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with a wide range of often fatal neurodegenerative diseases,[1] including Alzheimer’s
disease, transmissible spongiform encephalopathies (TSEs), type II diabetes, and
others.[2–4] Although the exact mechanisms
of ﬁbril formation are not known, it has
been proposed that the process takes place
in two phases: a lag phase in which the
native globular form of the protein is lost
and a β-sheet structure is developed, and
an elongation phase in which the β-sheet
intermediates are converted into soluble
oligomers, protoﬁbrils, and insoluble
ﬁbrils that ultimately aggregate to form the
ﬁbrillar plaques.[5,6]
TSE is a devastating protein misfolding disease aﬄicting animals and humans.
There is no therapy available for the diverse
group of prion diseases, which include
Creutzfeldt–Jakob disease and Gerstmann–
Sträussler–Scheinker disease in humans,
bovine spongiform encephalopathy in cattle, scrapie in sheep, and chronic wasting
disease in cervids.[7–9] The prion hypothesis accounts for the spread
and pathogenicity of TSE.[10] Speciﬁcally, the conversion of the
normal cellular form of the prion peptide, PrPC , to the infectious
form PrPSc is theorized to be a causative agent aﬀecting the brains
of people and animals suﬀering from these diseases.[11–14] This
abnormality is manifested as a conformation change of the protein from an α-helix into a β-sheet; this transformation has apparent catalytic properties, propagating within the surrounding
proteins. The 21-residue 106–126 fragment of PrP (i.e., PrP(106–
126)) has been shown to constitute the amyloidogenic determinant of the prion protein, and numerous studies have focused on
this peptide for ﬁbrillation and toxicity studies.[15,16] Importantly,
membranes have been shown to play insidious and prominent
roles in ﬁbrillation of PrP fragments.[17–19]
Varied substances have been tested for their ability
to prevent/retard amyloid plaque formation, including
small molecules (primarily polyphenols),[20–22] peptides,[23]
polymers,[12,24] and nanoparticles.[25,26] In the search for eﬀective
inhibitor compounds, a variety of aggregate features have been
targeted. For example, mechanistic considerations have led to the
targeting of the forces stabilizing the aggregates by introducing
competing hydrogen bonds, using detergent-like compounds
to interrupt hydrophobic and electrostatic interactions.[27,28]
Other types of inhibitor have been designed to interfere with
π -stacking and ﬁbril elongation.[29,30] Yet another strategy targets

The transmissible spongiform encephalopathies are a family of diseases
characterized by abnormal folding and aggregation of the prion protein. One
of the directions in the search for cure for these and other amyloid diseases
focuses on the inhibition of protein aggregation by small molecules, short
peptides, and nanoparticles. Nanoparticles seem to be particularly promising
therapeutic candidates since they are stable, can be made biocompatible, and
might readily traverse physiological barriers such as the blood–brain barrier.
Here, a novel class of chiral amyloid inhibitors consisting of carbon quantum
dots (C-dots) that are synthesized from either d- or l-lysine (Lys) as the sole
carbonaceous building block are reported. The interactions of the chiral
lys-C-dots with the amyloidogenic determinant of the prion peptide (PrP,
106–126 sequence) in the presence of lipid bilayers appears to be highly
stereoselective, with the l-Lys-C-dots being superior to the d-Lys-C-dots in
their ability to modulate the structural transformations and aggregation of
PrP(106–126). This work provides new insights into chiral eﬀects upon
amyloid peptides and opens the way to developing chiral carbon-based
nanostructures as advanced amyloid inhibitors.

