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Graphene oxide (GO), a novel 2—dimensional carbon based nanomaterial, has shown

potential applications in biomedical and biological field, including drug and gene
delivery, sensing, and bioimaging. However, one critical question needs to be addressed
before any actual application: how does GO interact with biological molecules, such as
amino acids, peptides, proteins, and biomembranes? In this study, spectroscopy,
microscopy, and surface chemistry were applied to fundamentally understand the nature
of interactions between these molecules and GO.

GO was found to interact with amino acids, peptides, and proteins by fluorescence
quenching. The main quenching mechanism between GO and Trp or Tyr was determined
as static quenching, slightly combined with dynamic quenching. Both electrostatic
interaction and hydrophobic interaction contributed to the interactions between GO and
Trp or Tyr. Particularly, strong electrostatic interaction between GO and lysozyme was
demonstrated and confirmed using fluorescence quenching, zeta potential, dynamic light
scattering, and atomic force microscopy. This interaction was so strong that one was able
to subsequently eliminate and separate lysozyme using GO. The strong electrostatic
interaction also rendered the selective adsorption of lysozyme on GO from a mixture of

proteins. As polymer Pluronic F127 (PF127) was used to disperse GO and block the



hydrophobic interaction between GO and Trp or Tyr, the interaction and behavior
between GO and PF127 were also characterized using Langmuir monolayer technique at
the air—water interface.

To study the nature and orientation of interaction between GO and lipid models,
Langmuir monolayer technique was applied at the air—water/aqueous interface. Five
lipids with the same 18—carbon alkyl chain but different head groups of charges were
chosen to rationalize the possible interactions. Experimental results showed that the
interaction was governed by electrostatic interaction between the polar head groups and
GO. GO could incorporate into the monolayer of positively charged lipids DODAB and
DSEPC, but not the neutrally or negatively charged lipids (DSPC, DSPA and SA). When
GO was injected to the subphase underneath the monolayer of positively charged lipid
DODAB and DSEPC, different behaviors of surface pressure were observed. An
orientation model of GO was proposed to explain the different adsorption of GO.

Another topic of this thesis is on protein fibrillation. Pathological conditions of
human neurodegenerative diseases are now believed to be commonly associated with
protein misfolding processes. Human insulin and human islet amyloid polypeptide
(hIAPP) are two major hormones involved in diabetes. Fibrillation of insulin at various
interfaces was summarized. The conformation and self—assembly of the hIAPP were
studied at the air—aqueous interface using the Langmuir monolayer technique.
Experimental results showed that hTAPP Langmuir monolayer was relatively stable and
did not form aggregates when compressed. However, ongoing experiments showed there

existed interaction between hIAPP and insulin, favoring the fibrillation between the two.
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Chapter 1 Introduction
Part I: Interaction between Graphene Oxide and Biomolecules

Graphene, a one—atom—thick planar sheet of sp® hybridized carbon atoms, has
recently attracted tremendous attention in various studies and applications due to its novel
optical, mechanical, electronic, thermal and biological properties.'” Graphene oxide
(GO), an oxidized form of graphene, holds a similar atomically thin structure to
graphene, but it possesses plenty of oxygen—containing functional groups, such as
carboxyls on the edges and hydroxyls and epoxies on the basal plane.! Compared with
graphene, GO has demonstrated advantageous applications in biosensing and biomedical
field owing to its special physical and chemical properties, such as low—cost
manufacturing process, rich colloidal property, high adsorbility and fluorescence

quenching.*®

Since the first drug delivery research in 2008 of using GO to efficiently load
hydrophobic drug,” much progress has been achieved for explorations of GO in the
biological and biomedical field, including drug and gene delivery, biosensing, cellular
imaging, etc.’ The surface of GO allows electrostatic, hydrophobic, hydrogen bonding
and n—r stacking interactions, which are generally favored for molecules with poor water
solubility. Covalent functionalization of GO with chitosan,8 folic acid,9 and
poly(N—isopropylacrylamide),10 has recently been developed for drug delivery with
pH—controlled or thermal—responsive drug release. GO was also recently studied for gene
delivery.'" The single—stranded DNA was found to be preferentially adsorbed onto the
GO surface over the double—stranded form, as the later prevented the binding of GO

surface to the DNA base inside the double helix.'? Besides drug and gene delivery, GO
1



has been exploited for near—infrared photothermal treatment for cancers and Alzheimer’s

. 13,14
disease. ™

As mentioned above, GO has shown potential applications in biological and
biomedical fields; however, one critical question needs to be addressed before any actual
application: how does GO interact with biomolecules, such as amino acids, peptides, and
proteins? There is very limited information on such an important question. In Chapter 2,
we will discuss the possible interaction between GO and amino acids (tryptophan and
tyrosine), peptides (Alzheimer’s disease related amyloid beta 1-40 and type 2 diabetes
related human islet amyloid polypeptide), and proteins (drug-related bovine and human
serum albumin). The quenching mechanism between GO and tryptophan (Trp) or

tyrosine (Tyr) will be determined using Stern—Volmer plot and fluorescence lifetime.

Biosensing methods and devices using graphene oxide (GO) have recently been
explored for detection and quantification of specific biomolecules from body fluid
samples, such as saliva, milk, urine, and serum.””'’ For a practical diagnostics
application, any sensing system must show an absence of nonselective detection of
abundant proteins in the fluid matrix. Because lysozyme is an abundant protein in these
body fluids,'" it may interfere with detections and quantification due to the charge
difference between lysozyme and GO. Therefore, one fundamental question that needs to
be addressed is how GO interacts with lysozyme. In Chapter 3, strong and selective

adsorption of lysozyme on GO will be demonstrated in details.”’

Another challenge of GO in biomedical application is its agglomeration or

precipitation in electrolyte solutions. Recently, non—covalently suspending GO in



electrolyte solutions has been explored using triblock copolymer Pluronic F127 (PF127,
PEO100—PPO65—PE0100).21 However, the nature of the interaction and the behavior
between GO and PF127 are not well understood and characterized. In Chapter 4, we will
try to answer these questions using a 2-dimensional Langmuir monolayer methodology at

the air—water interface.

Previous studies have reported that GO could be applied for cellular imaging, drug

22-24

and gene delivery, indicating it could possibly enter cells. But inconsistent results are

obtained on the cytotoxicity of GO and how it enters cell membranes.”*°

Moreover,
compared with spherical or tubular nanomaterials, GO is an extremely thin layer (~1 nm)
with large surface area and irregular shape. It is still unknown how GO orientates itself
when interacting with the cell membrane. Therefore, it is necessary to understand the
interaction and orientation between GO and various lipid models. In Chapter 5, Langmuir
monolayer technique will be applied at the air—water interface to study the nature and
orientation of interaction between GO and lipid models. Five lipids with the same 18-

carbon alkyl chain but different head groups of charges are purposely chosen to

rationalize the possible interactions.

To summarize, the objectives of Part I are: 1) To investigate the interaction and
fluorescence quenching between GO and fluorescent assay of amino acids, peptides, and
proteins; 2) To examine the interaction between GO and lysozyme and the possible
applications in separation and selective adsorption; 3) To understand and characterize the
interaction and the behavior between GO and nonionic surfactant Pluronic F127; 4) To
study and define the nature and orientation of interaction between GO and lipid model

with different head groups.



Part II. Protein Fibrillation at the Interface and Interaction between Human Insulin

and Human Islet Amyloid Polypeptide

Protein fibrillation involves formation of intermolecular hydrogen bonding of
extended polypeptide strands (also called “cross-B” architecture) as a consequence of
protein misfolding. It is widely accepted that misfolding of some specific peptides or

. .. . . . . 2728
proteins is involved in a wide variety of human diseases,””

such as islet amyloid
polypeptide (IAPP) in type 2 diabetes, amyloid— peptide (AP) in Alzheimer’s disease
(AD), a—synuclein in Parkinson's disease (PD), and prion protein in the spongiform

encephalopathies.”*~°

It is widely recognized that surfaces and interfaces are ubiquitous environments and
play key roles in a wide variety of physical and chemical processes, including biomedical
engineering, drug delivery, catalysis, and energy production.’'* As a specific example,
great attention has been paid to investigate properties of insulin at various interfaces, a
peptide used to regulate blood glucose levels for diabetes patients. This is because insulin
has been long observed to be vulnerable to change conformation and develop aggregates
at the surface of storage vials, infusion pumps, controlled release devices, etc.”>™°
However, a molecule—level understanding of the detailed structure and property of

insulin at the interfaces remains a great challenge. In Chapter 6, a summary of insulin

aggregation at different interfaces will be studied and discussed.”’

