elec-
trical resistance (TEER) was measured. After seven days of cul-
tivation, the TEER was constant, indicative of the formation of 
monolayer cells (Figure S16, Supporting Information). We sub-
sequently measured the passage of NLP-Ba through the cells. 
We find that up to 12% of the applied NLP-Ba crossed BBB after 
8 h of inoculation in vitro (Figure 7a). Moreover, the effective-
ness of NLP-Ba against rotenone toxicity was assessed in vivo 
through injection of rotenone with or without NLP-Ba into the 
substantia nigra pars compacta (SNpc) of mouse brains. The 
results of behavioral and immunohistochemical studies, as well 
as the measurement of dopamine content in each side of the 
brain showed that NLP-Ba can modulate the destructive effects 
of rotenone on dopaminergic neurons and modify the high dose 
toxin induced-impairment in the SNpc to some extent. Both in 
the case of T-turn times and total pole times as well as in the 
swing test and cylinder test, the presence of NLP-Ba reduced the 
deleterious effects of rotenone alone by about 50% compared 
to controls (Figure  7b–e). As shown in Figure  7b,c, the con-
trol mice made a swift T turn and came down the pole rapidly, 
whereas the rotenone-treated mice took long time to complete a 
T turn and to descend from the pole, requiring the help of the 
human observer. These tests were carried out in the presence 
of mice treated with NLP-Ba, demonstrating clearly the reduced 
performance of rotenone-treated mice on the pole test and their 
improvement upon treatment with NLP-Ba. Moreover, the ele-
vated body swing test (Figure 7d), which assesses the asymmet-
rical motor behavior, indicated that the rotenone-treated mice 
had a tendency to turn their heads toward the non-lesioned (i.e. 
non-treated) side in contrast to control mice. Treatment with 
NLP-Ba decreased the bias toward the non-lesioned side. The 

Figure 4. Assessment of membrane permeability and cytotoxicity of αSN aggregates in the presence of NLP-Ba. a,b) Calcein release from DOPG 
vesicles treated with oligomers alone or in the presence of different concentrations of NLP-Ba (a) and baicalein (b). c–f) Cytotoxicity assessment of 
pre-incubated αSN. MTT assays of αSN (70 × 10−6 m) pre-incubated for 2–48 h in the presence or absence of 16–125 × 10−6 m NLP-Ba together with 
SHSY5Y cells (c) or OLN-93 cells (d). * and # indicate significant differences between αSN and either control cells or NLP-Ba (*Pvalue, # Pvalue ≤ 0.05, 
**Pvalue, ## Pvalue ≤ 0.01, ### Pvalue ≤ 0.001). NLP-Ba increased the viability of cells compared to those of control. e,f) Extent of early apoptosis and 
late apoptosis/necrosis of SHSY5Y and OLN-93 cells treated with pre-incubated αSN (70 × 10−6 m) alone or in the presence of NLP-Ba and baicalein 
(65 × 10−6 m). αSN without or with NLP-Ba or baicalein was incubated for 24 h. Cells were treated with these samples and the amounts of apoptotic/
necrotic cells were evaluated using Flowcytometry. Flowing software 2.5.0 was employed to determine the percentage of apoptotic and late apoptotic/
necrotic cells. Flow cytometry experiments were carried out in duplicate; one diagram is provided as example. The left bottom, right bottom, left top 
and right top of the diagrams are specified as live cells, early apoptotic cells, necrotic cells and late apoptotic/necrotic cells respectively. The horizontal 
axes (FL1 INT LOG) display the fluorescence signal of Annexin V-FITC and the vertical axes (FL1 INT LOG) that of Propidium iodide (PI).
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spontaneous forelimb test (cylinder test, Figure 7e), which evalu-
ates locomotor asymmetry, demonstrated low asymmetry for 
control mice (i.e., they put both hands on the wall extensively) 
while the rotenone-treated mice put their hands on the wall with 
less frequency and with greater tendency to use the hand corre-
sponding to the impaired side. Again mice treated with NLP-Ba 
used both hands with higher frequency than the rotenone-
treated mice, but used more the hand corresponding to the 
impaired side. Nonetheless, the bias was less than those of the 
rotenone-treated mice. Taken together, these experiments dem-
onstrated that treatment with NLP-Ba can modulate the behav-
ioral deficits induced by rotenone, implying an ability to protect 
dopaminergic neurons. Additionally, HPLC analysis showed 
that the dopamine content in the lesion side of rotenone-treated 
mice was reduced 2.3 fold compared to its counterpart in the 
non-lesion side, but was essentially unaltered in the ([(Rot + 
NLP-Ba); S.N])-treated mice compared to the DMSO control 
(Figure  7f). Also, a 62% reduction of dopamine content in the 
lesion side of rotenone-treated mice was observed compared to 
those of non-injected ones while, this rate was only 33% in the 
NLP-Ba treated mice (Figure  7g).  All these data demonstrate a 
significant differences between the dopamine content and func-
tional status of dopaminergic neurons in the lesion side of rote-
none-treated mice compared to ([(Rot + NLP-Ba); S.N])-treated 
mice. Finally, immunohistochemistry tests showed that neurons 
in both side of the control mice were normal, while the neurons 
in the lesion side of the rotenone-treated mice were degener-
ated. The mice treated with NLP-Ba ([(Rot + NLP-Ba); S.N]) had 
degenerated dopaminergic neurons but less than those of rote-
none-treated mice (Figure 7h).