1. Introduction
Amyloidosis is a term used to describe a group of human and
animal diseases in which a functioning protein is misfolded into
insoluble ﬁbrils. Amyloid ﬁbrils are deposited in the extracellular
spaces of organs and tissues, leading to the formation of plaques
and disrupting the organ’s function. The chronic neuronal and
systemic pathologies caused by these aggregates are associated
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the ﬁbrillar β-sheet chiral arrangement; while changing the
chirality of one of the strands, the ability of the β-strands to
organize one next to the other is diminished.[31–33]
Carbon quantum dots (C-dots) are unique carbonaceous
nanoparticles, attracting signiﬁcant interest because of
their small size (<10 nm), tunable ﬂuorescence emission
properties,[34] available surface functionalization routes, low
toxicity, and biocompatibility.[35] C-dots have been employed in
diverse applications, including bioimaging,[36,37] chemical and
biological sensing,[38] catalysis,[39] and photo-induced electron
transfer properties.[40–47] In general, C-dots exhibit crystalline
graphite cores surrounded by shells of diﬀerent organic groups.
Recent studies demonstrated intriguing therapeutic applications
of C-dots. In the context of amyloid diseases, Leblanc and
colleagues, inspired by β-sheet-targeting peptides, exploited
C-dots to inhibit aggregation of insulin peptides. They and
others have also suggested that biomimetic C-dots, which are
capable of crossing the blood–brain barrier, can be applied for in
vivo inhibition of amyloid plaques in brain tissue.[48,49]
Here, we report synthesis of chiral C-dots from either l-lysine
or d-lysine as the sole carbonaceous building blocks and their use
as ﬁbrillation modulators for PrP(106–126). Poly-l-lysine (PLL)
chains have been shown to inhibit PrP propagation in vitro and
in vivo.[24] While chiral C-dots have been recently reported,[50] they
were produced by coupling of chiral residues to synthesized (nonchiral) C-dots. The study presented here, however, constitutes,
to the best of our knowledge, the ﬁrst demonstration of endowing C-dot chirality through direct hydrothermal synthesis utilizing enantiomeric building blocks (l-Lys or d-Lys). Indeed, recent
studies have demonstrated that C-dots retain “structural memory” of the carbon-containing compounds employed as building
blocks.[39,51,52] We show that l-Lys-C-dots exert signiﬁcant eﬀects,
diﬀerent than d-Lys-C-dots, upon PrP(106–126) structural features and ﬁbrillation kinetics in the presence of biomimetic lipid
bilayers. The dramatic chiral eﬀects might open new avenues for
both elucidating the aggregation process of the prion protein, as
well as for development of new therapeutic routes against amyloid diseases using carbon dots.

2. Results
2.1. C-dot Synthesis and Characterization
C-dots were prepared from either l-Lys or d-Lys enantiomers as
the only carbonaceous building block, designed to endow opposite chirality to the carbon nanoparticles. Importantly, synthesis conditions (i.e., temperature and duration of hydrothermal treatment) for both l-Lys-C-dots and d-Lys-C-dots were the
same, designed to ascertain that the two C-dot species would
exhibit similar physical properties (such as size distribution,
graphitic core structure, surface functionalities), and the only
diﬀerence being their overall chirality. Circular dichroism (CD)
spectra of the l-Lys-C-dots and d-Lys-C-dots in Figure 1 conﬁrm
that the opposite chirality of the amino acid enantiomers was retained in the synthesized C-dots. Speciﬁcally, the CD signatures
of Lys-C-dots show a mirror-image ellipticity, with a minimum
for the d-enantiomer at 210–220 nm and a maximum for the
l-enantiomer at the same wavelength range. The CD data in Fig-
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Figure 1. Spectroscopic and microscopic characterization of lysinederived C-dots. Opposite ellipticities of 3.0 mg mL−1 l-Lys-C-dots (blue)
and d-Lys-C-dots (red). Spectra were normalized according to C-dots concentration and cuvette length. Inset: high-resolution transmission electron
microscopy images of l-Lys-C-dots. The scale bar corresponds to 10 nm.
The magniﬁed image shows the [110] crystalline graphitic lattice planes
within the C-dot core; scale bar corresponds to 2 nm.

ure 1 indicate that the lysine moieties on the C-dots surface display only one enantiomer. Previous reports similarly showed that
carbon-based nanoparticles coated with enantiomeric molecules
produced CD spectra displaying a positive maximum for the
l-enantiomer and negative minimum for the d-enantiomer.[50,53]
The high-resolution transmission electron microscopy (HRTEM) images in the inset of Figure 1 underscore the relatively
uniform size distribution of the C-dots (statistical analysis based
upon the TEM data indicate C-dot diameters of 4 ± 1.2 nm,
n = 50, Figure S1, Supporting Information), and conﬁrm the
crystallinity of the C-dots’ graphitic cores. The magniﬁed HRTEM image in the inset of Figure 1 reveals the crystal planes
exhibiting lattice spacing of 0.215 nm, corresponding to the
[110] planes of graphite.[46,51,54] Importantly, while the microscopy
data in Figure 1 correspond to l-Lys-C-dots, similar images were
recorded in case of d-Lys-C-dots. Excitation-dependent ﬂuorescence emission spectra (Figure S2, Supporting Information),
UV-Vis absorbance spectra (Figure S3, Supporting Information),
and X-ray photoelectron spectroscopy experiments (XPS, Figures
S4 and S5, Supporting Information) conﬁrm that the l-Lys-Cdots and d-Lys-C-dots exhibit highly similar physical properties.
Fourier transform IR (FTIR) spectroscopy data in Figure S6, Supporting Information reveal chemically similar and typical lysine
functional groups on both C-dots’ surfaces.