Human insulin and human islet amyloid polypeptide (hIAPP, also known as amylin)
are two major hormones involved in diabetes. They are innately related, as both possess
common promoter sequences and are co—synthesized in an approximately 1:100 molar

ratio (hIAPP: insulin) from secretory granules of pancreatic p—cells.”® The monomeric



hIAPP is involved in the glycemic down—regulation and the monomeric insulin regulates
blood glucose levels. Similar to the Alzheimer—related beta amyloid, hIAPP is also a
highly amyloidogenic peptide, and its amyloid deposits are observed in the islets of

4 - : 41
3940 as well as in pancreatic cancer.

Langerhans of around 95% type 2 diabetic patients,
In order to understand the fibrillation of hIAPP and its interaction with human insulin in

vivo, we will first investigate the properties of hIAPP at the air—water interface in

Chapter 7 and explore the interaction between hIAPP and human insulin in Chapter 8.

To summarize, the objectives of Part II are: 1) To provide an overview on the current
state of our understanding of insulin aggregation at interfaces; 2) To obtain the
conformation and self—assembly properties of hIAPP at the air—water interface; and 3)

To study the interaction between hIAPP and human insulin.



Chapter 2 Graphene Oxide as a Quencher for Fluorescent Assay of Amino Acids,
Peptides and Proteins

2.1 Background

Graphene oxide (GO) is a two—dimensional, atomically thin carbon nanomaterial
with functional groups, such as carboxylic acid at the edges, phenol hydroxyl and
epoxide groups mainly at the basal plane, and some C=C sp® domains.” The advantages
of GO over other nanomaterials lie in its unique properties, such as extremely large
surface area, good physisorption, high water dispersibility and excellent

biocompatibility.”

Since the groundbreaking research of PEGylated—GO (PEG = polyethylene glycol)
used to efficiently load hydrophobic drug,” much progress has been achieved for
explorations of graphene oxide in the biological and biomedical field, including drug and
gene delivery, biological sensing, and cellular imaging.’ The surface of GO allows
electrostatic, hydrophobic, hydrogen bonding and n—n stacking interactions, which are
generally favored for molecules with poor water solubility. Covalent functionalization of
GO with chitosan,® folic acid,” and poly(N—isopropylacrylamide),'® has recently been
developed for drug delivery with pH—controlled or thermal-responsive drug release. GO
was also recently studied for gene delivery.'' The single—stranded DNA was found to be
preferentially adsorbed onto the GO surface over the double—stranded form, as the later
prevents the binding of GO surface to the DNA base inside the double helix.'> GO has
also been exploited for near—infrared photothermal treatment for cancers and Alzheimer’s

13,14,42

disease. Moreover, GO based materials are applied to biosensing, cellular probing

and real—time monitoring based on fluorescence.***



Although GO has shown potential promising applications, one critical question needs
to be addressed before any actual application: How does GO interact with biomolecules,
such as amino acids, peptides and proteins? However, there is very limited information
on such question. It was found that GO could adsorb amino acids via electrostatic
interaction and/or n—m stacking interaction, such as arginine, histidine, lysine, tryptophan,
tyrosine and phenylalanine.** GO could quench the fluorescence of several dye—labeled
peptides for biosensing,**° but the quenching mechanism of GO has not been studied.
Furthermore, there is no fluorescence study based on the interaction between GO and
amino acids, peptides, and proteins without fluorescent dye—labeled probe.
Understanding the interaction between GO and biomolecules is fundamentally essential,
especially for disease— and drug—related peptides and proteins. The present study is
intended to investigate the interaction between GO and fluorescent assay of amino acids
(tryptophan and tyrosine), peptides (Alzheimer’s disease related amyloid beta 1—40 and
type II diabetes related human islet amyloid polypeptide), and proteins (drug related

bovine and human serum albumin) using fluorescence spectroscopy.

2.2 Experimental Section
2.2.1 Materials

Single layer GO was purchased from ACS Material LLC (Medford, MA). L—tyrosine
(Tyr), L—tryptophan (Trp) and Pluronic F127 were bought from Sigma (St. Louis, MO).
Amyloid beta 1-40 (AP4g), human islet amyloid polypeptide (hIAPP), human serum
albumin (HSA) and bovine serum albumin (BSA) and 1,1,1,3,3,3—hexafluoroisopropanol
(HFIP) were obtained from MP Biomedicals (Solon, OH). All these chemicals were used

without any further purification. The deionized water used in the experiments was



obtained from a Modulab 2020 Water purification system. The resistivity, surface tension
and pH of deionized water were 18 MQ-cm, 72.6 mN/m and 5.6 at 20.0 + 0.5 °C,
respectively.

2.2.2 Methods and Characterization

I mg/mL GO aqueous solution was obtained by dispersing 5 mg GO into 5 mL pure
water, followed by 1 h of sonication in a cold water bath (Branson, model 1510, Danbury,
CT). Then, the as—prepared GO solution was diluted to 100 pg/mL. The concentrations of
the fluorescent assay of amino acid (Tyr and Trp), and protein (HSA and BSA) were
prepared individually as 2.5 107° M, if not specifically mentioned. The concentration of
both AB4 and hIAPP for the fluorescence emission was prepared as 2.5%10 > M as the
fluorescence intensity of 2.5x10° M solution was too weak. Due to the propensity of
aggregation, peptide APs or hIAPP was first dissolved into HFIP to render the
monomeric form, and then was put in a vacuum desiccator for 2 h to remove the solvent
HFIP. In order to fix the final concentration of fluorescent assay as 107 M (107 M for
APB4o and hIAPP) with gradually increased concentration of GO in the range of 0 ~ 30
ng/mL, a total volume of 400 pL mixture was obtained by mixing 160 pL 2.5x10°° M
(2.5x107° M for AP4o and hIAPP) fluorescent assay, a certain volume of 100 pg/mL GO
(from 0 to 120 pL, 20 pL as each increment) and pure water (from 240 to 120 pL, 20 uL
as each decrement). In the fluorescence lifetime study of Trp or Tyr mixed with different
amounts of GO, the concentrations of Trp and Tyr were fixed at 2.5 x 10~ and 5 x 107

M, respectively.

Atomic force microscopy (AFM) images were taken with tapping mode using Agilent

5420 AFM instrument (Agilent, Santa Clara, CA). The cantilever had a resonance



frequency of 342 kHz with typical force constant 42 N/m, a silicon probe at the tip. The
fluorescence spectra were measured by Fluorolog—3 spectrofluorimeter (Horiba
Scientific, Edison, NJ) using a 1 cm X 0.2 cm quartz cell. The slit widths in
spectrofluorimeter for both excitation and emission were set at 5 nm. The excitation
wavelength for Tyr, AB4y and hIAPP was set as 270 nm, Trp, BSA and HSA as 290 nm,
and GO as 425 nm. The excitation wavelengths were selected to assure that the Raman
scattering peak did not interfere with the emission wavelength. Frequency—domain
fluorescence lifetime measurements were performed wusing a  ChronosFD
spectrofluorometer (ISS, Champaign, IL). Samples were excited with a 280 nm
modulated diode and emission was collected using 305 nm long—pass filters (Andover,
Salem, NH). 2,5—Diphenyoxazole (DPO) in ethanol (lifetime = 1.4 ns) was used as a
lifetime reference and polarizers were set at a magic angle configuration (54.7 °). All
measurements were conducted at room temperature in 0.5 X 1 cm quartz cells.
Modulation—phase data were analyzed using GlobalsWE software and the * parameter
was used as criterion for goodness of fit. The average intensity decay lifetime was
obtained by fitting the data with a multiple—exponential decay model. UV—vis absorption
was performed by a Lambda 900 UV/Vis/NIR spectrophotometer (Perkin—Elmer,

Norwalk, CT) using a 1 cm X 1 cm quartz cell.

2.3 Results and Discussions

2.3.1 The characterization of GO by UV—vis and AFM

To confirm that the commercial available GO used in this study had similar properties

as previously reported, UV—vis absorption and AFM were applied to characterize it. The
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sample of diluted GO aqueous dispersion (15 pug/mL) was examined by UV-—vis
absorption spectrum, as shown in Figure 2.1(A). It displayed a maximum absorption at
229 nm due to the n-n transition of aromatic C=C bonds and a shoulder around 300 nm
due to the n-n transition of C=0 bonds. Both were consistent with previous reports.*’*
To further verify the single—layer morphology of GO by AFM, 5 pL of 15 pg/mL GO
aqueous dispersion was spread onto a freshly cleaved mica surface and left dry in the air.
The AFM image showed that all heights of GO sheets were around 0.9 nm (Figure

2.1(B)), which were also similar to previous reported single layer GO.****"*® All these

results confirmed that the GO used in this study was truly single layer sheet.
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Figure 2.1 Characterization of GO by UV—vis absorption and AFM. The UV—vis absorption spectrum of
15 pg/mL GO aqueous dispersion (A); Tapping mode AFM image of GO deposited on freshly cleaved

mica surface with height of ~ 0.9 nm (B).

