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Abstract
KHOSRAVI, ZAHRA, M.S., December 2020, Biomedical Engineering

Nanoparticle-induced Changes in Insulin Fibrillation Behavior

Director of Thesis: Amir M. Farnoud

Insulin fibrillation occurs due to the interaction of partially unfolded insulin
molecules resulting in the formation of insoluble aggregates known as fibrils. Insulin
fibril deposition has been reported at the site of injection after repeated injection
occurring in patients with type Il diabetes. Fibrillation is also a major issue in
pharmaceutical industry for insulin production and purification. Application of
engineered nanoparticles has been reported to accelerate or inhibit insulin fibrillation.
However, the mechanism by which engineered nanoparticles regulate insulin fibrillation
behavior, and the dependence of such mechanisms on particle physicochemical
properties, is still not fully understood. In the current study, insulin fibrillation in the
presence of amine-modified (223 £ 6 nm) and sulfate-modified (241 + 12 nm)
polystyrene particles was investigated in an effort to elucidate the role of particle surface
functional groups on insulin fibrillation behavior.

A combination of the ThT assay, spectrofluorometer, and fluorescence
microscopy studies revealed that particles induced a slight enhancement in the rate of
insulin fibrillation at low particle to protein weight ratios (1:10000 and 1:100). However,
once the particle to protein ratio was increased to 1:1, protein fibrillation was accelerated

and the nucleation time for the formation of fibrils was significantly reduced. Studies of



protein adsorption on particle surfaces revealed that increasing amount of proteins
adsorbed on particle surfaces as the particle to protein ratio was enhanced. In summary,
these results reveal that insulin fibrillation is highly influenced by the presence of
particles, and fibrillation rate is enhanced due to protein adsorption on particle surfaces;
however, particle surface-functional groups do not significantly affect protein fibrillation

behavior.
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1. Introduction

1.1 Insulin

Insulin is a hormone that is involved in regulation of blood glucose in the body.
Insulin is secreted by beta cells of the pancreatic islands and plays an important role in
metabolism of carbohydrates, fats, and proteins [2]. When blood glucose rises above the
normal level (5 mM) (hyperglycemia), the beta cells begin producing insulin and release
this hormone into the blood stream. Binding to special receptor proteins on the membrane
of liver cells, known as the insulin receptors, initiates a signal transduction pathway in the
cell leading to the storage of the excess glucose in the liver, muscles, and fat cells as
glycogen [3]. This process, called glycogenesis, allows liver cells to maintain the blood
glucose level by uptaking excess glucose molecules.

Insulin is composed of 51 amino acids consisting two polypeptide chains: A and
B, with 21 and 30 amino acid residues, respectively. In the A-chain, a disulfide bond
connects two cysteine amino acids (A6 and A11). A-chain itself is linked to the B-chain
by two inter-chain disulfide bonds. The amino acids linked by disulfide bonds are A7-B7
and A20-B19 [4]. These three covalent disulfide bonds endue insulin protein with
stability. Amino acid residues also interact together via other interactions such as
hydrogen bonds, ionic bonds, and hydrophobic interactions. As a result, the protein will
fold into its biologically functional form. Seven amino acid residues in insulin structure
can obtain positive charge and ten amino acids are capable of attaining negative charge.

Therefore, based on these amino acids’ pKa, the net charge of insulin molecule is
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negative, zero, and positive at pH of 7, 5.3-5.4, and 2, respectively [2]. Insulin is mainly
in the form of a hexamer and monomer in neutral pH and acidic conditions, respectively;
however, it can also be found in the form of a tetramer. For instance, at natural pH in

presence of zinc, insulin is hexametric or in 20 mM HCI (pH 2.0) is in the form of dimer

[5].

Figure 1

Insulin protein structure showing interaction and bonds between amino acids [6].
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1.2 Protein Fibrillation

Amino acid chains fold and form a native three-dimensional structure. This
conformation causes the protein to be biologically functional. Under certain conditions,
such as mutations, co-solvents, acidic environment, and high temperature, the three-

dimensional structure of proteins will change leading to proteins denaturation [7]. These
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misfolded polypeptide chains tend to form B-sheet structures [8]. Many copies of
misfolded proteins then stick together and form fibrillary aggregates [9]. These
aggregates of protein, called amyloid, are rich in B-sheet structures [10], [11]. Since
amyloids are proteins that have lost their physiological functions and have formed
aggregates, they can disrupt the normal function of nearby tissues and organs [11].
Amyloids have been associated with more than 20 human diseases, generally classified as
amyloidosis, such as Creutzfeldt-Jakob disease, Alzheimer's disease, Parkinson's disease,
amyloidosis, prion disease and a wide range of other disorders[12], [13]. In case of
human insulinoma, as well as in pancreatic tumors, aggregates and amyloid fibrils have
been found and reported [14], [15]. Protein aggregation phenomena is also problematic
during the production and purification of protein-based drugs such as insulin that are to
be maintained stable at low pH and is one of the major issues in protein production,
purification, and storage [16].
1.3 Insulin Fibrillation

Insulin amyloid-like fibrils can pose a variety of problems in its biomedical and
biotechnological applications, especially in insulin pumps [17]. Recent studies show the
occurrence of insulin amyloids in clinical situations is increasing [18], [19]. Insulin fibril
deposition at the site of injection after repeated injection is a problem in patients with
type Il diabetes [18], [20]. Patients typically receive two to four injections of insulin per
day, totaling one to two units of insulin (each unit=0.0347 mg of insulin) for every

kilogram of body weight. The fibrils also have been observed in normal aging [21].
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During fibrillation process, the quantity of alpha-helix structures in insulin molecule
decreases and the amount of beta-sheet structures increases. Thus, insulin fibrils have
high content of beta-sheet structure [22]. The process in which misfolded proteins
aggregate and form fibrils is called protein fibrillation. Using electron micrographs,
insulin fibrils have been shown to have variable lengths with a width of 17-20 nm and a
height of 8-10 nm [23], [24].

It has been proposed that insulin fibrillation involves dissociation of the native
protein into monomers, which then form oligomers. Protofibrils are formed from the
attachment of oligomers, which have a high propensity to join each other and form fibrils
[25]. Protein fibril formation consists of three phases (Figure 2). Phase one: a nucleation
phase/lag phase, in which monomers undergo conformational changes leading to protein
misfolding and formation of nuclei, phase two: elongation phase, in which the nuclei
rapidly grow by further addition of monomers and oligomer protofibrils and phase three:
in which protofibrils become mature, thick and long fibrils. This phase is called
saturation phase. In contrast to the nucleation phase, which is the most time-consuming
phase, elongation phase proceeds quickly [10], [26], [27]. Formation of oligomers occurs
at the lag phase in spherical bead-like shapes with a width of ~60 nm. Protofibrils formed
at the end of elongation have been shown to be single-stranded and non-branched fibrils
with ~100 nm thickness whereas mature fibrils at saturation phase are long and branched

having thickness of 150 nm [28], [29].
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Figure 2

Nucleation-dependent fibril formation process [30].
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1.4 Nanoparticle-Protein Interactions

Nanoparticles (NPs) are materials that have at least one dimension less than 100
nm. Due to their large surface-to-volume ratio, NPs show significant adsorptive behavior
and are suitable for binding with drugs, probes, chemical compounds, and proteins.
Nanoparticles can be produced with various physical and chemical properties such as
size, charge, surface chemistry and components making them potential candidates to be
studied for their effects on protein fibrillation. Nanoparticles have been reported to alter
the fibrillation of proteins [31]-[35]. Lynch et al. proposed that nanoparticles modulate
protein fibrillation due to their small size and high surface area-to-volume ratio [36].
Proteins either attach to the surface of NPs by covalent bonds or get immobilized onto

NPs’ surfaces by physical adsorption [37]. By affecting mainly the nucleation phase of
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fibrillation, particles can enhance or retard fibrillation process [38]. In fact, nanoparticle
surfaces can act as nucleation sites for protein association, which induces significant

changes in protein structure and the rate of protein fibrillation [39]-[41].



Figure 3

Nanoparticles and proteins interaction [42].
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The majority of the studies on nanoparticle-induced alterations in insulin
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fibrillation have used the thioflavin T (ThT) assay to measure the rate of fibrillation. ThT

is a widely used fluorescent dye to visualize and quantify protein fibrils. ThT molecules

can bind to B-sheet structures in amyloid fibrils. Upon binding to B-sheet structures in

amyloid fibrils the fluorescence emission of the dye will increase [43], [44] (Figure 4).
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Figure 4

Thioflavin T (ThT) assay [45].
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Amyloid beta (Ap) fibrillation is associated with Alzheimer’s disease as it is the
main component of the amyloid plaques found in the brains of Alzheimer patients [46].
Hence, understanding the underlying mechanism of A fibrillation and aggregation is
critical to diagnosis and prevention Alzheimer’s disease. Many studies have evaluated the
effects of nanoparticles on AP fibrillation. Several studies have reported that
nanoparticles can enhance A fibrillation rate. For instance, Wu et al. proposed that the
interaction between A and nanoparticles may contribute to Alzheimer’s disease [47].
They treated A with titanium dioxide (TiO2) and demonstrated that these nanoparticles
promote fibrillation. Representing the data that TiO. with concentration of 0.1 mg/mL
has produced fast fibrillation by shortening the lag time. Wu et al. explain that TiO>
nanoparticles can promote Ap fibrillation rate by decreasing the nucleation process,
which is the rate-determining step of fibrillation. They also demonstrated that the higher

the concentration of concentration of TiOg, the faster the fibrillation of Ap will be.
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Authors explained that the reason of promoting effect of Ap fibrillation is due to the
ability of TiO2 nanoparticles to adsorb AP on their surface which leads to a local high am
AP monomer concentration on the surface. This situation can shorten the lag time of
nucleation which eventually results in the rate enhancement of A fibrillation.