3. Discussion

Use of hydrophobic drugs such as baicalein with high poten-
tial to treat diseases is hampered by their low solubility and 
poor stability. This has led to proposals to employ nanoparti-
cles as carriers to address such limitations. Among nanopar-
ticles, nanoliposomes are promising carriers due to features 
such as flexibility, biocompatibility, biodegradability, low 
intrinsic toxicity and lack of immunogenicity. These particles 
can easily be modified to pass the BBB well, and can enter into 
neuronal cells.[37–39] In addition, these particles can be multi-
functional, that is, carry several molecules simultaneously,[40] 

e.g., combining small molecules which can inhibit fibrillation 
with other small molecules which can reduce ROS or increase 
angiogenesis etc. As part of our ongoing studies into the use 
of zwitterionic NLP and baicalein to interfere with αSN aggre-
gation,[19,20,24] we here used NLP as carriers for baicalein and 
assessed the impact of the resulting NLP-Ba on αSN structure, 
fibrillation and cytotoxicity. We were motivated by lack of neu-
rotoxicity of zwitterionic NLPs and NLP-Ba[19,20] and the neu-
roprotective and anti-aggregative properties of baicalein.[10,41,42] 
We found that NLP-Ba obstructed de novo αSN fibrillation by 
increasing the lag phase and decreasing the extent of fibrillation 
in a concentration-dependent manner, while maintaining αSN 
in the natively unfolded state for an extended period of time. 
In addition, NLP-Ba suppressed seeded fibrillation, promoted 
depolymerization of pre-formed fibrils and reduced αSN aggre-
gates’ membrane permeabilization and cytotoxicity. The inter-
action of αSN with charged nanoparticles has recently been 
investigated, demonstrating the capability of such nano-objects 
to inhibit fibrillation and disaggregate mature fibrils.[43] Possible 
interactions between NLPs and monomers or intermediate spe-
cies of αSN aggregates have previously been addressed.[20,44] 
The lipid membranes provide an interface to induce protein 
aggregation or sequester the monomeric or oligomeric forms of 
proteins.[45] We attribute NLP-Ba and free baicalein’s fibrillation 
inhibition to their interactions with αSN. Free baicalein may 
bind covalently and/or noncovalently to αSN.[10,46] The presence 
of some key structures - vicinal dihydroxyphenyl moieties and/
or catechol moiety and especially hydroxyl groups- in the baica-
lein structure play crucial roles in inhibiting the aggregation or 
the depolymerization of pre-formed fibrils.[42,47,48] Also, αSN has 
been reported to interact with an oxidized (quinone) form of 
baicalein via a Lys side chain to form a Schiff base.[10] Moreover, 
baicalein has been demonstrated to induce αSN oligomeriza-
tion, and such baicalein-stabilized oligomers perturb the fibril-
lation process of αSN.[41] These observations are consistent with 
our results and reveal a way by which NLP-Ba could inhibit 
αSN fibrillation. Our interpretation is that NLP-Ba – like free 
baicalein - reduces αSN fibrillation by either redirecting protein 
aggregation toward non-fibrillar shape or halting the intermedi-
ates species from continuing fibrillation.