2.3.2 Fluorescence quenching of Trp or Tyr by GO

It has been known that GO can quench the emission of fluorescent molecules or

43,45,46,52-54

particles, such as organic dye molecules,”>' fluorescent labels, and quantum
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dots (QD), " through the process of Forster resonance energy transfer (FRET) from the
fluorescent moiety to GO. The fluorescent dyes or labels usually contain aromatic rings
and the quenching is via non—covalent interactions, such as electrostatic interaction,

hydrogen bonding, hydrophobic and n—=n interactions between GO and the dye molecules

45,46,53,54

or fluorescent labels. Based on the structure and component of fluorescent amino

acids, peptides and proteins, there should be a non—covalent interaction between them
and GO, affecting the fluorescent intensity of fluorescent assay. Indeed, the experiments

in the present study showed the strong quenching effect of GO.
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Figure 2.2 Fluorescence quenching of Trp by GO. (A) The fluorescence quenching of Trp (10°° M) by
mixing with different concentrations of GO. (B) The quenching of Trp (F/F after inner filter effect

correction, black) and fluorescence lifetime ratio (7%/7, red) as a function of GO concentrations.

When mixed with GO aqueous dispersion, the fluorescence intensity of 10°® M Trp
assay was strongly reduced without any shift of the emission maximum, as shown in
Figure 2.2 (A). Very similar phenomenon of reduced fluorescence intensity was also
found for 10°° M tyrosine (Tyr) assay. Due to the fact that GO had strong absorption in

the range of 270~360 nm, which overlaps with the excitation and emission of Trp or Tyr,
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the change of fluorescence after the addition of GO could be caused by the so—called
“inner filter effect”. This effect refers to the absorbance of light at the excitation or
emission wavelength by the molecules present in the solution.’® Therefore, it must be
properly considered before any discussion of interaction or binding between the
fluorescent molecules and GO. As the fluorescence intensity was collected from the
center of a cuvette, the inner filter effect could be estimated from the following

. 56,57
equation:

Aex * dex_Aem * dem

Fobs = Fcorr * 10

where F,,s 1s the measured fluorescence, F.,, the correct fluorescence intensity that
would be measured in the absence of inner filter effect, d,, and d,., are the cuvette
pathlength in the excitation and emission direction (in cm), respectively, and 4., and A,
represent the measured absorption value at the excitation and emission wavelength with
the addition of compound, respectively. Due to the fact that the UV—vis absorption of
10° M Trp or Tyr in the range of 270~360 nm was negligible compared with the high
absorption of GO dispersion, 4., and A.,, used for correction were the absorption of GO
alone at room temperature as an approximation. After this correction, Stern—Volmer plot
of F*/F against the concentration of GO showed that there did exist quenching when GO
was added to the solution of Trp (Figure 2.2 (B), black color), where F* and F were the
fluorescence intensity at the maxima in the absence and in the presence of GO,

respectively. Values of F*/F discussed below had been corrected by the inner filter effect.

The decrement of fluorescence intensity after removing the inner filter effect meant

that there was strong quenching effect between GO and Trp. A previous theoretical
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investigation had shown that Trp could be strongly adsorbed on the surface of graphene
via m—m interactions with a preferring parallel orientation with respect to the plane of
graphene.”® Although GO was the oxidized form of graphene with carboxylic acid group
at the edge and hydroxyl and epoxy groups on the basal plane, it still had plenty of small
aromatic areas with sp” carbons.’”® Therefore, GO could still have n—n interaction or

hydrophobic interaction with Trp or Tyr.

2.3.3 The Quenching Mechanism of Trp by GO

After the correction of inner filter effect, the possible quenching mechanisms of Trp
by GO were: 1) Collisional quenching due to random collision; 2) Static quenching
through the ground—state complex formation; 3) Dynamic quenching; 4) Static and

56,57

dynamic combined quenching.””" These possibilities are discussed below.

The observed reduction of fluorescence intensity could be possibly due to collisional

quenching, which could be described by the classical Stern—Volmer equation:

0

F
T 1+ Kp[Q]

where F* and F are the fluorescence intensity at the maxima in the absence and in the
presence of the quencher, respectively; [Q] is the concentration of the quencher; Kp, is
the collisional quenching constant.’’ One good way to discriminate collisional quenching
from binding—related quenching was to study how temperature affected the quenching
efficiency. For collisional quenching, higher temperature increased the probability of
collision and resulted in higher quenching efficiency, while less quenching was observed

at lower temperature. The fluorescence emission data of Trp mixed with GO were



14

collected at three different temperatures, namely 5, 20 and 45 °C. The Stern—Volmer plot
in Figure 2.3 showed that temperature did affect the quenching efficiency. However, a
higher quenching efficiency was observed at lower temperature, indicating that the
collisional quenching was not the main mechanism of quenching by GO. Similar

observation was also found for Tyr.
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Figure 2.3 The Stern-Volmer plot at different temperatures. F%/F of 10° M Trp against the

concentration of GO as the quencher at 5, 20 and 45 °C.

In static quenching alone mechanism, the non—fluorescence complex is formed
between the ground state of chromophore and the quencher, decreasing the population of
fluorophore and thus resulting in the reduction of fluorescence intensity. The
fluorescence lifetime remains the same during quenching, as this process does not affect
the excitation state of the fluorophore.”” Also, neither the concentrations of chromophore
nor the inner filter effect affects fluorescence lifetime. Due to observation that there was
a slightly linear decrement of the fluorescence lifetime of Trp when GO was added
(Figure 2.2 (B)), the quenching mechanism could not be only attributed to the static

quenching. Dynamic quenching also slightly contributes to the quenching mechanism.
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2.3.4 UV—vis Absorption of Trp and GO

To further verify the quenching mechanism, it was necessary to study the UV—vis
absorption spectrum. In static quenching, the UV—vis absorption spectrum of the
fluorophore will be changed due to the formation of complex between the ground state of
the fluorophore and the quencher. However, the spectrum of fluorophore should keep the
same in the dynamic quenching.”’ As the quenching of Trp by GO was static and
dynamic combined, one would expect that the absorption peak of Trp was shifted after
mixing with GO. The UV—vis spectrum of Trp in the presence of 30 pg/mL GO did show
some small differences compared with the one without GO (Figure 2.4 (A)). The
absorption peaks of GO did not seem to be shifted, as shown in Figure 2.4 (B). On one
hand, it was possible that one may not be able to observe clear differences of absorption
due to the nature of the complex formed. On the other hand, one may not exclude the
possibility that these small differences of UV—vis absorption of Trp were due to the
experimental error. Similar observation was found for Tyr. Therefore, UV—vis absorption

did not clearly distinguish the quenching mechanism.

(A) 1.5, (B)

0.4
S -=- 0 pg/mL GO 5 1.2 +0'Y|5Trp
<03 —--30 $ 10
g . -5 0.9
| 206
(@]
) [}
gt <03

0.0 , : , : , ] 0.0 , : : : ,

200 220 240 260 280 300 320 200 24\% 280 3%0 360 400
Wavelength (nm) avelength (nm)

Figure 2.4 UV-vis absorption spectra of (A) 10° M Trp with and without the presence of 30 ug/mL of
GO. Water or 30 pg/mL GO aqueous dispersion were used as the background. (B) 30 pg/mL of GO
aqueous dispersion without and with the presence of 10 M Trp. Water or 10° M Trp were used as the

background solutions.
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2.3.5 Hydrophobic Interaction Study between Trp and GO using Pluoronic F127 as

a Screening

Based on the discussion above, there was a strong interaction between GO and Trp or
Tyr. Both Trp and Tyr had a hydrophobic moiety, indicating that the hydrophobic
interaction with GO might play a critical role during quenching. To verify this
assumption, Pluronic F127 (PF127) was utilized to block the interaction between GO and
Trp or Tyr, as PF127 was previously shown to have strong hydrophobic interaction with

GO?' and graphene.”

PF127 was a triblock copolymer consisting of a central
hydrophobic block of polypropylene glycol flanked by two hydrophilic blocks of
polyethylene glycol. The hydrophobic segments had previously been shown to interact
with the hydrophobic part of GO while the hydrophilic chains extended to the aqueous
solution.”’ When mixed GO with PF127, the hydrophobic moiety of GO would be
expected to be covered by the hydrophobic part of PF127, therefore screening the
hydrophobic interaction between GO and Trp. As PF127 had no effect on the
fluorescence emission of 10°® M Trp in experiments, one would expect to observe a
lower quenching efficiency for the mixture of GO and PF127. Indeed, as shown in Figure
2.5 (A), the mixture of GO:PF127 (1:1, w/w) did have a lower quenching efficiency than
the corresponding GO concentration in the absence of PF127. This observation supported
the assumption that the added PF127 blocked the hydrophobic interaction between GO
and Trp. Lower quenching effect of the mixture of GO and PF127 was also observed for

Tyr. In Chapter 4, the interaction between PF127 and GO will be investigated at the air—

water interface using Langmuir monolayer technique.
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Figure 2.5 Sterm—Volmer plot of Trp under different conditions. (A) 10°® M Trp against the
concentration of GO alone, and the mixture of GO:PF127 (1:1, w/w). (B) 10® M Trp against the

concentration of GO at pH 5.6 and 9.

