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ABSTRACT
Agglomeration of some proteins may give rise to aggregates that have been identified as the main cause of amyloid
diseases. For example, fibrillation of insulin is related to diabetes mellitus. Quantum dots (QDs) are of special interest as
tagging agents for diagnostic and therapeutic studies due to their broad absorption spectra, narrow emission spectra, and
high photostability. In this study, PEGylated CdSe/ZnS QDs have been shown to induce the formation of amyloid-like
fibrils of human insulin under physiological conditions, this process being dependent on the variation of the surface
charge of the nanoparticles (NPs) used. Circular dichroism (CD), protein secondary structure analysis, thioflavin T (ThT)
fluorescence assay, and the dynamic light scattering (DLS) technique have been used for comparative analysis of
different stages of the fibrillation process. In particular, insulin secondary structure remodelling accompanied by a
considerable increase in the rate of amyloid fiber formation have been observed after insulin was mixed with PEGylated
QDs. Nanoparticles may significantly influence the rate of protein fibrillation and induce new mechanisms of amyloid
diseases, as well as offer opportunities for their treatment.
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1. INTRODUCTION
1.1 Nature of amyloid deposition diseases
Proteopathies are diseases related to conformational changes in the proteins structures and characterized by the
appearance and accumulation of organized aggregates of misfolded or unfolded proteins in intracellular or extracellular
media.1 It has been demonstrated that these aggregates in their intermediate oligomeric form are very toxic; they
contribute to membrane oxidative damage, ion and metal dyshomeostasis, aberrant signal transduction, and
mitochondrial dysfunction, the processes provoking cell death.2
These aggregates are the result of organized polymerization (so-called amyloid behavior) of proteins or peptides whose
secondary structure has been altered by one or more destabilizing events.3 These events are various, but all of them
modify the local environment, triggering a secondary structure shift from α-helix to β-sheet.1 This conformational change
makes the protein molecules to aggregate in an organized way until they stabilize.4 The aggregation process includes two
main stages, which are characterized by the formation of two different types of aggregates: amyloid oligomers and
amyloid fibrils.2, 5 In both cases, nucleation process is an important stage of amyloid derivate formation. There are few
possible mechanisms of nucleation. First, this may be unfolding of the native folded structures, mostly α-helixes, and
their transition to β-sheet structures followed by the formation of small oligomers.6 Another way is folding of natively
unfolded proteins and peptides yielding β-sheet structures.7, 8 Finally, this may be the formation of β-rich nuclei directly
from native conformation, without passing through a fully unfolded state. The initial stage is the appearance of a locally
destabilized unfolded structure, which promotes the formation of native-like aggregates; this leads to conformational
rearrangements in the structure of protein monomers and appearance of β-sheets followed by amyloid-like protofibril
formation.9 It has been shown that soluble prefibrillar oligomers may activate important downstream mechanisms
leading to cell damage and death.2 In contrast, large insoluble aggregates in the form of protofibrils and fibrils are less
toxic for cells and surrounding tissues.10
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Some neurodegenerative diseases, such Alzheimer’s (AD) and Parkinson’s (PD) diseases and other, have been
demonstrated to be proteopathies. Proteopathies have been found not only in various tissues of humans and other animal
species, but also in fungi and prokaryotes, such as Escherichia coli.11
Proteopathies may affect a large variety of native proteins and peptides, irrespective of their structural characteristics or
functions in vivo. No protein primary structure has been found to be specifically prone to proteopathy-related changes.12
On the other hand, it has been shown that peptides that are large enough to form abnormal β-sheet secondary structures
may provoke proteopathies.13 Proteopathies involve both extracellular proteins, such as immunoglobulin in heavy-chain
amyloidosis, and intracellular proteins, such as α-synuclein in Parkinson’s disease.14
1.2 Insulin as a precursor of amyloid structures
In the present study, human insulin was used as a model protein to study proteopathy. Human insulin may form amyloid
fibers in vivo and in vitro under certain conditions.15, 16 The important role of insulin in various biological processes and
the presence of this protein in different biological liquids makes it especially important to identify the possible
mechanism of its oligomerization and fibrillation.