2.2. Aggregation of PrP(106–126) in the Presence of Chiral C-Dots
Aggregation of PrP(106–126) was studied in solutions containing
each of the Lys-C-dot enantiomers, in order to track their eﬀect
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Figure 2. Eﬀects of C-dots upon PrP(106–126) structures and aggregation. A) ThT ﬂuorescence kinetics (ThT 10 µM, PrP 50 µM, DMPC:DMPG
lipid vesicles 0.2 mM, Lys-C-dots 0.1 mg mL−1 ). Data presented as mean
± SD, n = 4, three replicates each. B) Secondary structure analysis using
CD spectroscopy of PrP in DMPC/DMPG vesicle solutions (1:1 mole ratio). Broken spectra: immediately after dissolution; solid spectra: 15 min
after dissolution. In A and B: black spectra represent PrP(106–126) alone in
the vesicle solution, blue spectra represent PrP(106–126) in the presence of
l-Lys-C-dots, and red spectra represent PrP(106–126) in the presence of dLys-C-dots. Spectra were normalized according to the number of residues,
cuvette length, and concentration.

on aggregation kinetics, structure, and morphology of the prion
ﬁbrils. Since PrP(106–126) ﬁbrillation occurs in biomimetic
membrane environments, the experiments summarized in
Figures 2–4 were carried out in aqueous solutions containing dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/1,2ditetradecanoyl-sn-glycero-3-phospho-(1 -rac-glycerol) (DMPG)
lipid bilayers. Figure 2A depicts the aggregation kinetics of PrP in
a DMPC:DMPG vesicle solution (1:1 mole ratio), in the presence
of l-Lys-C-dots or d-Lys-C-dots, by using the thioﬂavin-T (ThT)
ﬂuorescence assay, which is widely used for the assessment of
amyloid ﬁbril assembly. The ﬂuorescence emission of ThT, a
benzothiazole derivative, increases in the presence of amyloid
aggregates.[3,4] Importantly, the ﬂuorescence emission shown in
Figure 2A accounts only to ThT increase due to PrP aggregation,
as the ﬂuorescence emission of all components present in the
solution (e.g., vesicles, C-dots) was subtracted. The control ThT
curve (no C-dots added to PrP(106–126)) showed enhanced
ﬂuorescence approximately after 15 min, which remained stable
for the remainder of the measurement period. However, the
ThT curves in Figure 2A demonstrate that both d-Lys-C-dots and
particularly l-Lys-C-dots signiﬁcantly reduced ThT ﬂuorescence,
likely impairing the formation of β-sheet structures within
PrP(106–126) aggregates.