On the other hand, several studies have reported that some nanoparticles are able
to decrease the rate of AP fibrillation as a result of protein-nanoparticle interaction. For
example, Xiao et at. demonstrated that Ap fibrillation can be inhibited by N-acetyl-L-
cysteine capped quantum dots (NAC-QDs). They proposed these particles (with a typical
core size of 2-10 nm) inhibit fibrillation by diminishing the nucleation and elongation
processes. The reason for inhibition of fibrillation was proposed to be hydrogen bonding
between NAC-QDs and amyloid fibrils, which blocks the active elongation sites on the
fibrils [33]. Thakur et al. have also reported that dihydrolipoic acid (DHLA)-capped
CdSe/ZnS quantum dots (QDs) of approximately 2.5 nm in sSize can reduce the fibrillation
of a A [48]. Less fibril formation was detected as a result of the interaction of DHLA-
capped QDs to AB. The morphology of amyloid B fibrils mixed or conjugated to the QDs
was significantly changed very much evidenced by transmission electron microscopy
(TEM) and atomic force microscopy (AFM) images.

The effect of hydrophobic Teflon nanoparticles on the conformation of the A has
been investigated by Giacomelli et al [49]. They demonstrated that increased A
absorption on the surface of Teflon particles results in enhancement of the -sheet

conformation in the protein [49]. Cadmium telluride nanoparticles (CdTe NPs) were
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selected by Yoo et al. to investigate their effect on the fibrillation of amyloid beta. It was
shown that CdTe nanoparticles can inhibit AP fibrillation by extending the lag phase in a
dose-dependent manner. Representing data from SOFAST-HMQC NMR spectra, atomic
force microscopy (AFM), transmission electron microscopy (TEM), and fluorescence
spectroscopy data, author suggested that the inhibition because of the binding of CdTe
NPs to AP oligomers rather than individual monomers. As a result of particles and
oligomers interactions, oligomeric bands became noticeably weaker and fibrillation was
decreased [32].

Moore et al. have demonstrated that both nanoparticles’ diameter and surface
chemistry contribute to the formation of aggregations and fibrils. Applying gold
nanospheres, the effect of different surface coatings and diameters on A fibrillation was
investigated. Citrate- PAH-coated NPs with 8 nm and 18 nm in diameter inhibited Ap
aggregation significantly although smaller anionic NPs were stronger inhibitors. Both
nanoparticle diameter and surface chemistry were reported to regulate the amount of
aggregation, whereas NP electric charge altered the morphology of aggregations [50].
They suggested that these findings can give us an insight into designing engineered
nanoparticles being effective for Alzheimer’s disease therapeutics. Another study by
Elbassal et al. have applied gold nanoparticles (AuNPs) to study the formation of A
amyloid fibrils and oligomers. They demonstrated that as the quantity of AB40 amyloids
increased, the intensity of the surface plasmon resonance (SPR) absorption band of the

AUNPs also increased [51].
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Mechanistic understanding of the AP fibrillation process can be applied for
development of therapeutic strategies in amyloid-related diseases. In an effort to study
the A fibrillation mechanism, Skaat et al. designed two types of engineered
biocompatible nanoparticles containing different hydrophobic dipeptides in the polymer
side chains. One of those polymer nanoparticles was composed of monomers N-acryloyl-
L-phenylalanyl-L-phenylalanine methyl ester (A-FF-ME) with size of 57 £ 6 nm. The
other polymer was composed of L-alanyl-L-alanine (AA) dipeptide (A-AA-ME) in the
polymer side groups. The dipeptide residues were designed such that they are similar to
the hydrophobic core sequence of amyloid beta. Applying polyA-FF-ME nanoparticles
on AP 40, a significant inhibition effect was recorded and transition of amyloid beta sheet
secondary structure from random coil to beta-sheets was diminished as a result of
protein-nanoparticle interaction. On the other hand, poly (A-AA-ME) nanoparticles
accelerated the AP (40) fibrillation rate. Authors concluded that nanoparticles with
different surface chemistry can have different effects on insulin fibrillation rate [52].

Nanoparticles can induce changes in protein structure, which results in
conformations favoring fibrillation [53]. Superparamagnetic iron oxide nanoparticles
(SPIONSs) are known to be biocompatible so they have potential to be used in the
diagnosis and treatment of various brain diseases such as Alzheimer’s disease. Prior to
clinical application of SPIONS, this is crucial to understand how these nanoparticles
interact with AP proteins. Subsequently, Mahmoudi et al. studied the interactions of

SPIONs with Ap and demonstrated a reduction in AP fibrillation rate in the presence of
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SPIONS. Proteins can form nuclei on the surface of nanoparticles, resulting in
deceleration of fibrillation. Cabalerio-Lago et al. analyzed the interaction of A protein
with 57 nm amino-modified polystyrene nanoparticles. The results highlighted the
importance of particles’ surface area and the ratio between AP protein and nanoparticle
concentration. Depending on the concentration ratio between the protein and the
particles, the kinetic for AP fibrillation can alter from acceleration of the fibrillation
process by lowering the lag phase at low particle concentration in solution to inhibition of
the fibrillation at high particle concentration. Since the inhibition effect follows a dose-
dependent fashion (the lag time decreases as the nanoparticle concentration is increased),
they proposed the nucleation at the particle surface can be the reason of promoted
fibrillation [54].

Although AP fibrillation has been a topic of intense research, fibrillation of
insulin is also a problematic issue in pharmaceutical industry for insulin production and
purification. On the other hand, insulin fibrillation has been reported to be related to
diabetes mellitus [55]. Hence, a few studies have been performed to investigate the
effects of nanoparticles on insulin fibrillation. For instance, Skaat et al. [56] have studied
the effect of maghemite magnetic nanoparticles Fe>Oz of 15.0 £ 2.1 nm on insulin
fibrillation and took advantage of the magnetic properties of these nanoparticles to
separate fibrils in an aqueous solution. In that study, human insulin amyloid fibrils were
formed by incubating the monomeric insulin dissolved in aqueous solution at 65 °C (pH

1.6). After fibril formation, maghemite nanoparticles were added and kinetics of insulin
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fibrillation in the absence and the presence of the particles were measured. A similar
behavior was observed showing no effect of nanoparticles on insulin fibrillation. The
authors demonstrated that maghemite nanoparticles attach to amyloid fibers and can be
extracted from the aqueous phase by applying a magnetic field [56]. Using this selective
extraction method, they hypothesized that this method can be applicable for the removal
of other amyloidogenic proteins leading to neurodegenerative diseases like Alzheimer's,
Parkinson's, Huntington's, mad cow, and prion diseases from their continuous phase (e.g.
milk, blood, neurological fluid).

Quantum dots (QDs) have great potential to be used for diagnostic and therapeutic
studies because they have broad absorption spectra, narrow emission spectra, and high
photostability [57]. Sukhanova et al. have reported the result of their study about the
effect of CdSe/ZnS QDs coated with a modified Polyethylene glycol (PEG)-OH polymer
(PEGylated CdSe/zZnS QDs) on the fibrillation of insulin. Using techniques such as
circular dichroism (CD), Thioflavin T (ThT) fluorescence assay, dynamic light scattering
(DLS), different stages of the fibrillation process was analyzed. They recorded a
significant increase in insulin fibrillation rate after mixing those nanoparticles with
insulin. It was concluded that PEGylated CdSe/ZnS QDs considerably enhance the
formation of amyloid-like fibrils of human insulin under physiological conditions.
Hosseinzadeh et al. investigated the effect of ZnO QDs on insulin fibrillation. The results
from CD spectroscopy shows a decrease in alpha helices structure of insulin in the

presence of ZnO QDs. Thermal aggregation study (a useful method showing the
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resistance of proteins to the thermal denaturation) of protein at wavelength of 360 nm is
also illustrated insulin fast fibrillation as a result of protein-nanoparticle interaction [58].
Yousefi et al. studied the fibrillation of insulin in the presence of homocysteine
thiolactone (HCTL) and reported faster fibrillation as a result of insulin-nanoparticles
interactions and a transition from o-helix into predominantly p-sheet structures [59].