2.3.6 Electrostatic Interaction Study between Trp and GO

Another possible interaction between GO and Trp during quenching could be
electrostatic interaction. The carboxylic groups of GO were readily deprotonated when
dispersed in water, making it negatively charged. If electrostatic interaction was
important for the quenching, decreased quenching efficiency between GO and Trp at
basic pH was expected, as GO and Trp were both negatively charged (the isoelectric
point for Trp was 5.9). To eliminate any change of pH during mixing, all solutions were
prepared at pH 9. The experimental results were shown in Figure 2.5 (B). As expected,
the value of F*/F was lower at pH 9 compared with that at pH 5.6, suggesting that
electrostatic interaction did participate in the quenching process. Similar to Trp, the

quenching efficiency between GO and Tyr at pH 9 was also lower than that at pH 5.6.

2.3.7 Fluorescence Quenching of Peptides and Proteins by GO
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As GO has recently been exploited for drug delivery, and near—infrared photothermal

. . 13,14,42
treatment for cancers and Alzheimer’s disease, 3,14,

the understanding of the
biophysicochemical interaction between GO and peptides or proteins is fundamentally
essential, especially for those drug— or disease—related peptides or proteins, such as
amyloid peptides (AB) and human islet amyloid polypeptide (hIAPP). A4 is the most
abundant form of A peptides, associated with Alzheimer’s disease. hIAPP, a 37 amino
acid residues peptide, is the major source of the amyloid deposits found in the islets of
Langerhans of around 95 % type 2 diabetic patients.” Both had only one fluorophore, the
Tyr residue at position 10 for AP and position 37 for hIAPP in the amino acid sequence,
respectively. Serum albumin is the most abundant protein in the circulatory system in
mammals, contributing to the osmotic blood pressure and aid in the transport, distribution
and metabolism of many endogenous and exogenous ligands.*> Bovine serum albumin

(BSA) and human serum albumin (HSA) have similar structures and are among the most

widely used and characterized proteins in the pharmaceutical field.

When mixed with GO, the fluorescence of Tyr in peptides ABsy or hIAPP was
quenched, as shown in Figure 2.6 (A). The emission maximums of both peptides were
not shifted. The quenching meant that there was non—covalent interaction between GO
and peptide APso or hIAPP, changing the chemical environment of Tyr residue. The
difference of quenching efficiency should not be due to the charge differences of A4
and hIAPP (The isoelectric point for AP4 and hIAPP are 5.4 and 8.8, respectively).
Instead, the structure differences between A4 and hIAPP were probably responsible for
the quenching efficiency. The only Tyr reside in APs was located at the hydrophilic

N-terminal domain, which had six aromatic amino acid residues (three phenylalanine and
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three histidine). It was possible that there existed strong n—n interaction or hydrophobic
interaction between these residues and GO. While the Tyr residue in hIAPP was located
at the hydrophilic domain of the C—terminus, there was no aromatic residues in this

domain for the interaction with GO.
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Figure 2.6 The Stern-Volmer plot of different proteins quenched by GO. (A) 10° M hIAPP and 10° M

AB4o against the concentration of GO; (B) 10° M BSA and 10° M HSA against GO.

GO could also strongly quench the fluorescence of BSA and HSA, with a higher
quenching efficiency for HSA, as shown in Figure 2.6 (B). From the view of fluorescent
spectroscopy, the main difference between these two proteins was the number of Trp
residues. BSA had two Trp (Trp'> and Trp*'*) and HSA only one (Trp>'*).** As the
Trp?'* in both proteins were located in a similar environment, the lower quenching
efficiency of GO for BSA was considered to be due to the additional presence of the
Trp'™> in its sequence. Another possibility could be due to conformational changes of
protein due to the interaction between GO and these proteins, decreasing the fluorescence

intensity.
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Based on the observation of the quenching of fluorescent assay of amino acids,
peptides, and proteins, it is possible that GO is a universal quencher for tryptophan or

tyrosine containing peptides and proteins.

2.4 Summary

In summary, GO was found to interact with amino acids (Trp and Tyr), peptides
(Alzheimer’s disease related A4 and type 2 diabetes related hIAPP), and proteins
(drug—related BSA and HSA) by fluorescence quenching. Based on the Stern—Volmer
plot and fluorescence lifetime study between Trp or Tyr and GO, the main quenching
mechanism was determined as static quenching, slightly combined with dynamic
quenching (Forster resonance energy transfer). Both electrostatic interaction and
hydrophobic interaction contribute to the interactions between Trp or Tyr and GO. The
electrostatic interaction was confirmed by pH effect, while the hydrophobic interaction
was proved by the presence of nonionic amphiphilic copolymer PF127. The strong
hydrophobic interaction between GO and PF127 efficiently blocked the hydrophobic
interaction between GO and Trp or Tyr, lowering the quenching efficiency. Based on the
present study, it is possible that GO could be a universal fluorescent quencher for

tryptophan or tyrosine containing peptides and proteins.



Chapter 3 Strong and Selective Adsorption of Lysozyme on Graphene Oxide
3.1 Background

An area of significant interest in the biomedical field is application of graphene and
graphene oxide (GO) for diagnostics and therapeutic purposes. This is due to their unique
chemical and physical properties, such as one—atom—thick two—dimensional
nanostructure, high surface to volume ratio, good biocompatibility, and special electronic
and mechanical properties.®®’ The past few years have witnessed great research progress

4,68-70

of graphene and GO in diagnostics applications, such as biosensing, controlled drug

7,12,23

delivery (including peptides, proteins, nucleic acids and anticancer drugs), cellular

22,2471

microscopic imaging, and photothermal treatment for cancers and Alzheimer’s

. 13,14,42
disease.

For such applications, graphene and GO have been explored since 2012 to
create a system for analyte detection and quantification in sifu or in collected biological
fluid sample environment, such as milk, saliva, serum, and urine. Liu et al. were able to
use GO as a platform to enrich and detect tetracyclines from milk samples by
MALDI-TOF mass spectroscopy.'> To analyze crotonaldehyde rapidly and selectively in
saliva samples, Sha et al. developed a magnetic graphene composite as an adsorbent and
a matrix.'® Mannoor et al. recently reported a direct integration of graphene nanosensors
with biomaterials for biochemical detection and wireless monitoring in human saliva.'’
To detect and monitor glucose level in human serum and urine samples, Murugan et al.

designed a graphene oxide—based electrochemical biosensor with high sensitivity and

good stability.”

For any biosensor to be considered for diagnostics applications, it needs to show

selectivity, sensitivity and specificity in regards to the analyte being tested, either in situ

21
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or in collected biological fluids. In other words, the sensor or diagnostic method must be
robust to the interference of most abundant proteins and other components in the complex
matrix of biological fluid. It is worth noticing that human fluid samples of tears, milk,
saliva, serum, and urine contain fairly high amounts of lysozyme (also called
1,4—pB—N-—acetylmuramidase). In this chapter, interactions between lysozyme and
graphene oxide (GO) will be studied to further explore the diagnostics and biosensing

applications of GO in biological fluid.

Lysozyme is a small monomeric globular enzymatic protein with 129 amino acids
cross—linked by four disulfide bridges. It is part of the innate immune system,
hydrolyzing the peptidoglycan present in the bacterial cell walls. It is extremely abundant
in human tears, with an average level of 1 568 pg/mL (numbers may vary depending on
different samples and methods).” Milk and saliva also contain high levels of lysozyme

18,19

(around 21.4 and 7 pg/mL, respectively). The concentrations of lysozyme are lower

in serum and urine samples (about 1.7 and 0.18 pg/mL, respectively) from normal human

74,75

adults. However, serum and urine lysozyme levels can be significantly elevated to

more than 15 or even 100 pg/mL in patients suffering from leukemia, renal disease, and

c . 7678
sarcoidosis.

Because of the abundance of lysozyme and the detection of specific
biomolecules using GO from biological fluid samples as mentioned above, it is extremely
important and necessary to investigate the possible adsorption and the interaction
between lysozyme and GO. Besides the detection of specific biomolecules, GO has also
been used to adhere to and sense leukemia K562 cells.” Recently, Yan et al. studied both

in vitro and in vivo biocompatibility and cytotoxicity of GO when it was intravitreally

injected into eyes.*® Their preliminary results suggested that GO had good intraocular
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biocompatibility with little influence on cell morphology, cell viability, membrane
integrity, and apoptosis. Again, due to the presence of extremely high concentration of
lysozyme in leukemia cell media and eye tears, one has to concern the possible

interaction and adsorption between lysozyme and GO in the process.

