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The focus of this thesis can be categorized as study of two molecules, namely human
insulin and carbon dots at 1) air-water interface as a Langmuir monolayer and 2) in
solution. Aggregation of proteins into amyloids has been related to several diseases like
Alzheimer’s, Parkinson’s and Amyloidosis. Human insulin was chosen as a model
protein to study fibrillation of the proteins. Effect of carbon dots on the rate of human

insulin fibrillation was examined through spectroscopic techniques and imaging.

Both human insulin and carbon dots were examined at air-water interface as a Langmuir
monolayer. The conformation of human insulin in presence of various salt concentration
and ZnCl, was examined at air-water interface. Based on the results of the surface
pressure isotherms and spectroscopic studies of the protein at air-water interface, an
scheme was proposed for the conformation of human insulin at air-water interface.
Carbon dots at air-water interface were imaged by Atomic Force Microscopy using

Langmuir-Blodgett films.
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Chapter 1

Introduction

1.1 Background

Protein misfolding resulting in formation of amyloid plaques has been indicated to play a
role in several diseases like Alzeihmer’s disease, diabetes type 2 and Parkinson’s disease.
"2 In the human body, there are 18 known proteins which have been observed to misfold
and play a causative role in diseases. Various nanoparticles have been used to prevent
protein fibrillation such as CdSe quantum dots."* ? This thesis will be examining human
insulin (HI) as a model protein to study fibrillation of proteins and the role of
nanoparticle carbon dots (CD) in HI fibrillation. The work in this thesis can be divided
into two main parts, which are 1) surface chemistry studies of molecules as Langmuir
monolayer at air-water interface and ii) study in aqueous solution. Experiments with HI
Langmuir monolayer under various conditions such as pH and ions were conducted to
understand the conformational changes in the protein molecule. Stability of CD was
observed at air-water interface and CD Langmuir Blodgett films were examined. The
work in solution involves synthesis of nanoparticles like gold nanoclusters, CdS quantum
dots and CD. Interaction between CD and HI in solution was found accelerate the HI
fibril formation. This chapter will give a brief background on the research done on HI and

CD.



1.2 Insulin: A model protein

Insulin serves as a model protein for studying structure and properties of proteins. Due to

Table 1. Nobel Prizes for Diabetes-Related Research.

Year Category Recipient Contribution
1923 Medicine F.G. Banting and J.J.R. Macleod Discovery of insulin

1947 Medicine C.F. Coriand G.T. Cori Discovery of the course of the catalytic conversion of glycogen

1947 Medicine B.A. Houssay Discovery of the role of hormones released by the anterior pituitary
lobe in the metabolism of sugar

1958 Chemistry F.Sanger Work on the structure of proteins, especially insulin

1971 Medicine E.W. Sutherland Discoveries concerning the mechanisms of action of hormones

1977 Medicine R.Yalow Development of radioimmunoassays for peptide hormones

1992 Medicine E.H. Fischer and E.G. Krebs Discoveries concerning reversible protein phosphorylation as a bio-

logic regulatory mechanism

Table 1.1 Nobel Prizes for Insulin-related research. *

This, insulin holds the distinction for a lot of ‘firsts’ among the proteins and seven Nobel
Prizes have been awarded for insulin related research (Table 1.1).° Insulin was the first
protein to be generated by recombinant DNA.> Insulin was also the first protein to have
its amino acid sequenced in 1955 (Figure 1.1) and to be detected by immunoassay.®
Insulin is most known for its association with diabetes. Diabetes’s first recorded
observation comes from ancient Egypt, where it was observed that a person lost weight
and urinated excessively. Greek physician Aretaeus was responsible for coining the term
‘diabetes mellitus” which meant that the urine had has sweet taste. *

The first person to quantitatively measure glucose content in urine was Matthew Dobson
in 1776. He found the concentration of glucose in urine of people with diabetes to be
elevated. ’ In 1869, Paul Langerhans studies pancreas under microscope and was able see

what we know today as the islets of Langerhans. Islets of Langerhans are present in the



beta cell of pancreas, which is the site of insulin production and storage. The next major
development in the study of diabetes was in 1889 when Minkoswski and von Mering
removed pancreas from a dog, which resulted in fatal diabetes for the dog. This
established a direct link between glucose regulations and pancreas. © Once it was
established that diabetes and insulin were related and, that insulin was produced in the
pancreas, several attempts were made to extract insulin from pancreas over the years.
These attempts were partially successful until Maclead and Banting were able to extract,

purify and administer insulin to patients with successful results.” >

The structure of bovine insulin was established in 1958, for which Fredrick Sagner was
awarded the Nobel Prize. The pathway of insulin synthesis from proinsulin precursor in
the beta cells of pancreas was studied by Steiner in 1967.'° D. Hodgkin was able to solve
the 3D structure of insulin using X-ray crystallography. '’ The protein is conserved in
other animal species and has been used to treat diabetes in humans. Porcine and bovine
insulin differs from human insulin in one and two amino acids, respectively. Human
insulin (HI) is a peptide hormone, which is produced in islets of Langerhans, and its main
function in the human body is to control blood glucose level. Since the discovery of
insulin, diabetes has become treatable. Insulin is composed of 51 amino acids and has a
mass of 5807 daltons. Insulin is produced by the Beta cells in the pancreases and is stored

. 18-21
in the pancreases as a hexamers. '*

Insulin is made up of two polypeptide chains called
the A chain with 21 residues and the B chain with 30 residues are joined to each other by

disulfide bridges.



Besides the monomeric structure of HI, it is also found to exist as dimers, hexamers and
amyloids. As a monomer, majority of the structure of HI is composed of an a-helical
structure and it dimerizes through the formation of B sheet. As a monomer, the majority
of the structure of insulin is composed of a-helical structure and it dimerizes through the
formation of B-sheet. Insulin is often found having a dimer structure which is due to
hydrogen bonding between the C terminus of B chains.? Insulin dimers come together to
form hexamers in the presence of zinc ions (Figure 3.2). Monomers and dimers readily
diffuse into blood, whereas hexamers diffuse poorly. Increase in glucose levels in the
blood is one of the major triggers for release of stored insulin from the pancreas. Hence,
absorption of insulin preparations containing a high proportion of hexamers is delayed
and somewhat slow. > HI amyloid is characterized by P sheet. Tissue deposition of
normally soluble proteins as insoluble amyloid fibrils is associated with serious diseases
including the systemic amyloidoses, maturity onset diabetes and Alzheimer's disease. In
vitro, HI is readily converted to an inactive fibrillar form by incubation at high HI
concentrations, low pH and high temperatures. The first reported study of insulin
Langmuir monolayer was in 1940 by I. Langmuir and D.F Waugh. The results of the
study shows that there was no differences in surface pressure isotherms for native and
denatured insulin.** B.S Harrap experiments of insulin Langmuir monolayer were based
on insulin having 114 residues and an isoelectric point of 5.7, which was the information
available then. ** This study examined surface pressure and surface potential of insulin
with change in subphase pH from 2.10 to 9.70. The experiments by B.S Harrap show that
surface pressure of insulin decreases when the subphase pH ranges from 2.10 to 5.7 and

then increases for pH ranges from 5.7 to 9.10. *® The surface potential was observed to



decrease when the subphase pH was increased and shown to fluctuate wildly at pH 5.7.
These results were found to complement with electrometric titration studies of insulin.

Various studies were performed to determine the molecular weight of insulin in the

Figure 1.1 The amino acid sequence of bovine insulin. *

1950s.These studies gave the molecular mass of insulin to be between 6000-12,000
daltons. *”* *® B.S Harrap’s paper in 1955 estimated the molecular mass around 6000
daltons by examining surface pressure-area isotherms of insulin with subphase having
different ionic strengths.”’ In the 1960, Llopis and Rebollo’s study examined insulin
Langmuir monolayer on air-water, oil-water interface and with subphase of various
pHs.*® There were no more papers published on study of insulin Langmuir monolayer in

that decade.



Figure 1.2 Insulin is stored as a hexamers in the pancreas, held together by three
zinc ions.”

In 1976, K.S Birdi published his studies detailing interaction of insulin with lipid
monolayers. This was the first Langmuir monolayer study of insulin since insulin’s
molecular mass had been determined to be 5807 daltons. Therefore, the surface area
isotherm of insulin Langmuir monolayer in this study was reproduced and all future
studies on insulin monolayer build on this study. *' Insulin’s interaction with lipids like
spingomyelin and phosphatidycholine, salts, carbohydrates like glucose and enzymes like
savinase has been studied by various groups since K.S Birdi’s study. *** ***° In this study
on HI, chapters 2 and 3 examine HI Langmuir monolayer at air water interface in the
presence of various concentrations of ions like ZnCl, to propose a structure for the

protein at air-water interface.



1.3 Carbon dots: An overview

For the past two decades, semiconductor quantum dots (QDs) like have increasingly
emerged as an alternative to fluorescent dyes due to their high fluorescence and stability
over a longer period of time.*'™*® However, applications of QDs in the area of drug
delivery, bioconjugation and medicine have serious shortcomings due to the toxic nature

of the composition of the quantum dots.*”* **

QDs core is composed of semiconductor
materials like Cadmium Selenium (CdSe) or Cadmium Tellurium (CdTe), these elements
have been known to leach out with time and have been shown to be toxic to biological
systems. **°* Carbon dots are a new class of highly fluorescent nanoparticles, which are
less than 10 nm in size. They have been touted as a replacement for toxic quantum dots
due to their benign nature, which makes them an attractive tool for biological research.
Carbon dots were first reported in 2004 as one of the three components of single walled
carbon nanotubes (SWNT). 52 Scrivens’ group was purifying SWNT by gel
electrophoresis and found 3 bands, one of which was a fast moving band of highly
fluorescent material. This material was characterized and found to make up 10% by mass
of SWNT. The paper ends with the observation that the carbon dots, “promise to be
interesting nanomaterials in their own right.” Since then these nanoparticles called ‘C-
dots or carbon dots (CD) have been synthesized by various routes, surface modified and
characterized by various groups to better understand their properties. Figure 1 is a
timeline showing recent activity of carbon dots. Several studies using carbon dots in
biological systems, including various embryos of various organisms have shown carbon

dots to be non-toxic and a viable source for use in as a probe and for imaging.9-13

However, effect of CD on protein fibrillation and aggregation in terms of their toxicity is
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literature.™



an area which has not been investigated yet. Chapter 3 examines CD at air water interface
as a Langmuir monolayer and chapter 6 investigates the effects of CD on HI
fibrillation.Chapter one is the introduction chapter. It gives the overarching objective for

this project.

Chapter two describes the instrumentation used for the experimentation. It discusses the
Langmuir monolayer technique in detail. Synthesis of quantum dots and CD are also

discussed in this section.

Chapter three describes the in detail the surface chemistry of HI and spectroscopic
techniques of the protein in solution and at air-water interface at air-water interface using
Langmuir monolayer. Chapter three also looks at surface chemistry of CD at air-water
interface focusing on stability of the carbon dots Langmuir monolayer and

characterization of carbon dots Langmuir Blodgett film.

Chapter four describes influence of zinc ions on insulin aggregation at air-water interface
using Langmuir monolayer. It examines the change in conformation of native insulin in
different conditions and puts forward a model for the conformation of insulin molecules

in aggregated and monomeric form at air-water interface.

Chapter five describes synthesis of gold Nanoclusters and CdS quantum dots with human
insulin as the reducing agent. The effect of human insulin fibrillation on the synthesis of
gold nanoclusters is examined. It explores the conditions where the most stable and high

quality nanoparticles can be obtained.

Chapter six investigates the effect of CD on HI fibrillation through spectroscopy and

imaging techniques.



Chapter 2

Materials and Instrumentation

2.1 Materials

Recombinant human insulin (molecular weight 5807 Da) was produced in E.coli
expression system and purified using affinity purification. Bovine serum albumin, human
serum albumin, lysozyme, amyloid  (1-40) were the other proteins that were examined.
DL-a-lipoic acid, cholesterol (Chol), acetone, methanol, chloroform, AB (1-42),

octadecane and dye thioflavin T were purchased from MP Biomedicals (Solon, OH)

Potassium chloride, zinc chloride, sodium sulfate, Trizma base, sodium hydroxide and
hydrochloric acid were obtained from VWR Co. (Westchester, PA). NaOH (0.1 M) and
HCI (1 M) were used for reaching different pH values. Cadmium oxide (CdO), selenium
(Se), trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), hexamethyldisilathiane
[(TMS)2S] were purchased from Sigma-Aldrich (Milwaukee, WI). The

tetradecylphosphonic acid (TDPA) was obtained from Alfa Aesar (Ward Hill, MA).

The diethylzinc (ZnEt2, 15 wt% solution in hexane) was obtained from Acros Organics
(Morris Plains, New Jersey). Sphingomyelin (from bovine brain) (SM), monoganglioside
(GM1), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DPPG) were purchased from
Sigma Aldrich (St. Louis, MO). All Chemicals were purchased commercially and used

without further purification.

10
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2.2 Instrumentation

2.2.1 Surface pressure and surface potential-area isotherm

A Kibron p-trough (Kibron Inc., Helsinki, Finland) with an area of 5.9 cm x 21.1 cm was
utilized for the surface pressure—area (m—A) isotherm, compression—decompression
cycles, and stability studies. Surface potential—area (AV—A) isotherms were obtained on
the Kibron trough using a Kelvin probe consisting of a capacitor-like system. The
vibrating plate was set at approximately 1 mm above the surface of the Langmuir

monolayer, and a gold-plated trough-base was used as a counter electrode.

KSV Spectrophotometer

Minitrough @\

Figure 2.1 KSV Langmuir minitrough suitable for surface pressure-area isotherm,
UV-vis and fluorescence at the air-water interface. >

Spectroscopic measurements at the air-water interface were obtained with an HP
spectrophotometer model 8452 A for UV-vis and Fluorolog-3 spectrofluorimeter (Horiba

Scientific, Edison, NJ) for fluorescence. Figure 2.1 shows the set up for spectroscopy at
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air-water interface. >

The fluorescence spectra of HI Langmuir monolayer at the
air—water interface were measured using a bifurcated optical fiber with an area of 0.25
cm’ and was placed 1 mm above the surface of the subphase. The excitation light was
transmitted through the optical fiber from the light source to the Langmuir monolayer,
and the emission light from the Langmuir monolayer was sent back to the detector
through the optical fiber. UV—vis absorption and fluorescence spectra of aqueous
solutions were recorded on a Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer

(Norwalk, CT) and Fluorolog-3 spectrofluorimeter (same as the one used for Langmuir

monolayer) using a quartz cuvette of 1 cm optical path length, respectively.
2.2.2 Langmuir monolayer: surface tension and surface pressure

Langmuir monolayer is one of the major model membrane systems when molecules
forms film at air-water interface. It is named after Irvine Langmuir who introduced this
technique.”® > The basic and widely used technique to characterize a Langmuir
monolayer is the surface pressure (1) — area (A) isotherm, which is a plot of the change in
surface pressure as a function of the area available to each molecule on the aqueous

subphase surface.