In contrast to the studies described above, which reported acceleratory effect of
nanoparticles on insulin fibrillation, some other studies have described inhibitory effect
by nanoparticles on insulin fibrillation. For example, Li et al. reported that Carbon Dot
(C-Dot) nanoparticles inhibit insulin fibrillation [34]. C-Dots were mixed with human
insulin to study their effect on insulin fibrillation. Using Thioflavin T (ThT) assay, the
kinetics of insulin fibrillation and its three-stages (lag phase, elongation phase, and
saturation phase) were characterized by the ThT fluorescence, considering this fact that
as amount of aggregation and fibrils increases, ThT fluorescence intensity is enhanced
consequently [60], [61]. C-Dots were very inhibitive to insulin fibrillation even at low
concentrations. For example, 40 ug/mL of C-Dots prevented the fibrillation of 0.2
mg/mL of insulin for 5 days under 65 °C, whereas insulin fibrillation happened in 3 hours
under the same conditions in the absence of nanoparticles. Inhibition was suggested to be
due to the interactions between C-Dots and insulin species during lag time and before
elongation phase. Another study conducted by Lu et al. studied the effect of core-shell
nanoparticles, consisting of Fe.O3 (maghemite) core, coated with carboxymethyl-dextran

(CM-Dex NPs), on insulin fibrillation. The authors reported inhibitory effects on insulin
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fibrillation by nanoparticles and suggested that the extent of inhibitory activity of
nanoparticles on human insulin fibrillation is associated with the physio-chemical
properties of nanoparticles. Therefore, they proposed that nanoparticles with an
appropriate surface modification can be utilized to prevent fibrillation of proteins [60].
Another study performed by Zhou et al. demonstrated that pentapeptide Phynilalanine-
Valine-Proline-Argenine-Lysine (FVPRK) homology to the C-terminal of the insulin
receptor a-CT can interact with insulin and create a supramolecular assembled
nanoparticle. As a result of pentapeptide and insulin interaction, insulin fibrillation rate
was reported to be decreased. The results suggest that supramolecular nanoparticles
consisting of insulin and pentapeptide have the potential to be used for insulin therapy
[61].

Although there have been some studies on the role of nanoparticles on Kinetics of
insulin fibrillation, the mechanisms by which nanoparticles affect insulin fibrillation is
still not well-understood. This contributes to a lack of understanding of how and why
nanoparticles accelerate or inhibit insulin fibrillation process. Understanding of how
insulin fibrillation might be affected by nanoparticles could result in having a mechanistic
perception of interaction between engineered nanoparticles and insulin. This might lead
to the development of strategies to detect, prevent, and treat insulin fibril toxicity in
patients with type 1l diabetes and other protein-misfolding diseases such as Alzheimer's
disease and Parkinson's disease. In addition, having this knowledge could facilitate the

development of guidelines on the health risks of engineered nanomaterials. This research
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pursues two main aims: 1. Investigation of the effect of nanoparticle physicochemical
properties on insulin fibrillation and 2. Investigation of the mechanisms by which
nanoparticle physicochemical properties affect insulin fibrillation. Polystyrene
nanoparticles provide a model for this research as they are commercially available with
various surface chemistries. Using 200 nm polystyrene particles modified with amine or
sulfate groups offers insight into how changes in nanoparticle surface chemistry affect
fibrillation process. Based on previous studies, our hypothesis is that nanoparticle
physicochemical properties regulate insulin fibrillation rate because of protein-

nanoparticle interactions.
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2. Materials and Methods

2.1 Commercial Reagents

Sulfate-modified (lot: 1719264) and amine-modified polystyrene particles (lot:
1843344), both with a nominal diameter of 200 nm, were purchased from ThermoFisher
(Waltham, MA). Acetone and ethanol 200 proof used for cleaning purposes in the
experiments were purchased from Fisher Scientific (Hampton, NH) and Decon Labs Inc.
(King of Prussia, PA), respectively. Purified water was obtained from an ELGA
PURELAB Classic water purifier (High Wycombe, UK). Recombinant human insulin
was purchased from Sigma-Aldrich (St. Louis, MO) and MP Biomedicals, LLC (Solon,
OH). Thioflavin T (ThT, lot: M6490) was purchased from MP Biomedicals LLC. (Santa
Ana, CA). Sodium chloride, hydrochloric acid, and BCA assay kit were purchased from
Fisher Scientific. Nucleopore (Polycarbonate) membrane 100 nm Lot: 7002427, filter
supports, and 1000 pL syringe were purchased from Avanti Polar Lipids (Alabaster, AL).
2.2 Characterizing Insulin Fibrillation Kinetics
2.2.1. Preparing Insulin Solution with Fibril Inducing Conditions

Recombinant human insulin purchased from Sigma-Aldrich (St. Louis, MO) and
MP Biomedicals, LLC (Solon, OH) was dissolved in hydrochloric acid aqueous solution
containing 0.1 M NaCl at pH=1.6 to obtain 1 mg/mL insulin stock solution. The solution
was diluted by hydrochloric solution (pH 1.6) to make 0.2 mg/ml insulin solution. The

insulin solution was then incubated at 65 °C in an oven without shaking.
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2.2.2. Monitoring Insulin Fibrillation by Using the ThT Assay

ThT with a concentration of 40 uM solution was used to evaluate the kinetics of
insulin fibrillation formation. A 40 uM ThT solution was made by dissolving 1.275 mg
of ThT in 100 mL solution of acidic NaCl. The mixture was then vortex-mixed for 5
minutes and covered in aluminum foil to avoid photobleaching. Every 30 minutes,
aliquots of insulin solution (1 mL) were taken and mixed with 40 uM ThT solution (1
ml). The fluorescence intensity of the mixture was measured using a Fluorolog-3
spectrofluorometer (Horiba Scientific, Edison, NJ) at excitation and emission of 440 and
485 nm with excitation and emission slit widths of 2 and 2 nm, respectively. This method
was used to monitor fibrillation as a function of time.
2.2.3. Nanoparticle Characterization

Particle size and zeta potential was measured using a ZetaSizer instrument
(ZetaSizer Nano ZS, Malvern Pananalytical, Worcestershire, UK). Particle size was
measured using dynamic light scattering (DLS). DLS is based on particle Brownian
motion in liquid. Small particles move or diffuse more quickly in a liquid than larger

particles, which can be used to relate particle diffusion rate to particle size (Figure 5).
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Figure 5
Measuring the size of the particle by ZetaSizer [62].
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Using DLS in combination with an applied electric field which is called
electrophoresis, ZetaSizer can measure particles’ zeta potential. Technically speaking,
once colloidal suspensions of particles are placed in an electric field, any charged
particles or molecules will migrate toward oppositely charged electrode. Based on the
time that particles need to pass a known distance, the electrophoretic mobility of particles
can be calculated (the velocity of particles depends on their charge), which can in turn be
used to estimate the particle zeta potential using established theories.

In order to characterize the size and zeta potential of nanoparticles, and zeta
potential nanoparticles were dispersed in HCI aqueous solution containing 0.1 M NaCl
(pH 1.6) to obtain the concentration of 0.01 mg/mL. The samples were vortexed for 5

minutes, sonicated for 15 minutes, and then poured into a disposable cuvette with a 1-cm



32

light path and illuminated with a standard laser with at wavelength of 633 nm at temp 25
°C using ZetaSizer.
2.2.4. Treating Insulin Solution with Nanoparticles

Particles with concentrations of 0.02, 2, or 200 pg/mL were suspended into
deionized (DI) water. Particle suspensions were then vortex-mixed and sonicated twice
for 5 and 15 minutes to ensure lack of aggregates. Particle size and charge was evaluated
using dynamic light scattering and laser Doppler anemometry using a particle size
analyzer (ZetaSizer Nano ZS, Malvern Pananalytical, Worcestershire, UK). Recombinant
human insulin was dissolved in 0.1 M NaCl and adjusted to a final pH of 1.6 using
hydrochloric acid, at a concentration of 0.2 mg/ml. Then 0.02, 2, or 200 pg/mL of
particles, corresponding to protein to particle ratios of 10000:1, 100:1, and 1:1, were
added to the protein solution prior to the start of the fibrillation experiment. The insulin-
nanoparticle suspensions were incubated at 65 °C for 5 hours. The fluorescent probe,
ThT, was used to evaluate the kinetics of insulin fibrillation in presence of nanoparticles.
Every 30 minutes, 1 mL aliquots were taken from the insulin solution and mixed with 1
mL of 40 uM ThT solution. The fluorescence intensity of ThT in the resulting mixture
was measured using a spectrofluorometer at an excitation wavelength of 440 nm and

emission wavelength of 485 nm with slit width of 2 nm for both excitation and emission.
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2.2.5. Fluorescence Microscopy

The presence of fibrils was visually inspected using digital inverted fluorescence
microscope (EVOS fl, AMG, Mill Creek, WA). For these experiments, insulin solution,
incubated at 65 °C and pH of 1.6 with or without particles, was aliquoted at 0, 1.5, 3, 4,
and 4.5 hours after incubation and mixed with a 40 uM ThT solution. The resulting
mixture (20 pL) was imaged using fluorescence microscopy with 20X magnification.
2.2.6. Atomic Force Microscopy (AFM)

To prepare fibrils for imaging with Asylum Research MFP-3DTM AFM (Santa
Barbara, CA), insulin samples with concentration of 0.2 mg/mL were first diluted 1:100
with deionized water and then an aliquot of 20 uL drop-coated on glass slides. After
being dried for 34 hours at room temperature, the samples were studied with AFM using
tapping mode technique Protein adsorption on particle surfaces

For this experiment, recombinant insulin was dissolved in in 0.1 M NaCl (pH 1.6)
with a concentration of 0.2 mg/mL. Next, amine and sulfate-modified nanoparticles with
three concentrations of 0.2, 0.002, 0.00002 mg/mL were prepared, vortex mixed, and
sonicated for 15 minutes. Subsequently, amine and sulfate-modified nanoparticles with
insulin protein ratios of 1:1, 1:100 and 1:10000 were incorporated into six insulin
solution samples with a concentration of 0.2 mg. Insulin in the absence of nanoparticles
was used as the control. After 1 hour of incubation at 65 °C, which is less than the time
expected to result in protein fibrillation, each incubated insulin-nanoparticle sample plus

control (i.e. insulin without nanoparticles) were filtered using an extruder containing 100
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nm polycarbonate membrane filter to separate free insulin proteins that have not been
adsorbed on the surface of nanoparticles. Knowing the initial concentration of insulin
protein (0.2 mg) and measuring the concentration of filtered insulin-nanoparticle samples,
using the BCA assay, allowed for estimation of the amount of insulin on the surface of
nanoparticles. Following the same procedure, concentration of insulin proteins on the
surface of particles after 2 hours was also calculated.