Baicalein alters the behavior of NLPs in numerous ways. 
Unlike free NLP, NLP-Ba reduced both secondary fibrillation 
and oligomeric membrane perturbation while promoting defi-
brillation. Secondary fibrillation and defibrillation can both 

Figure 5. Effect of NLP-Ba or baicalein on Levels of intracellular ROS measured by DCF fluorescence intensity in SHSY5Y (a) and OLN-93 (b) cells treated 
with different pre-formed aggregates species of αSN (70 µm) in the absence or the presence of different concentrations (16, 65 and 125 µm) of NLP-Ba 
or baicalein. The DCF emissions of treated samples were normalized to those of control (absence of αSN, NLP-Ba and baicalein) and the results were 
statistically significantly different between the control cells and cells treated with pre-incubated αSN alone as well as the latter and cells treated with αSN 
pre-incubated with either NLP-Ba or baicalein. * and [#, ζ, and δ] indicate significant differences between cells treated with pre-incubated αSN alone and 
either untreated cells or treated with pre-incubated αSN in the presence of NLP-Ba/baicalein. (* Pvalue, ≠ Pvalue ≤ 0.05, ** Pvalue, ζ Pvalue ≤ 0.01, δ Pvalue ≤ 0.001). 
c) Fluorescence intensity images of intracellular ROS for the SHSY5Y cells treated with pre-formed aggregates species of αSN (70 × 10−6 m, 24 h) alone (left) 
or in the presence of 65 × 10−6 m NLP-Ba (middle), baicalein (right). d) The amount of intracellular ROS quantified by DCF fluorescence intensity in SHSY5Y 
treated with rotenone (1 × 10−6 m) and/or 24 h pre-formed aggregates species of αSN (70 × 10−6 m) in the absence or presence of different concentrations  
(16, 65, and 125 × 10−6 m) of NLP-Ba. * indicate significant differences between untreated cells with those treated αSN, rotenone, rotenone + αSN and 
H2O2. δ, ≠, ϕ and Ω indicates significant differences between treated cell with NLP-Ba and αSN, rotenone, rotenone + αSN, and H2O2 respectively  
(*, δ, ≠, ϕ, Ω Pvalue ≤ 0.05, **, δ δ, ≠ ≠, ϕ ϕ, Ω Ω Pvalue ≤ 0.01, ***, ϕ ϕ ϕ, Ω Ω Ω Pvalue ≤ 0.001). e–h) Evaluation of neurite length. The SHSY5Y cells were treated 
with rotenone in the absence or presence of either NLP-Ba or baicalein for 12 h and the number and the length of neurites were measured. Number 
of neurites/cell (e), percentage of neurite length of treated cells relative to untreated cells (f), neurite length distribution (g) and cell morphology (h); 
from left to right: control, treated with rotenone, treated with rotenone in the presence of NLP-Ba and treated with rotenone in the presence of baicalein. 
Scale bar, 100 µm. *Pvalue ≤ 0.5, **Pvalue ≤ 0.01, ***Pvalue ≤ 0.001, (N = 3, Mean±SD).
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potentially increase production of toxic aggregates and their 
propagation from cell to cell.[49] However, unlike free NLPs,[20] 
NLP-Ba could not disrupt the interaction of αSN with anionic 
vesicles (data not shown). Our NMR experiment show that 
NLP-Ba and NLPs react with different parts of αSN. We have 
previously found that particularly the first 12 residues of αSN 
preferentially interact with free NLPs;[20] NLP-Ba interacts with 

additional parts of αSN including 3–5, 13–17, 36–39, 93–99, 
and 131–135, demonstrating the added impact of baicalein on 
NLP properties. As we have previously reported for curcumin,[9] 
small molecules loaded on nanoparticle surfaces can exert an 
effect while remaining bound to the nanoparticle. However we 
consider it unlikely that the hydrophobic baicalein should be 
able to act in this way while incorporated in the NLPs, apart 