Adv. Therap. 2018, 1, 1800006

In light of the ThT results in Figure 2 suggesting that the
C-dots interfere in the ﬁbrillation process, we sought to investigate in greater depth the eﬀect of the chiral Lys-C-dots on the
solution conformations of PrP(106–126), particularly β-sheet assembly. To this end, the structural transformations of PrP(106–
126), in the absence and presence of the l- or d-enantiomer of LysC-dots, were followed by CD spectroscopy. PrP(106–126) alone
instantaneously adopted a β-sheet conformation, giving rise to a
maximum at 205 nm and minimum at 220 nm, upon dissolution
in an aqueous vesicle solution (Figure 2B, black spectra).[[15] Notably, the low CD spectral intensity of PrP(106–126) without the
presence of C-dots likely reﬂects rapid aggregation of the peptide.
In comparison, samples containing PrP(106–126) and the two
chiral Lys-C-dots both exhibited a deep minimum at 198 nm
immediately after dissolution, corresponding to a random coil
unfolded structure (Figure 2B, blue and red broken spectra, respectively). After 15 min, no signiﬁcant change was apparent in
the CD spectrum of PrP(106–126) in the presence of l-Lys-Cdots (Figure 2B, blue solid spectrum), indicating inhibition of
β-sheet assembly. The 15-min CD spectrum of PrP(106–126) in
the presence of d-Lys-C-dots featured two minima, at 200 nm and
220 nm (Figure 2B, blue solid spectrum), indicating both random coil and β-sheet structures of the peptide. Overall, the CD
data in Figure 2B (blue and red spectra) provide evidence that the
C-dots interfered with adoption of β-sheet assembly by PrP(106–
126), corroborating the ThT ﬂuorescence results which pointed
to slower aggregation kinetics of the peptide induced by the carbon nanoparticles.
Figure 3 presents microscopy analyses demonstrating dramatic enantiomer-dependent eﬀects of the C-dots upon PrP(106–
126) ﬁbril morphologies. The atomic force microscopy (AFM)
images in Figure 3A–C, recorded following incubation of the peptide upon a silicon substrate coated with a DMPC/DMPG bilayer
(1:1 mole ratio), reveal signiﬁcant diﬀerences in PrP(106–126)
ﬁbril shapes, lengths, and relative abundance, among the samples examined. Speciﬁcally, in the absence of C-dots, PrP(106–
126) produced major ﬁbril aggregates, manifested in the AFM
image as a dense plaque made up of entangled ﬁbers (Figure
3A). In contrast, very low ﬁbril content was observed upon coincubation of PrP(106–126) with l-Lys-C-dots (Figure 3B). Moreover, the PrP(106–126) ﬁbrils appeared much shorter and not
twisted—a signiﬁcantly diﬀerent result as compared to the native peptide aggregates without addition of C-dots, that is, Figure 3A. Greater abundance of PrP(106–126) ﬁbers was apparent
when PrP(106–126) was pre-incubated with d-Lys-C-dots (Figure
3C). However, the PrP(106–126)/d-Lys-C-dot sample gave rise to
thinner ﬁbrils that did not display the entangled morphology observed in case of the untreated, native peptide (i.e., Figure 3A).
The cryogenic transmission electron microscopy (cryo-TEM)
images in Figure 3D–F, displaying PrP(106–126) ﬁbrils incubated in a DMPC:DMPG vesicle solution together with d-LysC-dots or l-Lys-C-dots, were consistent with the AFM analysis.
Speciﬁcally, PrP(106–126) that was not treated with C-dots gave
rise to dense ﬁbril domains spread on the TEM grid (Figure
3D). However, a much lower concentration of shorter ﬁbrils
was recorded in case of PrP(106–126) incubated with l-Lys-Cdots (Figure 3E). d-Lys-C-dots did not induce such a signiﬁcant
PrP(106–126) ﬁbril inhibition (Figure 3F), however, similar to the
AFM result in Figure 3C, a lower ﬁbril content was apparent in
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Figure 3. Morphology of PrP(106–126) ﬁbrils in the presence of enantiomeric Lys-C-dots. A–C) AFM images (recorded in wet conditions) of PrP(106–126)
deposited upon a silicon wafer coated with a DMPC:DMPG lipid bilayer (1:1 mole ratio) A) in the absence of C-dots, B) in the presence of l-Lys-C-dots,
and C) in the presence of d-Lys-C-dots. D–F) Cryo-TEM of PrP(106–126) in DMPC:DMPG vesicle solutions, D) in the absence of C-dots, E) in the presence
of l-Lys-C-dots, and F) in the presence of d-Lys-C-dots. Bars correspond to 200 nm.

Figure 4. Interactions C-dots with PrP and lipid bilayers. A) Fluorescence emission spectra of the C-dots in presence of PrP (n = 3, each containing four
replicates). B–C) Isothermal titration calorimetry patterns for: B) PrP(106–126) titrated into a solution of C-dots; C) DMPC:DMPG lipid vesicle solution
titrated into a solution of C-dots. Experiments were repeated three times (n = 3).