Preparation of Standards and Working Reagent for Bicinchoninic Acid Assay

(BCA).

Using Table 1 as a guide, a set of diluted albumin standards were prepared. Each
1mL ampule of 2 mg/mL albumin standard is enough to prepare a set of diluted standards
for three replicates of each diluted standard. Contents of one albumin standard ampule
was diluted into nine clean vials marked as A to I. DI water was used for dilution of

albumin standard.
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Preparation of diluted bovine serum albumin (BSA) standards.

Vial Volume of Volume and Final BCA
Dilute Sorce of Concentration
(nL) BCA (nL) (ng/mL)_
A 0 300 of Stock 2000
B 125 375 of Stock 1500
C 325 325 of Stock 1000
D 175 175 of vial B 750
dilution
E 325 175 of vial C 500
dilution
F 325 175 of vial E 250
dilution
G 325 175 of vialF 125
dilution
H 400 175 of vial G 25
dilution
I 400 0 0 = Blank

Using the following formula to determine the total volume of BCA Working

Reagent (WR) required: (# standards + # unknowns) x (# replicates) x (volume of WR

per sample) = total volume WR required. For each sample in the microplate procedure

only 200 ul of WR reagent was required. WR was prepared by mixing 50 parts of BCA

Reagent A (containing sodium carbonate, sodium bicarbonate, bicinchoninic acid and

sodium tartrate in 0.1 M sodium hydroxide) with 1 part of BCA Reagent B (containing

4% cupric sulfate). The ratio of reagent A to reagent B must be 50:1. When Reagent B

was first added to Reagent A, turbidity was observed that quickly disappeared upon



36

mixing to yield a clear, green WR. Sufficient volume of WR was prepared based on the
number of samples to be assayed. The WR was stable for several days when stored in a
closed container at room temperature (RT).

Microplate Procedure for BCA Assay.

The BCA standards were made following the kit instructions. Three replicates of
25uL from each standard or unknown sample replicate was pipette into a microplate well.
The procedure was started with sample I, which had the lowest concentration, and
continued to sample A, with the highest concentration, so that there was no need to
change pipet tips. Then, 200 pL of the WR was added to each well of a 96-Well plat and
mixed thoroughly by moving the plate on a flat surface for 30 seconds. The plate was
covered with aluminum foil and incubator at 37 °C for 30 minutes. After cooling the
plate in room temperature for 10 minutes, the absorbance of samples was measured at
562 nm on a plate reader.

The principle of this method is that proteins can reduce Cu*? in to Cu*! in an
alkaline environment and result in a purple color. Therefore, the darker the purple color
is, the more concentrated the protein will be. The reduction of copper is mainly because
of four amino acid residues such as cysteine or cystine, tyrosine, and tryptophan that are
present in protein molecules. This complex of protein and WR shows a strong absorbance
at 562 nm that is almost linear with increasing protein concentrations for a range of 20-

2000 pg/ml [63].



37

2.2.7. Circular Dichroism Spectroscopy

Insulin was dissolved in hydrochloric acid aqueous solution (pH 1.6) containing
0.1 m sodium chloride (NacCl), with concentration of 0.2 mg/ml, with or without
nanoparticles. Only a protein to particle weight ratio of 1:1 was used for these studies.
Therefore, two samples were prepared. One sample as a control without nanoparticles
and the other one was treated with nanoparticles with mass ratio of 1:1. They were then
incubated at 65 °C for t=1, 3, 4 hours. At each time point, 125 ul of samples at each time
point (t=1, 3, 4 hours) were diluted with acidic NaCl, containing 40 uM of ThT to reach
250 ul with concentration of 0.1 mg/ml. Diluted samples were then poured into a cuvette
with a 1-mm light path to record CD spectra. In this study, conformational changes of
insulin during fibrillation, in the presence and absence of particles, was examined using a
JASCO J-810 spectropolarimeter (Easton, MD) with following settings: temperature 25
°C, wavelength from 190 to 260 nm, band width 10 nm, resolution 0.1, speed 20 with
sensitivity of 20 mdeg, and response 1 sec. Initially, CD spectra of a blank sample
without any protein or particles, only containing 0.1m NaCl and HCI with pH 1.6 was
recorded at wavelength between 190 and 260. The spectra of blank then subtracted from

the spectra of all experimental samples.
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3. Results

3.1 Kinetic of Insulin Fibrillation

Insulin fibrillation Kinetics in the absence of nanoparticles was characterized to
ensure that the fibrillation profile is in accordance with the literature. Using the ThT
assay, kinetics of insulin fibrillation under denaturing condition (pH 1.6 and 65 °C) was
monitored. For this experiment, the insulin solution with concentration of 0.2 mg/mL was
incubated at 65 °C for 7.5 to 8 hours and every 30 minutes fluorescence intensity of ThT
was detected. Using a sensitive spectrofluorometer, the fluorescence intensity of ThT and
subsequently the amount of fibrils formed were measured. This assay resulted in a
fibrillation profile that was in good agreement with the literature [34] as shown in Figure

6.
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Figure 6

Kinetics of fibrillation for an insulin solution (0.2 mg/ml) in HCI at 65 °C and
comparison with the literature. The graph indicates the fluorescence intensity of ThT
at excitation and emission of 440 and 485 nm respectively with slit widths of 1 and 1.6

mm. A) The insulin fibrillation profile generated in the lab and B) fibrillation profile

reported in the literature [34].
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Using the ThT assay, three stages can be observed in insulin fibrillation profile: a
lag phase, an elongation phase, and a saturation phase. Low fluorescence intensity values
are recorded through the lag phase whereas a rapid increase in fluorescence intensity
happens during the elongation phase. Eventually, saturation phase begins; during this

phase fluorescence intensity of ThT does not change considerably and remains relatively
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constant. Various lag times of 1.5, 2, 2.5 hours were also recorded in insulin fibrillation

process while the fibrillation profile was the same (Figure 7).

Figure 7

Kinetics of fibrillation for an insulin solution (0.2 mg/ml) in HCI at 65 °C. The graph

indicates the fluorescence intensity of ThT at excitation and emission of 440 and 485 nm

respectively with slit widths of 1 and 1.6 mm. In some experiments lag time was measured

to be 1.5, 2 and 2.5 hours considering the same experimental condition and the same

protocol to prepare insulin and measure the fluorescence intensity. A) Lag time is 1.5 hr,

equation: Y=22235 + (2098430-22235)/(1+10"((Log215.8)-X) *1.44)). B) The lag time

is 2 hr, equation: Y=18732+ (2171185-18732)/(1+10((L0g446.7)-X) *1.941)). C) Lag

time is 2.5 hr, equation: Y=20789 + (2116138-20789)/(1+10°((Log1369-X) *1.77)).
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It was previously reported that insulin in acetic acid at pH 1.95 predominantly

exists as a monomer whereas at pH 1.85 was found to be in form of dimers [64]. Another

study described the role of dimers and monomers in insulin fibrillation. According to the
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results, insulin monomers are less stable than other forms such as dimers, tetramers and
hexamers [65], [66]. As monomers tend to aggregate, they are known to be fibrillating
species [67], [68]. Although all the experiments were performed under the same
conditions and with the same protocol, variability in fibrillation lag times could be due to
slight differences in the pH of the solution. Since the pH of solution differed between
1.60 to 1.65, this small changes in pH of the solution could be the determining factor for
the dominance of insulin monomers over dimers in the solution. As monomers are known
to be the fibrillating species, their existence could affect the fibrillation rate and cause
different lag times.
3.2 Characterization of Polystyrene Nanoparticles Using ZetaSizer

The zeta potential (surface charge) and size of the sulfate-modified and amine-
modified polystyrene nanoparticles were measured using a ZetaSizer instrument. A
particle concentration of 0.01 mg/mL was used in these studies. Particle charge and size
for sulfate-modified and amine-modified particles were measured to be 3.5 £ 0.4 mV and
241 £ 12 nm, and 21.7 £ 1.3 mV and 223 £ 6 nm, respectively.
3.3 Characterization of Insulin Fibril Structure

ThT is able to bind to structures with high B-sheet content [43], [44] and
demonstrates enhanced fluorescence emission, which can be observed by fluorescence
microscopy (FM) and measured by spectrofluorometer. The amount of the fluorescent
emitted by ThT corresponds to the amount of fibrils formed in a solution. This tendency

of ThT to bind to fibrils was used to visually examine fibril formation over time. A, B,
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and C in Figure 8 represent the quantity of fibrils at the beginning of lag, elongation, and
saturation phases. As shown, att =0 no ThT fluorescence can be observed, suggesting a
lack of fibrillation. After 2.5 hours, aggregates were formed and at t =4 hours the

aggregates were grown to be larger and more visible by FM. The FM images of samples
at time 0, 2.5, and 4 hours were in agreement with the results recorded by ThT assay and

spectrofluorometer.