Figure 6. The effect of NLP-Ba on the cytotoxicy of O-αSN cells (SHSY5Y cells overexpressing  αSN). a–c) MTT, d–f) DCF fluorescence intensity and 
g–j) neurites length assays to analyze the viability, generation of intracellular ROS and characterization of neurites length, respectively in the absence 
or presence of NLP-Ba. The viability of O-αSN cells in the presence of NLP-Ba alone (a), αSN pre-incubated with NLP-Ba (b) and NLP-Ba with rote-
none (c). Levels of intracellular ROS in O-αSN treated with NLP-Ba alone (d), rotenone (1 × 10−6 m) (e) and rotenone plus 24 h pre-formed aggregates 
species of αSN (70 × 10−6 m) (f). g–j) Evaluation of neurite length. Number of neurites/cell (g), percentage of neurite length of treated cells relative 
to untreated cells (h), distribution of neurite length (i) and microscopy images of cell morphology (j); from left to right: control, treated with αSN, 
treated with αSN in the presence of NLP-Ba and treated with αSN in the presence of baicalein. * indicates significant differences between untreated cells 
and those treated with rotenone, H2O2, αSN, and rotenone + αSN. δ, #, ϕ and Ω indicate significant differences between cells treated with NLP-Ba/
baicalein and αSN, rotenone, rotenone + αSN, and H2O2 respectively. Scale bar: 100 µm. (*, #, ϕ, Ω Pvalue ≤ 0.05, **, ##, ϕ ϕ, Ω Ω Pvalue ≤ 0.01, ***, ###, 
ϕ ϕ ϕ, Ω Ω Ω Pvalue ≤ 0.001).
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from specific environments where the increased fluidity of 
NLPs allows such interactions. Other advantages of using NLP 
as vehicle for baicalein include the improvement of its sta-
bility in the physiological medium as well as increased cellular 
uptake. Using HPLC analysis, we have previously shown that 
baicalein incorporated into NLPs is more stable than free bai-
calein over time and over a range of temperatures, and is also 
more efficiently internalized into cells than free baicalein.[19] 

While free baicalein is more effectual than NLP-Ba at equivalent 
concentrations, it should be borne in mind that baicalein is rap-
idly cleared in vivo and is also chemically unstable on its own. 
In contrast, NLPs preserve the stability and availability of hydro-
phobic small molecules such as baicalein, and this is critical 
for their potential use.[19,50] It might have been assumed that 
physico-chemical surface changes like PEGylation altered the 
interaction of nanoliposome with αSN, but we have previously 

Figure 7. In vitro passage of NLP-Ba over the BBB and in vivo studies using mouse models of PD. a) Percentage transfer of NLP-Ba across hCMEC/
D3 cells in a BBB model. A full monolayer culture of hCMEC/D3 cells was established on a transwell plate and then NLP-Ba was added to the upper 
side of transwell to a final concentration of 100 × 10−6 m (baicalein units). The amount of baicalein crossing the BBB was calculated using Equation (4).  
b) Time taken for mice inversion in the pole test and c) total time taken in the pole test. d) Elevated body swing test in mice. e) Cylinder test which 
records; the mice forelimb movement while putting their hands on the wall of the cylinder. f) % dopamine content in lesioned side relative to non-
lesioned side for each group of treatment including rotenone, ([(Rot + NLP-Ba); S.N]), and DMSO-treated mice. g) % change in dopamine content in 
treated mice (rotenone, ([(Rot + NLP-Ba); S.N]), and DMSO) relative to the same side of the brain in untreated (un-injected) mice. Scale bar, 100 µm. 
(Mean±SD, **, ϕϕ, δδ P value ≤ 0.01, ***, ϕϕϕ P value ≤ 0.001). h) Impairment of dopaminergic neurons in SNpc studied by staining for tyrosine 
hydroxylase (green).
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Figure 8. Illustration of αSN fibrillation process and the mechanisms by which NLP-Ba affects αSN aggregation. (a) Schematic depiction of different 
species which accumulate during αSN aggregation. (b) Effect of NLL-Ba on different aggregated species of αSN. 1) αSN aggregates to both fibrils 
and oligomers. Different aggregated species (particularly oligomers) are cytotoxic to the cells and generate ROS. 2) NLP-Ba and/or baicalein (which is 
released from NLP-Ba into the medium) interact with monomers, while monomers converting to different fibrillar species interact even more strongly 
with NLP-Ba. The overall effect is to reduce the amount of available monomers and toxic oligomers, leading to lower levels of fibrils.