Compared with other common nanomaterials, the extremely large surface area on
both sides, one—atom thickness (~1 nm), abundant functional groups, and good dispersion
in water render GO as an ideal solid substrate to load external species through both
covalent and non—covalent binding.>*' Studies have shown that some protein molecules
can be directly adsorbed on the surface of GO by non—covalent binding without any

81-83 However, the nature of the interaction has not been

additional cross—linking reagent.
clearly defined. Another issue is that in some practical applications, it is necessary to
release and separate the adsorbed species from the substrate. Unfortunately, presently
there is no such study showing the separation of immobilized protein from the surface of

GO. Moreover, it is important to investigate the selectivity of adsorption on the surface of

GO from a mixture of proteins.

In this study, we examined the interaction between GO and lysozyme and the possible
applications of this interaction in separation and selective adsorption. Compared with
other proteins, such as bovine serum albumin and human serum albumin, the huge
fluorescence quenching of lysozyme by GO lysozyme indicates the presence of a much
stronger interaction between GO and lysozyme. This interaction and the assembled
structure between GO and lysozyme were further characterized using fluorescence
quenching, zeta potential, dynamic light scattering, and atomic force microscopy. The

nature of the interaction was determined to be mainly an electrostatic interaction. This
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interaction was so strong that one was able to subsequently eliminate and separate
lysozyme from aqueous solution onto the surface of GO. After that, the adsorbed
lysozyme could be released from the surface of GO by adding pH 11.5 NaOH solution
and then precipitating GO with CaCl,. Furthermore, the strong electrostatic interaction
also rendered the selective adsorption of lysozyme on GO from binary and ternary
proteins mixtures. This selectivity was confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS—PAGE), fluorescence spectroscopy, and

UV—vis absorption spectroscopy.

3.2 Experimental Section

3.2.1 Materials

Single layer graphene oxide (GO) was bought from ACS Material LLC (Medford,
MA). Hen egg white lysozyme (LYZ), bovine serum albumin (BSA), and human serum
albumin (HSA) were obtained from MP Biomedicals (Solon, OH). Ovalbumin (OVA)
and other inorganic salts used in experiments were purchased from Sigma (St. Louis,
MO). In gel electrophoresis experiment, Precision Plus Protein™ All Blue Standards
were used as the standard protein marker (Bio—Rad, CA). All chemicals were used
without any further purification. The deionized water used in the experiments was
obtained from a Modulab 2020 Water purification system. The resistivity of the

deionized water was 18 MQ-cm with pH about 5.6 at room temperature.

3.2.2 Methods and Characterization

GO Dispersion. 1 mg/mL GO aqueous dispersion was obtained by adding 10 mL

pure water to 10 mg GO, followed by sonication for 1 h in a cold water bath (Branson,
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model 1510, Danbury, CT). The as—prepared GO dispersion was diluted to certain
concentrations either with water or 0.1 M phosphate buffer (pH 7) according to the needs

of experiment.

Fluorescence Quenching. For each individual protein (i.e. lysozyme, BSA, HSA,
and ovalbumin), 1 mL of 2x10™® M aqueous protein solution was mixed with a certain
volume of water (from 1 to 0 mL, in 0.25 mL decrements) and 20 pg/mL GO (from 0 to 1
mL, in 0.25 mL increments). The total volume of mixture solution (GO/protein) was
fixed at 2 mL in each case. Therefore, the concentration of protein was fixed at 107° M,
with increment of 2.5 pg/mL GO from 0 to 10 pg/mL. All fluorescence spectra were
recorded on a Fluorolog—3 spectrofluorimeter (Horiba Scientific, Edison, NJ) using a 1
cm X 0.2 cm quartz cell. The excitation wavelength was carried out at 290 nm with
excitation slit width at 5 nm. The emission was set between 305 to 550 nm with emission
slit width at 5 nm. The same experiments were carried out using NaOH aqueous solution
at pH 10 and 12 throughout the procedures. Due to the fact that GO had absorption in the
range of 270~350 nm, which overlapped with the excitation and emission of the proteins,
the fluorescence intensity after the addition of GO was corrected with previous methods
to remove “inner filter effect”.’*>"** After this correction, Fo/F against the concentration

of GO was plotted, where Fy and F were the maximum fluorescence intensity in the

absence and in the presence of GO, respectively.

Zeta Potential and Dynamic Light Scattering (DLS). Solution—based zeta potential
and DLS analyses were characterized using a Zetasizer Nano ZS System (Malvern Inc.,
UK) with irradiation from a standard 633 nm laser. The zeta potentials of 14.3 ug/mL

(i.e. 10°° M) lysozyme, 5 pg/mL GO, and the mixture GO/LYZ (5 pg/mL GO and 14.3
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pg/mL LYZ) were recorded under pH 5.6, 10, and 12. In order to study the zeta potential
changes of the mixture GO/LYZ at pH 5.6, GO was fixed at 5 pg/mL while the
concentration of LYZ was varied from 0 to 100 pg/mL. The hydrodynamic diameters of
lysozyme, GO, and GO/LYZ at pH 5.6, 10, and 12 were carried out by DLS using the

same concentrations as the fluorescence quenching study.

Atomic Force Microscopy (AFM). AFM images were obtained using tapping mode
with an Agilent 5420 AFM instrument (Agilent, Santa Clara, CA). The cantilever used in
experiments had a resonance frequency of 300 ~ 400 kHz with a typical force constant of
40 N/m. 6 uL of 10 pg/mL GO, 10°® M lysozyme, or GO/LYZ was deposited on a
freshly cleaved mica surface and dried for 2 h in air before scanning. All images were

taken at a resolution of 512 X 512 pixels.

Adsorption and Desorption. In the adsorption experiment (flow chart a to d in
Figure 3.1), 1 mL of 0.4 mg/mL GO was added to 2 mL of 2x10° M (i.e. 0.286 mg/mL)
lysozyme water solution in a test tube. As a result, the final concentration of lysozyme in
the mixture was 0.143 mg/mL, and 0.1 mg/mL for GO (this concentration ratio was
chosen based on the fluorescence quenching study). After mixing well on a vortex mixer,
I mL of 1 M NaCl solution was added and then mixed throughout. Centrifugation at 2500
rpm for 10 min yielded a clear supernatant in the upper layer and dark brown precipitate
at the bottom. Control experiments were done under the same procedures by replacing 2
mL of GO with 2 mL of water. The supernatant was pipetted to a 1 cm X 1 cm quartz cell
and scanned by a UV—-2600 spectrophotometer (Shimadzu Inc., Japan). Fluorescence

spectra were obtained using the same methods as fluorescence quenching above.
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To desorb lysozyme from the surface of GO, we removed 3 mL of supernatant, added
2.5 mL of pH 11.5 NaOH, and then sonicated for 30 seconds. After that, 0.5 mL of 0.1 M
CaCl, was added to precipitate GO from the solution. The precipitates were removed by

centrifugation, while lysozyme was left in the supernatant (flowchart d, f, g, and h in

Figure 3.1).
a_ b £ d e
] | | UV-vis or
fluorescence
2 mL lysozyme Add 1 mL GO Add 1 mL Centrifuge
(0.286 mg/mL) (0.4 mg/mL) NaCl(1 M) |—] for 10 min Supernatant
|| ¢ » 3« I :) [ :) [ :,
s / \_ \
h g f i
— . . SDS-PAGE
| Add2.smL| | a7 '
Lysozyme Add 0.5 mL pH11.5 Remove 3 mL e ;__-_‘
released‘ —! CaCl,(0.1 M) || NaOH supernatant 31 T P
\545 i —= [ ¢ 1 Yo 7
| Centrifuge Sonicate -
u c 20
\_/ o’/

Figure 3.1 Flowchart of adsorption and desorption study of lysozyme on GO.