Insulin is a relatively small hydrosoluble protein consisting of two polypeptide chains linked by two disulphide bridges.
It is a hormone secreted by β-cells of the pancreas in response to a rising level of glucose in the blood. Under
physiological conditions, insulin molecules associate with each other, forming trimers of protein dimers that can bind
two or four Zn2+ ions.17, 18 Vestergaard et al. have performed studies with small-angle X-ray scattering to demonstrate
that the formation of an α-helical hexamer is the initial step in the fibrillation of insulin. In this case, the hexamer is a
building block for subsequent fibril elongation.19 On the other hand, data obtained using FTIR spectroscopy and TEM
indicate that the secondary structure of nascent insulin fibrils strongly depends on the media composition and other
conditions; the resultant fibrils may have either an α-helical or a β-sheet structure.20 The authors suggested that the
insulin fibrillation proceeds as follows: natively folded insulin hexamers dissociate to form monomers, which are in
equilibrium with a partially folded conformation that undergoes oligomerization to form the critical nucleus for
subsequent fibrillation.21 This pathway is in good agreement with the recently hypothesized mechanism of fibrillation
through a partly unfolded conformation.9
The insulin extracellular level is strictly regulated through the control of its synthesis, posttranslational modification, and
secretion. Amyloid fibers of insulin have been identified in type II diabetic patients.22 Insulin molecules have been
demonstrated to be prone to refolding and aggregating on arterial walls and membrane surfaces in vivo. In addition,
aggregation and amyloid-like polymerization of insulin are major drawbacks in the production, storage, and use of
insulin preparations.21, 23
Nanoparticles (NPs) attract much interest as detection agents for proteopathies due to their capacity for linking with
capture molecules and their magnetic and optic properties.24 It has also been theorized that NPs could influence the
fibrillation of amyloidogenic proteins due to their large surface-to-volume ratio, high surface free Gibbs energy, and
tunable surface charge. Different types of NPs have been synthesized to study their interaction with small soluble protein
aggregates or already formed amyloid fibers in order to maximize their natural clearance after induced disaggregation.25
It was shown that various NPs act as nucleation centers, thereby contributing to the fibrillation of amyloid-prone protein
through increasing its local concentration upon adsorption on the surface of NPs.26 At the same time, maghemite
nanoparticles can inhibit insulin fibrillation.27
1.3 Participation of semiconductor nanocrystals in amyloid formation
The purpose of our study was to determine how semiconductor quantum dots (QDs) may influence the structure of
human insulin in a solution under physiological conditions. Due to their fluorescence properties, CdSe/ZnS QDs have
attracted much interest in various fields of nanomedicine and are used as biosensors for a number of bioanalytical assays,
as well as for in vivo targeting in animal.28-30 Recent data indicate that CdTe QDs covered with N-acetyl-L-cysteine25 or
thioglycolic acid (TGA)31 inhibit the fibrillation of Aβ(1-40); CdSe/ZnS QDs covered by dihydrolipoic acid and
conjugated with the Aβ-peptides inhibit Aβ(1-42) fibrillation.32
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Our study have demonstrated that CdSe/ZnS QDs covered with specific PEG derivatives promote the fibrillation of
human insulin under physiological conditions. We have demonstrated an important role of the QD surface charge in the
destabilization of the insulin protein structure and in insulin fibrillation. Our results confirm that QDs influence the
structural properties of human insulin and its behavior in solutions. PEGylated QDs with a high negative or positive
charge have no strong effect on insulin fibrillation. In contrast, slightly negative or neutral QDs bearing hydroxyl groups
at their surface may strongly accelerate insulin fibrillation.

2. RESULTS AND DISCUSSION
2.1 Interaction of CdSe/ZnS QDs with human insulin in vitro
The dynamic light scattering (DLS) technique was used to show that CdSe/ZnS QDs coated with a modified PEG-OH
polymer (QD-PEG-OH) were stable during their incubation in a sodium phosphate buffer solution (pH 7) at a
temperature of 37°C for more than a week. Under the same experimental conditions, a solution of human insulin
displayed no signs of aggregation during a week of incubation. QDs coated with the modified PEG-COOH (QD-PEGCOOH) or a mixture of PEG-OH and PEG-NH2 polymers (QD-PEG-NH2/PEG-OH) were found to be sufficiently stable
for DLS analysis. The stability of QDs alone or in a mixture with insulin in a solution was monitored by recording their
UV–Vis and fluorescence spectra.