Adv. Funct. Mater. 2021, 31, 2007765
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shown that there is no significant difference between nanoli-
posome-cholesterol and nanoliposome-cholesterol-PEG.[20] We 
also observed that the supernatant taken from depolymeriza-
tion of mature fibrils with either NLP-Ba or baicalein has the 
potential to decrease fibrillation, and that the supernatant of the 
NLP-Ba solution was more effective than that of free baicalein. 
This could be caused by the increased stability of baicalein in 
the NLP during prolonged incubation.

Fibril formation competes with other reactions such as 
development of amorphous aggregates or stable off-pathway 
oligomers.[51] Given the variety of aggregates generated during 
fibrillation of αSN (Figure  8a),[52,53] we conclude that NLP-Ba 
may influence their production by delaying/stopping the 
direct reaction and/or promoting the inverse ones. Finally, the 
products show less toxicity. We summarize our findings and 
interpretation in Figure 8b. Although we have previously found 
that NLPs alone decrease αSN cytotoxicity,[20] we find that when 
baicalein is incorporated to NLP, the nanosystem reduces apop-
tosis more than that of NLP alone. We have previously shown 
that NLP-Ba scavenges free radicals and affects ROS in vitro 
or within the cells while NLPs consisting of DPPC, cholesterol 
and PEG2000 PE do not exhibit any impact on free radical or 
ROS levels in the cells.[19] Here we demonstrate that NLP-Ba 
has the potential to modify ROS level caused by exogenous 
αSN or rotenone, which confirms the antioxidant activity of 
baicalein and its efficacy when incorporated into NLPs. Here 
we also show that the NLP-Ba is able to cross the blood brain 
barrier with remarkably efficiency in vitro, allowing it to par-
tially compensate for the deleterious effect of rotenone. These 
results are encouraging but indicate that there is room for 
improvement. Follow-up steps will need to identify the optimal 
dose of injectable drug as well as modifying NLP with trans-
porters such as transferrin or peptide to cross BBB even more 
efficiently.[39,54–56] Note also that we used a high dose of rote-
none (20 µg per mice) to simulate the late stages of PD. There 
is as yet no universally agreed biomarker for PD and therefore, 
no diagnostic procedure is available for the early stages of PD. 
Once Lewy bodies are formed and the patients have entered 
the acute stages, the disease is clinically recognizable. Unfor-
tunately, by this time, numerous dopaminergic neurons have 
already degenerated and treatment will therefore likely require 
a combination of drug delivery therapy including NLP-Ba and 
regenerative medicine, e.g., stem cells and/or their secretomes/
exosomes.[57–59] Nevertheless, if PD could be diagnosed at an 
early stage, nanosystems such as NLP-Ba could become very 
useful to arrest the progression of the disease.

Drug encapsulating/incorporating nanoliposomes show 
promise in the treatment or control of neurodegenerative dis-
eases; however, their safety, biodegradability and biocompat-
ibility needs to be further addressed. Our current data suggests 
that NLP-Ba meets the above features and could be a valuable 
tool for pharmaceutical intervention in the specific field of 
synucleinopathies.

4. Experimental Section
Materials: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 

1,2-Dimyristoyl-sn-glycero-3-phosphoglycerol, sodium salt (DMPG), 
1,2-dioleoylsn-3-phosphatidylglycerol (DOPG), 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] 
(PEG2000 PE), and a mini-Extruder set were from Avanti Polar Lipids, 
Inc. (USA). Baicalein, dichlorodihydrofluorescin diacetate (DCFH-DA), 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
2′,7′-, Thioflavin T (ThT), and cholesterol were from Sigma-Aldrich (St 
Louis, MO). Gold nanoparticles (Nanogold, NG) was from Nano mabna 
Iranian Co. Tehran, Iran. Annexin-V-FLUOS Staining Kit was from Roche 
Applied Science (Mannheim, Germany). SHSY5Y cells overexpressing 
human αSN were a kind gift from Kostas Vekrellis and Stefanis Leonidas 
from the Biomedical Research Foundation of the Academy of Athens 
(BRFAA), Greece.[60] Fetal bovine serum (FBS) was from Biosera 
(Tehran, Iran). Antibiotics and DMEM high glucose and DMEM-F12 
(cell culture media) were from GibcoBRL (Life Technologies, Paisley, 
Scotland). Primary  anti-tyrosine hydroxylase antibody was from Santa 
Cruz (TH (F-11): sc-25269) and secondary antibody, FITC-conjugated rat 
anti-mouse IgG was from Biolegend (Cat No, 406001).