the d-Lys-C-dot-treated sample compared to the native peptide.
The AFM and cryo-TEM data in Figure 3 complement the ThT
and CD experiments (Figure 2), conﬁrming that the C-dots interfered with the ﬁbril assembly process of PrP(106–126). In particular, the microscopy analyses provide vivid evidence for the chiral
eﬀect, that is, the much more pronounced eﬀect of l-Lys-C-dots
upon PrP(106–126), as compared to d-Lys-C-dots.
An important question one needs to address concerns the nature of interactions between the Lys-C-dots and PrP(106–126)
and/or the lipid bilayers, and the implications for the aggregation
process. ζ -potential measurements recorded for the two lysine-Cdots reveal that both particles exhibit similar, small negative surface charges ascribed to the carboxyl groups of the lysine (Figure

Adv. Therap. 2018, 1, 1800006

S6, Supporting Information). This result indicates that electrostatic interactions of the Lys-C-dots are likely not the primary determinant in modulating the PrP(106–126) aggregation pathway.
We further assessed the chiral interactions between the C-dots
and PrP(106–126) and their molecular implications using ﬂuorescence spectroscopy and isothermal titration calorimetry (ITC),
Figure 4. Figure 4A depicts the ﬂuorescence emission spectra
(350 nm excitation) of the C-dots, and the eﬀects of interactions
with PrP(106–126). Although l-Lys-C-dots and d-Lys-C-dots alone
exhibited similar emission spectra (Figure 4A, broken spectra),
addition of PrP(106–126) led to a dramatic increase in the ﬂuorescence emission spectrum of the l-Lys-C-dots (Figure 3A, blue
triangles).

1800006 (4 of 8)


C

2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advtherap.com

d-Lys-C-dots, on the other hand, did not experience an
increase in ﬂuorescence emission. The signiﬁcantly diﬀerent
ﬂuorescence spectra in Figure 4A indicate that l-Lys-C-dots interact diﬀerently with PrP(106–126) compared to d-Lys-C-dots,
echoing the chiral discrimination data presented in Figures 2
and 3. The diﬀerence in ﬂuorescence intensities may be a result of a more pronounced hydrophobic environment for the
l-Lys-C-dots compared to the d-Lys-C-dots. This scenario may be
due to “matching” of the C-dot and peptide chirality, promoting
stronger interaction and closer proximity of the C-dots to the peptide aggregates, thereby shielding the C-dots from the aqueous
environment.
The ITC results in Figure 4B,C provide further evidence for
the signiﬁcance of chiral interactions involving l-Lys-C-dots and
d-Lys-C-dots, respectively, and point to C-dots’ chiral interactions
with the lipid bilayer as a prominent factor in modulation of
PrP(106–126) ﬁbrillation. In the ITC experiments depicted in Figure 4B, PrP(106–126) was titrated into solutions of the Lys-C-dot
enantiomers and the reaction heats were measured (Figure 4B).
In both enantiomeric Lys-C-dot samples, the interactions were
endothermal throughout the titration and the corrected heat measurements did not diﬀer signiﬁcantly (although the isotherm of lLys-C-dots points to slightly more endothermal interactions with
the peptide, Figure 4B). While this result indicates a similar enthalpy of interactions between PrP(106–126) and the two C-dot
enantiomers, the ITC results obtained for C-dot interactions with
the DMPC:DMPG vesicles portray a dramatic chiral eﬀect (Figure 4C). Speciﬁcally, while the d-Lys-C-dots reacted endothermally
with the DMPC:DMPG vesicles, the interaction of the vesicles
with the l-Lys-C-dots was exothermal. This opposing calorimetric reaction pattern indicates that chirality played a major role in
C-dot/bilayer interaction. Both DMPC and DMPG are synthetic
l-enantiomeric phospholipids; accordingly, the exothermal nature of the interaction with l-Lys-C-dots may indicate greater thermodynamic stability.