Selective Adsorption of Lysozyme. The selective adsorption of lysozyme from a
mixture of binary proteins (i.e. LYZ/BSA, LYZ/HSA, and LYZ/OVA) and ternary
proteins (i.e., LYZ/OVA/BSA and LYZ/OVA/HSA) was carried out using the same
procedures as the adsorption experiment above (flowchart a to e in Figure 3.1). 0.1 M
phosphate buffer (pH 7) was used as solvent throughout the experiment instead of water.
Each protein had a final concentration of 0.143 mg/mL in the mixture after GO and NaCl
were added. The final concentration of GO was 0.1 mg/mL in the mixture. Control
experiments were carried out without adding GO. To test the selective adsorption, the

supernatant in each case was characterized by SDS—PAGE, fluorescence emission and
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UV—vis absorption. 12 % SDS—PAGE gels were used in the experiment. 40 pL of each
sample was loaded in each well. The gels were run under 200 V for 40 min, followed by
staining with Imperial Protein Stain (Thermo Fisher Scientific Inc., Rockford, IL)

according to the manufacturer's protocol.
3.3 Results and Discussions

3.3.1 Fluorescence Quenching of Lysozyme by GO

Characterizations of the commercially available GO used in this study by UV—vis
absorption and atomic force microscopy (AFM) were consistent with other studies and
our previous results, confirming that GO was indeed a single layer nanosheet,*>*>#%-548
In our previous study, we have demonstrated that GO can be a universal fluorescent
quencher for peptides and proteins containing tryptophan or tyrosine.** Fluorescence
quenching studies of GO on proteins supported this assumption, such as human serum
albumin (HSA), bovine serum albumin (BSA), amyloid beta—40, and human islet
amyloid polypeptide (hIAPP).** The Stern—Volmer plot of 10° M BSA and HSA
quenched by GO at pH 5.6 is shown in Figure 3.2 (A). The values of F¢/F of BSA and
HSA are both around 1.5 when the concentration of GO is 10 pg/mL, where Fy and F are
the fluorescence intensity at the maxima in the absence and in the presence of GO,
respectively. The quenching of 10 M BSA or HSA by GO is also comparable with that
of 10°° M tryptophan (~ 1.4).** Surprisingly, compared with the quenching of 10°° M
BSA, HSA, and tryptophan by GO, the emission intensity of 10°® M lysozyme dropped

much more dramatically as the concentration of GO increased. Fyo/F of lysozyme

increased to 26.5 in the presence of 10 ug/mL GO, as shown in red color in Figure 3.2
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(B). The fast reduction of fluorescence intensity reveals the existence of a strong

interaction between GO and lysozyme.
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Figure 3.2 Stern—Volmer plot of Fo/F against concentration of GO as quencher. (A) Fo/F of 10° M HSA
and BSA at pH 5.6; (B) Fy/F of 10° M lysozyme at pH 5.6, 10, and 12. F, and F are the fluorescence

intensity at the maxima in the absence and in the presence of GO, respectively.

In order to determine the nature of interaction between GO and lysozyme, three pH
values were used in the experiment (i.e. pH 5.6, 10, and 12). The pH value is extremely
important for determining the charge of lysozyme. If the pH is lower than its isoelectric
point (about 11),*® lysozyme possesses more positive charges. Thus lysozyme is more
positively charged at pH 5.6 than at pH 10. Higher pH (i.e. pH 12 in this study) than the
isoelectric point renders lysozyme to have more negative charges. Due to the
deprotonation of carboxyl and hydroxyl groups on its surface, GO is always negatively
charged under pH 5.6, 10 and 12.*" If the interaction between GO and lysozyme is mainly
an electrostatic interaction, pH will play a central role on the quenching effect. Indeed, as
pH increases from 5.6 to 12, the quenching effect reduces quickly, as shown in Figure 3.2

(B). At 10 pg/mL of GO, F(/F drops from 26.5 at pH 5.6 to 11.4 at pH 10. When pH
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reaches 12, only a slight fluorescence quenching is observed, with the value of Fy/F about
1.6. This small quenching at pH 12 is probably due to the hydrophobic interaction
between them.** From these observations, it can be stated that the strong quenching of
GO on lysozyme is predominantly due to the electrostatic attraction between lysozyme
and GO. Further evidence for this assumption will be presented and discussed below. On
the contrary, BSA and HSA are both negatively charged in aqueous solution at pH 5.6 as
both isoelectric points are below 5.6. As a result, neither BSA nor HSA favors
electrostatic interaction with GO at pH 5.6. This explains why the quenching of BSA or

HSA by GO is more reduced than that of lysozyme (Figure 3.2).

3.3.2 Zeta Potential Study

Zeta potential was used to further characterize the nature of the interaction between
lysozyme and GO (Table 3.1). Due to the protonation of its surface functional groups, 5
pg/mL GO is negatively charged with —38.85 mV at pH 5.6. As pH increases, its zeta
potential slightly shifts to —40 mV at pH 10 and —41.25 mV at pH 12. These results are
consistent with other reported studies.””** 107° M lysozyme is slightly positively charged
at pH 5.6 and 10. The values of zeta potential of lysozyme may not be the true values
probably due to the low concentration. Usually, the concentration of protein used for zeta
potential measurement is required to be larger than 0.1 mg/mL. Therefore, the following
discussion will be based on the zeta potential changes of GO at 5 pg/mL and the mixture
GO/LYZ (5 pg/mL GO and 14.3 pg/mL LYZ). At pH 5.6, the zeta potential of GO is
—38.85 mV, while it is changed greatly to —9.05 mV in the mixture GO/LYZ (Table 3.1).
However, at pH 10 and 12, the zeta potentials of the mixtures are —35.67 and —39.10 mV,

respectively. Both are comparable to the zeta potential values of GO alone at the
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corresponding pHs. These changes indicate that at pH 5.6 there is a strong electrostatic
interaction between GO and lysozyme, neutralizing the surface charge of GO. To further
verify this interaction, a titration experiment of zeta potential with GO concentration
fixed at 5 pg/mL was performed (Figure 3.3). The zeta potential value of GO/LYZ
mixture shifts toward positive as the concentration of lysozyme increases. The value
reaches about 0 mV when lysozyme is 20 pg/mL, corresponding to the maximum

coverage of lysozyme on the surface of GO.

Table 3.1 Zeta potential data of GO (5 pg/mL), lysozyme (10° M, i.e. 14.3 pg/mL), and GO/LYZ mixture

(5 pg/mL GO, 10°® M lysozyme) at pH 5.6, 10, and 12.

Zeta potential (mV)

pH 5.6 pH 10 pH 12
GO —38.85 —40.00 —41.25
Lysozyme 4.02 0.06 —8.02
GO/LYZ —9.05 —35.67 -39.10
20+
104
%-1&
2
£ 201
N
-304
-40 , , , , ,
0 20 40 60 80 100

Concentration of lysozyme (ug/mL)

Figure 3.3 Zeta potential of GO/LYZ aqueous solution against LYZ concentration. The concentration of

GO was fixed at 5 pg/mL.
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3.3.3 Dynamic Light Scattering (DLS) Study

Due to the strong electrostatic interaction and unique large surface area of both sides
of GO, lysozyme can be adsorbed onto its surfaces, increasing the size of the assemblies.
Dynamic light scattering (DLS) is an analytical technique widely used to characterize the
size in terms of hydrodynamic diameter of nanoparticles or colloids in aqueous

. 8990
solution.™”

The exact size of GO may vary depending on the method and procedure of
processing. As shown in Figure 3.4 (A), the peak distributions (> 92%) of the
hydrodynamic diameters of GO are around 200 (= 50) nm with limited influence from the
pHs studied (i.e. pH 5.6, 10, and 12) and the concentrations (from 0 to 10 pg/mL). This
indicates that GO does not flocculate or aggregate under these pHs and concentrations.

21,91
S.7""" In our

These observations are consistent with other previous studies of GO by DL
experiments, the size distribution of 10°° M lysozyme at pH 5.6, 10, and 12 are below the

limitation of the DLS system.

However, in the mixture of GO/LYZ (lysozyme was always fixed at 10°° M in DLS
experiments), the size distribution dramatically depends on the pH and the concentration
of GO, as illustrated in Figure 3.4 (B). First, the hydrodynamic diameter of the mixture
decreases as the pH increases from 5.6 to 12 at each corresponding concentration of GO.
The reduction in size at higher pH indicates that the interaction between GO and
lysozyme is weaker at higher pH. Second, the size of GO/LYZ mixture at pH 12 is about
the same as the pure GO, indicating that no assembly is formed between GO and
lysozyme at pH 12. This should be due to the electrostatic repulsion between the
negatively charged lysozyme and negatively charged GO at pH 12. These observations

also provide further support to the nature of the interaction as we discussed above. Third,
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it is worth noticing that the hydrodynamic diameter of the mixture decreases as the
concentration of GO increases in both cases of pH 5.6 and 10, as shown in Figure 3.4 (B).
This trend of decrease in diameter could be due to the diminishing thickness of protein
“corona” formed on the surface of GO as a “core” when the concentration of GO
increases.”>” At lower concentrations of GO at pH 5.6, i.e. 2.5 pg/mL, as the total
amount of lysozyme is fixed at a constant in all cases, the amount of lysozyme absorbed
per unit surface area of GO will be larger than that at higher concentrations of GO. This
means that the thickness of the adsorbed lysozyme “corona” will be larger at lower
concentrations of GO. On the contrary, when more GO is present in the solution, fewer
amounts of lysozyme are adsorbed on each piece of GO, decreasing the hydrodynamic

diameter.
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Figure 3.4 Hydrodynamic diameter at pH 5.6, 10, and 12. (A) GO dispersion; (B) GO/LYZ mixture.