Formulation and Characterization of Baicalein-Nanoliposomes (NLP-Ba): 
NLP-Ba consisting of baicalein incorporated into DPPC liposomes (small 
unilamellar vesicles, SUVs) containing chloroform and PEG2000 PE. 
NLP-Ba at 1:3 baicalein:DPPC molar ratio were prepared as described.[19] 
Briefly, baicalein (4  × 10−3 m) was dissolved in methanol while DPPC 
(12  × 10−3 m), cholesterol and PEG2000 PE (at molar ratios of 15% 
and 10% of DPPC, respectively) were dissolved in chloroform, after 
which both materials were mixed. The solvent was removed at 37 °C 
using a rotary evaporator, leaving behind a thin film of lipid:baicalein. 
This film was hydrated with phosphate buffered saline (PBS) at 50 °C 
for 2 h and extruded through a 100  nm membrane 21 times to make 
baicalein-containing SUV (NLP-Ba) with diameter ≤100  nm. Dynamic 
light scattering (DLS, Malvern, UK) showed that the NLP-Ba had a size 
of 87.91 ± 0.25 nm (PdI 0.14 ± 0.017) estimated by DLS (z-average) based 
on number.

Protein Preparation: Escherichia coli BL21 (DE3) (Novagen, Madison, 
Wis., USA) was employed to express human αSN and the protein was 
purified as described in the Supporting Information.[61] The identification 
of αSN was validated with mass spectrometry (Figure S2a,b and 
Tables S1 and S2, Supporting Information). Purified αSN was dissolved 
in PBS and filtered through a 0.2 µm membrane. Protein concentration 
was measured by absorption at 280  nm using a theoretical extinction 
coefficient of 0.412 mg−1 mL−1 cm−1 measured on a NanoDrop  
1000 spectrophotometer (Thermo Scientific).

αSN Fibrillation, Seeding and Plate Reader Fibril Formation Assays: 
Fibrillation of αSN was carried out as described.[62,63] Briefly, 150 µL 
PBS comprising 70 × 10−6 m αSN, 20 × 10−6 m ThT (dissolved in Tris, 
pH 7.2) and an increasing concentration of NLP-Ba (based on DPPC 
concentration) or baicalein was added to each well of a 96-well-plate 
(Nunc, Thermo Fischer Scientific, Roskilde, Denmark) containing a 
glass bead (3  mm diameter). Crystal Clear Sealing Tape (Hampton 
Research, Aliso Viejo, CA) was used to seal the plates and a Genios Pro 
fluorescence plate reader (Tecan, Mänerdorf, Switzerland) was employed 
to run the fibrillation process at 37 °C with 300  rpm orbital shaking 
with reading every 12 min. Excitation and emission were set at 448 and 
485  nm, respectively. The Finke–Watzky (F–W) two step model[64] was 
fitted to the normalized ThT data

( ) =
+ υ( )− −

1

1 1/2

F t
e t t

 (1)

ν= − 1
2N 1/2t t  (2)

where ν is the growth rate, t1/2 is the time needed to reach half the final 
level of fibrillation, and tN is the period of the nucleation phase.

The dose-response fibrillation inhibition curves were fitted with a 
simple binding isotherm

( ) [ ]
[ ]= − −
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where ThTend level is the ThT signal at the final point of the fibrillation 
at NLP-Ba concentrations, ThT0 is the ThT signal of αSN at the final 
point, ThTmin symbolizes the ThT signal at maximum inhibition, [lead] 
is the concentration of the NLP-Ba or baicalein and KD is the mole ratio 
required for 50% inhibition.

Seeds were prepared by sonicating fibrils (prepared by 48 h 
incubation as detailed above) for 5  min in an ultrasonic bath 
sonicator (Bandelin Sonorex Ultrasonic baths Digital 10P, Germany) 
at 50% amplitude. More information is provided in the Supporting 
Information.