3. Discussion
The experimental data in Figures 1–4 demonstrate clear chiral
interference in membrane-induced structural transformations
and aggregation of PrP(106–126). Indeed, the diﬀerent spectroscopy and microscopy techniques applied complemented each
other, illuminating the diﬀerent facets of the chiral eﬀects of
l-Lys-C-dots and d-Lys-C-dots, respectively. Speciﬁcally, signiﬁcant conformational changes of PrP(106–126) were induced by
the two chiral C-dots during the aggregation process, reﬂected
in the CD spectroscopy analysis (Figure 2B). In particular, inhibition of β-sheet formation by l-Lys-C-dots was clearly apparent.
These data were consistent with the ThT kinetic measurements
in Figure 2A, pointing to signiﬁcant remodeling of PrP(106–
126) aggregation in the presence of d-Lys-C-dots, and particularly
l-Lys-C-dots.
In correlation to the ThT kinetic study, the microscopy analyses (Figure 3) attest to dramatic chiral eﬀects upon the abundance
and morphology of PrP(106–126) ﬁbrils, induced by the Lys-Cdots, particularly l-Lys-C-dots. The AFM data, in particular, suggest that inhibition of PrP(106–126) ﬁbrillation pathway has two
facets—both reduction of overall ﬁbril concentration, as well as
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signiﬁcant fragmentation (or shortening) of the assembled ﬁbrils. Both aspects, in fact, might be related to the disruption of
initial β-sheet folding by the two C-dot species, apparent in the
CD experiments outlined in Figure 2B.
The dramatic inﬂuence of lysine-C-dots on PrP(106–126) solution conformations and aggregation is not due to electrostatic
interactions with the lysine moieties, as the results presented
in Figures 2–4 clearly show chiral diﬀerences between the two
C-dot enantiomers. Furthermore, while PrP(106–126) has three
positively charged residues and is thought to interact with polar
headgroups of membrane lipids, the Lys-C-dots charge is negligible. The ITC data in Figure 4 hint at the signiﬁcance of chiral
interactions between the lysine-C-dots, particularly l-Lys-C-dots,
and lipid bilayers as an important factor modulating PrP(106–
126) ﬁbrillation in solution. Many studies have demonstrated
that PrP aggregation intimately depends upon interactions of
the peptide with lipid bilayers.[11,15,17,55] It is thus conceivable
that the C-dots interfere with lipid interactions of PrP(106–126),
thereby remodeling its ﬁbrillation pathways. Indeed, since
C-dot/bilayer interactions are chiral in nature (i.e., Figure 4C),
the chiral eﬀect should be manifested as well in the modulation
of the membrane-mediated PrP(106–126) ﬁbrillation.
A wide range of compounds have been examined as potential amyloid inhibitors. An eﬀective inhibitor should be biocompatible, stable in physiological conditions, and not induce toxic
eﬀects by itself. C-dots exhibit attractive properties in that regard. C-dots are produced from diverse carbon-containing compounds, making possible tuning of their structural properties
and biological compatibility. Moreover, their small dimensions
enable eﬃcient transport in body tissues and delivery to target destinations, potentially even across the blood–brain barrier.
Unlike other therapeutic nanoparticle vehicles comprising inorganic constituents, C-dots are produced from natural carbonaceous building blocks, making them intrinsically biocompatible
and less toxic.[41,56,57]
Figure 5 illustrates a proposed model accounting for the chiral
inhibition of PrP(106–126), based upon the experimental data in
Figures 1–4. In the control system (no C-dots added, Figure 5,
top), the DMPC/DMPG bilayer induces formation of elongated
PrP(106–126) ﬁbrils. In contrast, l-Lys-C-dots signiﬁcantly disrupt PrP(106–126) ﬁbrillation both through direct interactions
with the peptide, as well as docking onto the bilayer thus shielding it from interactions with the PrP(106–126) (Figure 5, middle).
d-Lys-C-dots, on the other hand, also interfere with PrP(106–126)
ﬁbrillation albeit to a lesser extent (bottom route in Figure 5). The
ﬁbril modulation eﬀect induced by D-Lys-C-dots is possibly related to their slight negatively charged surface, thereby disrupting
membrane-induced aggregation of the peptide. The more pronounced inhibition of PrP(106–126) by l-Lys C-dots as compared
to D-Lys-C-dots might be also related to the ability of the l-Lys
C-dots to disrupt β-sheet folding of the monomer and concurrent oligomer formation. Indeed, Walsh et al.[58] have shown that
PrP(106–126) is stabilized by van der Waals forces between the
aliphatic residues (111–126) and electrostatic attraction between
Lys 110 and the carboxylic termini (adjacent to residue 126),
forming zipper-like parallel structure (Figure 5). According to the
proposed model outlined in Figure 5, l-Lys C-dots might compete with Lys-100 interaction with the carboxyl termini, thereby
weaken the β-sheet assembly.
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Figure 5. Proposed model accounting for chiral PrP ﬁbril inhibition by
Lys-C-dots. PrP(106–126) undergoes extensive ﬁbrillation in the presence
of a DMPC/DMPG lipid bilayer (top). l-Lys-C-dots inhibit ﬁbrillation and
remodel the ﬁbrils due to chiral interactions with both the bilayer interface and the C-dots (middle). d-Lys-C-dots induce lesser eﬀect although
the ﬁbrils adopt diﬀerent morphologies compared to the control peptide
(bottom).