3.3.4 Atomic Force Microscopy (AFM) Study

AFM was used to directly visualize morphologies on a freshly cleaved mica surface
after the solvent was evaporated. We only obtained AFM images at pH 5.6, since

hydroxyl ions at pH 10 and 12 would be neutralized by carbon dioxide from the air while
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drying. As shown in Figure 3.5 (A), the height of GO nanosheets is around 1 nm after 6
pL of 10 pg/mL GO was deposited and dried on mica surface. The uniform height
demonstrates that GO nanosheets do not flocculate or aggregate while drying. The AFM
image of 10° M lysozyme after drying shows very tiny spots with height about 1 nm
(Figure 3.5 (B)). The observations here are similar to previous AFM studies of lysozyme
adsorption on mica.”*”> However, the AFM image of GO/LYZ mixture (10 pg/mL GO
and 10° M lysozyme) shows totally different images compared with GO or lysozyme
alone (Figure 3.5 (C)). No single nanosheet of GO is observed. Pieces of GO seem to be
packed together tightly on each other with uneven height from 3.5 nm to more than 20
nm. These observations provide direct proof that lysozyme is adsorbed on the surface of

GO.

(A)

Figure 3.5 AFM images of (A) GO; (B) lysozyme; and (C) GO/LYZ mixture. About 6 uL of
corresponding solution was deposited and dried on the surface of mica. The profiles are shown in white

curves. The scale bar at the bottom right in each figure is 1 pm.

We have so far demonstrated that the strong interaction between GO and lysozyme is
electrostatic interaction using the methods above, but it is worth noticing that some weak

interactions may also exist, such as m-m interaction, hydrophobic interaction, and
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hydrogen bonding. The n-m interaction can exist between the aromatic rings of GO and
the indole structure of tryptophan residues. These weak interactions explain the slight

fluorescence quenching of lysozyme by GO at pH 12 in Figure 3.2 (B).

3.3.5 Adsorption and Desorption of Lysozyme on GO

We have demonstrated that the interaction between GO and lysozyme is mainly an
electrostatic interaction. Indeed, this interaction was so strong that we were able to
subsequently remove and separate lysozyme from aqueous solution by GO
experimentally. As discussed above, more than 96% of the fluorescent emission of 10™°
M (14.3 pg/mL) lysozyme was quenched by 10 pg/mL GO. In order to clearly observe
the adsorption effect of lysozyme on GO in experiments, 10—fold concentrations (i.e.
0.143 mg/mL lysozyme and 0.1 mg/mL GO) were used. The procedures were shown in
Figure 3.1 (Step a to e). Once GO was added into lysozyme solutions, larger assemblies
between lysozyme and GO were formed as suspension. To precipitate the assemblies, 1
M NaCl was added into the mixture of GO/LYZ. Immediately, one could observe
precipitate formation. The ionic strength of NaCl further neutralized the surface charge
and promoted the precipitate formation. After agglomeration for 5 min, the mixture was
centrifuged at 2500 rpm for 10 min. At the bottom of centrifuge tube, dark brown
precipitate was formed, while the upper layer solution was totally clear. The supernatant
solution was used for fluorescence spectroscopy, UV—vis absorption, and SDS—-PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis). With the same excitation
conditions, the supernatant solution was slightly fluorescent at 358 nm, about 2.8 % of
the fluorescence intensity of 0.143 mg/mL under the same condition without GO, as

shown in Figure 3.6 (A). This result suggested that GO adsorbed almost all lysozyme on
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its surface. To further support this assumption, UV—vis absorption of the supernatant
solution was compared with the control experiments. It also confirmed this assumption;
because the absorption around 280 nm was almost completely disappeared after the
adsorption of GO (Figure 3.6 (B)). SDS—PAGE also showed that the band of lysozyme
was completely removed after the adsorption of GO (Figure 3.7 (A), Lane 1 as control
and Lane 2 after the adsorption of GO). Therefore, GO could be an excellent adsorbent

material to remove lysozyme from its aqueous solution.
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Figure 3.6 Spectra of fluorescence and UV-vis absorption before and after adsorption by GO. (A)
Fluorescence spectra of lysozyme before and after adsorption by GO; (B) UV—vis absorption spectra of
lysozyme before and after adsorption by GO; (C) UV—vis absorption of lysozyme of original solution and
after being released from GO. It is worth noticing that CaCl, changes the molar absorptivity of lysozyme.

This explains the absorption difference of lysozyme in (B) and (C).

It is sometimes necessary in practice to separate the adsorbed protein from the
substrate. In the case of lysozyme, we were able to release lysozyme from the surface of
GO by chemical approach, as shown in Figure 3.1 (Step d, f, g, and h). After
centrifugation, remove 3 mL of the supernatant solution and add 2.5 mL pH 11.5 NaOH
to disperse the precipitates again. As we discussed above, the interaction between GO

and lysozyme at basic pH should be very weak, disassembling lysozyme from the GO



37

surface. Indeed, after sonication, a golden color solution was obtained again. To further
separate lysozyme and GO, 0.5 mL of 0.1 M CaCl, solution was added to precipitate GO.
As Ca’" formed precipitates with GO with very large solubility product constant,
lysozyme was left in the supernatant. Based on the UV—vis absorption spectrum of the

supernatant, about 54 % lysozyme was released (Figure 3.6 (C)).

3.3.6 Selective Adsorption of Lysozyme

If the interaction between lysozyme and GO is strong enough, one will expect to use
this interaction to selectively adsorb lysozyme by GO from a mixture of proteins. It is
worth noticing that this selectivity is based on electrostatic interaction. If two proteins are
positively charged and have similar isoelectric points (pl), both can be adsorbed on the
surface of GO without much selectivity. Herein, we studied this application in 0.1 M
phosphate buffer at pH 7 in the mixture of lysozyme (LYZ, pI 11, 14.3 kDa), bovine
serum albumin (BSA, pl 5.3, 68 kDa), human serum albumin (HSA, pl 4.7, 66.5 kDa),
and ovalbumin (OVA, pl 4.9, 43 kDa), following the same procedures of adsorption as
shown in Figure 3.1 (Step a to e). In a binary protein mixture (i.e. LYZ/BSA, LYZ/HSA,
or LYZ/OVA), GO and NaCl solutions were added to form precipitates. After
centrifugation, the supernatant was characterized by SDS—-PAGE (Figure 3.7),

fluorescence emission, and UV—vis absorption spectra.
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Figure 3.7 Image of electrophoresis on 12 % SDS—PAGE. Protein marker (Lane M), LYZ control (Lane
1), LYZ adsorbed by GO (Lane 2), BSA control ( Lane 3), BSA adsorbed by GO (Lane 4), LYZ/BSA
control (Lane 5), LYZ/BSA adsorbed by GO (Lane 6), OVA control (Lane 7), OVA adsorbed by GO (Lane
8), LYZ/OVA control (Lane 9), LYZ/OVA adsorbed by GO (Lane 10), HSA control (Lane 11), HSA
adsorbed by GO (Lane 12), LYZ/HSA control (Lane 13), and LYZ/HSA adsorbed by GO (Lane 14). The
concentration of each protein (i.e. LYZ, BSA, OVA and HSA) was 0.143 mg/mL, while the final

concentration of GO was 0.1 mg/mL, if present.

Proteins with different molecular weights could be easily separated by SDS—PAGE,
therefore this technique was able to provide visual evidence of selective adsorption of
GO. Compared with its band at 14.3 kDa as a control experiment (Lane 1 in Figure 3.7),
lysozyme was completely adsorbed when GO was present (Lane 2 in Figure 3.7). On the
contrary, BSA (Lane 4) was slightly adsorbed by GO in comparison with its control
experiment without GO (Lane 3). In the binary protein mixture of LYZ/BSA, bands of
both proteins were clearly seen (Lane 5). After the adsorption by GO (Lane 6), the band
of LYZ was barely seen while the band of BSA was as clear as before adsorption. The

disappearance of lysozyme band suggested that it was adsorbed and co—precipitated by
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GO. Similar observations were also found for LYZ/OVA and LYZ/HSA systems in

experiments, as shown in Figure 3.7.

To further support the assumption that GO was able to selectively adsorb lysozyme
from a mixture of binary proteins system, fluorescence emission and UV—vis absorption
were used to characterize the supernatant after centrifugation, as shown in Figure 3.8.
The obtained fluorescence (Figure 3.8 (A), (C) and (E)) and UV—vis absorption (Figure
3.8 (B), (D) and (F)) spectra of the mixture after adsorption by GO (the green curves)
were very similar to those of the control experiments using a single protein of BSA,
HSA, and OVA (the black curves). These observations again confirmed that lysozyme
was selectively adsorbed and co—precipitated by GO, leaving other proteins (i.e. BSA,

HSA, and OVA) in the solution.