Preparation of Oligomers: αSN was dissolved in PBS (12 mg mL−1) and 
incubated at 37 °C with 900  rpm shaking for 2 h. To remove insoluble 
aggregates, the sample was centrifuged at 13 000  rpm for 10  min, 
incubated for an additional 30  min and centrifuged again. Oligomer 
purification was carried out on a Superose 6 10/300 GL, Prep Grade 
column (GE healthcare Life Sciences, Sweden) at 2.5 mL min−1 flow rate 
in PBS. A stirred-cell Amicon unit with a cut-off filter of 30 kDa (Merck) 
was used to concentrate oligomers.

Light Scattering Measurements: The fibril formation and disaggregation 
of αSN in the presence or absence of NLP-Ba was examined by static 
light scattering at 90° using excitation and emission at 500  nm (both 
with slit widths of 2.5 nm) on a Cary Eclipse spectrofluorimeter (Varian 
Inc., Palo Alto, USA).[65]

Localized Surface Plasmon Resonance (LSPR): The plasmon resonance 
of the surface of Citrate-capped (NGs) with negative charge and an 
average diameter of about 15  nm and an estimated concentration 
of 10  × 10−9 m were assessed in the presence or absence of αSN 
(35 × 10−6 m) with or without NLP-Ba or baicalein (12.5 × 10−6 m, final 
concentration for the baicalein) by taken the absorbance spectra from 
500–550  nm using  Multi-purpose Analysis System (Plate reader, LSPR 
and Spectrophotometer were all from Nano Mabna Iranian Co, Iran).

Effect of NLP-Ba on αSN Neurotoxicity: MTT assay, flow cytometry, 
ROS measurement and neurite length/distribution measurements were 
employed to detect the effect of NLP-Ba on αSN in the presence of the 
dopaminergic cell lines SHSY5Y and OLN-93 as well as SHSY5Y over-
expressing αSN. SHSY5Y and OLN-93 cells were cultured in DMEM-F12 
and DMEM high glucose, respectively. The media were complemented 
with 10% FBS, 100 U mL−1 penicillin and 100 µg mL−1 streptomycin and 
incubated at 37 °C in humidified atmosphere with 90% humidity and 
5% CO2. The cells were then seeded in 96-well plates to assess the 
mitochondrial  metabolism of living cells (MTT assay), and measure 
the intracellular ROS. To evaluate the early apoptosis or late apoptosis/
necrosis, the Annexin V/PI assay was carried out on a 6-well plate. 
Further information is provided in the Supporting Information.

In Vitro Experiment to assess the Ability of NLP-Ba to Cross Blood-
Brain Barrier: hCMEC/D3 endothelial cells were seeded at a density 
of 5 × 104 cells/well into a transwell-24 well plate to provide a full 
monolayer culture (assessed using EVOM2 for TEER [transepithelial/
transendothelial electrical resistance]) and then treated with NLP-Ba 
at a final concentration of 100  × 10−6 m, following by measurement of 
the amount of baicalein in the upper and lower culture media available 
in trans-wells after 8 h of incubation. The amount of baicalein which 
passed across the BBB was measured via absorption at 275 nm, using 
free culture medium as blank, and calculated as follows:

= ×

Amount of passed

baicalein
Amount of baicalein in the lower reservoir

Amount of baicalein added to the upper reservoir
100

 
 (4)

More information is provided in the Supporting Information.
In Vivo Study: For the in vivo experiments, female C57BL/6 mice 

(20–25 g) were used. Rotenone, and rotenone treated NLP-Ba were 
directly injected into the substantia nigra region of the brain using 
stereotaxic surgery and the effect of NLP-Ba on dopamine secretion 
and the neurotoxicity induced by rotenone were assessed using HPLC 
analysis, immunohistochemistry, and behavioral tests. Details of the 
in vivo experiments (including video demonstrations of the surgical 
procedures) are provided in the Supporting Information.

Statistical Analysis: The experiments were done in triplicate unless 
otherwise noted, and the outcomes are distributed as means ± SD. 
One-way ANOVA was employed to figure the statistical significance 
within the groups. Unpaired Student’s t-test was used to define the 
significance results between the groups, and a p-value ≤ 0.05 was 
considered significant.

Supporting Information
Supporting Information (including experimental procedures, 
Supplementary Figures S1-17 and Supplementary Tables 1-2) is available 
from the Wiley Online Library.
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