Surface Tension is a sum of the cohesive energy present at the air-water interface. In
solution, the molecules of a liquid are attracted to each other and therefore, are balanced
by an equal attractive force in all directions. However, at air-water interface, molecules of
a liquid experience an imbalance of forces as shown in Figure 2.2. At air-water interface,

the molecules’ energy is expressed as the ratio of energy to area and is defined as:
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Air
Interface
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Figure 2.2 Ilustration of unequal forces at the interface responsible for surface
tension.>®

Y= (A G/S) 1pni (2.1)

where vy is the surface tension that is defined by the smallest change in free energy (A G)
per unit area (S) under constant temperature (T), pressure (P) and number of moles of the
components (ni). Surface pressure is measured by measuring the surface tension using the
Whilhemy plate method. In this method, the Whilhemy plate is partially immersed in

subphase and the force due to surface tension on the plate is measured.

perimeter = 2x(w+t)

(1]
' ;
i
contact angle, 8 E E i er‘r)’rtlirshed
i g ?
e width, w \
thickness, t

Figure 2.3 Illustration of Whilhemy plate at air-water interface™
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The plate is thin and usually made of platinum, but even plates made of glass, quartz,
mica and filter paper can be used. In the experiments performed, the plates made of
platinum and filter paper were used. There are two downward forces acting on the plate,
namely surface tension and gravity. Buoyancy due to displaced water is the upward
acting force. For a rectangular plate of dimensions Ip, wp and tp, of material density pp,
immersed to a depth hl in a liquid of density pl, the net downward force is given by the

following equation:

F = ppglpwptp + 2y(tpwp)( cosb) - plgtlwlhl (2.2)

where v is the liquid surface tension, 0 is the contact angle of the liquid on the solid plate
and g is the gravitational constant. The surface pressure is then determined by measuring
the change in F for a stationary plate between a clean surface and the same surface with a
monolayer present. If the plate is completely wetted by the liquid (i.e. cos® = 1) the

surface  pressure is then  obtained from the  following equation:

I1= -Ay = -[AF / 2(tp+wp)] = -AF / 2wp , if wp >> tp. (2.3)

The sensitivity can thus be increased by using a very thin plate. The force is in this way
determined by measuring the changes in the mass of the plate, which is directly coupled
to a sensitive surface pressure sensor. >/ An idealized surface pressure-area isotherm is
showed in Figure 2.3. As the pressure increases, the two-dimensional monolayer goes

through different phases that have some analogy with the three-dimensional states, i. e.
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gas, liquid, and solid. If the area per molecule is sufficiently large, then the floating film

will be in a two-dimensional gas phase where the surfactant molecules are not interacting.

Generally, the state of the monolayer on the water surface is monitored by measuring the

surface pressure (m), defined as the difference between the surface tension of the pure

subphase (7o) and the monolayer at the air-water interface (y):

T=Y0—Y
A
"J.hilhulmy plate Mmr]hlc harrier Water
auhphaqr.
es 8e b YY)
Lr as Liquid-Expanded Liguid-Condensed
B - Collapse
o

. ‘i Solid Phase
5 N
E wmd
£ .
2 Liqgmd condensed phase

o
- alf 7
2 \ "
# 4 |
E \
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L T L : T T T
o 0 dan [ ] 100

Surface Anga, &’ molecule’

(2.4)

Figure 2.4 Compression of a Langmuir monolayer. (A) Scheme of a Langmuir
trough as the movable barrier reduces the area available to the monolayer. (B)

Idealized surface pressure-area isotherm indicating phase transitions of the

Langmuir monolayer.>

The compound must be dissolved completely in a volatile inert solvent. The solution is

then spread usually in microliter amounts using a syringe at the air-water interface

between the two movable barriers. 10 to 15 minutes are required for the solution to
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evaporate and the molecule to be at the air-water interface. The barriers are then
compressed at a constant rate which results reorganization and reorientation of the
molecule at the air-water interface. As the barriers continue compressing the monolayer
of the molecule, the molecule undergoes phase transitions and finally collapse due to
formation of multiple monolayers. Figure 2.4 shows the different states of the monolayer
for the molecule of stearic acid dissolved in chloroform. As soon as stearic acid is spread
at air-water interface, the stearic acid molecules are in a gaseous phase (G) as the
molecules are floating on the air-water interface and are far apart from each other and are
not interacting with each other. When the barriers are compressed at a constant rate, the
area per unit molecule decreases and the surface pressure increases. This results in stearic
acid molecules coming closer to each other. There is a change in phase from gaseous

phase (QG) to liquid- expanded (LE) which is comparable to three-dimensional liquid.

As the barriers continue compression, the stearic acid molecules phase transition from
liquid-expanded (LE) to liquid- condensed (LC) occurs. In this phase, the molecules are
in a close-packed vertically oriented chains. As the surface pressure is high,, the
molecular area corresponds to true cross-sectional molecular area and the compressibility
is low. When the barriers continue to compress beyond the LC phase, the monolayer
reaches the solid phase and reaches the collapse surface pressure which is the least area
where the molecule can form a stable monolayer. Beyond the collapse surface pressure,
the monolayer collapses and there is a steep decrease in surface pressure. Extrapolating
the solid phase monolayer to zero surface pressure gives the limiting molecular area
(LMA) of stearic acid which corresponds to the most closely area occupied by one

molecule of stearic acid.
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2.2.3 Langmuir-Blodgett (LB) or Langmuir-Schaffer (LS) film

Before the collapse of a monolayer, it can be deposited onto a solid support such as glass
or quartz slide, silicon wafer, or other substrate. The deposited film is called Langmuir-
Blodgett (LB) or Langmuir-Schaffer (LS) film, depending on whether the deposition

method is vertical dipping or horizontal lifting illustrated in Figure 2.5.”

Vertical dipping

Horizontal lifting ,
y Langmuir-Blodgett film

Langmuir-Schaefer film

5 il
——1 Air Air

Water Water

I
Air

Water

Air
Water
Water

Figure 2.5 Langmuir-Schaefer and Langmuir-Blodgett film deposition of
monolayers from the air-water interface to solid hydrophobic support. 58

The optimal condition for a successful deposition of LB film on a solid support is
maintaining a constant surface pressure between 10 mN/m and the collapse surface
pressure. The ratio between decrease in area of the monolayer and the area coated by the

monolayer is expected to be closer to 1 in a successful LB film deposition. The substrate
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is held mechanically by a clamp and dipped into the subphase. Once the needed surface
pressure is obtained, the substrate is withdrawn from the subphase at a speed of 1
mm/min and left to air dry for 30 minutes. If the surface pressure remains constant, the
substrate can be dipped again in the subphase for multiple layers of film. In contrast to
LB film, LS film is quicker and prone to more experimental error. The substrate is held
with a tweezer and held parallel to the subphase and manually lowered until it touched
the subphase. This might take a few seconds. Usually multilayers of film are not

deposited in LS technique.

As an example, the LB film of carbon dots was examined on a quartz slide. The slide has
been dipped in the water subphase and the carbon dots spreading solution was deposited
at air-water interface. After formation of Langmuir monolayer and the needed surface
pressure, the slide was slowly pulled away from the trough. The quartz slide now has one
layer of carbon dots on it and was left to dry for 1 hour. For multiple layers of carbon
dots, this process can be repeated. The LB slide can be examined by UV-vis,

fluorescence, circular dichroism and atomic force microscopy.

2.2.4 Conditions for preparation of a Langmuir monolayer

There are three main criteria while preparing a Langmuir monolayer namely 1) the
environment of the experiment, 2) the subphase to be used, 3) and the spreading solvent.
The Langmuir monolayer preparations should preferably take place in a clean room with
constant temperature and humidity. Increase in either temperature or humidity can
prevent monolayer from forming. As most molecules for Langmuir monolayer

preparation are used in low concentrations (1-0.1 mg/ml), it essential that the solvents
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and compounds used are not contaminated. The barriers, trough and Wilhemy plate must

be cleaned before each experiment.

Human insulin solution used in the Langmuir monolayer experiments had a concentration
of 0.30 mg/mL and was prepared by dissolving human insulin powder in aqueous HCI
solution (pH 2). For all experiments performed as Langmuir monolayer, the subphase
(pure water) was at pH of 5.6. The volume of the human insulin spreading solution was
80 and 40 pL for Kibron and KSV troughs, respectively. The HI solution was spread at
the air—water interface, using a 100 puL syringe (Hamilton Co., Reno, Nevada) by small
droplet deposition uniformly over the subphase surface, followed by a 15 min waiting
time period for the Langmuir monolayer to reach equilibrium. The compression rate was
set at 10 mm-min”. All the isotherms and in situ UV-vis, fluorescence and IRRAS
spectroscopic measurements were conducted in a clean room (class 1000) where

temperature (20.0 £ 0.5 °C) and humidity (50% + 1%) were kept constant.

Proteins, protein fibers and carbon dots were analyzed using Langmuir monolayer

methodology and will be discussed in details in the coming chapters.
2.2.5 Epifluorescence microscopy

Epifluorescence microscopy was employed to visualize the formation of domains in a
Langmuir monolayer, if any. Figure 2.6 shows the internal view of the microscope.”
The microscope requires a Langmuir trough to be placed on top of the sample stage. A
quartz window allows the excitation light to penetrate the subphase so that one could

excite the fluorophore at the air-water interface. The experimental setup used a Kibron

utrough (Kibron Inc., Helsinki, Finland) combined with an epifluorescence microscope
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(Olympus IX-FLA). The area available for the spreading solution was 5.9 cm % 21.1 cm.
The epifluorescence image was captured by a thermoelectrically cooled Optronics

Magnafire™ CCD camera.

Epifluorescence microscopy is used to visualize the presence of domains or aggregates in
a Langmuir monolayer. The change in monolayer with phase transitions is another area
that can visualized using epifluorescence. Epifluorescence can be used only if the

molecule has a

Peltier-Cooled
CCD Camera

Mercury/Xenon
Arc Lamp
Housing

Binocular
Observation
Tube

Beamsplitter

35-Millimeter
Camera
System

Microscope
Electrical
Control System

Stage Focus \ Microscope
Mechanism Base/Frame

Figure 2.6 Internal view of Olympus IX70 inverted microscope™: *

fluorophore like 5-octadecanoylamino fluorescein (ODFL). If a molecule does not have a
built in fluorophole. a fluorophore can be attached to the molecule. In this study, insulin
was examined by epifluorescence. Insulin on its own cannot be visualized by

epifluorescence due to lack of a built in a fluorophore and therefore, fluorescein

isothiocyanate (FITC) was attached to insulin to visualize it.
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2.2.6 Brewster angle microscopy

Brewster Angle Microscopy (BAM) was used to visualize the topography of the
Langmuir monolayer. The measurements were performed using the IEIli-2000 imaging
ellipsometer with the compensator turned off and BAM2plus software. The standard laser
of the IEI1i12000 system is a frequency doubled Nd-YAG laser (50 mW output) using the

532 nm line.*!

laser polarizer Mz it
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no reflection reflectlon
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Figure 2.7 Diagram of the IElli-2000 imaging ellipsometer design (A) and diagram
showing the Brewster angle for water (no reflection) and change in reflection when
monolayer is present (reflection is present). !

Figure 2.7 A shows the instrument components. BAM provides topographical
information on the monolayer. It uses the different refractive index intrinsic to molecules
as an important property for examination of a monolayer. When a light beam is applied at
the air-water interface, the reflection light is monitored by the camera. The beam will not
be reflected by the water and this will be observed as a dark field for the image. In the
presence of a monolayer, a bright region will be seen by the camera as shown in Figture
2.7 B. The brightness of the monolayer is influenced by the refractive index of the

molecules composed in the monolayer.
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2.2.7 Circular dichroism

Circular dichroism (CD) spectra were obtained using a JASCO J-810 spectropolarimeter.
The spectra were recorded between 195 and 250 nm at 25°C using a 2.0 mm optical path
length quartz cell. Circular dichroism can give information about chirality of molecules
and in case of proteins for this study, the secondary structure of protein. ** Figure 2.8
shows the curves for 5 different secondary protein structures. Usually proteins are a

mixture of a few different secondary structures.

8e+4 [ 1 — o-helix
2 — antiparallel

6e+d | 3 — disordered
4 — collagen (triple helix)
5 collagen (denatured
de+4 9ol )

2e+4

0e+0

(6], deg. - cm?/dmol

-2e+4

-4e+4

_6e+4 | | | | |
190 200 210 20 230 240 250

Wavelength, nm

Figure 2.8 CD spectra of proteins representative of 5 different secondary
structure.”

2.2.8 Infrared microscopy: Bio-ATR and IRRAS
The infrared spectrum of an aqueous solution was obtained using attenuated total

reflectance. With the Bio-ATR accessory, the aqueous sample was deposited on the ATR
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crystal surface, and the IR spectrum was readily obtained. The static mode required only
15 — 20 pL of aqueous solution however, the concentration of the aqueous solution
should be larger than 0.5 mg/mL to assure a proper contact with the ATR crystal. A solid
sample is placed on top of the ATR crystal for the spectra. A mercury-cadmium- telluride
(MCT) detector (Kolmar Technologies) was used with a scanner velocity of 5 kHz. The
background spectrum was pure water. The Bio-ATR cell II was placed in the cell
compartment of a Bruker Optics Equinox55 FTIR.

Infrared reflection-absorption spectroscopy (IRRAS) measurements of the Langmuir
monolayer were performed using an EQUINOX-55 Fourier transform infrared (FTIR)
spectrometer (Bruker Optics, Billerica, MA) equipped with an XA-511 external reflection
accessory suitable for the air—water interface experiments. The IR beam was focused at
the air—water interface of the Kibron p-trough. The reflected IR beam went to a HgCdTe
(MCT) detector cooled by liquid nitrogen. The spectra were acquired with a resolution of

8 cm ' by coaddition of 1200 scans for p-polarized and 800 scans for s-polarized IRRAS.

Infrared spectroscopy is usually used for identification of functional groups that are IR
active. * In this study, protein structure and conformation was examined by following the
amide 1 and amide IT bonds present in the proteins.”” IRRAS measurements were
obtained as reflectance—absorbance (RA) vs wavenumber. RA is defined as —logio (R/RF)
where R is the reflectivity of the film covered surface and RF is the reflectivity of the
water.®® When the vibrations are parallel to the air—water interface, for p-polarized
radiation, which is parallel to the plane of incidence, the bands are initially negative and
their intensities increase as the incident angle is increased until the Brewster angle (54.5°

for 2920 cm™' of IR radiation) is reached . By using IRRAS at different surface pressures,
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we investigated the change of orientation and conformation of HI Langmuir monolayer .
IRRAS was used to analyze structural features of the proteins, such as a-helix and B-sheet
interpreted through amide I and amide II bands in the region of 1700—1600 and

1600—1500 cm ™', respectively.®”:

2.2.9 Atomic force microscopy

The Atomic Force Microscopy (AFM) experiments were performed on an Agilent 5420

AFM unit using AC (tapping) mode. Figure 2.9 shows the diagram of AFM. The tip had

Photodetector
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Cantilever

Line Scan

Surface

a i
?— Tip Atoms
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N Surface Atoms

Figure 2.9 Diagram of atomic force microscope

a resonant frequency of 159.6 kHz, a tip radius of < 10 nm, and a force constant of 27
N/m. All images were taken with a resolution of 512 x 512 points/line. Transmission

Electron Microscopy (TEM) measurements were taken with a Philips CM-10 TEM
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operated at 80 kV. Micrographs were taken with a Gatan digital camera.®*The two main
components of an AFM are the laser beam and the detector. Firstly, laser beam hits the
tip of the cantilever. Secondly, the contact of the cantilever with the film on the substrate
will change the reflected beam and thirdly, the reflected beam is captured by the

photodetector. AFM was used in this study to examine LB films on a quartz slide.

2.3 Procedures
2.3.1 Insulin fiber formation

Insulin (Img/ml) in a pH 2 buffer was stirred constantly at 37 C. Aliquots were taken at
intervals and examined by ThT fluorescence, Congo Red UV-vis, TEM and AFM.
Insulin mixed with carbon dots and insulin mixed with CdSe quantum dots were

examined to compare the effect on fibrillation.
2.3.2 Preparation of congo red and thioflavin T

Thioflavin T binding assays were conducted by first preparing a | mM Thioflavin T stock
solution in 1x PBS buffer and stored at 4° C and protected from light until usage.
Aliquots of protein solutions were diluted 50-fold into the Thioflavin T stock solution
(the final Thioflavin

T concentration was 20 pM). Fluorescence sample measurements used a quartz cuvette
with a 10 mm optical path length. Wavelength measurements were taken from 460- 700
nm using an excitation wavelength of 450 nm. Emission and excitation slit widths were
typically 5 nm. All fluorescence intensity measurements were background corrected with
a 20 uM Thioflavin T solution that did not contain protein. The fluorescence emission

spectra of the protein were
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taken to analyze the conformational variation of the Trp residue of the insulin protein.
Fluorescence sample measurements used a quartz cuvette with a 10 mm optical path
length. Wavelength measurements were taken from 300- 500 nm using an excitation
wavelength of 295 nm. Emission and excitation slit widths were typically 5 nm.
Absorption spectra of the protein solution in the presence of the Congo red dye were
compared with that of the Congo red buffer alone and the protein solutions in the absence

of the Congo red dye.