Incubation of QD-PEG-OH with human recombinant insulin led to binding of insulin with NPs: the DLS spectra of a
mixture of QDs with insulin recorded immediately after their mixing showed that the particles formed were larger than
those in solutions of QD-PEG-OH or insulin alone. The UV–Vis and fluorescence spectra confirmed that QDs were
stable in a solution for more than a week when mixed with human insulin under physiological conditions. Thus,
incubation of human insulin with QDs covered with PEG-OH at pH 7 and 37°C promoted the aggregation process with a
dynamic increase in the size of aggregates resulting in the appearance of micrometer-sized aggregates after 24 h of
incubation. In contrast, incubation of QD-PEG-COOH or QD-PEG-NH2/PEG-OH with insulin under the same conditions
did not lead to any signs of insulin fibrillation.
The time course of the aggregation of human insulin in the presence of QD-PEG-OH at pH 7 and 37°C was studied using
DLS analysis (Figure 1). The size distribution data showed that the particle size in the mixture of QD-PEG-OH with
insulin increased rapidly during incubation. The process of insulin fibrillation in the presence of QD-PEG-OH can be
divided into several stages. The first stage or early kinetics (Figure 1A) is the formation of large aggregates, partially
folded intermediates of fibrillation with sizes of 200–400 nm. Further incubation (late kinetics) for as long as 24 h leads
to the appearance of aggregates with sizes of 50 nm, 200 nm, and 1 µm in diameter (Figure 1B). The appearance of small
(50 nm) particles suggests the formation of nuclei and, later, large fibrils (particles larger than 1 µm). The observed
mechanism agrees with a recently described pathway of fibrillation of globular proteins,9 with oligomers of partly
unfolded protein appearing originally, followed by structural rearrangements to form β-sheet structures and fibrils. It is
known that human insulin may form fibrils with a definite structure, the so-called amyloid fibrils, but only under extreme
experimental conditions, namely, long-term incubation of insulin solutions at pH 2 and 60–70°C.20, 21, 33 Insulin
fibrillation in the presence of QDs shown in Figure 1 occurred under physiological conditions, which had never been
observed for this protein before. We further analyzed the specific structural features of aggregates formed by insulin in
the presence of QD-PEG-OH under physiological conditions.
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Figure 1. Changes in the particle size distribution in a mixture of recombinant human insulin and CdSe/ZnS
QD-PEG-OH during (A) 30 min and (B) 24 h of incubation. Human insulin (2 mg/ml) was incubated in the
presence of 3.44 µM QDs in 10 mM sodium phosphate buffer (pH 7) at 37ºC.
A. DLS curves recorded after 0 (red), 5 (green), 10 (blue), 20 (black), and 30 (magenta) min of coincubation of
insulin and QDs.
B. DLS curves recorded after 0 (red), 12 (green), and 24 (blue) h of coincubation of insulin and QDs.
2.2 QD-induced insulin aggregation is structurally similar to amyloid fibrillation phenomena
Structural analysis of aggregations formed during the incubation of human insulin with QD-PEG-OH at pH 7 and 37°C
showed the appearance of the structural features of amyloid protein fibrillogenesis. Indeed, addition of QD-PEG-OH to a
human insulin solution induced a change in the far UV circular dichroism (CD) spectra of the protein. The insulin
secondary structure transition from its native form rich in α-helix to a β-sheet was evidenced by the loss of intensity of
the 222-nm band (Figure 2A). The solution of QD-PEG-OH alone did not exhibit any CD activity in the far UV region
(Figure 2B). The solution of human insulin alone during its incubation under the same experimental conditions had a
stable CD spectra corresponding to the native α-helix-rich form of the protein (Figure 2B). These data indicate that the
aggregation of insulin induced by QD-PEG-OH involves a change in the secondary structure similar to that occurring
during amyloid fibrillation21, 33 and confirm the results of DLS suggesting the appearance of partly unfolded
intermediates and fibril formation at the final stages of incubation. In order to further investigate the influence of QDs on
the aggregation state of human insulin, the time course of insulin fibrillation in the presence of QD-PEG-OH was
monitored using the amyloid-specific dye ThT.