Figure 8
Insulin fibrillation as a function of time was characterized by fluorescence microscopy
using ThT as the fluorescence probe. (4) Time=0, (B) Time=2.5 hours, and (C) Time=4

hours. All insulin samples were prepared at a pH=1.6 and 65 °C.
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AFM and confocal microscopy were used to visualize the structure of mature
fibrils. In comparison with fluorescence microscopy, AFM provides better resolution and
does not require the use of a contaminant (ThT). Using AFM, we were able to observe

the morphology of insulin fibril (formed after 4 h) in the samples. As shown, long insulin
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fibrils appeared in samples after 4 h of incubation at 65 °C. Fibrils were long, straight,
and unbranched, in agreement with literature data (Figure 9).

Fibrils were also examined for their surface charge using a ZetaSizer. At a concentration
of 0.1 mg/mL, the fibrils had a charge of -31.5 + 2.1 mV. Dissolved insulin, free of
fibrils, at pH=7 and 1.6 displayed average charge of 26.6 + 4.7 and 17.4 £ 2.4 mV,

respectively.
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Figure 9

A) Characterizing insulin fibrils formed after 3.5 hour of incubation 65 °C in acidic
environment (pH 1.6). A) Confocal microscopy of mature fibrils B) AFM image of insulin
fibrils after 3.5 hour, presented in literature [34]. C) Morphology of insulin fibrils after

4.5 hours of incubation using confocal microscopy.

Magnified 40x
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3.4 Nanoparticle Effects on Insulin Fibrillation

The effect of amine and sulfate-modified polystyrene nanoparticles with various
concentrations on the kinetics of insulin fibrillation was investigated using the ThT assay
and spectrofluorometer. Two samples of insulin with a concentration of 0.2 mg/mL were
prepared by dissolving insulin in HCI solution containing 0.1 M NaCl (pH 1.6). One
sample served as the control and the other was treated with sulfate-modified particles
with a protein to particle weight ratio of 1000:1. Samples were incubated at 65 °C in an
oven for 5 hours. Aliquots of 1 mL were taken out of incubated samples every 30 minutes
and were mixed with 1 mL of a 40 uM ThT solution. ThT fluorescence intensity was
measured using a Fluorolog-3 spectrofluorometer (Horiba Scientific, Edison, NJ) at
excitation and emission of 440 and 485 nm with excitation and emission slit widths of 1
and 1.6 nm, respectively. After six trials the average of fluorescence intensity for each

point of time is presented in Figure 10.
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Figure 10

Insulin fibrillation as a function of time and particle concentration after exposure to
sulfate-modified polystyrene sub-micron particles (200 nm in diameter). Fibrillation was
measured by dissolving 0.2 mg/ml of insulin in HCI solution containing 0.1 M NaCl (pH
1.6) at 65 °C and measuring the fluorescence of the probe ThT at 485 nm. Different
weight ratios of proteins to particles (ranging from 10000:1 to 1:1) were used. Error bars
show the standard deviation for six independent experiments. * denotes statistical

significance compared to control (p<0.05).
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Applying sulfate-modified polystyrene particle with protein-particle weight ratio
of 10000:1 did not substantially affect insulin fibrillation in terms of the length of lag
time and the amount of fibrils. Increasing the concentration of sulfate-modified particles
to protein-particle weight ratio of 100:1 still showed no considerable effect on insulin

fibrillation rate. However, at a higher protein-particle weight ratio of 1:1, the lag time
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was visibly shortened, and more fluorescence intensity recorded at each point of time,
suggesting an increased amount of fibrils (Figure 10).

The effect of amine-modified polystyrene particles on insulin fibrillation was
investigated similarly. At a protein to particle weight ratio of 10000:1 amine-modified
particles had no significant change on the fibrillation. Similar effects were observed at a
protein-particle weight ratio of 100:1 (Figure 11). However, increasing the ratio of
protein-amine modified particles to 1:1, a noticeable effect was detected. An acceleration
in fibrillation rate was observed as a result of applying amine-modified particles with
weight ratio of 1:1. Lag time was shortened and the fluorescence intensity of ThT during
both elongation and saturation phase was enhanced significantly. Therefore, acceleration
effect of amine-modified nanoparticles happened in two levels of lag time and the

amount of fibrils formed.
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Figure 11

Insulin fibrillation as a function of time and particle concentration after exposure to
amine-modified polystyrene sub-micron particles (200 nm in diameter). Fibrillation was
measured by dissolving 0.2 mg/ml of insulin in HCI solution containing 0.1 M NaCl (pH
1.6) at 65 °C and measuring the fluorescence of the probe ThT at 485 nm. Different
weight ratios of proteins to particles (ranging from 10000:1 to 1:1) were used. Error
bars show the standard deviation for six independent experiments. * denotes statistical

significance compared to control (p<0.05).
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The average of lag time for all sixteen control experiments was calculated to be
2.19 + 0.46 hours, showing some variability, but a relatively low standard deviation. The
average of lag time in the presence of both amine and sulfate-modified nanoparticles with
weight ratios of 1:1, 100:1, and 10000:1 was also calculated and compared with control

as displayed in Figure 12.
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Figure 12
Changes in the lag phase of protein fibrillation at various protein to particle ratios. Bar
graphs represent lag phase of amine-modified vs. sulfate-modified particles with three

ratios of 1:1, 100:1, and 10000:1. * denotes statistical significance compared to control

(p<0.05).
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Insulin treated with amine and sulfate-modified particles with weight ratios of
10000:1 and 100:1 (low particle concentration) did not show a significant change in their
lag time whereas both amine and sulfate-modified nanoparticle with weight ratio of 1:1
showed significantly decreased lag times. In conclusion, particles significantly affected
the kinetics of fibrillation, by affecting the length of the lag phase, which is the first stage

of self-assembly of proteins into fibrillar structures.
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In addition to affecting the lag phase, the presence of particles also led to a higher
fluorescence intensity in the saturation phase (after 4 hours). In saturation phase,
protofibrils grow into mature, thick, and long fibrils. Figure 13 shows a comparison
between the average of ThT fluorescence intensity during the saturation phase for insulin
samples containing amine and sulfate-modified particles with weight ratios of 10000:1,
100:1, 1:1 along with insulin without particles as a control. Applying amine and sulfate-
modified particles with weight ratios of 10000:1 and 100:1 have not increased the
fluorescence intensity value during saturation phase compared with the value recorded
for the control. On the other hand, fluorescence intensity detected from the addition of
amine and sulfate-modified particle with weight ratio of 1:1 is significantly higher than

control as denoted by a star (*) on top of graph bars.
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Figure 13

Bar graphs represent average of recorded fluorescence intensity from ThT in samples
containing no nanoparticle (control) vs. amine-modified and sulfate-modified particles
with three ratios of 1:1, 100:1, and 10000:1 during saturation phase (after 4 hours
incubation time at 65 °C). * denotes statistical significance compared to control

(p<0.05).
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3.5 Acceleration of Insulin Fibrillation Studied by Fluorescence Microscopy

In order to observe the accelerating effect of 1:1 ratio of insulin with amine and
sulfate-modified nanoparticles, several images at different time points (0, 1.5, 3, 4.5
hours) were obtained by fluorescence microscopy along with the same time point images
of control with no nanoparticles. As shown in Figure 14, fluorescence microscopy images
show that in the presence of 1:1 ratio of sulfate and amine-modified nanoparticles with
insulin, after 1.5 hours and 3 hours, fibril formation has been accelerated. The results

obtained by ThT assay and fluorescent microscopy are in good agreement with each other
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and indicated the fibril formation is advanced in the presence of sulfate and amine-

modified polystyrene nanoparticles with protein-particle weight ratio of 1:1 (Figure 14).
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Figure 14

Comparing fibril formation over various time periods (0, 1.5, 3, and 4.5 h) using
fluorescence microscopy. Insulin solution treated with sulfate-modified and amine-
modified polystyrene nanoparticles at a protein-particle ratio of 1:1 demonstrated faster
fibrillation compared to control. ThT was used as the fluorescent probe. Scale bar in all

images is 200 um.
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3.6 Measuring Protein Absorption of Nanoparticle Surfaces

Based on the changes observed in fibrillation, it was hypothesized that insulin
monomers adsorbed on the surface of nanoparticle (200 nm), forming a nucleus that
accelerates fibrillation. Cabaleiro et al. (2008) proposed that a high protein concentration
on the surface of nanoparticles could be the reason for enhanced fibril formation by
nanoparticles [69]. Although some studies have shown that the fibrillation behavior of
proteins changes in the presence of nanoparticles, they have not revealed the mechanism
by which nanoparticle physical and chemical properties regulate insulin fibrillation [22],
[28], [70]. Insulin monomers attached on the surface of nanoparticles have a higher
likelihood of interaction with one another and can form aggregation, which leads to fibril
formation. Therefore, by measuring the amount of proteins adsorbed on particle surfaces
before the formation of fibrils, we set out to elucidate whether nanoparticles catalyze the
aggregation of proteins on their surface and regulate the transformation of protein
aggregations into fibrils. Adsorption of insulin on the surface of the particles was
examined using the BCA protein assay kit. Measuring the concentration of filtered
insulin-nanoparticle samples by applying BCA assay allowed for estimation of the insulin

protein concentration on the surface of particles.
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Figure 15
Standard curves for bovine serum albumin (BSA) used in the BCA protein assay (n=1)

showed a linear relationship between absorbance and protein concentration.
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As mentioned earlier, it was hypothesized that adsorption of insulin on the surface
of nanoparticles results in accelerated fibrillation. To evaluate this hypothesis, the
concentration of insulin on the surface of nanoparticles needed to be quantified. For this
purpose, the BCA assay was employed to measure the concentration of insulin after 1 and
2 hours in the absence and in presence of amine-modified and sulfate-modified
nanoparticles. To quantify the amount of proteins adsorbed on the surface of
nanoparticles, mixtures of insulin with nanoparticles at different ratios (1:1, 100:1, and
10000:1) after 1 or 2 hours of incubation time were filtered through a 100 nm
polycarbonate membrane filter. Since this filter size is smaller than the size of the

particles, filtration would lead to the entrapment of nanoparticles while free insulin
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monomers could pass through the filter. The concentrations of insulin-nanoparticle
filtrate samples were then measured using BCA assay. Subtracting the concentration of
filtrate samples from initial concentration of insulin at the start (0.2 mg), it was possible
to quantify the concentration of insulin adsorbed on the surface of nanoparticles.