2.3.3 CdSe QD synthesis and capping of QDs with DHLA

CdSe/ZnS quantum dots (QDs) were synthesized using already given protocol. 7

Briefly,
cadmium oxide was reacted with a selenium reagent in the presence of a phosphine oxide
surfactant at high temperature under argon flow. After the formation of the CdSe core,
the diethyl zinc and hexamethyldisilathane in TOP were added drop-wise at 130 °C. After
the synthesis of TOPO-capped hydrophobic QDs modification to hydrophillic DHLA-
and PEG-capped QDs was carried out.

Briefly, DL-a-lipoic acid (1g) was reduced using sodium borohydride (2 g) in methanol
and water.After workup product was isolated in chloroform and characterized using 1H
NMR (400 MHz, CDCI3): 6 (ppm) 1.3 (d, 1H), 1.35 (t, 1H), 1.4- 1.8 (m, 6H), 1.9 (m,
2H), 2.4 (t, 2H), 2.6 2.8 (m, 2H), 2.9 (m, 1H), 11 (s, 1H). DHLA was used for ligand
exchange with TOPO, excess of DHLA (0.5 g) was added in 5 ml of TOPO-capped QDs
in methanol and heated at 60-70 °C for 4 hour. The QDs solution was basified using
potassium tert-butoxide and centrifuged to get the precipitate. The precipitate was

suspended in water to obtain the hydrophilic QDs. These water soluble quantum dots

were filtered through 0.2 um filter to get the clear solution.
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2.3.4 Synthesis of carbon dots

Carbon dots were synthesized according to given protocol. ' To synthesize hydrophobic
carbon dots, 15 ml octadecane and 1.5 g 1-hexydecyamine (HAD) were heated until
stabilized at 300 C under argon atmosphere and then 1 g citric acid was quickly injected
into the mixture. The carbon dots was purified with acetone and characterized by UV-vis
andfluorescence spectroscopy, AFM and TEM microscopy. To make hydrophilic carbon
dots, PEG and glycerine were used in place of octadecane and HAD. The sample was

purified by running down a sephadex column.

2.4 Summary

Chapter 2 describes the methods and equipments used to perform experiments in the
different chapters. The procedures for synthesis of QDs and carbon dots are mentioned in
this chapter. The experimental procedure for preparation of the solutions for fibrillation

and surface chemistry experiments are described in detail.



Chapter 3

Human Insulin and Carbon Dots: Surface Chemistry and Spectroscopy

3.1 History and background

Human insulin (HI) is a peptide hormone which is produced in islets of Langerhans and
its main function in the human body is to control blood glucose level. Since the discovery
of insulin, diabetes has become treatable. HI is composed of two polypeptide chains, an
A chain with 21 residues and a B chain with 30 residues, linked together by two disulfide

bonds.” Figure 3.1 shows the amino acid structure of HI.

. . . . . . 2
Figure 3.1 The amino acid sequence of bovine insulin. *

Besides the monomeric structure of HI, it is also found to exist as dimers, hexamers and

amyloids. As a monomer, majority of the structure of HI is composed of an a-helical

28
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structure and it dimerizes through the formation of B sheet. " HI is often found having a
dimer structure which is due to hydrogen bonding between the C terminus of B chains.
HI dimers come together to form hexamers in the presence of zinc ions.”* Monomers and
dimers readily diffuse into blood, whereas hexamers diffuse poorly. Hence, absorption of
HI preparations containing a high proportion of hexamers is delayed and somewhat
slow.” Figure 3.2 shows the proposed structure of a hexamers of insulin. HI amyloid is
characterized by B sheet.”® Tissue deposition of normally soluble proteins as insoluble
amyloid fibrils is associated with serious diseases including the systemic amyloidoses,
maturity onset diabetes and Alzheimer's disease.”’ In vitro, HI is readily converted to an
inactive fibrillar form by incubation at high HI concentrations, low pH and high

temperatures. °

Figure 3.2 Insulin is stored as a hexamers in the pancreas, held together by three
zinc ions.”
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Interactions of proteins like HI with human cellular membrane can be studied by using
Langmuir monolayer methodology.® Langmuir monolayers are used as in vitro model of
biological membranes.” This technique allows us to study intermolecular interactions
between molecules spread at the interface which form the monolayer. In this method, HI
dissolved in acidic solution is first spread onto a water surface to form the Langmuir or
floating monolayer. Monolayer formation is usually monitored with the surface pressure
(n)-area(A) isotherm. *'° Surface pressures ranging between 30 and 35 mN/m are
commonly found in the natural biomembrane, and can be simulated on the Langmuir
monolayer to mimic human cell membrane. ' One of the earliest studies employing this
technique was published in 1954 and it reported the change in insulin surface pressure
with change in pH. 7 A series of studies on insulin Langmuir monolayer reported the
effect of temperature, monolayer composition and nature of cations in the subphase.”'*"’

Insulin Langmuir-Blodgett (LB) films on mica slides have been also studied by atomic

force microscopy (AFM)."®

The present study brings new data on the optical properties of the HI Langmuir
monolayer. UV-vis at air-water interface correlates with the surface pressure-area
isotherm curve. Domain formation in 2-D was not observed based on the Brewster Angle
and epifluorescence microscopies of HI and FITC-labeled HI Langmuir monolayer,
respectively. One has observed through IRRAS measurements that the protein conserves
an o-helix conformation in 2-D, knowing that, the IRRAS approach permits detection of
the amide I and amide II bands, which correlates with the a-helix and B-sheet in the

protein sample.
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3.2 Surface chemistry of human insulin
3.2.1 Surface pressure and surface potential area isotherms

The surface pressure and surface potential-area isotherms of the HI Langmuir monolayer
are shown in Figure 3.3. The lift-off of the surface pressure and surface potential
correspond to 750 and 900 A? molecule, respectively. One would expect to observe a
lift-off at a larger area for the surface potential compared with the surface pressure. This
is due to the long range interaction of the surface dipoles compared to the van der Waals
interaction, which is mainly measured by the surface pressure. With regard to the limiting
molecular area, that is the extrapolation of the linear part of the surface pressure —area

isotherm to zero surface pressure, a value of 620 A” molecule™ is obtained. This area
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Figure 3.3 Surface pressure—(-A-) and surface potential-area (-o-) isotherms of
human insulin Langmuir monolayer at subphase pH 5.6.
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corresponds to the most compact state of the HI protein at the air-water interface, a value
in line with previous published studies on bovine insulin Langmuir monolayer.”* ** *3
Decreasing the molecular area from 750, one observes a gaseous to liquid expanded
phase transition in the surface pressure - area isotherm. Further decrease from 585 to 350
shows the liquid condensed phase of the Langmuir monolayer. One reaches the collapse

surface pressure 25.2 mN m™'. The surface pressure measurement till collapse shows a

linear increase in the m-A isotherm.

3.2.2 Compression-decompression cycles and stability isotherms of human insulin

Langmuir monolayer

Figure 3.4 presents the compression-decompression cycle isotherms measured at two
target surface pressures, namely 10 and 30 mN m™'. The rationale to choose these two
surface pressures was to observe the stability of the film in a liquid condensed film before
and after the collapse surface pressure. After the compression-decompression cycles from
0 up to 10 and 30 mNm™', one observes a variation of less than 5 and 10% between the
initial compression and last decompression (third cycle), respectively. This result
indicates that the HI protein remains at the interface. It has to be mentioned that the
cycles up to 10 mNm"' showed an overlap of the isotherms which supports the
interpretation that the insulin protein might keep its conformation in the liquid expanded
and condensed phases. Regarding the stability of the HI Langmuir monolayer (Figure
3.5),one has observed the decrease in area with time when the monolayer was kept
constant at 10 and 30 mN m™' during a 6500 s time period. A decrease of 15 and 60% was
measured for the 10 and 30 mN m™, respectively. One would expect a large decrease at

the collapse surface pressure. Possibility of aggregation of HI was studied by
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Figure 3.4 Three compression-decompression cycles up to a surface pressure of 10
and 30 mN/m of human insulin Langmuir monolayer at subphase pH 5.6.
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Figure 3.5 Stability measurements at surface pressure 10 (A) and 30 mN/m (B) held
for 90 minutes for human insulin Langmuir monolayer at subphase pH 5.6.
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BAM, and conjugating HI with FITC, and will be discussed later.

3.2.3 UV-vis and fluorescence spectroscopy of human insulin in aqueous phase and

Langmuir monolayer

The photophysical properties of the HI were investigated in aqueous solution (pH 2) and
as a Langmuir monolayer as shown in Figures 6 and 7, respectively. There is a
correlation between the UV-vis spectra of HI in aqueous phase and in Langmuir
monolayer, i.e. two bands observed at 224 and 276 nm. These bands are due to the
tyrosine absorption, which is characteristic of phenol. There are 4 tyrosine amino acids in
HI, which are responsible for the characteristic absorption spectrum shown in Figures 3.6
and 3.7. Our results correspond to the ones already reported for the tyrosine maxima (at

pH 6) at 222 nm (£ =9.0 X 10° M cm™) and 275 nm (e=1.4 x 10° M cm™) ¥

The emission peak of aqueous HI (pH 2) was observed at 307 nm compared with values
obtained in other work at pH 7, i.e. 303-305 nm. Although the UV-vis absorption
spectrum is identical for the aqueous phase and Langmuir monolayer, one did not detect
any fluorescence of HI Langmuir monolayer. The result is explained by the fact that the
number of tyrosine moieties in the HI are quite low and the extinction coefficient at 276

nm is a relatively small value.
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Figure 3.6 UV-vis (5 X 10° M) and fluorescence (5 X 10”7 M; Aexcitation = 270 nm, slit

width at the excitation and emission, 5 and 5 nm, respectively) spectra of aqueous
solution of human insulin.

Figure 3.7 UV-vis spectra of human insulin Langmuir at subphase pH 5.6. Inset
shows the variation of the absorbance at 224 and 276 nm in function of the surface

pressure.
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This interpretation could also be applied to the weak absorption at 276 nm for the HI
Langmuir monolayer as shown in Figure 5. Increasing the surface pressure or the number
of HI molecules per unit area does not show a larger absorbance at this wavelength.
However, the inset of Figure 3.7 shows a steady increase in absorbance at 224 and 276
nm from 0 to 27 mN m™, i.e. a region of surface pressure near the collapse surface
pressure. Linearity in absorbance at air-water interface indicates stability of the HI

monolayer till the collapse point.

The next section will look at the topography of the HI Langmuir monolayer in regards to
the potential formation of domains in 2-D. Two methodologies were used for this

observation, namely epifluorescence and Brewster angle microscopy.

3.2.4 Epifluorescence and brewster angle microscopy of human insulin Langmuir

monolayer

The topography of the human insulin Langmuir monolayer was examined using
epifluorescence of the FITC-human insulin, whereas Brewster Angle was employed for
pure human insulin in 2-D. Since insulin is weakly fluorescent as a Langmuir monolayer,
one must attach a fluorophore to make use of the epifluorescence microscopy. The probe

commonly used for proteins is fluorescein isothiocyanate (FITC).

Knowing the ratio of FITC-insulin (1:1), molecular weight was calculated to prepare the
right concentration of aqueous solution to be spread at the air-water interface.
Epifluorescence micrography was obtained at surface pressures of 5, 10, 20 and 30 mNm’
" as shown in Table 3.1. A homogeneous HI Langmuir monolayer was observed at all

surface pressures without any indication of the formation of domains in the pm range in



Measurements

A)
Epifluorescence:

Insulin-FITC
Langmuir
monolayer

Subphase: water
(pH 5.6)

(image size 895 x
713 um)

0 mN/m

B) BAM
Langmuir
monolayer

Arachidic acid

(image size 200 x
200 pum)

C) BAM: Insulin
Langmuir
monolayer

Subphase: water
(pH 5.6)

(image size 200 x
200 pum)

10 mN/m

15

20 mN/m

20

25 mN/m

25
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Table 3.1 Four surface pressures of 10, 20, 30, and 40 mN/m were measured by A)
Epifluorescence for a sample of HI-FITC Langmuir monolayer; B) BAM for insulin

HI Langmuir monolayer;
(Insulin concentration: 0.30 mg/ml).

C) BAM for arachidic acid Langmuir monolayer.
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the images. To verify this observation, Brewster angle microscopy (BAM) was employed
to image the topography of the film at the same pressure as the epifluorescence ones. The
BAM data confirms the epifluorescence measurements. To assure that the BAM system
worked properly, the arachidic acid- Langmuir monolayer was examined. The
topography observed corroborate the results already published. (Table 3.1)81 To examine
the nature of the interaction between insulin molecules in 2-D, the HI aqueous phase and
Langmuir monolayer was examined by infrared spectroscopy. The FTIR and circular
dichroism (CD) were studied for HI aqueous phase, whereas infrared reflection
absorption spectroscopy (IRRAS) was used for the HI Langmuir monolayer.3.2.5.

Examination of secondary-structure of insulin.
3.2.5 Secondary structure of human insulin at air-water interface
3.2.5.1 CD and FTIR examination of insulin in solution

As shown in Figure 3.8, the CD spectrum contains a high proportion of a—helix compared
with B—sheet.”” When analyzed by Softsec software, insulin was found to contain 75% o—
helix and 20% P—sheet. This indicates the presence of monomers and absence of
aggregates in aqueous phase. Figure 3.9 shows the FTIR spectrum of aqueous HI with
major peaks at 1650, 1542, 1440 and 1373 cm™'. Peaks at 1650 and 1542 cm™ correspond
to amide I and amide II regions of a-helix which are characteristic of a—helix. **CD and
FTIR spectra confirm that the aqueous HI exists as a-helix, hence as a monomer in an

aqueous phase.
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Figure 3.8 Circular dichroism spectrum of aqueous insulin at pH 2 and temperature
20 =1 °C. The concentration of the insulin was 0.3 mg/ml.

0.000 q

-0.001 ~

1650 nm
-0.002 +

J 1542 nm
-0.003 +
-0.004 +

-0.005 ~

-log(R /R 0)

-0.006
-0.007 ~
-0.008

-0.009 ~

-0.010 T T T T T 1
1800 1700 1600 1500

Wavenumber

Figure 3.9 FTIR spectrum of aqueous insulin at pH 2 and temperature 20 £ 1 °C.
The concentration of the insulin was 0.3 and 2 mg ml”, respectively.
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3.2.5.2 IRRAS examination of insulin Langmuir monolayer

IRRAS is an important technique to study the orientation and conformation changes of
Langmuir monolayer at the air—water interface. IRRAS measurements were obtained as
reflectance—absorbance (RA) vs wavenumber. RA is defined as —log;o (R/Rr) where R is
the reflectivity of the film covered surface and RF is the reflectivity of the water. When
the vibrations are parallel to the air—water interface, for p-polarized radiation, which is
parallel to the plane of incidence, the bands are initially negative and their intensities
increase as the incident angle is increased until the Brewster angle (54.5° for 2920 c¢m™’
of IR radiation) is reached. By using IRRAS at different surface pressures, we
investigated the change of orientation and conformation of HI Langmuir monolayer
(Figures 3.10, 3.11 and 3.12). IRRAS was used to analyze structural features of the

proteins, such as a-helix and B-sheet interpreted through amide I and amide II bands in

the region of 1700—1600 and 1600—1500 cm ™', respectively.