4. Conclusions
This study demonstrates a remarkable chiral inhibition of the
assembly and ﬁbrillation of the amyloidogenic determinant of
the prion protein, induced by Lys-C-dots in the presence of
DMPC/DMPG vesicles. The experiments reveal that l-Lys-C-dots
signiﬁcantly modulated structural transformations of PrP(106–
126) in vesicle solutions, yielding less abundant ﬁbril aggregates exhibiting diﬀerent morphologies (shorter, truncated ﬁbrils) compared to the unperturbed peptide aggregating in vesicle solutions. d-Lys-C-dots, on the other hand, had lesser, albeit
experimentally noticeable eﬀect upon PrP(106–126) ﬁbrillation.
The data suggest that the chiral inhibition eﬀects are due to both
interference of the C-dots with membrane-induced peptide ﬁbrillation pathways as well as direct interactions of the C-dots with
the aggregating peptide. This work points to a new avenue towards development of chiral carbon nanomaterials as therapeutic
substances against amyloid diseases.

5. Experimental Section
Materials: The amyloidogenic fragment of the prion protein, KTNMKHMAGAAAAGAVVGGLG (sequence 106–126; molecular wt. 1912.3),
denoted PrP(106–126), was custom synthesized, puriﬁed by high performance liquid chromatography to 95% and supplied as a lyophilized
powder by Peptron, Daejeon, South Korea. 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC) and 1,2-ditetradecanoyl-sn-glycero-3-phospho(1 -rac-glycerol) (sodium salt) (DMPG) were purchased from Avanti Polar Lipids. 1,1,1,3,3,3-Hexaﬂuoro-2-propanol (HFIP), thioﬂavin T (dye
content > 65%), ethylene glycol, O,O -bis(2-amino propyl), polypropylene glycol-block-polyethylene glycol-block-polypropyleneglycol1 were purchased from Sigma-Aldrich (Rehovot, Israel). d-Lysine and l-lysine (99%
purity) were purchased from Tzamal D-Chem Laboratories (Petah-Tikva,
Israel).
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One-Pot Synthesis of Chiral Lysine-Modiﬁed C-dots: 400 mg d- or
l-lysine were mixed with 10 mL of ethylene glycol and 100 µL of O,O bis(2-amino propyl)polypropyleneglycol-block-polyethylene-glycol-blockpolypropyleneglycol1. The mixture was heated at ࣈ170 °C for 3 h to allow the C-dots to form. Thereafter, the solutions of the chiral C-dots were
puriﬁed by dialysis in deionized water (18.2 MΩcm, Thermo Scientiﬁc).
Preparation of Lipid Vesicles: Vesicles consisting of DMPC:DMPG, 1:1
mole ratio, were prepared by dissolving the two lipid components in a
chloroform/ethanol (1:1, v/v) mixture and drying the solution under vacuum. Small unilamellar vesicles (SUVs) were prepared from the dried lipid
powder in deionized water by sonication, using Sonics Vibra-cell VCX-130
sonicator (Newtown, CT, USA) at room temperature for 10 min at 20%
amplitude. Vesicle suspensions were allowed to anneal for 1 h at room
temperature prior to being used.
Sample Preparation: PrP(106–126) was dissolved in HFIP at a concentration of 4 mM and stored at −20 °C until use. For each experiment, the
solution was thawed, and the required amount was dried by evaporation
for 4–5 h at a pressure of 40 mbar to remove the HFIP. The dried peptide
sample was dissolved in deionized water at room temperature. Solutions
of C-dots was added into the PrP(106–126) solutions at the required peptide concentrations (100 µM and 200 µM stock solutions).
ThT Fluorescence Kinetic Assay: The ﬂuorescence of PrP samples (total
volume of 100 µL, 50 µM PrP, 200 µM DMPC:DMPG lipid vesicle solution)
in the absence or presence of 0.1 mg mL−1 Lys-C-dots was measured in
96-well path cell culture plates on Biotek Synergy H1 plate reader (Biotek,
Winooski, VT, USA) at 25 °C. ThT aqueous solution was added to ﬁnal
concentration of 10 µM per well. Fluorescence was recorded every minute