As shown in Figure 16, the amount of adsorbed insulin on the surface of amine-
modified particles after 1 hour incubation at 65 °C is small whereas after 2 hours
incubation, this amount had a considerable increase compared to one hour. The
concentration of filtered insulin with no particles (negative control) after 1 or 2 hours of
incubation was almost the same as the initial insulin concentration (0.2 mg/mL). Hence, it
can be concluded that the reason that after 2 hours of incubation time the concentration of
filtered insulin-particle was low is because most insulin proteins in the solution were

adsorbed on the surface of particles.
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Insulin adsorption on the surface of amine-modified polystyrene particles (200 nm).

Incubation of insulin with concentration of 0.2 mg/mL at room temperature with the

particles, at three different insulin to particle ratios (10000:1, 100:1, and 1:1), after 1

and 2 hours of incubation.
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In case of insulin treated with sulfate-modified particle ratios of 1:1, 100:1 and

10000:1, after one hour of incubation time at 65 °C, relatively low protein adsorption on

the surface of particles was recorded. Interestingly, protein adsorption on sulfate-

modified nanoparticles with insulin ratio of 1:1 after two hours increased significantly

(Figure 17). This indicates that almost all the insulin in the solution was adsorbed on

particle surfaces.
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Figure 17

Insulin adsorption on the surface of sub-micron sulfate-modified particles. Incubation of
protein with concentration of 0.2 mg/mL at room temperature with sulfate-modified
polystyrene (200 nm) particles at three different insulin-particle mass ratios (10000:1,

100:1, and 1:1) after 1 and 2 hours of protein incubation at 65 °C.
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3.7 Circular Dichroism (CD) Spectrometry

CD spectrometry is an established method to estimate the secondary structure of proteins.
This method is widely used to detect the presence of a helix and B sheet structures in
proteins. CD spectra in the far-UV (below 260 nm) can also be used to predict the
percentages of each secondary structure in a protein. CD spectra associated with some of

the common protein secondary structures such as a-helix and B-sheet are shown in Figure

18.
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Figure 18
Alpha-helix, p-sheet, and random coil structures each turn into a characteristic shape

and magnitude of CD spectrum [72].
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In order to study the mechanisms of fibril formation, changes in the secondary
structure of insulin in the absence and the presence of nanoparticles (with an insulin-
nanoparticle ratio of 1:1) were characterized. Studies have shown that misfolded proteins
and aggregates are rich in the p-sheet structure [20],[11], [73]. Therefore, it was expected
that more B-sheet structures would be detected as incubation at 65 °C in acidic conditions
proceeds. Mature fibrils formed after 4 hours were expected to show high extent of -
sheet formation. CD spectrum of pure human insulin shows negative peaks at 208 nm to
222 nm, indicating a mainly a-helical conformation [74] changes in the intensity of these
bands or appearance of negative bands at 218 and 195 nm is a sign for the presence of f3-

sheet and disordered protein structure, respectively [74], [75].
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Using CD, the spectra of diluted (0.1 mg/mL) insulin samples at different
incubation time (t=1, 3, 4 hours) without nanoparticles, as control (Figure 19), and with
amine and sulfate-modified nanoparticles with a protein: particle ratio of 1:1, wavelength
between 190 and 260 nm, at room temperature was recorded (Figure 20 and 21). Insulin
in the absence of particles after one hour of incubation at 65 °C showed a negative band
between 200 and 236 nm, confirming mainly a-helical structure. The same sample after
3- and 4-hours incubation time showed conformational changes indicating the formation
of B-sheet structure. As shown in Figures 20 and 21, insulin samples containing amine
and sulfate-modified particles also displayed conformational changes from a-helix (after
1 hour of incubation) to B-sheet (after 3 and 4 hours of incubation) confirming the
existence of B-sheet structure. This finding was in agreement with literature reports that

formation of fibrils is accompanied by the presence of -sheet structures [10], [76], [77].
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Figure 19

CD spectra of 0.1 mg/ml insulin in the absence of particles in HCI solution (pH 1.6) give

temperature at time points of 1, 3, and 4 hours incubation time az 65 °C.
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Figure 20

CD spectra of 0.1 mg/ml insulin fibrillation in HCI solution (pH 1.6) at time points of 1,
3, and 4 hours incubation time az 65 °C. Wavelength is between 190-260 nm. Graph
represents CD spectra of insulin in presence of amine-modified polystyrene particles with
ratios of 1:1 at various time points (1, 3, and 4 hours).
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Figure 21

CD spectra of 0.1 mg/ml insulin fibrillation in HCI solution (pH 1.6) at time points of 1,
3, and 4 hours incubation time at 65 °C. Wavelength is between 190-260 nm. Graph
represents CD spectra of insulin in presence of sulfate-modified polystyrene particles

with ratios of 1:1 at various time points (1, 3, and 4 hours).
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4. Discussion

4.1 Kinetics of Insulin Fibrillation

Insulin is a hexametric protein under physiological conditions, and it binds with
two or four Zn* ions [78]. In aqueous solutions at neutral pH, insulin is found to be in the
hexamer form [79]. However in vitro, fibrillation of insulin from soluble proteins at
neutral pH and at 37 °C takes a few days to complete [5]. Some conditions including
acidic environment, heat, and agitation, can disrupt the regular pattern of insulin
assembly [80]-[82]. In acidic environment, molecules tend to undergo conformational
changes, which creates a condition in which the attractive forces between the protein
molecules is enhanced. As a result, the fibrillation rate of the protein is altered [80].
According to a study performed by Atta Ahmad et al, during the process of protein
fibrillation, oligomers dissociate into monomers and monomers then undergo
conformational changes and form partially folded intermediates. The aggregation of those
partially-folded intermediates eventually leads to formation of insoluble amyloid fibrils
[83]. Recent studies show that the occurrence of insulin amyloids in clinical situations is
increasing [20], [18], [84]. Insulin amyloid-like fibrils can pose a variety of problems in
biomedical and biotechnological applications, especially in insulin pumps being used for
administration of insulin in the treatment of diabetes [20]. Insulin fibril deposition at the
site of injection after repeated injection is also another problem occurring in patients with

type Il diabetes [20], [84]-[86].
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Low pH (<2) which favors monomeric structures, along with temperatures >60 °C
induce the formation of fibrils over a period of a few hours [87]. In accordance, the
majority of studies on insulin fibrillation have been performed under fibril inducing
condition such as at a pH of 1.6 and at 65 °C [29], [34], [56] which are also the
conditions used in the current study. Insulin fibrillation kinetics was examined using the
ThT fluorescence assay [88]. ThT displays a shift in its excitation upon binding to protein
structures with high B-sheet content [44]. Since protein aggressions are rich in p-sheet
structures, this assay has been widely used to characterize protein aggregation [60], [89].
Fibrillation of insulin under these conditions demonstrated a well-known sigmoidal curve
(Figure 10, orange line), which was in agreement with the literature [90], [91]. Three
distinct phases, lag phase, elongation phase, and saturation phase could be clearly
observed on this curve. During the lag phase, low fluorescence intensity values were
recorded indicating the absence of mature fibrils and domination of insulin monomers
and oligomers (consist of relatively few monomers). Due to a rapid increase in
fluorescence intensity on the graph, a noticeable rise on graph was observed. This
indicates the formation and growth of protofibrils, which corresponds to the elongation
phase [92]. Following the elongation phase, the saturation phase is detected, during
which fluorescence intensity reached a plateau as most oligomers and protofibrils have
turned into mature fibrils.

Although insulin fibrillation rate was measured with the same protocol and under

the same conditions for all the experiments, various lag times were observed. Three
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different lag times were recorded including 1.5, 2, and 2.5 hours among which the 2-hour
lag time was dominant. This could be because of the nature of insulin protein itself.
Because of the inconsistency in the lag time, the lag times for sixteen experiment were
measured and the average was calculated to be 2.19 + 0.46 hours (n=16).