Three IRRAS spectra are presented. Figure 3.10 shows p-polarization at 60 degrees at
various surface pressures, Figure 3.11 shows a constant surface pressure of 10 mN/m and
varying angles in a range from 30-70 degrees and Figure 3.11 shows s-polarization at a
constant angle of 25 degrees with varying surface pressures. Table 3.2 gives the bands
characteristic of a-helix and B-sheet and Amide I and Amide II vibrations corresponding
to a- helix. The major bands in each spectrum will be discussed. Tables 3.2 and 3.3 show
the assignment for common band positions for p-polarization and s-polarization,

respectively for Figures 3.10 and 3.12.



Structure

Protein Wavenumber (cm'l)

l. a Helical | Amide I Absorption: 1650 to 1657 [Amide 1. 80% C=0O

structure

1515

Amide II Absorption: 1545 to 1551

stretching vibration, 20% in
plane C-N stretching.

Amide II: 40% C-N

2. B Sheet 1628 to 1635

structure

1690

1524 to 1525

stretching, 60% N-Hj
bending

Table 3.2 Major bands characteristic of a helix and p sheet.

p-polarized IRRAS at 60
degrees band position (cm™),
surface pressure

Band Assignment

1652, 1 mN/m o —helix
1648, 30 mN/m o —helix
1550, 30 mN/m o-helix

1536, 30 mN/m

a-helix and to B-sheet

1531, 1 mN/m a-helix and to B-sheet
1522, 30 mN/m [ sheet
1517, 20 mN/m o-helix

1448, 30 mN/m

C—H scissoring of CH; and CHj3

1406, 10 mN/m

Aspartic and glutamic residues (COO-
systematic stretch)
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Table 3.3 Assignment of bands present in p-polarization IRRAS of human insulin
Langmuir monolayer in Figure 3.10.
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s-polarized IRRAS at 60 Band Assignment
degrees band position (cm™),
surface pressure

1694 cm™, 20 mM/m B-sheet

1666, 30 mN/m B-turn and a-helix

1650, 1 mN/m a-helix

1588, 30 mN/m aspartic acid (COO antisymmetric and

symmetric stretch)

1554, 30 mN/m a-helix
1539, 30 mN/m a-helix
1519, 30 mN/m a-helix

Table 3.4 Assignment of bands present in p-polarization IRRAS of human insulin
Langmuir monolayer in Figure 3.11.

Figure 3.10 shows p-polarization of HI Langmuir monolayer at 60 degrees at various
surface pressures. The band at 1517 cm™' corresponds to a-helix. At surface pressure 1
mN/m, there are two visible bands visible: 1652 and 1637 cm . With increasing surface
pressure, the two bands overlap and become a broad band. At 30 mN/m, the band is
visible as a single band with frequency at 1648 cm ™. This is the band corresponding to
amide II region of a-helix. Thenext band appears as a broad band at 1 mN/m at 1531
cm . With increasing surface pressure, it breaks into three bands: 1550, 1536 and 1522
cm . The bands at 1550 and 1522 c¢m™' correspond to amide II region in a-helix and p-
sheet, respectively. This splitting of bands suggests that the band present at 1531 cm™ ' at

lower surface pressures is composed of both a-helix an B-sheet. At higher surface

pressure the band separates in to discrete individual peaks. The other peaks present in the
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spectra are due to the presence of amino acids and alkane chains. The band at 1448 cm™’

corresponds to C—H scissoring of CH; and CH3_All the three major bands indicative of a-

helix are present in the p-polarization IRRAS of HI Langmuir monolayer.

Figure 3.11 shows p-polarization of HI Langmuir monolayer at 10 mN/m at six different
angels of 30, 35, 40, 60, 65 and 70 degrees. Before Brewster angle, the angles at 30, 35
and 40 mN/m show none of the bands characteristic of B sheet. All three angles show
bands near 1650 cm” and 1545 cm” which corresponds to amide I and amide II
absorption, respectively. The band at 1517 cm ', which corresponds to a-helix is present
in 35 and 40 degrees. After the Brewster angle, all three angles of 60, 65 and 70 degrees
show a band between 1650 and 1655 ,which corresponds to amide I absorption in a-helix.
At an angle of 60 degrees, a peak is visible at 1523 cm™, which corresponds to B sheet.
None of the other bands present in the spectra are characteristic of a-helix or B-sheet. The
spectra suggests that HI is in the form of a-helix at air-water interface. With increasing
angle at constant pressure of 10 mN/m, the a-helix character is found to decrease in the
spectra. The s-polarization IRRAS of HI Langmuir monolayer obtained at different
surface pressures is presented in Figure 3.12. At surface pressure of ] mN-m ', a band is
present at 1650 cm™' which corresponds to a-helix. With increasing surface pressure, this
band disappears and merges into the band at 1666 cm™'. The band at 1666 cm™ ' includes
B-turn and o-helix . The band at 1694 cm™' corresponds to B-sheet. Band at 1519 c¢m™’
also corresponds to a-helix. The band observed at 1670 at an incident angle of 60° may
be assigned to sterically constrained C=0 moiety present in B-turn or split in the peak is

noticed due to transition dipole coupling in B-sheet. While varying the surface pressure,

the most intense bands appeared at 1554 and 1539 cm—', both bands correspond to a-
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Figure 3.10 p-Polarized IRRAS of human insulin Langmuir monolayer at subphase
pH 5.6 using an incident angle of 60°, and varying the surface pressures.
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Figure 3.11 p-Polarized IRRAS of human insulin Langmuir monolayer at subphase
pH 5.6 and surface pressure 10 mN/m, and varying the incident angles.
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Figure 3.12 s-Polarized IRRAS of human insulin Langmuir monolayer at subphase
pH 5.6 and incident angle of 25°, and varying the surface pressures.
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helix in amide II region. COO— antisymmetric and symmetric stretching mode

-1

characteristic of aspartic acid is characterized by a peak at 1588 cm . All the three major

bands are indicative of a-helix in the s-polarization IRRAS of HI Langmuir monolayer.

From the above CD, FTIR and IRRAS data, it can be concluded that HI dissolved in pH 2

exists in a helical conformation in solution and at the air-water interface.

3.3 Carbon dots: background

Carbon dots (CD) are a new class of highly fluorescent nanoparticles less than 10 nm.
They have been touted as a replacement for toxic quantum dots due to their benign nature
which makes them an attractive tool for biological research. CD were first reported in
2004 as one of the three components of single walled carbon nanotubes. ** Since then
these nanoparticles called ‘C-dots or carbon dots’ have been synthesized by various
routes, surface modified and characterized by various groups to better understand their
properties. >' Several studies with CD for bioimaging have been published in the past few
years. *** ¥*% However orientation of CD at a membrane level has not been studied yet.
Langmuir monolayer methodology can be used to study the interaction and conformation
for CD at air-water interface as Langmuir monolayers are used as in vitro model of
biological membranes.” This technique allows us to study intermolecular interactions

between molecules spread at the interface which form the monolayer.

3. 4 Carbon dots: synthesis

The protocol for synthesis for CD was followed from literature and is mentioned in

Chapter 2 of this thesis®® The procedure for synthesis is given in greater detail in the
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Figure 3.13 Absorption (dash line) and photoemission (solid line, Aex = 340 nm) for
carbon dots in a aqueous solution of chloroform.

supporting information. Briefly, 15 ml ocotadecane and 1.5 g hexadecyamine were at
heated in a three neck flask under argon flow. When temperature stabilized at 300°C, 1 g
citric acid was added to the mixture. The resulting solution was light yellow in color and
was allowed to cool to room temperature. The synthesized CD was dried under high
vacuum and dissolved in chloroform. The light yellow CD solution emitted blue light

under UV light Figure 3.13 shows the spectra absorption at 342 nm, and fluorescence
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Figure 3.14: TEM Image of carbon dots.

at 432nm when excited at 340 nm for CD. The shift in emission wavelength with increase
in excitation wavelength characteristic of CD was observed during fluorescence. Figure
3.14 shows the TEM images obtained for the synthesized CD. The CD were found to be

between 4-9 nm in diameter.

3.5 Carbon dots Langmuir monolayer

Examination as a Langmuir monolayer at air-water was performed using a concentration
of 0.3 mg/ml of CD with water as the subphase. CD dissolved in chloroform was
deposited on the water subphase with a syringe and allowed to evaporate for 15 minutes.
Figure 3.15 shows the surface pressure isotherm for CD. The lift-off of the surface

pressure corresponds to 0.12 A% molecule”.With increase in surface pressure, the CD
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undergo transition from gaseous to liquid expanded phase and finally to condensed
phase. At surface pressure of 45 mN/m, the CD monolayer collapses. A successful
deposition of Langmuir Blodgett film of the CD monolayer at the air-water interface
requires the surface pressure of the monolayer to be maintained between 10 mN/m and
the collapse surface over a period of time.”” In order to gauge the stability of the
monolayer, stability experiments were performed. Figure 3.16 shows the CD monolayer
when held at at 30 mN/m for 30 min. A decrease in area of the monolayer was at this
surface pressure was calculated to be less than 16%. The three compression-

decompression cycles at 30 mN/m in Figure 3.17 show a minimal decrease in area
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Figure 3.15 Surface pressure—area isotherms of carbon dots Langmuir monolayer
at subphase pH 5.6.



51

0.16—-
0.14—-
0‘12—-
0‘10—-

0.08

o

Area, A2/molecule

0.06

0.04

W/NW ‘@inssald adeunsg

0.02

0.00

T T T T T T T T 0
0 500 1000 1500 2000

Time (seconds)

Figure 3.16 Stability measurements at surface pressure 30 mN/m held for 30
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Figure 3.17 Three compression-decompression cycles up to a surface pressure of 30
mN/m of carbon dots Langmuir monolayer at subphase pH 5.6.
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between the three cycles. Both these experiments indicate that CD monolayer is stable
and remains at air-water interface at high surface pressure without losing conformation.

This property makes it viable for CD to be deposited as Langmuir Blodgett film.

3.6 Carbon dots Langmuir Blodgett film

Langmuir Blodgett (LB) is a technique whereby the monolayer at air-water interface can
be vertically deposited onto a solid support such as a quartz slide. > The quartz slide is

held mechanically by a clamp and dipped into the water subphase. Once the needed

nm Length=3.62 pm Pt=459 nm Scale=10nm

R N N - I
1

Figure 3.18 AFM image (10 umX 10 um) of blank quartz slide and the B)
topography of the imaged quartz slide.

surface pressure of 30 mN/m was obtained, the slide was withdrawn from the subphase
at a speed of 1 mm/min and left to air dry for 30 minutes. Once the slide was dried, it
now had 1 layer film of CD. It was examined by fluorescence spectroscopy and atomic
force microscopy. Figure 3.18 shows AFM image of a blank quartz slide. The
fluorescence and AFM image of LB film of CD is presented in Figure 3.19. Figure 3.19

C shows the fluorescence spectrum of the blank quartz slide (black line) before surface
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Figure 3.19 AFM image (4 umX 4 um) of A) blank quartz slide drop casted with
carbon dots, B) topography of the imaged quartz slide and C) Fluorescence spectra
of blank quartz slide (black line) and slide drop casted with carbon dots dissolved in
chloroform (red line). (Aexcitation = 340 nm, slit width at the excitation and
emission, 5 and S nm, respectively)

deposition of 1 layer of LB film. There is no fluorescence visible for quartz which
verifies that the slide is clean. After 1 layer deposition of the CD monolayer, the
fluorescence spectrum shows an emission peak at 426 nm (red line). This corresponds to
the fluorescence spectra obtained for CD as solution at 432 nm in Figure 3.13. The

intensity of the fluorescence for the CD monolayer is 1000 times lower than the intensity
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of CD solution. CD solution and CD monolayer, both had a concentration of 0.3 mg/ml.
For the monolayer preparation, 40 ul of 0.3 mg/ml solution is spread over a trough of an
area of of 5.9 cm x 21.1 cm which already contains 30 ml water. This dilutes and reduces
the concentration of CD monolayer present in the monolayer and this low concentration
is deposited on the quartz slide when it picks up the CD monolayer. Due to this low
concentration, the intensity of fluorescence spectra of the CD monolayer is much lower
compared to the CD solution. However, as presence of emission peak in the same region
as in the solution confirms that the presence of CD monolayer in the Langmuir Blodgett

film.
3.7 Conclusion

The surface chemistry of a HI Langmuir monolayer was studied by surface pressure- and
surface potential-area isotherms, and in situ spectroscopic measurements, namely by UV-
vis and fluorescence. Presence of the amino acid tyrosine resulted in insulin’s
characteristic absorbance and fluorescence spectra. Surface chemistry of HI Langmuir
monolayer indicates a stable HI monolayer until collapse at 25.2 mN m™' as shown by
UV-vis and stability studies at the air-water interface. Microdomain formation of HI
monolayer was examined by epifluorescence of HI-FITC and BAM. In both cases, a
homogeneous HI Langmuir monolayer was observed at all surface pressures without any
indication of the formation of domains in the pm range in the topography of the film.
Secondary structure of the HI in solution and at air-water interface was examined by
IRRAS. The data were showed for both phases a high a-helix content, which mainly
indicates the presence of monomers in the HI Langmuir monolayer. The surface

chemistry of CD Langmuir monolayer was studied by surface pressure, stability studies
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and Langmuir Blodgett (LB) films. CD Langmuir monolayer was found to be stable at
high surface pressure which made it viable for the molecule to be deposited as LB film.
The behavior of HI and CD as a Langmuir monolayer at air-water interface lays a
foundation for the next part of the study in Chapter 6 where interaction between HI and

CD in solution will be examined to study fibrillation.



Chapter 4

Study of Aggregation of Human Insulin Langmuir Monolayer

4.1 History and background

Human insulin (HI) exists as a monomer, dimer and a hexamers in the living body. It is
effective as monomer and is stored in a hexamer form with Zn”" ions at the center of the
assembly.®” The hexameric structure of insulin containing six insulin monomers and three
Zn*" ions, where they are united by three equivalent dimers each containing two insulin
monomers and one Zn>" ion. *® Figure 4.1 shows the diagram of insulin in aggregated
state when it is stored in the pancreas. ** In the bloodstream, the three structure levels of
insulin, mainly consisting of monomers, dimers and hexamers, are in equilibrium with
each other. ** **Such equilibrium can be affected by different environment conditions
such as pH and temperature, as well as on the concentration of insulin or metal ions. *'In
modern medical treatments for diabetes (especially type 1 and 2), most drugs that are
used for helping patients with glycemic control are based on zinc-containing insulin in
the hexameric state. *“Therefore, research on the aggregation properties of insulin is of

great importance for the development of medical treatment.

Although the mechanism of insulin aggregation equilibrium is not completely
understood, several studies have shown that specific conditions can have an effect on the

igeq . - 94
structural equilibrium.” °

These studies have been mainly performed in aqueous and
crystalline phases of insulin, however, research has seldomly reported insulin evaluations

at the air-water interface. Pérez-Lopez et al. have recently shown that the presence of

Zn*" ions in the subphase has a profound effect on the surface chemistry of the insulin

57
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Figure 4.1 Insulin is stored as a hexamers in the pancreas, held together by three
zinc ions.”

Langmuir monolayer. >* Due to this reason, we have extended the study of the insulin
aggregation process by comparing surface chemistry and spectroscopy of the insulin

Langmuir monolayer in the absence and presence of Zn”" ions in the subphase.