over 80 min at an excitation wavelength of 440 nm and an emission wavelength of 490 nm. The self-ﬂuorescence of the C-dots was deducted from
measured ﬂuorescence for each sample.
CD Spectroscopy: CD spectra were recorded in the range of 190–260 nm
on a Jasco J-715 spectropolarimeter (Tokyo, Japan) using a 0.01-cm quartz
cuvette for C-dot samples at a concentration of 10 mg mL−1 , and a 0.1-cm
quartz cuvette for the PrP(106–126) samples. Each spectrum was run six
times and the averaged spectra are presented. Samples contained 100 µM
PrP and DMPC:DMPG lipid vesicles (200 µM ﬁnal lipid concentration) in
the absence or presence of 0.2 mg mL−1 Lys C-dots.
Cryogenic Transmission Electron Microscopy: PrP(106–126) solutions
were prepared as described above at concentration of 50 µM in presence
or absence of Lys C-dots (0.1 mg mL−1 ). After 60 min of incubation at
room temperature for the preparation of the solution, a 3-µL droplet was
deposited on a glow-discharged TEM grid (300 mesh Cu Lacey substrate
grid; Ted Pella). The excess liquid was blotted with a ﬁlter paper and the
specimen was rapidly plunged into liquid ethane precooled with liquid nitrogen in a controlled environment (Leica EM GP). The vitriﬁed samples
were transferred to a cryo-specimen holder and examined at −181 °C using
a FEI Tecnai 12 G2 TWIN TEM operated at 120 kV in low-dose mode. The
images were recorded with a Gatan charge-coupled device camera (model
794).
Atomic Force Microscopy: The lipid vesicle aqueous solution (80 µL,
1 mM DMPC:DMPG) was deposited on a silicon wafer and allowed to dry
at 40. A 80-µL sample of a 50-µM solution of PrP (without or with 0.1 mg
mL−1 C-dots) was placed on top of the lipid-coated surface and scanned
by AFM under wet conditions (Cypher ES, Asylum Research, an Oxford
Instruments company, Goleta, CA), in tapping mode. All images were acquired using a silicon probe (BL-AC40TS, Olympus) under the following
conditions: spring constant 0.09 N m−1 , frequency 25–35 kHz, and a tip
with radius 9 nm.
C-dot Fluorescence: C-dot ﬂuorescence was measured at 25 °C in 96well path cell culture plates on Biotek Synergy H1 plate reader (Biotek,
Winooski, VT, USA). Each well contained a 100-µL sample of 50 µM
PrP(106–126) and 200 µM DMPC:DMPG lipid vesicle solution in the absence or presence of 0.1 mg mL−1 Lys C-dots. Fluorescence emission
spectra were recorded at an excitation wavelength of 350 nm in the range
of 370–700 nm.
Isothermal Titration Calorimetry ITC: PrP was dried as described above
and dissolved in Tris-buﬀered saline (TBS 0.01M, pH 7.4, 150 mM NaCl).
Lipid vesicles (DMPC:DMPG, 0.6 mM ﬁnal lipid concentration) were
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prepared as described above and dissolved in TBS. Lys C-dots were diluted with TBS to ﬁnal concentration of 0.1 mg mL−1 . A sample of 300 µL
of the C-dots solution was inserted into the Nano ITC low volume cell (TA
Instruments, Newcastle, DE). The titrating syringe was ﬁlled with 50 µL
of 0.6 mM lipid vesicle solution, 100 mM PrP solution or pure TBS. After
equilibrium had been reached, injection of 2.5 µL aliquots was carried out
every 250 s for a total of 90 min.
Statistical Analysis: Thioﬂavin T kinetics were recorded four times, each
containing three sample replicates. Data are presented as mean ± SD. Circular dichroism was measured four times for each sample and the spectra were normalized according to the sample concentration and cuvette
length. Samples containing PrP were also normalized to the number of
residues.
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Supporting Information is available from the Wiley Online Library or from
the author.
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