Considering this fact that ThT is able to bind to structures with high p-sheet
content [44] and demonstrates enhanced fluorescence emission, formation of insulin
fibrils was visualized by Fluorescence Microscopy (FM). As the amount of aggregations
and fibrils increases in a solution, the fluorescent emitted by ThT enhances
correspondingly. As Figure 8 displays the existence and the formation of fibrils at the
beginning of nucleation/lag, elongation, and saturation phases, at t = 0 no aggregation or
fibrillation exists. The aggregates started to form after 1.5 to 2.5 hours. By increasing the
incubation time to 4 hours the aggregates were developed and became larger in size,
which could be more visible by FM. In fact, by increasing the incubation time more
aggregates were formed which subsequently developed into larger aggregations in form
of fibrils. Therefore, the kinetics of the fibrillation process seems to be time dependent.
Nielsen et al, explain the fibrillation behavior as a nucleation—elongation mechanism in
which the lag time is the time needed for nuclei creation whereas fast fibrillation is as a
result of monomer attachment to the ends of pre-existing fibrils [92]. The FM images of
insulin samples at times 0, 2.5, and 4 hours were in agreement with the results recorded

by the ThT assay and spectrofluorometer showing the kinetics of insulin fibrillation.
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The effects of the presence of sub-micron particles on insulin fibrillation were
investigated using sulfate- and amine-modified polystyrene beads (nominal diameter of
200 nm). The hydrodynamic size of sulfate- or amine-modified particles was 241 + 12.2
and 223 + 5.8 nm. While the particles had different surface-functional groups, they both
showed a positive charge in the acidic medium (pH<2) used for insulin fibrillation.
Sulfate and amine-modified particles, each one with three different protein-nanoparticle
mass ratios of 10000:1, 100:1, and 1:1 was applied to study particle dose effects on the
kinetics of insulin fibrillation. The results from fluorescence intensity of ThT represented
no significant effect on insulin fibrillation in terms of the length of lag time and the rate
of fibrillation once low protein-nanoparticle mass ratios of 10000:1, 100:1 was applied.
On the other hand, by increasing the protein-particle weight ratio to 1:1 a significant
effect on insulin fibrillation rate was observed. Both lag time and fibrillation rate were
affected. Length of lag time was visibly shortened and an increased fluorescence intensity
in the elongation and saturation phases was recorded. In summary, the presence of
particles has altered insulin fibrillation kinetics. This effect was dose-dependent, but
independent of particle surface properties. Low concentrations of amine-modified
particles led to a slight, but statistically insignificant, increase in insulin fibrillation.
However, at the highest particle to protein ratio of 1:1, the particles significantly increase
the rate of fibrillation and resulted in increased fibril formation, as evidenced by
increased fluorescence intensity at the end of fibrillation (Figure 11). Similar effects were

observed with sulfate-modified particles at the highest concentration (Figure 10).
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Importantly, the time required to complete the lag phase was significantly shortened in
the presence of the particles at the highest concentration. The lag phase in the absence of
particles was completed in 2.19 + 0.46 hours. However, at the 1:1 protein to particle ratio,
this time was significantly reduced to 1.16 £ 0.21 and 1.2 + 0.27 hours for the sulfate-
and amine-modified particles, respectively.

While nanoparticles were capable of altering insulin fibrillation behavior, this
effect was highly dose-dependent and was only observed at a protein-particle weight ratio
of 1:1. The accelerating effect of particles on the rate of insulin fibrillation was further
confirmed by visually observing ThT-labeled fibrils using fluorescence microscopy (only
the highest particle to protein ratio of 1:1 was used for these experiments, since particles
had accelerated insulin fibrillation only at high concentration). In the presence of the
particles, significantly faster fibrillation was observed, evidenced by the presence of
fibrils after 1.5 hours of incubation with amine- or sulfate-modified particles (Figure 14)
which visually confirmed the observations in Figure 10 and 11 representing insulin
fibrillation in presence and absence of nanoparticles using ThT assay.

The fibrillation of insulin, and various other proteins, has been explained as a
nucleation-elongation mechanism with the lag phase being the time required for the
formation of stable nuclei [93]. It has been demonstrated that the presence of particles’
surface enhances the rate of fibrillation likely due to the promotion of nucleation by the
presence of the surface, which acts to increase the local concentration of proteins [94],

[95]. In agreement, a number of studies have reported increased fibrillation of amyloid-
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beta after exposure to nano-, or sub-micron particles in a dose-dependent manner, likely
due to enhanced nucleation [54], [96], [97]. It should be noted that particle-induced
inhibition of fibrillation has also been reported for both amyloid-beta [50], [98], [99] and
insulin [34]. High concentration of particles provides a greater surface area for proteins to
interact. Vicki et al. also explained the fibrillation induced by particles is due to large
particle surface area as well as surface charge which promotes adsorption of the protein
to the particle surface [39]. Other studies also described acceleration in fibril formation
because of high local concentration of 2-microglobulin on copolymer particles, cerium
oxide particles, quantum dots, and carbon nanotubes. The authors explain that fast
fibrillation occurs because of “surface-assisted nucleation” by nanoparticles. They argue
that formation of a nucleus is the most important rate-determining step in fibrillation. The
adsorption of beta(2)-macroglobulin forms multiple layers on the particle surface creating
an increased protein concentration which promotes nucleation and accelerates fibrillation
[39], [66]. In the case of insulin, carbon dots were shown to have an inhibitory effect on
fibrillation [34]. While the exact mechanism for the prevention of fibrillation was not
determined, it was shown that particles inhibit fibrillation if added before a critical
nucleus concentration, further suggesting that nucleation is a critical step in fibrillation.
Our results agree with the hypothesis that the presence of particles’ surfaces
facilitates fibrillation due to enhanced nucleation, evidenced by the shortened lag time of
fibrillation once the particles are present (Figures 10, 11, and 14). However, while studies

with ThT fluorescence suggest increased nucleation, these studies by themselves they do
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not confirm the increased adsorption of proteins on particle surface, which is needed to
promote nucleation. To further investigate whether faster fibrillation is caused by
increased nucleation, the concentration of proteins on particle surfaces was examined.
4.2 Protein Adsorption on Particles’ Surfaces

As discussed earlier, insulin fibrillation rate was accelerated as a result of insulin-
nanoparticle interactions. Assuming that the adsorption of insulin on the surface of
nanoparticles and formation of a nucleation site is the reason of fast fibrillation, BCA
assay was applied to examine the amount of proteins on the surface of particles.
Considering the fact that more adsorbed proteins on the surface of particles can create
more chance of interaction between unfolded insulin monomers, which eventually
develop into mature fibrils, if concentration of adsorbed proteins on the surface of
particles is high, an increase in the fibrillation rate can be expected.

Amount of proteins adsorbed on particle surfaces was measured before the
formation of fibrils (before lag time at t=0) and used as control when no aggregates were
formed. To quantify the concentration of insulin on the surface of nanoparticles, a 10 mL
insulin solution, with a concentration of 200 pug/mL (total protein content of 0.2 mg) was
incubated with the particles (ratios of 1:1, 100:1, 10000:1) using the same conditions
performed in the fibrillation experiments. Then, the protein-nanoparticle suspension was
placed in an extruder and injected through 100 nm filters, resulting in the filtration of
proteins that were not adsorbed on the surface of the particles. The amount of proteins on

the surface of the particles, which were larger than the filter pore size and thus were not
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filtered, was then estimated by measuring the total protein content using the BCA assay
kit. By subtracting the concentration of filtrate samples from the initial concentration of
insulin before incubation (0.2 mg); the concentration of insulin adsorbed on the surface of
nanoparticles was quantified.

Protein adsorption on particle surfaces was both time- and dose-dependent. After
one hour of incubation, as the ratio of protein to particles was increased from 10000:1 to
1:1, more protein was adsorbed on the surface of the particles as measured 33 + 6, 51+ 6
pag/mL, respectively. At two hours post-incubation, a more significant dose-dependent
effect was observed. For example, concentration of adsorbed insulin proteins after two
hours at a protein to particle ratio of 10000:1 was measured to be 46 £ 8 and 48 + 10
pg/mL on the surface of sulfate- and amine-modified particles, respectively. However, at
a particle to protein ratio of 1:1 the amount of adsorbed protein was increased to 132 + 13
pg/mL and 192 + 4 pg/mL for the amine- and sulfate-modified particles, respectively
(Figures 16 and 17). Protein adsorption on particle surfaces was strongly time-dependent
with a significant increase in the amount of adsorbed proteins observed at two hours,
compared to one-hour, post-incubation. For example, in case of protein to particle ratio of
1:1, insulin protein concentration on the surface of sulfate-modified particles after one
hour and two hours incubation time has been increased from 51 £ 6 to 192 + 4 pg/mL.
The concentration of adsorbed insulin on the surface of amine-modified particles after 1-
hour incubation at 65 °C is small whereas after 2 hours incubation, this increases

remarkably compared to one hour. As a negative control, the concentration of filtered
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insulin with no particles was also measured after one or two hours of incubation. As those
concentrations (0.194 £ 0.3 and 0.192 £ 0.3 mg/mL) were almost the same as the initial
insulin concentration (0.2 mg/mL), it can be concluded that the low concentration of
filtered insulin-particle ratio of 1:1 after 2 hours is because of high protein adsorption on
the surface of particles. Once insulin was treated with sulfate-modified particles ratios of
1:1, 100:1 and 10000:1, after 1-hour incubation time at 65 °C, relatively low protein
adsorption on the surface of particles was recorded. Interestingly, protein adsorption on
sulfate-modified nanoparticles with insulin ratio of 1:1 after 2 hours increased
significantly. The concentration of adsorbed protein on surface of nanoparticles in the
case of insulin-particle with weight ratio of 1:1 after two hours of incubation is very close
to the initial concentration of insulin which indicates that almost all insulin proteins in the
solution have been adsorbed. It is worth mentioning that at two hours post-incubation,
sulfate-modified particles adsorbed more proteins compared to amine-modified
nanoparticles. The zeta potential of insulin (before fibrillation at t=0), amine-modified,
and sulfate-modified at pH 1.6 were measured as 17.4 +2.4,21.7+1.3,and 3.5+ 0.4
mV, respectively. Therefore, more adsorbed protein on sulfate-modified particles could
be due to less repulsive forces or more affinity between insulin proteins and sulfate-
modified particles, compared to amine-modified and insulin over the two-hour post-
incubation time at pH 1.6. This strongly supports the idea that high local concentration of
proteins can act as a potential nucleation site for insulin proteins which subsequently

increases interaction and boosts fibrillation rate [8], [13]. Overall, the results from the
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protein adsorption studies strongly suggest that particles increase the local concentration
of proteins and thus serve as a potential nucleation site for insulin as has been previously
suggested for other proteins [7], [13], [14].