4.2 Sample preparation

The experiments were conducted using two different spreading aqueous solutions, one at
pH 2 and another at pH 9, where ground human insulin (HI) was dissolved. All the

experiments were performed with these HI samples and the data were reproduced in the
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absence and presence of Zn (II) ions in the aqueous subphase (pH 5.6). Aqueous solution
at pH 2 with HCI is typical for maintaining a stable acidic conformation of insulin. Pure
water subphase was used due to the fact that ZnCl, precipitate at pH 9 and because of the
adequacy of working at the same experimental conditions of the subphase. Pure water at
pH 5.6 was thus used to prepare all the subphases differing in Zn (II) ion concentration.
Figure 4.2 A and 4.3 A presents the surface pressure (m)- and surface potential (AV)- area
(A) isotherms of the human insulin aqueous solutions prepared at pH 2 and pH 9

respectively, in the absence and presence of Zn (II) ions in the subphase.

4.3 Surface pressure-and potential-area isotherms: effect of zinc concentration in

subphase

Figure 4.2A shows that: (1) the lift-off area per molecule increases with the increase in the
concentration of Zn (II) ions; (i1) the slope of each isotherm in the region of 400 to 700
A? molecule™ is approximately the same, but the limiting molecular area, which indicate
the closest packing of the human insulin molecule, increases with the concentration of Zn
(I1) ions, i.e. from 660 (pure water) to 700, 780 and 850 A” molecule™; (iii) the increase
of Zn (II) concentration increases the surface collapse pressure, from 35 (pure water) to
40, 48 and 55 mN/m, respectively. From previous studies we can deduce that our data

. . . . . 17:2
shows formation of aggregates at the air-water interface, i.e. dimers and hexamers.'”* >

Figure 4.3A showed a behavior opposite to the one seen on Fig. 4.2A: with the increase

of the Zn (II) concentration, the lift-off (from 800 to 500 A% molecule™), limiting
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molecular area (from 630 to 450 A molecule™) and surface pressure collapse area (from
425 to 250 A% molecule™) are reduced. From the data we can see that the basic (pH 9)
human insulin spreading aqueous solution (BI) had an insulin conformation different to
the one in the acidic (pH 2) medium (Al), as shown in Figure 4.6 and Tables 1 and 2.
The presence of Zn (II) ions have a great influence on the different conformations since
both the basic (BI) and acidic human insulin (Al)aqueous spreading solvent on pure
water surface give a similar surface pressure-area isotherm. The surface potential-area
isotherms of Al and BI are shown in Figure 4.2A and 4.3A. The trend observed in the n-
A curves is followed by the AV-A isotherms when one increases the concentration of Zn
(II) ions.

Figures 4.2B and 4.3B show the compression-decompression isotherms of the Al and BI
in the absence and presence of Zn (II) ions in the subphase, respectively. For both Al and
BI the compression-decompression isotherms (2 cycles) in absence of Zn (II) ions were
the same within experimental error (4.4%). However, a large difference in the hysteresis
was observed in presence of Zn (II) ions, particularly for the Al cycles. For Al, there was
certainly a high effect of Zn (II) ions on the conformation and orientation of the insulin in

2-D.

4.4 UV-vis and fluorescence spectroscopy of human insulin in aqueous phase and as
Langmuir monolayer

Figures 4.4A-D show the photophysical properties of human insulin in two different
phases: in aqueous solution (Fig. 4.4A,B) and in Langmuir monolayer (Fig. 4.4C, D). The

controlled parameters were (i) pH, (i1) absence and presence of Zn (II) ions and (iii)
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Figure 4.4 UV-vis and fluorescence (excitation at 270 nm, Raman at 297 nm) spectra
of 10* M human insulin aqueous solutions (A, B) and UV-vis spectra of human
insulin Langmuir monolayer at pH 2 and pH 9 in absence and presence of ZnCl,

(107 M) in the subphase at S mN/m (C) and at 25 mN/m (D).
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surface pressure of the Langmuir monolayer. UV-vis and fluorescence spectra of aqueous
solution at pH 2 and 9 in absence of Zn (II) ions showed tyrosine-corresponding peaks at
276 and 304 nm, respectively. (4.4 A,B), while the same peak maxima were seen in the
presence of Zn (II) ions (10~ M). A peak at 222 nm was also observed in all the solutions
examined (data not shown). The latter peak maxima are particular to the tyrosine
emission, as this deduction has been previously published (Ludwig and Asher, 1988)”
for the tyrosine aqueous solution at pH 6.0. It is known that the band maxima
corresponding to the tyrosine groups refer to the characteristic bands that are observed for
phenol, which is a component of the tyrosine molecule. Regardless of the experimental
conditions selected for the aqueous phase, a change in the band position was not
observed. However, the shape of the spectra for the aqueous solution at pH 2 in the
absence of Zn (II) ions and for the aqueous solution at pH 5.6 in the presence of Zn (II)
ions differ from the one at pH 9 in the absence of Zn (II) ions. Such a difference in shape
can be explained by a different conformation of the human insulin at these two pH
values.

Figures 4.4C and 4.4D present the UV-vis properties of the human insulin Langmuir
monolayer at two surface pressures, 5 and 25 mN/m, respectively. From these figures,
similar peak positions are identified in the UV-vis spectra when the Langmuir monolayer
was compressed to 5 mN/m (Fig. 4.3C) and 25 mN/m (Fig. 4.4D) in absence of Zn (II)
ions. However, in presence of Zn (II) ions a shift is observed from 224 to 234 nm, while
the peak at 276 nm remains the same at both surface pressures (Fig.4.4C, D). The
fluorescence spectra for the Langmuir monolayer were also examined (not shown) but it

is difficult to clearly observe insulin fluorescence peaks due to the small amount and low
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quantum yield of tyrosine. From our results we have suggested a mechanism for the
observed shift in the 224-234 nm range of the absorption spectra. In this mechanism, the
Zn (IT) ions would induce an aggregated state of the human insulin in 2-D, regardless of
the pH and of the surface pressure imposed to the system. Hereon we have demonstrated
the aggregation of human insulin induced by the Zn (II) ions in the subphase. To support
the interpretation of our data, we have examined the effect that the Zn (II) ion presence
may have to the human insulin in 2-D and aqueous phase by employing Fourier transform

infrared (FTIR) and Circular dichroism (CD) spectroscopy, respectively.

4.5 FTIR and IRRAS of human insulin in aqueous phase and Langmuir monolayer

Information on the secondary structure of protein in IR spectroscopy was first elucidated
by Elliot and Ambrose in 1950°°, who observed a correlation between the frequency of
the amide I and amide II IR absorptions and the secondary structure of the protein.
Through the use of both IR and X-ray diffraction techniques, such study had shown that
the position of amide I and amide II IR absorption might have been influenced by the
hydrogen bonding in the protein, which is closely connected to the protein’s secondary
structure in space.”” For most proteins in aqueous solution, an o-helix-predominated
structure will exhibit amide I and II absorptions in the spectral range from 1650 to 1660
cm” and 1540 to 1550 cm™, respectively, and a structure predominant on pB-sheets
exhibits similar absorptions at 1620 to 1635 and 1520 to 1535 cm™ .”® Figure 4 shows
the FTIR (Fig. 4.5 A) and IRRAS (Fig. 4.5 B-D) spectra of human insulin aqueous
solutions differing in pH in the absence and presence of Zn (II) ions (Fig. 4.4A).

Likewise, we have reported its Langmuir monolayer at a specific surface pressure,
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Figure 4.5 FTIR spectra of human insulin aqueous solution and IRRAS spectra of
insulin Langmuir monolayer: Bio-ATR cell spectra of insulin (1.5 mg/mL) in
absence and presence of ZnCl, at pH 2 and pH 9 (A); p-polarization IRRAS spectra
of insulin Langmuir monolayer at a surface pressure of 10 mN/m and various angles
of incidence at pH 2 (B); p-polarization at 60° IRRAS spectra of insulin Langmuir
monolayer at pH 2 and pH 9 in absence and presence of ZnCl, in the subphase at
surface pressure 5 (C) and 25 mN/m (D).
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varying in the angle of incidence (Fig. 4.5B) and at a specific angle, with p-polarization
varying the surface helix of the protein. Table 4.1 lists the band assignments for the
peaks. Figure 4.5A shows two peaks at around 1544 and 1655 cm-1 which are attributed
to the a-helix of the protein. Through the comparison of the aforementioned spectra, it
was observed that: (i) the absorption peak positions for amide I and II in the aqueous
solution at pH 9.0 were slightly lower in magnitude than the ones present at pH 5.6 and
pH 2.0. This difference in magnitude can be related to the difference in protein
conformation between basic and acidic media; (i1) because the peak positions assigned to
the a-helix structure are identified in acidic and neutral aqueous phase, we can deduce
that the a-helix conformation is mostly maintained in the aggregates; (iii) the shoulder at
1620 cm™  that is seen from the plot corresponding to human insulin at pH 5.6 in the
presence of Zn (II) ions (Fig. 4.4A) elucidates the formation of a hexamer, i.e. from the
increase in the B-strand structure as aggregation occurs.

Infrared reflection-absorption spectroscopy (IRRAS) has been used to analyze the insulin
protein at the air-water interface. Through the analysis we have determined the
orientation and the secondary structure of the protein in 2-D. Figure 4.5B shows the
spectra taken at 10 mN/m at different angles of incidence (pH at 2). This was done in
order to select the appropriate angle of incidence of the light with highest signal-to-noise
ratio. At angle of 64°, clear peaks of a-helix at 1550 and 1655 cm™ and B-sheet at 1520
and 1655 cm™ were obtained with highest resolution. Due to our observation we selected
an angle of 60° to measure the spectra at two surface pressures varying in pH and in the
presence and absence of Zn (II) ions as shown in Fig. 4.5 C,D. Figure 4.5 C shows the

spectra of human insulin Langmuir monolayer at 5 mN/m at various pH values in the
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absence and presence of Zn (II) ions. A peak at 1650 cm™ that corresponds to a-helix was
observed in all spectra. Through further analysis of this spectra we have seen that: (i) the
spectra of HI with basic spreading solvent (lines 2 and 4 from top) showed different peak
maxima and shape from the spectra with acidic spreading solvent (lines 1 and 3 from
top), indicating a conformational and orientational difference of the human insulin
Langmuir monolayer that exists at different pH levels’'; (ii) an increase on the quantity of

B-strands on the solution in the presence of Zn (II) ions to the solution in absence of Zn

Band position, cm™ Band assignment

(Surface pressure, incident angle, pH)

1630 (10 mN/m, 64°, pH 2) B-sheet (amide I)

1655 (aqueous solution and 10 mN/m, 64°, pH2) | o-helix (amide I)

1650 (5 mN/m and 25mN/m, 60°, pH 2 and 9)

1620 (aqueous solution, pH 2) [B-strands

1544 (aqueous solution, pH 2) a-helix (amide II)
1550 (10 mN/m, 64°, pH 2)
1525 (5 mN/m and 25mN/m, 60°, pH 2)

1560 (5 mN/m and 25 mN/m, 60°, pH 2)

1570 (5 mN/m and 25 mN/m, 60°, pH 9) B-sheet (amide IT)

1720 (5 mN/m and 25mN/m, 60°, pH 9) B-turn

Table 4.1 Band assignment of the FTIR and IRRAS spectra related to the secondary
structure of human insulin in aqueous solution and as Langmuir monolayer.
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(IT) ions has been observed as a a wider peak at around 1650 cm™ is observed in the plot
representative of the HI solution with Zn (II) ions. The new absorption peak at around
1720 cm™ in the presence of zinc ions was assigned to B-turn structures. From the data
(Fig. 4.5C) we thus concluded that the hexameric state of insulin was formed at the air-
water interface; (iii) the insulin Langmuir monolayer with acidic and basic spreading
solvent had unique absorption peaks at around 1525 and 1570 cm™, respectively. This
observation shows a significant difference between samples under acidic and basic
conditions, implying that the human insulin Langmuir monolayers under different pH

levels have different orientations at the air-water interface.

The spectra of human insulin Langmuir monolayer at 25 mN/m at various pH values in
absence and presence of Zn (II) ions were shown in Fig. 4.5D. In contrast to the spectra
obtained at 5 mN/m, the spectra seen at 25 mN/m (Fig. 4.5C) showed similar peaks; even
though the intensity of each peak increased when the surface pressure increased, the
position and shape remained close to each other. From such observation we can conclude
that there were few, if any, conformational and orientational changes when the surface
pressure increased. We can justify the small shift of the peaks in the spectra, e.g. from
1560 to 1570 cm™ and 1525 to 1520 cm™, by the mechanism of intermolecular hydrogen
bonding, which is induced by the increase of the surface pressure, making the peptide

chains from different molecules close enough to interact with each other.”*

Since the p-polarized IRRAS is more sensitive to the vibration perpendicular to the air-

99; 100

water interface, pertinent information can be obtained on the orientation of the

human insulin Langmuir monolayer in 2-D. Therefore, the IRRAS data were used to
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propose an orientation model of the human insulin Langmuir monolayer subject to

different pH values of spreading solvent in the presence of Zn (II) ions in the subphase.
4.6 CD spectroscopy of human insulin aqueous solution

CD spectroscopy is an appropriate technique to measure the secondary structure of the
protein molecule in the far-UV region (190-260 nm).'”' The CD spectra of human insulin

aqueous solution are shown in Figure 4.6 at various pH and in absence and presence of
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Figure 4.6 CD spectra of human insulin aqueous solutions at pH 2 and pH 9 in
absence of ZnCl, and at pH 5.6 in presence of ZnCl,. (Concentration of solution 10™*
M; optical path length: 1 mm).
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Conditions Helix(%) Beta- Others(%) Scale
Sheet(%) Factor
Fraction 75 20 5 0.999
HCIl pH 2
Standard
Error 1.8E-03 3.9E-03 3.2E-03
Fraction 61 33 6 1.000
NaOH pH 9
Standard
Error 1.2E-03 2.9E-03 2.3E-03
ZnCI2 1E- Fraction 69 23 8 0.999
4M
Standard
Error 1.9E-03 2.2E-03 3.2E-03
Fraction 59 22 19 0.999
ZnCl, 1E-2M
Standard
Error 2.0E-03 3.3E-03 3.0E-03

Table 4.2 Secondary structure estimation of the aqueous human insulin CD spectra
using Softsec software.