ThT and its derivatives are currently used as specific tagging agents of amyloid fibrils for in vitro research.34 ThT is a
fluorescent dye whose absorbance and emission spectra change upon interaction with a cross-β structure with a shift of
the maximum of absorption from 350 nm to 438 nm and a shift of its fluorescence emission maximum from 450 to 482
nm.34 In our study, the ThT fluorescence assay showed that insulin aggregation induced by QD-PEG-OH exhibited
characteristics of amyloid fibrillation. At 37°C, no fibrils were formed under the standard conditions (2 mg/ml of insulin)
at pH 7 during 30 h in the absence of QDs (Figure 3): there was no ThT fluorescence signal at 482 nm; hence, insulin
incubated alone did not form amyloid fibrils. In presence of QD-PEG-OH, fibrils were formed as soon as after 4–6 h of
incubation at neutral pH: one may observe a continuous increase in the ThT fluorescence signal at 482 nm throughout the
incubation period, which reflects the formation of amyloid-like fibrils in the mixture of insulin and QD-PEG-OH. Thus,
the data indicate that fibril structures form during coincubation of insulin with QD-PEG-OH.
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Figure 2. Changes of the insulin secondary structure in the presence of CdSe/ZnS QD-PEG-OH. Circular
dichroism spectra of human insulin (2 mg/ml) were recorded in the (A) presence or (B) absence of 3.44 µM of
QDs. QDs were also incubated alone (control), in which case there was no pronounced CD signal (the baselines
in Panel B). All solutions were incubated at 37ºC for 24 h in a sodium phosphate buffer solution (pH 7) at 37°C.
The CD spectra were recorded after 0 (blue), 12 (red), and 24 (green) h of incubation.
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Figure 3. Fibrillation kinetics of insulin at 37ºC monitored using the ThT-based fluorescence assay. Human
recombinant insulin (2 mg/ml) was incubated in the absence (black) or in the presence (red) of 3.44 µM
CdSe/ZnS QD-PEG-OH in a 10 mM sodium phosphate buffer solution (pH 7) at 37°C for 24 h.
2.3 Effects of the QD surface charge and size on QD-induced insulin fibrillation
We used QDs coated with modified PEG-COOH, PEG-NH2, or PEG-OH polymers to compare their effects on QDinduced fibrillation. We incubated the QDs bearing –COOH, –NH2, or –OH groups or a mixture of these functional
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groups on their surfaces with insulin samples at pH 7 and 37°C for 24 h and analyzed the role of the charge on the
surface of QDs in insulin fibrillation. We demonstrated that only slightly negatively charged QD-PEG-OH induced
insulin aggregation. Indeed, Figure 4 shows that QD-PEG-COOH (Figure 4B) or QD-PEG-NH2/PEG-OH (Figure 4C)
nanoparticles did not change the insulin secondary structure, whereas QD-PEG-OH induced significant conformational
changes in the insulin secondary structure (Figure 4A), as described previously.
To explain these results we estimated the charges of different QDs used to induce insulin fibrillation. The zeta potential
measured at pH 7 and 37°C was greater than –17.4 mV for QD-PEG-OH, –80 mV for QD-PEG-COOH, and +15.7 mV
for QD-PEG-NH2/PEG-OH.
Association of these data demonstrates that nanoparticles with a small negative surface charge caused the strongest
induction of the fibrillation of human insulin. This finding agrees with the results of an earlier study indicating that gold
nanoparticles with a small negative charge at their surface could induce insulin fibrillation; in that study, the nanoparticle
negative charge was hypothesized to be the main factor inducing protein fibrillation.35
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Figure 4. Changes of the human insulin secondary structure in the presence of CdSe/ZnS QDs with different
surface charges. Circular dichroism spectra of human insulin (2 mg/ml) were recorded in the presence of 3.44
µM of CdSe/ZnS QDs coated with (A) PEG-OH, (B) PEG-COOH, and (C) QD-PEG-NH2/PEG-OH. Reaction
mixtures buffered with 10 mM sodium phosphate (pH 7) were incubated for 24 h at 37ºC. CD spectra were
recorded after 0 (blue), 12 (red), and 24 (green) h of incubation.