4.3 Protein Secondary Structure after Exposure to Particles

Particle-induced alterations in protein fibrillation behavior are associated with
changes in the protein secondary structure [10], [101]-[103]. Formation of protein fibrils
involves a change in the protein secondary structure to f-sheets. Consequently, particles
that induce fibrillation result in an increase in the B-sheet structure, while particles that
inhibit fibrillation favor alpha-helix structure [99]. There is a direct relationship between
B-sheet formation and fibrillation and particles that inhibit the fibrillation lag time of
insulin have been shown to do so by inhibiting the change in the secondary structure from
alpha-helix to B-sheet [34]. To investigate how particles, affect protein secondary
structure, far UV-CD was employed. For these studies, protein secondary structure was
investigated after 1, 3, or 4 hours of incubation at 65T at pH of 1.6 with and without
particles. Only the highest particle concentration (1:1) was chosen for this experiment as
only in this case fast fibrillation was recorded.

Insulin showed primarily a-helical structure after one hour of incubation in fibril-
inducing conditions without particles. This was evidenced by the presence of negative
bands at 208 nm and 222 nm, which are hallmarks of a-helical structure and have been
used to confirm insulin a-helices [5 and 38]. In the presence of amine-modified particles,

no significant changes in insulin secondary structure were observed at one-hour post-
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incubation. At three- or four-hours post-incubation, insulin showed a 3-sheet structure
with or without the particles evidenced by the presence of a broad minimum at ~220 nm.
Overall, the CD experiments suggest that while B-sheet formation was observed after
protein fibrillation with or without particles. The presence of particles might have led to
an carlier onset of B-sheet formation which is in agreement with the observations in the
fibrillation Kinetics studies. After 4 hours incubation time with particles there was no

considerable change in the secondary structure.
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5. Conclusion

Due to their large surface-to-volume ratio, nanoparticles show significant
adsorptive behavior and are suitable for binding with drugs, probes, chemical
compounds, and proteins. Recent studies show increasing interest in using engineered
nanoparticles to detect and prevent diseases caused by misfolded proteins [51], [56], [91],
[104], [105]. Various researches have investigated the effects of nanoparticles on protein
fibrillation in vitro, showing the ability of engineered nanoparticles to alter protein
fibrillation behavior [29], [30], [32], with an emphasis on amyloid beta, the misfolded
protein associated with Alzheimer’s disease [32], [33], [106], [107].

The current research aimed to study on the effect of nanoparticles on insulin fibril
formation process. Insulin fibrillation has been reported to be mainly due to altering the
nucleation phase of fibrillation, thus particles may enhance or retard fibrillation process
[7]. Factors such as changes in pH, ionic strength, anions, and stabilizers can impact the
lag time and fibril growth formation, which indicates the significance of hydrophobic and
electrostatic interactions in the nucleation phase [32]. These information gives an insight
that nanoparticles with various surface chemistries may be able to interfere with the
nucleation phase and subsequently affect the fibrillation process.

In this study, first, insulin fibrillation was studied and then the effects of
polystyrene sub-micron particles with different surface functionalities on the fibrillation
behavior of human insulin were investigated using ThT assay. The amount of the

fluorescent emitted by ThT corresponds to the amount of fibrils formed in a solution.
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This tendency of ThT to bind to fibrils was used to visually examine fibril formation over
time. Using the ThT assay, three stages were observed in insulin fibrillation profile: a lag
phase, an elongation phase, and a saturation phase. Although all the experiments were
performed under the same conditions and with the same protocol, variable lag times,
between 1.5 to 2.5 hours were recorded while the fibrillation profile was the same.
Changes in lag time were likely due to slight changes in pH, as has been previously
reported in the literature [46], [47]. Fluorescence microscopy was used to monitor and
visualize the formation of aggregates and fibrils during fibrillation. Microscopy images of
samples at time 0, 2.5, and 4 hours were in agreement with the results recorded by ThT
assay and spectrofluorometer. AFM and confocal microscopy were also used to visualize
the morphology of mature fibrils. The AFM image showed that, long insulin fibrils were
appeared in samples after 4 h incubation at 65 °C. Fibrils were long, straight and
unbranched, in agreement with literature data.

To study the effect of nanoparticles on insulin fibrillation, polystyrene particles
with a nominal diameter of 200 nm and with two different surface chemistries, amine-
and sulfate-modified, were applied, at three particle to protein mass ratios of 1:1, 100:1,
and 10000:1. Our results demonstrate that regardless of the functional group,
nanoparticles with the lowest concentration did not substantially affect insulin fibrillation
in terms of the length of lag time and the amount of fibrils. Increasing the concentration
of sulfate-modified particles to protein-particle weight ratio of 100:1 still showed no

considerable effect on insulin fibrillation rate. However, at a higher protein-particle
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weight ratio of 1:1, the lag time was visibly shortened, and more fluorescence intensity
recorded at each point of time, suggesting an increase in the amount of fibrils. The
presence of sulfate-particles led to faster fibrillation than amine-modified particles. In
general, both amine- and sulfate-modified particles promoted insulin fibrillation in a
dose-dependent manner, with significant increase in the rate of fibrillation observed only
when the proteins and particles are present at the same mass ratio (1:1). These effects
were confirmed with fluorescence microscopy and support our hypothesis that the surface
of the particles encourage the nucleation process and facilitates fibrillation as evidenced
by the shortened lag time.

To further investigate the adsorption of proteins on particle surface and also
estimate the concentration of proteins on the surface of particles, BCA assay was
employed. Concentration of adsorbed proteins on the surface of amine- and sulfate-
modified particles (ratios of 1:1, 100:1 and 10000:1) was measured after one and two
hours incubation at 65 °C. Based on the results, the amount of insulin adsorbed on the
surface of amine-modified particles after 1 hour of incubation at 65 °C was small whereas
after two hours incubation, this amount showed a considerable increase. In case of insulin
treated with sulfate-modified particles with ratios of 1:1, almost all of insulin in the
solution was adsorbed on the surface of nanoparticles after two hours, further suggesting
that nanoparticles can act as a nucleation site for proteins to form fibrils. Results from CD
spectra also indicated that insulin samples containing amine and sulfate-modified

particles (ratio of 1:1) undergo a conformational changes from a-helix (after one hour of
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incubation) to B-sheet (after three and four hours of incubation) confirming the existence
of B-sheet structure. As fibrils are rich in B-sheet structure, existence of insulin fibrils is
concluded. These findings are important in understanding the role of sub-micron particles
in controlling insulin fibrillogenesis either during production or transfer of the protein or

due to unwanted exposure.
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6. Future Work

As mentioned earlier, insulin is composed of two polypeptide chains (A and B),
and these two chains are linked by three disulfate bonds. In the current study, the
secondary structure of insulin amyloid fibrils was investigated by Circular Dichroism, but
there is still room for studying the status of these disulfate bonds during the fibrillation
process. The partial reduction is a widely accepted method for the determination of
disulfate bonds. In this approach, insulin fibrils can be further analyzed by Mass
Spectrometry (MS) and/or tandem MS. Knowing the status of disulfide bonds can give
more information and a better insight into the structure of insulin amyloid fibrils during
fibrillation process.

The morphology of mature insulin fibrils in the absence of nanoparticles were
characterized in this study by AFM. However, more information is needed regarding the
morphology of insulin fibrils in the presence of amine and sulfate-modified particles
particularly with protein-particle mass ratio of 1:1. Since amine and sulfate-modified
particles (ratio of 1:1) substantially increased the fluorescence intensity at the saturation
phase, it needs to be elucidated if this high intensity is because of larger aggregations,
smaller but more frequent aggregates, or both. AFM images from samples of insulin
treated with particles after four hours of incubation could answer this question and

provide valuable information about the structure of the fibrils in presence of particles.
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In this study, the effect of amine- and sulfate-modified polystyrene particles on
insulin fibrillation was investigated. However, the effect of these particles can be studied
on fibrillation of another known protein such as amyloid beta as well. These
nanoparticles can act differently with other kinds of proteins and have a distinct effect on
the fibrillation rate. Unlike insulin, amyloid-beta consists of only one polypeptide chain
with 36-43 amino acids. Due to the difference in the structure of a protein and the
sequence of amino acids particles can interact differently and produce a distinct result.
The same weight ratios of amyloid beta-particles 1:1, 100:1, and 10000:1 can be applied,
and then the fibrillation profile and rate can be monitored.

Another avenue worth pursuing is investigation into the effect of biocompatible particles
on insulin fibrillation. Therefore, the same weight ratios of protein-particles (1:1, 100:1,
and 10000:1) can be applied to study insulin fibrillation behavior. We can also try and
switch between different particle to find one being able to inhibit fibrillation. Being
biocompatible and having an inhibitory effect on fibrillation, those particles could be
considered as a potential option for dealing with insulin fibrillation in vivo. Poly(lactic-
co-glycolic acid) (PLGA) is one of the well-known biodegradable and biocompatible
polymeric particles, approved by the US Food and Drug Administration (FDA) for

medical applications [109] could be a great candidate for such a study.
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