Zn (II) ions. Table 4.2 shows Softsec software estimation of the secondary structure of
the human insulin protein in the different aqueous environments previously chosen. The
CD spectra showed maxima at about 208 and 220 nm with a crossing wavelength at 0
degree of ellipticity at about 203 nm. The positions of the maxima confirm the
importance of the a-helix of the protein in aqueous solution. The data showed that the (-
sheet conformation is more important at pH 9 than at pH 2. At low concentration of Zn
(IT) ions (10 M), one does not observe a significant change in the a-helix and B-sheet

content, but at a higher concentration (10-2 M), the a-helix content is reduced in favor of
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other conformations, including B-strand and B-turn. This result can be justified by the fact
that an induced aggregation on insulin reduces the a-helix and increases B-strand as well
as P-turn content. This deduction is congruent to the works already reported on the

hexameric state of insulin, which showed more B-strands and B-turn conformations.'*
4.7 A proposed model for the human insulin Langmuir monolayer

A proposed monolayer model of the human insulin Langmuir monolayer is presented in
Figure 4.7 as an explanation to the emerging properties of insulin in different pH
conformations and with the Zn (II) ion parameter. FTIR, IRRAS and CD spectroscopic
analyses have shown that the insulin hexamer was able to be formed at the air-water
interface when Zinc (II) ions were present in the subphase. When the insulin hexamers
were compressed at the air-water interface, a monolayer film having two orientations was
formed, as it is shown in Figures 5.6 A and B. In Figure 4.7 A, chain B of insulin is
believed to be horizontally in contact with the water and in Figure 4.7 B, chain A of
insulin is partially immerged into the subphase. A previous experiment has reported that
insulin in basic condition has a relatively loose structure due to the titration of the Al
alpha-amino group.'” Therefore, it is reasonable to assume that the insulin hexamer with
basic conformation has an orientation as the one seen Figure 4.7 B at the air-water
interface since a more loose structure of the insulin can increase the possibility of chain A
to be immerged into the water instead of being folded inside the aggregation
conformation. On the other hand, the orientation shown in Figure 4.7 A was assigned to
the insulin hexamer present under acidic conditions. The proposed orientation of the

insulin hexamer corresponds to the results of the IRRAS experiments we have done,
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Figure 4.7 The proposed insulin hexamer orientation at the air-water interface with
acidic (A) and basic human insulin samples (B).

where acidic conformations exhibit stronger signals of the o-helix, while basic
conformations exhibited greater B-sheet signals. At p-polarization, the IRRAS spectra
were observed to be more sensitive than the ones having vertical orientation. It is clear
that in the proposed orientation, human insulin under acidic conditions has chain A
(mostly a-helix) more likely to be in the vertical direction, while under basic conditions
such is the case for chain B (mostly B-sheet and B-strands). As shown in Figure 4.7 B,
when human insulin with basic spreading solvent forms a Langmuir monolayer, the
submerged part of the chains in insulin are more prone to attack due to the abundance of
zinc ions from the subphase. This can lead to a partial destruction of the insulin hexamer.
This concept of the partial destruction of the insulin hexamer in basic condition can also
be used to explain the experiment results of surface pressure and surface potential that we

have obtained.
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4.8 Conclusion

Several studies on insulin aggregation have been done in the aqueous and crystalline
phases. However, such research done at the air-water interface has been seldom. We have
reported the dynamics of insulin aggregation at the Langmuir monolayer including the
effect that the aggregation has from Zn (II) in the subphase, while the secondary
structural change in the aggregation process has been reported. The aggregation of human
insulin was confirmed by measurements of surface pressure-area and surface potential-
area isotherms and spectroscopic data. In general, the aggregation dynamics of insulin as
a monolayer has been observed to be particularly similar in the aqueous and crystalline

phases.

Nonetheless, through the peculiar environment of the air-water interface we have
observed certain contrasting properties on the aggregation process as the environmental
conditions were changed. The infrared absorption and CD spectroscopy approach from
our study have confirmed that the secondary structure of the insulin protein possessed a
higher content of B-sheet and B-strands as aggregation occurred under basic conditions.
Based on the experimental data, we have proposed a human insulin (HI) monolayer
model of the insulin conformation and dynamics under acidic and basic conditions.
Overall we have shown the contrasting aggregation dynamics that human insulin has on

pH at the air-water interface, shedding light for promising research on the effect that pH

has on protein aggregation at cell membranes.



Chapter 5

Human Insulin-Fibril Assisted Synthesis of Fluorescent Gold Nanoclusters

5.1 Background
Nanoparticles are increasingly being used in the field of medicine, for catalysis and as
probes for imaging. Some of its biological applications have included tumor targeting,

19311 Quantum dots have been in the forefront of

imaging, therapy and drug delivery.
nanoparticle research due to its high fluorescence which makes it an attractive candidate
for application as a probe. Quantum dots are composed of semiconductor elements like
CdSe, CdTe and PbS and have been shown to have adverse effect on biological systems.
Even after elapse of a considerable time period, elements like cadmium and lead were are

112-114

found accumulated in body organs like liver. Synthesis procedures for quantum

dots and many nanoparticles take place at high temperatures, require strong reducing

: 11
agents and organic solvents.'"”

A green chemistry synthesis procedure for nanoparticles
involving aqueous solution, low temperature, no toxicity while maintaining a high

fluorescence is a needed alternative for quantum dots.

5.2 Gold nanoparticles: an overview

Transition metal nanoclusters composed of gold or silver are often sought for their
stability and low levels of toxicity. Gold nanoparticles (Au NPs) and gold nonocrystals
(Au NCs) have received significant attention in the research field because of their high
biocompatibility and tunable imaging applications as fluorescent biomarkers. Au NPs

have been shown to being benign in biological systems are used extensively as probes,
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biosensors, drug carriers.''®"'?' Au NPs are usually synthesized by the Turkevich method
where hot chloroauric acid is added to sodium citrate. Sodium citrate acts as the reducing
and the capping agent. Particle size between 10- 200 nm can controlled by varying

. . . 122-124
concentration of sodium citrate.

AuNPs in organic solvents are synthesized by
Brust method where sodium borohydride acts as the reducing agent.'”> Au NCs also
exhibit low toxicity and have been proven to be potentially compatible to viable
organisms due to their unique properties, such as the negligible oxidation potential of
gold and the Au NCs ultrafine size and arrangement. Au NCs are usually synthesized by

reduction of chloroauric acid by sodium borohydride.'**"'*

5.3 Literature review and limitations of proposed mechanisms for synthesis of

AuNCs by proteins

A green chemistry method for synthesis of Au NCs was first reported by Xie and group
in a study published in 2009. The reduction of gold salt was carried out by protein bovine

serum albumin (BSA.)'*

Chloroauric acid was added to BSA (50 mg/ml) in a basic
aqueous solution and stirred for 12 hours at 37 °C to give Au NCs. The possible
mechanism for synthesis was suggested due to reduction of the gold salt by the 21
tyrosines present in BSA protein. To verify this hypothesis, an experiment was performed
in our lab where comparable concentration of tyrosine as in BSA was added under similar
experimental conditions. However, fluorescent Au NCs were not synthesized. Other
amino acids like histidine and cysteine were also used in place of BSA to synthesize Au
NCs, however fluorescent Au NCs were not produced. This suggests that the reduction of

the salt is not due to individual amino acids as suggested in the paper, but the structure of

the protein as a whole plays a role in the reduction of the salt. Another study published in
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2012, utilized bovine insulin (BI) as a template to synthesize Au NCs."'

This study
zeroed in on the S-S bond that holds the two chains of the protein together to play an
important role in this synthesis and proposed that Au NCs formed could be used for

biological imaging. However, this study was carried out at 4 °C and did not take into

account that insulin fibrillates at body temperature.

Various proteins like BSA, insulin and lyzozyme can produce Au NCs, however the
mechanism might be different for different proteins. During the synthesis with insulin as
a template in our lab at the physiological temperature of 37 °C , Au NCs were discovered
to be formed within a matrix of insulin fibers. This is the first reported study that
examines the role of insulin fibers on the synthesis of Au NCs. Our study examines the

influence of insulin fibrillation on synthesis and fluorescence of Au NCs.

5.4 Synthesis of gold nanoclusters

In a typical synthesis, 5 mL of an aqueous, basic solution was made by the addition of
NaOH to ultra-pure water so that the solution would reach pH 10.5. Human insulin
(1.486 mg/mL, 256 uM) was readily dissolved in this solution and left to incubate at
37°C for 6 h. The heated insulin solution was then added to 5 mL of an aqueous HAuCly
solution (1.82 mM). Since addition of the HAuCl, solution caused a significant pH drop
in the total solution (pH 7), the mixture was brought back to moderate basic conditions
(pH 10) through the addition of 1 mL of 2 mg/mL NaOH. After the base addition, the
reaction was led to progress for an extended incubation at 37°C under constant stirring

with a magnetic stir bar, finalizing after 36 h of incubation of the insulin-Au complex.
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Figure 5.1 AFM image (6 pm X 6 pm scan) of (A) human insulin (256 pM) in
aqueous solution pH 10.5 after 6 h of incubation at 37 °C. (B) The magnified section
(3 pm x 3 pm scan) of (A) (green box) shows rod-like insulin aggregates (green
arrows). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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5.5 Characterization of gold nanoclusters by AFM and TEM Imaging

Initially, human insulin was heated at 37 °C in alkaline (pH 10.5) aqueous solution for
6 h. Fig. 5.1A shows the AFM image for the insulin solution after this step was taken. As
we can see from the AFM image, there is a great variation in the structure of insulin. The
structures approaching the top-left sector, for instance, are characteristic of aggregated
insulin oligomers due to their varied globular structures. In contrast, the bottom-right
sector of Fig. 5.1 A has a relatively homogeneous appearance, which has been deduced to
pertain to insulin monomers, dissociated from their oligomeric forms due to the higher
charge repulsion conditions of the basic pH environment. The latter sector, however, was
not entirely homogeneous. Fig 5.1A, a magnified section (green box) within the
homogeneous sector in Fig 5.1A, shows insulin ‘rod-like’ fibrils, which had most likely
been generated after the insulin monomers facilitated nucleation and subsequent

fibrillation by abnormal hydrophobic-site exposure and aggregation.

The TEM image in Fig 5.2A illustrates the morphology of insulin in the Au NCs solution,
showing amyloid fibrils in a developed state and after the 36 h of incubation of the
insulin—gold complex at 37 °C and constant stirring. In order to fully attribute the
fibrillation process to the manipulation of the pH and temperature conditions, an insulin
reference to the Au NCs synthesis was prepared and analyzed in the TEM image in Fig.
5.2B. The insulin reference emulated the insulin Au NCs synthesis by replacing addition
of HAuCl4 with addition of HCI, excluding HAuCl4 as a factor that could influence
insulin fibril formation. As amyloid fibril formation could be clearly observed on the

insulin reference sample (Fig. 5.2B), the fibrillation process of insulin had been herein
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Figure 5.2 TEM images of (A) the insulin fibrils Au NCs and its corresponding
insulin reference (B) in aqueous solution, pH 10. The insulin reference emulates the
current synthesis of insulin Au NCs shown in (B), replacing HAuCl4 for HCI, with
an initial insulin incubation of 6 h and secondary incubation of 36 h at 37 °C. Final
insulin concentrations in insulin Au NCs and in the insulin reference were both
approximated to be around 128 pM in solution.
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shown to be caused by the heated, basic pH environment, dissociating oligomers into
monomers by the charge-repulsion nature of the alkaline environment, and accelerating
hydrophobic interactions into insulin fibrils from the stirring and the higher temperature

conditions, which are known to increase molecular collisions.

5.6 Fluorescence spectroscopy analysis of gold nanoclusters

Fig 5.3 shows normalized fluorescence bands of human insulin Au NCs made through:

1) changes in the method (i.e. heating), and

11) changes in the solution environment (i.e. buffer solutions, pure aqueous solutions).

Fig. 5.3 shows relative fluorescence intensity values, which are fluorescence intensities
normalized to the water Raman peak at 559 nm. Relative fluorescence intensity values
can be very useful for imaging processes and biosensing applications, as these values
measure the capacity to discriminate the fluorescence of the analyte from that of a
secondary analyte. In the present case, the 550—800 nm range is an adequate domain for
this type of comparison as the nanocluster fluorescence at 620 nm predominates in this

spectrum.

The fluorescence bands shown in this figure all correspond to human insulin Au NCs
syntheses made through the addition of HAuCls to an insulin solution, followed by
addition of base (NaOH) and 12 h of constant stirring and incubation at 37 °C. As
explained above, however, some of the insulin Au NCs made herein had undergone
different synthesis conditions, and the changes had consequently affected their Au NCs

fluorescence intensities.
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Initially, we have made human insulin Au NCs in phosphate buffered saline (PBS)
solution by dissolving unheated insulin in PBS, and following all the above mentioned
procedures until its termination after 12 h of incubation (Fig 5.3A, pink). The synthesis
that followed was that of human insulin Au NCs in borax buffer, made by dissolving
unheated insulin in borax buffer, and also following the latter protocol until completion
(Fig. 5.3A, blue). These syntheses were made through the use of buffer solutions, and

their respective Au NCs fluorescence bands were poor in their intensity relative to the
1.8 - Initial conditions of insulin / Solvents:

- Human Insulin Au NCs
1.6 1

—a— Heated (37°C) / basic aqueous solution*
: —=&— Not heated / basic aqueous solution
1.4 - 4— Not heated / borax buffer
) i v Not heated / phosphate buffered saline
1.2 4

Human Insulin Reference

5 i +— Heated (37°C) / basic aqueous solution
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Figure 5.3 Method comparison fluorescence spectrum (lexcitation =470 nm) of
human insulin Au NCs, normalized at the water Raman peak at 559 nm (Au NCs
emission at 620 nm). All samples had a 12 h Au NCs incubation time; the heated
samples were heated at 37 °C for 6 h prior to the 12 h of Au NCs incubation.
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Raman peak, as the Raman peak was higher in height. Thus, a different approach had to
be taken to generate Au NCs with higher fluorescence intensities.Throughout the
previous sections we have defined a concise hypothesis of heat-assisted (37 °C) insulin
fibrillation in a basic medium based on a series of deductions taken from the literature,
while providing proof of the process through AFM and TEM technologies earlier in the
report. In this section, we demonstrate how the parameters that were used to generate
insulin fibrils in the alkaline medium can influence the nanocluster fluorescence intensity

of human insulin Au NCs.

As the fibrillation hypothesis addressed insulin in an alkaline environment, a pure
aqueous (buffer-free) alkaline solution was used. Fig. 5.3A(red) shows the fluorescence
band of human insulin Au NCs in alkaline solution, made by dissolving unheated insulin
in a NaOH-based aqueous solution, followed by the synthesis protocol until 12 h of
incubation. It can be seen that the latter synthesis is comparable to the buffer-based
syntheses as insulin was not heated prior to HAuCly addition. The normalized
fluorescence intensity for this Au NCs synthesis is, however, lower than those syntheses

prepared in buffers.

The fluorescence band (Fig 5.3A, black line) pertains to the fluorescence of insulin fibrils
Au NCs in basic solution is defined in the paper as the main synthesis as it had been
investigated in the AFM and TEM images (Fig 5.1 and Fig. 5.2, respectively). The
insulin fibrils Au NCs synthesis differs from the others in its initial conditions. In this
synthesis, the insulin solution was heated at 37 °C for 6 h prior to the HAuCl, addition,

whereas in the previous cases HAuCly was readily added after insulin was dissolved in its
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solvent. The insulin fibrils Au NCs synthesis is the optimized synthesis as it exhibits the
highest normalized intensity. Heating insulin at 37 °C prior to HAuCl, addition proved to
influence the fluorescence yield of the human insulin Au NCs, as insulin Au NCs made
without the initial heating condition and incubated for a prolonged period of time, >12 h
after HAuCl, addition did not exhibit a higher Au NCs fluorescence intensity than the
intensity of insulin fibrils Au NCs shown herein after 12 h of incubation. In addition, a
reference (Fig. 5.3, green curve) made from an insulin solution exposed to the same
conditions as the optimized synthesis shows that the fluorescence at 620 nm pertains to
the Au NCs fluorescence band. Further proof of the optoelectronic properties of insulin

fibrils Au NCs are discussed in the following section.
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Figure 5.4 UV-visible absorption spectrum of insulin fibrils (128 pM) Au NCs
synthesized under optimized conditions. Initial insulin concentration: 256 uM in
5 mL alkaline solution.
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Fig. 5.4 shows the UV—Vis absorption spectrum of the optimized synthesis of insulin
fibrils Au NCs. The surface plasmon band (SPB), typically located at around 520 nm,
was absent from the absorption spectrum, indicating that there was no formation of Au
nanoparticles with core diameters of more than 2 nm. Thus, for nanostructures particular
to the observed case, fluorescence effects not attributed to light scattering nor inherent of
the protein itself would have their origin in nanocluster systems classified as molecular
ligand—metal clusters, with a metal core cluster size ranging from 1 to 3 nm. Because the
as-prepared sample fluoresces at 620 nm, the absorption spectrum data confirms the
presence of noble metal nanoclusters in the current synthesis approach and determines the

system to be particular to molecular-ligand NCs.