We used QDs of different sizes coated with the same -OH functional groups in order to vary the curvature of the charged
surface interacting with human insulin in the solution. We synthesized CdSe/ZnS QDs with core diameters of 2.5, 3.3,
and 4.8 nm and the emission peaks at wavelengths of 530, 570, and 610 nm (QDs-530, QDs-570, and QDs-610),
respectively. All these QDs were solubilized in water and covered with modified PEG-OH polymer. The hydrodynamic
radii and zeta potentials of these QDs were analyzed using the DLS technique in order to ensure the purity of the QD
solution and estimate the individual charge at the surface of each type of QDs. Comparative analysis of the ability of
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these QDs to induce insulin fibrillation at pH 7 and 37°C showed that only QDs-570 could induce secondary structure
changes during 3 days of incubation (Figure 5B). In contrast, QDs-530 and QDs-610 (Figures 5A, 5C) did not induce
any observable changes in the insulin CD spectra during a 3-day incubation at pH 7 and a temperature of 37°C and,
hence any changes of the secondary structure of insulin. The insignificant difference between the spectra shown in Figure
5C can be attributed to the noise created by the absorption spectra of QDs-610.
Analysis of the effect of charge distribution at the surface of PEG-OH-covered QDs on the induction of insulin
fibrillation leads to the conclusion that the induction of insulin fibrillation process observed in this study was not directly
related to the value of the charge on the QD surface. Instead, it depended on the surface curvature of the QD surface
interacting with the protein determining a specific charge distribution over this surface and, hence, a specific spatial
pattern of these charges interacting with individual insulin molecules.
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Figure 5. Changes of the insulin secondary structure in the presence of PEG-OH-coated CdSe/ZnS QDs of
different diameters. The circular dichroism spectra of human insulin (2 mg/ml) were recorded in the presence of
3.44 µM of QDs with core diameters of (A) 2.5 nm, (B)3.3 nm, and (C) 4.8 nm. All solutions were incubated
for 3 days in a 10 mM sodium phosphate buffer (pH 7) at 37ºC; the CD spectra were recorded after 0 (blue), 1
(red), 2 (green), and 3 (orange) days of incubation.

3. CONCLUSIONS
Our study of the effect of CdSe/ZnS QDs coated with PEG derivatives on recombinant human insulin demonstrates their
ability to induce the protein amyloid-like fibrillation. Our results show that this QD-induced effect depends not only on
the QD charge, but also on the curvature of QDs and, hence, the size of the charged surface capable of interacting with
the protein molecule. This finding explains different results obtained in other studies on the effect of different classes of
nanoparticles on amyloid-prone proteins, which may seem contradictory only because the charge distribution was not
taken into account.32, 36 In order to demonstrate the protein specificity of different possible spatial patterns of charges,
further studies on the effect of PEG-covered QDs on different amyloid-prone and non-amyloid-prone proteins are
required. If their results confirm our hypothesis that a specific surface charge pattern affects the amyloidogenicity of
native proteins under physiological conditions, then it will be possible to limit the risks entailed by the use of in vivo

Proc. of SPIE Vol. 8548 85485F-7
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/05/2013 Terms of Use: http://spiedl.org/terms

nanoparticles and develop anti-amyloid nanoparticles for treatment of amyloid-related diseases. These nanoparticles with
a specific pattern of charge at their surface would create the in vivo conditions under which an amyloid-prone protein,
e.g., insulin or tau protein, that has already been unfolded can be refold into its native form. Development of these
therapeutic nanoparticles will require long, comprehensive research on all the possible interactions between nanoparticles
and proteins in vivo. This stage could be speed up by the development of a lab-on-a-chip and the use of an algorithm for
simulating the charge distribution at the surface of nanoparticles and their possible interaction with proteins whose
structures are available from databases.
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