The as-prepared insulin fibrils Au NCs exhibited a subtle yellow color under visible light
and a fluorescence band at 620 nm characteristic of an Auys cluster system . Fig 5.5
shows the fluorescence spectra (in counts per second) of the insulin fibrils Au NCs after
‘insulin—Au complex’ incubation times of 12 and 36 h. The Au NCs fluorescence band in
Fig 5.5 shows no apparent growth between the 12 and 36 h interval, while showing little

growth once the data had been normalized with respect to the water Raman peak

In Fig 5.6, the fluorescence band of the insulin Au NCs was taken at different excitation
wavelengths to generate a three-dimensional, excitation—emission spectrum, showing the
optimal Aexcitation at 470 nm. From the same plot we can confirm that the fluorescence at
620 nm had been exclusive to Au NCs and not a scattering light occurrence, as the
contour lines show no wavelength shift from the 620 nm for different excitation

wavelengths.
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Figure 5.5 Time evolution of the fluorescence spectrum (lexcitation =470 nm) of
insulin fibrils Au NCs synthesized under optimized conditions: pre-incubated (6 h at
37 °C) human insulin addition to HAuCl4 solution and subsequent incubation at
37 °C for the listed times: 12 h (black) and 36 h (blue). NCs emitted at 620 nm.
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Figure 5.6 Combined fluorescence spectra of insulin fibrils (128 pM) Au NCs at
successive excitation wavelengths in 5 nm intervals: 460 nm (front) to 485 nm
(back).
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Experiments that had been performed in this investigation with BSA Au NCs following
the protein-directed synthesis protocol produced Au NCs with a fluorescence band at
640 nm which exhibited a higher intensity relative to the fluorescence intensity of insulin
fibrils Au NCs. It is assumed that this observed decrease in the NCs intensity of insulin

Au NCs can be attributed to the lower amount of protein used for the current synthesis.

Since the NCs fluorescence band of the BSA Au NCs resonates at very close frequencies
relative to the NCs band of insulin fibrils Au NCs, the emission wavelength of the latter
(620 nm) would likely approach the emission wavelength of BSA Au NCs (640 nm) if
insulin fibrils Au NCs fluorescence was increased. Experiments conducted throughout
the investigation have shown that the increase in the insulin Au NCs fluorescence band
occurs through the abscissa (increasing in intensity) and ordinate (“red-shifting”) axes

conjunctively.

Human insulin from recombinant DNA, though endogenous and readily available in
healthy humans, had a limited availability for research purposes as it had been relatively

expensive. The

previously reported BSA Au NCs synthesis had a BSA reactant concentration of 752 uM
in 5 mL of solution, whereas the insulin concentration used in the current synthesis of
insulin fibrils Au NCs has a reactant concentration of 256 uM in 5 mL, an almost three-
fold protein concentration reduction, with a remarkable difference in protein weight of

about 242 mg less than the BSA weight from the previous protein-directed synthesis.
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5.7 Synthesis of CdS quantum dots

HI (Img/ml) solution is prepared by dissolving HI in an aqueous pH 2 solution. CdCl,
and Na,S solutions of 1M are prepared in water. 10 ml insulin solution is placed in a
round bottom flask. 50 ul of CdCl, and Na,S solution is added with stirring and at 37C.
Aliquots were taken at different time periods during the experiment. CdS quantum dots
were found within 30 minutes of the reaction. Similar procedure can followed with

protein Bovine Serum albumin (BSA) except that it was dissolved in water instead of pH

2 solution.

5.8 Characterization of CdS qds
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Figure 5.7 UV-visible and fluorescence absorption spectrum of insulin CdS
quantum dots.
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Figure 5.8 AFM images (2 pm x 2 pm scan) at 30 minutes for (A) insulin quantum
dots B) insulin and at 12 hours for C) insulin quantum dots and D) insulin
reference.

An aliquot was taken from the reaction after 30 minutes. The presence of surface
plasmon resonance band at 340 nm in the UV-vis spectrum in Fig 7.7 confirms the
presence of quantum dots within 30 minutes the reaction. The fluorescence band was
found constant at 543 nm. With increase in time for the reaction to 12 hours and 24

hours, there is a slight increase in fluorescence intensity.
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AFM images in Fig. 5.8 show QDs and insulin reference at 30 minutes and 12 hours.
AFM, fluorescence and UV-vis spectroscopies confirm presence of QDs within 30
minutes of reaction. The synthesized QD have high fluorescence intensity, are time-

efficient manner and are prepared at room temperature.

5.9 Conclusion

The synthesis of insulin fibrils Au NCs has been reported as the addition of HAuCly
solution to an alkaline aqueous solution where human insulin had been incubated for 6 h
at 37 °C, following by extended incubation at 37 °C after the Au NCs precursor
(HAuCly) had been added. The “green” synthetic model employed for the synthesis of
bovine serum albumin (BSA) Au NCs has been derived herein into a new theory for the

synthesis of Au NCs in a fibril-dominant environment.

A deduction for the fibrillation of insulin in a basic environment has been provided in the
study, while AFM and TEM measurements have confirmed the presence of amyloid
fibrils in the human insulin solutions made through the methodology that had been

hypothesized to favor fibril formation.

Human insulin Au NCs made through conditions favoring insulin fibrillation have been
shown to have the highest fluorescence intensity values compared to those that do not,
and while the Au NCs emission has not been found to be completely dependent of the
fibrillation process, we can say that the two are highly correlated. The synthesized insulin
fibrils Au NCs had high fluorescence intensity relative to the protein concentration that
were used, as a comparison with the significantly higher protein amount of the previous

protein-directed synthesis of BSA Au NCs was brought into light. The investigation gives
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seeding insight to the fibrillation of insulin in alkaline environments and provides a new

direction for research in the synthesis of protein Au NCs.



Chapter 6

Water Soluble Carbon Dots are Catalyst for Human Insulin Fibrillation

6.1 History and background

Protein misfolding resulting in formation of amyloid plaques has been indicated to play a
role in several diseases like Alzeihmer’s disease, diabetes type 2 and Parkinson’s disease.
"2 In the human body, there are 18 known proteins which have been observed to misfold
and play a causative role in diseases. One of the main compound used to prevent protein
fibrillation are nanoparticles like CdSe or CdTe quantum dots (QD). QD are highly
fluorescent making them easy to track in a biological system, and are less than 10 nm in
size enabling them to cross the blood brain barrier and interact with proteins.
Experiments have shown that QDs can act either as a catalyst or an inhibitor for protein
fibrillation based on several factors like the composition, concentration and size of the
QD.>® However, recent studies of QD have shown that cadmium based QD are toxic for
biological systems due to leaching from the element cadmium. ’ This has resulted in

search for benign nanoparticles which could be a viable replacement for QD.

A new class of highly fluorescent nanoparticles which have been touted as a replacement
for QD are carbon dots (CD) due to their benign nature which makes them an attractive
tool for biological research. Carbon dots were first reported in 2004 as one of the three
components of single walled carbon nanotubes.® Due to their small size (6-8nm), CD can
enter easily transverse in the human body, including the blood brain barrier. These
properties make CD increasingly attractive for applications in biological systems. Several

studies using carbon dots in biological systems, including various embryos of various

92
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organisms have shown carbon dots to be non-toxic and a viable source for use in as a
probe and for imaging.”"® However, effect of CD on protein fibrillation and aggregation

in terms of their toxicity is an area which has not been investigated yet.

Although in the human body, only 18 proteins have been observed to misfold resulting
diseases, all proteins can form fibrillate under appropriate conditions. A typical protein
fibrillation involves a number of intermediate states, including nucleation,
oligomerization, and fibril formation."** '** The protein fibrillation investigated in this
paper is for the protein Human Insulin. Human insulin is made up of two polypeptide
chains called the A chain and the B chain which are joined to each other by disulfide
bridges. As a monomer, the majority of the structure of insulin is composed of a-helical
structure and it dimerizes through the formation of B-sheet. Insulin is often found having
a dimer structure which is due to hydrogen bonding between the C terminus of B
chains.”” Human insulin dimers come together to form hexamers in the presence of zinc
ions. Monomers and dimers readily diffuse into blood, whereas hexamers diffuse poorly.
Hence, absorption of insulin preparations containing a high proportion of hexamers is
delayed and somewhat slow. * Increase in glucose levels in the blood is one of the major
triggers for release of stored insulin from the pancreas. Human insulin hexamers
molecules releases six monomeric insulin molecules in the bloodstream. Firstly, one
insulin hexamer forms three insulin dimers. This is followed by formation of two

monomers from one insulin dimer.

Human insulin in human body have not been observed to form fibers or plaques.
However, in vitro, human insulin is readily converted to an inactive fibrillar form by

incubation at high concentrations, low pH, and high temperatures. In the present study,
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we have investigate the effect of dihydrolopoic acid (DHLA) capped carbon dots (CDs)
on the fibrillation of human insulin protein. These carbons dots are hydrophilic and
therefore are called Water soluble Carbon Dots (WCD). Two different ratios of WCD
were added to human insulin and the fibrillation process of HI was observed. This is the
first study which is observing effects of CD on a protein. The fibrillation of the protein
was monitored by UV-vis and fluorescence spectroscopies. The conformational changes
in the secondary structure were tracked through circular dichroism and monitored
visually through Transmission Electron Microscopy (TEM) and Atomic Force
Microscopy (AFM). One has observed that WCD as a catalyst for human insulin
fibrillation as in the presence of WCD, human insulin fibrillation is initiated 7 times

faster when compared to absence of WCD.

6.2 Synthesis and methods

Aliquots of human insulin solutions were diluted 10-fold into a 5 uM Congo red buffer
solution. UV—vis sample measurements used a quartz cuvette with a 10 mm optical path
length. Wavelength measurements were taken from 400 to 700 nm. Absorption spectra of
the protein solutions in the presence of the Congo Red (CR) dye were compared with that
of the Congo red buffer alone and the protein solutions in the absence of the Congo red

dye.

Thioflavin T binding assays were conducted by first preparing a | mM Thioflavin T stock
solution in 1 x PBS buffer and stored at 4 °C and protected from light until usage.
Aliquots of protein solutions were diluted 10-fold into the Thioflavin T stock solution.

Fluorescence sample measurements used a quartz cuvette with a 10 mm optical path
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length. Wavelength measurements were taken from 460 to 700 nm, using an excitation
wavelength of 450 nm. All fluorescence intensity measurements were background-
corrected with a 20 uM Thioflavin T solution that did not contain human insulin and
human insulin-WCD. The intrinsic fluorescence emission of tyrosine was used to monitor
structural changes in the conformation of the protein. Wavelength measurements were
taken from 300 to 500 nm, using an excitation wavelength of 275nm. Emission and

excitation slit widths were typically 5 nm.

Carbon dots were synthesized by the procedure developed by Wang and c0.*® A mixture
of 15 ml octadecene and 1.5 gram hexadecylamine were heated in a three-neck flask
under Argon flow to 300 °C, and then 1 gram of citric acid was injected into the mixture.
The solution was allowed to remain at 300 °C for 5 minutes and slowly allowed to cool to
room temperature. The solution was purified by precipitating with acetone and dissolved
in chloroform. Figure 6.1 characterizes the ODC carbon dots synthesized. ODC are light
yellow in color and show and absorbance at 360 nm. When excited at 360 nm, the
emission spectra was observed at 433 nm as shown in Figure 6.1A. Imaging through
AFM (Figure 6.1B and 6.1C) and TEM (Figure 6.1D) confirms that the OCD are between

6-8 nm similar to the literature.
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Figure 6.1 Characterization of oil soluble carbon dots (OCD) dissolved in
chloroform. A) fluorescence spectra when excited at 360 nm, slit width of 5 nm, 5
nm and cell length 1 cm. Visual confirmation presence of OCD by B) AFM image
(11 um X 11 um) of OCD; C) Extracted profile of one WCD; D) TEM image of
WCD.
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Dihydrolipoic acid (DHLA) was synthesized by reducing lipoic acid with sodium
borohydride and the product formed was isolated in chloroform. 3 ml of OCD was added
to 0.5 g of DHLA in methanol as solvent and heated to 60 °C for 4 hours. Potassium tert-
butoxide was added to basify the solution and it was centrifuged to obtain precipitates,

which were dissolved in water to get the Water Soluble Carbon Dots (WCD).

1 mg/ml human insulin was dissolved in pH 2 solution with 25 mM NaCl and incubated

at  37°C with stirring. '**

Samples were withdrawn at various time periods and
characterized for fiber formation. WCD of two different ratios (protein-to-WCD mass
concentrations of 5000:1 and 500:1) were added to human insulin sample under similar

incubation conditions. WCD was added to samples were withdrawn at time intervals of

30 minutes and characterized for fibril formation.
6.3 Characterization of the WCD

Characterization of the WCD was carried out using fluorescence spectroscopy and
microscopy. The characteristic fluorescence spectra for OCD where a shift in wavelength
in excitation results in a shift in the emission wavelength was also observed for WCD.*®
Figure 2A shows the fluorescence spectra of WCD when excited at 360 nm showing an
emission peak at 435 nm. Encapsulation of OCD with DHLA resulted in hydrophilic
WCD and this procedure does not affect the shape or result in any shift in the florescence
peak. Figure 2B shows a drop cast of WCD on a mica slide. The figure shows several
spherical structures. Figure 2C is an enlarged scan of the mica slide to characterize a
single WCD. Figure 2C shows the topography for the WCD and it was observed to be

between 6-8 nm in diameter. TEM image in Figure 2D correlates with AFM and
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confirms diameter of WCD to be between 6-8 nm. Several WCD spherical in shape was
observed in the TEM image. TEM image of WCD confirms WCD dissolved in water was
evaporated to calculate their mass. The protein to WCD ratios used were 1: 5000 and 1:

500.
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Figure 6.2A: DHLA capped WCD’s A) fluorescence spectra when excited at 360 nm,
slit width of 5 nm, 5 nm and cell length 1 cm.
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Figure 6.2 Visual confirmation presence of WCD by B) AFM image (11 um X 11
um) of WCD; C) Extracted profile of one WCD; D) AFM topography image of
WCD and E) TEM image of WCD.
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6.4 Spectroscopic characterization of fibrillation of human insulin with WCD

Human insulin solutions were incubated with constant protein concentration of 1 mg/ml
in 100 mM NaCl solution at pH 2 in the absence or presence of varying WCD
concentrations (protein-to-WCD mass concentrations of 5000:1 and 500:1) at 37 °C.
High protein to WCD ratios were chosen to ensure high loading capacity of Human
Insulin on the surface of WCD. Different ratios were chosen for the purpose of
distinguishing any rates of aggregation. The choice of WCD was due to the fact that
WCD are increasingly replacing QDs due to their benign nature in biological

applications.

It has been previously reported that the protein insulin has the ability to form fibrils in
vitro under various (i.e., temperature-induced protein denaturation)solution conditions.
134 Hence, human insulin was subjected to thermal conditions that have been previously
shown to be effective in inducing protein aggregation. Thermal conditions at 37 °C were
chosen because it is proposed that human insulin undergoes a temperature-induced
denaturation process through a three-state transition: (1) an initial lag phase, (2) an

initiation stage where fiber formation starts taking place and increases rapidly with time

and, (3) the final saturation phase where there is plateau in fiber formation.

Figure 6.3 shows Thioflavin T (Tht) fluorescence of human insulin and of human insulin
with WCD of ratios 5000:1 and 500:1. With increase in time of incubation, the intensity
of fluorescence emission at 485 nm increases. ">> '*® Figure 2 plots Tht human insulin
fibrillation intensity at 485 nm with increasing incubation time. All the samples show

increase in fluorescence intensity with increase in time. For the insulin sample, a well-
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defined lag time is observed where there is no significant increase in fluorescence
intensity at 485 nm for the first 4 hours of incubation. After the first 4 hours, a gradual
increase in intensity is observed, which then reaches a plateau. On comparing with the
human insulin samples incubated with WCDs, there is an increase in intensity from the
very beginning. No lag time is observed for these samples. These samples directly enter
the initiation stage and then go on to the plateau stage. The spectra also shows an increase
in intensity of fibrillation with increase in concentration of WCD. The intensity of
fluorescence was highest when the concentration of insulin to WCD was 500:1 (A, blue

triangle), followed by 1 WCD for every 5000 insulin (®, red circle) and lastly human
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Figure 6.3 Time evolution of Thioflavin T fluorescence of Human Insulin and
Human Insulin-WCD at 37 C and pH 2, where ( M, black) Human Insulin, (®, red
circle) Human Insulin: WCD (5000:1) and, (A, blue triangle) Human Insulin:
WCD (500:1). Slit width at the excitation and emission, 5 and 5 nm, respectively.
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insulin ( m , black) alone, suggesting that higher concentrations of WCD results in a

higher rate of fibrillation.

The time periods 0.5, 3.5 and 6 hours are chosen for further characterization based on 1)
AFM and TEM microscopy which will be discussed later in the paper and 2) based on the
Tht T-human insulin curve as each time period represents one of the three phases of
human insulin fibrillation which are lag phase, initiation of fibrillation and saturation of

fibrillation, respectively. Congo Red absorbance spectroscopy for the three time periods
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Figure 6.4A Absorption spectra of Congo Red in Human Insulin and Human
Insulin-WCD solution at incubation time of A) 0.5 hours. Congo Red alone (black),
Human Insulin (red), Human Insulin: WCD (5000:1) (blue) and Human Insulin:
WCD (500:1) (green)
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Figure 6.4 Absorption spectra of Congo Red in Human Insulin and Human Insulin-
WCD solution at incubation time of B) 3.5 hours and C) 6 hours.
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are compared in Figure 4. Congo Red (CR) has absorbance at 486 nm and Insulin/CR at
22 C has absorbance peak at 486 nm. *”* '*® Both these samples act as controls to
compare the different human insulin samples at the three stages of incubation. CR on
interaction with protein does not have a change in absorbance spectrum. However, CR on

interaction with protein fibers results in a red shift in absorbance spectrum.

Figure 6.4A shows the time period 0.5 hours since the incubation of the protein. Human
insulin has absorbance peak at 489 nm while both samples of Insulin incubated with
WCD with ratios 500:1 and 5000:1 have an absorbance peak at 500 nm. Figure 6.4A,
6.4B and 6.4C show CR spectra for aliquots from the three incubations at 0.5, 3.5 and 6
hours, respectively. Human insulin samples incubated with WCDs have a significant red
shift in their absorbance spectra which indicates interaction of protein fibers with CR
when compared to insulin incubating in the absence of WCDs. Figure 6.4B presents
absorbance spectra at 3.5 hours incubation. The insulin absorbance is now at 492 nm
while the insulin incubated with WCD with ratios 5000:1 and 500:1 have absorbance at
499 and 500 nm, respectively. At 3.5 hours of incubation, all the human insulin samples
show a red shift in absorbance indicating a presence of protein fiber. However, it is
noticeable that human insulin incubated in presence of WCD shows a smaller red shift in
absorbance when compared to human insulin incubated in presence of WCD. Figure 6.4C
presents the absorbance spectra during the plateau phase of insulin fibrillation where all
three insulin samples show 9-10 nm red shift indicating presence of insulin fibers. CR
absorbance shows that with increasing time of incubation, all three insulin samples show
a red shift in absorbance. However in presence of WCD, the red shift in absorbance is

pronounced in the first 0.5 hours whereas in the absence of WCD, human insulin
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gradually moves towards the red shift in absorbance. This complements the Tht study that

human insulin undergoes fibrillation at a higher rate in presence of WCD.

6.5 Secondary structure changes in fibrillation of insulin

The structural changes of the human insulin in presence and absence of WCD was
monitored by circular dichroism and tyrosine fluorescence. The spectra give information
about the protein conformational change in the presence and absence of WCD. Figure 6.5
shows the circular dichroism for the aliquots from the three phases. Figure 6.5A, 6.5B
and 6.5C show circular dichroism spectra for aliquots from the three incubations at 0.5,

3.5 and 6 hours, respectively. All figures show human insulin before incubation (black
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Figure 6.5A Circular dichroism spectra of human insulin before incubation at time
0 hours (black), human insulin (red), human insulin: WCD with ration 5000:1
(blue) and human insulin: WCD with ratio of 500:1 (green) at incubation times of
A) 0.5 hours.
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and human insulin:WCD with ratio of 500:1 (green) at incubation times of B) 3.5
hours and C) 6 hours.
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line with square) as a control. Human insulin before the beginning of incubation shows
characteristic a-helix conformation characteristic of the protein. The far-UV circular
dichroism spectra shows the two negative bands at 208 and 222 nm and the positive band
at 193 nm. When analyzed by Dichroweb, the a-helical content was found to be 63%.
Table 6.1 gives the change in content of a-helix and B-sheet for the various aliquots.
Figure 6.5A shows the aliquots from all the three samples at 0.5 hours. Thirty minute
after incubation all the three samples show a decrease in a-helical content and increase in
B-sheet content. However, human insulin’s spectra is most similar to the spectra of the
control human insulin which was not incubated. The spectra of human insulin with WCD
show a flattening of the spectra between 210 and 240 nm which results in the
disappearance of the double negative bands which are characteristic of a-helical
conformation. The a-helical content decreases to 54%, 45% and 45% and B-sheet
increases to 7%, 12% and 11% for human insulin, human insulin-WCD (5000:1) and
human insulin-WCD (500:1), respectively. Compared to the control, the human insulin at
0.5 hours incubation has the least decrease in a-helix and increase in B-sheet. This
indicates that insulin conformation at 0.5 hours is most similar to the conformation of the
insulin control when compared to the human insulin incubated with WCD. Both the
insulin samples with the two different concentrations of WCD show a higher amount of
B-sheet structure which suggests that WCD play role in move towards -sheet structure of

human insulin.

Figure 6.5B shows aliquots from all three samples at 3.5 hours. Compared to the control
human insulin which was not incubated, a dramatic change is observed in all the three

circular dichroism spectra. The double negative bands at 210 and 240 nm and the positive



Time (hours) a-helix p-sheet
Human Insulin

0 63% 2%
0.5 54% 7%
3.5 49% 38%
6 37% 21%
Human Insulin: WCD (1:5000)

0.5 45% 11%
3.5 40% 17%
6 31% 22%
Human Insulin: WCD (1:500)

0.5 45% 11%
3.5 32% 48%
6 34% 21%
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Table 6. 1 Secondary structure estimation of Human Insulin fibrillation in the
presence and absence of WCD using Dichroweb software.

band at 193 nm characteristic of a-helical conformation have completely vanished and
are replaced by one broad negative band at 220 nm and a positive band at 200 nm. This
trend in increase of B-sheet anddecrease in a-helix is also confirmed when the spectra is
characterized by Dichroweb program. The a-helix decreases to 49%, 40% and 32% and
the B-sheet content increases to 38%, 17% and 48% for human insulin, human insulin:
WCD (5000:1) and human insulin: WCD (500:1), respectively. Figure 4C shows aliquots
from all three samples at 6 hours. The human insulin samples continue their departure
from a-helix. The a-helix decreases to 37%, 31% and 34% and the P-sheet content
increases to 21%, 22% and 21% for human insulin, human insulin: WCD (5000:1) and

human insulin: WCD (500:1), respectively. At 6 hours which is the saturation phase of
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incubation, all the human insulin samples have a similar the B-sheet content between 21-
22%, which indicates that once certain amount of time has passed, all the human insulin

samples irrespective of presence or absence of WCD have similar -sheet content.

Circular dichroism spectroscopy indicates that all human insulin samples were
transformed to B-sheet in conformation with increase in time of incubation. However, the
rate of this transformation of the protein increases if incubated with WCD. Also, it has to
be said that with a higher the concentration of WCD during incubation, a trend is visible
that the rate of B-sheet transformation of the protein takes place in a shorter amount of

time.

The change in secondary structure of a protein can also be observed by monitoring the
change in intrinsic fluorescence of one of the three aromatic amino acids (phenylalanine,

139-141 . . .
39 Human insulin contains three

tyrosine, and tryptophan) present in the protein.
phenylalanine, four tyrosine and it has no tryptophan residues. Figure 6.6A shows the
absorbance and fluorescence spectra of human insulin. Human insulin is expected to
show two absorbance peaks, one near 220 nm due to peptide bond and the other at 276
due to the presence of aromatic tyrosine amino acid. In aqueous solution, the absorbance
peak due to tyrosine is visible at 276 nm but the peak near 220 nm is not visible.
However, studies have shown that the peak near 220 nm is visible when insulin is at air-

. . ; 142
water interface as a Langmuir monolayer. ®*

When excited at 276 nm, human insulin
shows emission spectra at 305 nm which is due to the presence of the four tyrosines in
human insulin. Monitoring tyrosine fluorescence can be used as complementary study

with CD measurements to study the structural changes in insulin with incubation with

WCD.
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Figure 6.6B shows the intensity of human insulin and human insulin-WCD samples when
excited at 276 nm and emission was measured at 305 nm. The spectra shows a decrease
in the intensity at 305 nm with increasing time of incubation at 37 °C for all three
samples. On examining of the spectra, it is observed that the human insulin samples

without the WCDs has the highest fluorescence at 305 nm and a gradual decrease in
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Figure 6.6 A) UV—vis (5 x 10~ M) and fluorescence (5 x 107’ M; Lexcitation = 270
nm) spectra of aqueous solution of human insulin.
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Figure 6.6B Insulin fibrillation detected by tyrosine fluorescence when excited at
276 nm and emission measured at 305 nm : ( I, black) Human Insulin, (®, red
circle) Human Insulin: WCD (5000:1) , (A, blue triangle) Human Insulin: WCD (
500:1). Slit width at the excitation and emission, 5 and 5 nm, respectively.

fluorescence intensity of human insulin with WCD is close to each other and cannot be
fluorescence with time when compared to human insulin samples containing WCD. Both
the human insulin samples containing WCD show a lower intensity of fluorescence when
compared to human insulin. The distinguished based on the different WCD

concentrations used.
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Human insulin consists of four tyrosines, out of which three are located in hydrophobic
pockets not exposed to the aqueous environment. Decrease in fluorescence of tyrosine
with increasing time of incubation suggests quenching of the fluorescence of all the four
tyrosines. This indicates a change in conformation of human insulin which exposes the
tyrosines in the hydrophobic areas to the solvent. By the end of 1 hour, there is a
substantial quenching of tyrosine fluorescence for all three human insulin samples which
suggests that human insulin undergoes a structural conformation exposing the tyrosines
to aqueous environment. The unravelling of human insulin molecule seems to be an step
in the process of fibrillation of human insulin. A further decrease in tyrosine fibrillation
in the presence of WCD suggests that either the WCD are responsible for quicker
unravelling of the protein or that WCD are able to catalyze the process of fibrillation of
human insulin once the protein is unravelled. Both CD and tyrosine fluorescence indicate
that fibrillation of insulin involves a change in structural conformation of the protein and

that WCD plays a role increasing the rate of fibrillation of the protein.

6.6 Imaging and analysis

AFM imaging (3um X 3 um) of insulin and insulin-WCDs were analyzed at 30 minutes
time intervals throughout the incubation process to monitor progress of fiber formation.
Figure 6.7 shows the incubation time intervals of 0.5, 3.5 and 6 hours for all the three
human insulin samples. At time 0 hour (before the beginning of incubation) at room
temperature, all three samples show no fiber or aggregate formation. The next sample
was taken at 0.5 hours after incubation. The topography of the human insulin sample in
the absence of WCD looks the similar to the one at time 0 hour. However, both the

insulin samples with WCD show presence of fibers. Human insulin does not show
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presence of fibers until 3.5 hours. However, the insulin samples with WCD show
presence of fibers 30 minutes after incubation. All three samples were next measured at 6

hours and all three samples showed presence of fibers.

AFM analysis confirms that presence of WCD acts as a catalyst and increases the rate of
fibrillation in the protein, thereby eliminating the lag phase which is characteristic of
insulin fibrillation. Fully formed fibers are observed within 30 minutes of incubation with
WCD whereas it takes 3.5 hours for human insulin fibers to appear when incubating in
the absence of WCD. WCD increases fibrillation in human insulin by a factor of seven.

Analysis of TEM images in Figure 6.8 complement the AFM analysis.
6.7 Conclusion

It is widely accepted that the typical protein fibrillation involves a number of
intermediate states, including nucleation, oligomerization, and fibril formation."** '** The
formation of nucleation species is the key rate-determining step, as it is a
thermodynamically unfavored process during protein fibrillation. It has been well
recognized that the presence of nanoparticles can significantly affect the conformations
of proteins due to the interactions between nanoparticles and proteins.'*™'** Therefore, it
is not unexpected that the presence of nanoparticles may accelerate or inhibit the protein
fibrillation. Although extensive studies are now being carried out on the effects of
nanoparticles on protein fibrillation, our knowledge is still relying on a case-by-case
approach.'*® In general, the effects are due to the interaction between proteins and the
surface of nanoparticles. To be more specific, the interaction depends on the protein

surface properties (charge, stability, hydrophobicity), and on the nanoparticle
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characteristics (charge, size, coating, components).'*'*® Due to the complexity, a “dual”
effect (i.e. both promoting and inhibiting) of nanoparticles on protein fibrillation was also
observed in some cases, depending on the concentrations of proteins and the surface area

. 14
of nanoparticles.'"’

In the present study, a promoting effect on the insulin fibrillation by shortening the lag
time of nucleation was observed in the presence of water soluble carbon dots. Although
the detailed molecular mechanism of nucleation on the surface of carbon dots remains
elusive, the fibrillation process is believed to be based on the locally increased
concentration of insulin in the vicinity of the carbon dots surface due to the adsorption.'**
148150 pollowed by adsorption on the surface, the insulin monomers unfold the
conformations, which facilitate the subsequent assemblies of disordered oligomeric
structures. After that, these assemblies undergo a process of re-ordering into [-sheet

structures, which is driven by the hydrogen bonding formation.'*’

Interestingly, the enhanced fibrillation effect was more obvious at the ratio of 1:500
(carbon dots: insulin, w/w) than that at 1:5000 under the same concentration of human
insulin. Parameters of nanoparticles under this condition, such as surface charge, coating,
and surface curvature, were all the same. Due to the fact that the size of monomeric
insulin was much smaller than carbon dots and that the amount of monomeric insulin was
much excess, the adsorption of insulin should not affect much the concentration of insulin
in the solution phase. However, the ratio of 1:500 provided 10 more times carbon dots
surface area than that of 1:5000. Therefore, the main difference should be from the total
surface area available on carbon dots for insulin adsorption. Upon adsorption, the insulin

monomers unfold the conformations, which facilitate the formation of insulin oligomers.
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More surface areas generate more oligomers. Due to exchange equilibrium of insulin
molecules between the surface and solution phase, more oligomers will be desorbed from
the surface to solution in the case of 1:500 than that in 1:5000. The continuing assembly
of oligomers will produce more nuclei. Once the critical concentration of nucleation was

reached, elongation of insulin fibril will rapidly occur.

Protein aggregation, protofilaments, fibrillation and plaque formation have been indicated
to play role in several diseases. This study analyses the human insulin protein
fibrillization in vitro in the presence of water soluble carbon dots (WCD) and their effect
on self-assembly process of fiber formation. These experiments were conducted under
thermal conditions of 37 °C with low nanoparticle concentrations. This study indicates
that WCD may play a role in the secondary structure conformational change of human
insulin from o-helix toward B-sheet structure. On the basis of the results, it is
hypothesized that presence of WCD results in a higher rate of fiber formation for human
insulin, and that WCD may act as a catalyst for fiber formation in human insulin. Due to
absence of metals toxic to living organism like cadmium, carbon dots are increasing used
in biological systems for imaging, as probes and for targeting cancer cells. '>' Therefore,
a thorough investigation of carbon dots and its interaction with biological molecules is

essential.
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