In a ternary mixture of proteins, i.e. LYZ/OVA/HSA and LYZ/OVA/BSA (each
protein was 0.143 mg/mL), a final concentration of GO at 0.1 mg/mL was also able to
selectively adsorb lysozyme from the mixture, as shown by the results of SDS-PAGE
(Figure 3.9). Compared with the corresponding control experiment, lysozyme in the
ternary mixture of proteins was clearly adsorbed by GO, since the band of lysozyme was

barely seen.
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Figure 3.8 Fluorescence (the first column, i.e. A, C and E) and UV—vis (the second column, i.e. B, D and

F) absorption spectra of binary protein mixtures before and after adsorption by GO: BSA/LYZ (A, B);

HSA/LYZ (C, D); OVA/LYZ (E, F).
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Figure 3.9 Image of electrophoresis of ternary mixture on 12 % SDS—PAGE. Protein marker (Lane M),
LYZ/OVA/HSA control (Lane 1), LYZ/OVA/HSA adsorbed by GO (Lane 2), LYZ/OVA/BSA control
(Lane 3), LYZ/OVA/BSA adsorbed by GO (Lane 4). The concentration of each protein (i.e. LYZ, BSA,

OVA and HSA) was 0.143 mg/mL. The final concentration of GO was 0.1 mg/mL, if present.
3.4 Summary

Graphene oxide (GO) is recently emerging as a promising nanomaterial with potential
applications to detect analytes from biological fluid samples, such as milk, saliva, serum,

1772 Dye to the abundance of lysozyme present in such biological fluid

and urine.
samples, it is extremely important and necessary to investigate the possible interaction
and adsorption between lysozyme and GO. In this study, we investigated the strong
interaction between GO and lysozyme by fluorescence quenching, zeta potential,
dynamic light scattering, and atomic force microscopy. The nature of the interaction was

determined to be predominantly an electrostatic interaction. This interaction was so

strong that we were able to subsequently eliminate and separate lysozyme from aqueous
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solution by simply mixing with GO. The adsorbed lysozyme could be released from the
surface of GO by adding NaOH solution and then precipitating GO with CaCl,. More
importantly, the strong electrostatic interaction also rendered the selective adsorption of
lysozyme on GO from mixtures of binary proteins and ternary proteins, which was
confirmed by fluorescence spectroscopy, UV—vis absorption spectroscopy, and sodium

dodecyl sulfate polyacrylamide gel electrophoresis.

As we demonstrate in this study, lysozyme interacts strongly with the surfaces of GO
and can be selectively adsorbed and separated via an electrostatic interaction. When the
material of GO is explored to detect or sense a specific biomolecule from biological fluid
samples, one has to consider the presence of lysozyme and the strong interaction between

it and GO.



Chapter 4 Interaction between Graphene Oxide and Pluronic F127 at the
Air—Water Interface

4.1 Background

In the past two decades, biocompatible polymers have attracted great attention in the
field of medical applications, such as drug delivery, gene therapy, surface coatings, and
tissue engineering.”®’’ Amphiphilic and biodegradable polymers are attractive candidates
for drug delivery systems with potential to improve drug circulation time, increase drug
solubility and reduce toxicity and side effect.”®” Among a large family of these
polymers, nonionic triblock copolymers composed of poly(propylene oxide) (PPO)
hydrophobic midblock and two poly(ethylene oxide) (PEO) hydrophilic end blocks
(PEO—PPO-PEOQO, commercially known as Pluronic or Poloxamer), are of particular
interest for properties of adsorption, self-assembly and micellization.'”'” More
recently, PEO—PPO—-PEOQO has been found to be able to seal damaged cell membrane with
low toxicity, which is probably due to its surface activity and adsorption capacity into the

bilayer of the damaged cell.'**'"’

Graphene oxide (GO), an oxidized form of graphene, has been gaining significant
momentum over the last few years for its application in the biomedical field due to the
unique properties, such as good water dispersibility, excellent biocompatibility, and

strong adsorption capacity.” Since GO based material was first used to deliver water

7,108

insoluble drugs, much progress has been achieved for drug delivery. Recently, efforts

have been made on GO functionalization to enhance special cellular uptake of anti—tumor

drugs with intelligent controlled release, such as conjugation of GO with targeting

ligands like folic acid and magnetic Fe;0,.> GO is also investigated for biosensing,***

and photothermal treatment for cancers and Alzheimer’s disease.'>'***

43
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One challenge of GO in biomedical application is its agglomeration or precipitation in
electrolyte solutions. Since electrolytes (e.g. sodium, potassium, calcium, chloride, and
bicarbonate) are essential components of body fluids, they must be maintained at a
specific concentration for the cells to function properly. One strategy to enhance the
stability of GO in electrolyte solutions is to covalently modify GO with further
oxidization to lower C/O ratio or to functionalize GO with a hydrophilic moiety.”*'
However, this strategy increases the complexity of the chemical preparation, and
covalently modifies the structures and properties of GO. Recently, non—covalently
suspending GO in electrolyte solutions has been explored using biocompatible
polymers.*' Pluronic F127 (PF127, PEO,9—PPOgs—PEOQo), approved by FDA (Food
and Drug Administration) for drug delivery, has been previously demonstrated to
efficiently disperse graphene and GO in cell medium in the presence of
electrolytes.”**!% We also have reported in Chapter 2 that PF127 can be applied to
block the hydrophobic interaction between GO and L—tryptophan or L—tyrosine. In
principle, the hydrophobic segment of PPO in PF127 can interact with the hydrophobic
part of GO, while the hydrophilic section of PEO should form hydrogen bonds with the
surrounding water molecules, thus stabilizing the suspension.?"**!'° However, the nature

of the interaction and the behavior between GO and PF127 has still not been understood

and characterized.

Langmuir monolayer technique at air—water interface is a typical two—dimensional
(2D) surface chemistry approach, widely applied for the structure and property studies of

amphiphilic molecules at the interface, such as surfactants, polymer, proteins and

105,106,111,112

lipids. The conformation and molecular interactions at the interface can be
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controlled and tuned by adjusting the interfacial area or by altering the components of the
subphase solution. GO has both hydrophobic and hydrophilic parts in its structure, with
carboxylic groups at the edge, phenol hydroxyl and epoxide groups mainly at the basal
plane, and some intact carbon—carbon sp® domains.” GO Langmuir monolayer has
previously been studied by spreading GO solution at the air—water interface.''*'
However, compared with a usual spreading volume of less than 100 pL at the air—water
interface, the deposited volumes of GO in those studies were so large (from a few mL to

12 mL."*!7) that one has to be concerned whether it forms a Langmuir monolayer at the

interface without losing GO particles into the subphase solution.

In the present study, we aimed to characterize and understand the interaction between
GO and PF127 using a 2D Langmuir monolayer approach at the air—water interface by
surface pressure—area isotherm measurements, stability, adsorption, and atomic force
microscopy (AFM) imaging. Based on the experimental observations, a hypothesis of the

interaction of PF127 and GO at the air—water interface is proposed.

4.2 Experimental Section
4.2.1 Materials

Single layer graphene oxide (GO) was purchased from ACS Material LLC (Medford,
MA). Triblock copolymer Pluronic F127 (PF127, PEO;p—PPOg¢—PEO;p, mean
molecular weight 12,600 g/mol) was obtained from Sigma Aldrich (St. Louis, MO).
These chemicals were used without further purification. Throughout the experiments,
deionized water was purified with a Modulab 2020 water purification system from

Continental Water Systems Corp (San Antonio, TX). The resistivity, surface tension and
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pH of deionized water were 18 MQ-cm, 72.6 mN/m and 5.6 at 20.0 = 0.5 °C,
respectively. V—1 grade mica (Electron Microscopy Sciences, Hatfield, PA) was used as

a substrate for atomic force microscopy (AFM) imaging.

All surface pressure—area isotherm measurements and atomic force microscopy
(AFM) images were performed in a clean room (class 1000) with constant temperature of

20.0 = 0.5 °C and humidity of 50 £+ 1%.

4.2.2 Methods and characterization

Langmuir Monolayer Preparation of PF127/GO on Pure Water. 1 mg/mL of GO
aqueous solution was obtained by adding 5 mL pure water to 5 mg GO, and followed by
sonication for 1 h in a cold water bath (Branson, model 1510, Danbury, CT). The
as—prepared GO solution was diluted to 0.1 to 0.5 mg/mL to make the mixture of
PF127/GO. We have previously demonstrated using UV—vis absorption and AFM that
single layer graphene oxide was yielded using the same material and procedure. 0.1
mg/mL PF127 aqueous solution was obtained by dissolving 10 mg PF127 in a 100 mL
flask. As this concentration was much lower than its critical micelle concentration (CMC)
of around 50 mg/mL at 20 °C,'"” no micelle of PFI127 was formed during the
experiments. For mixtures of PF127/GO, the concentrations of PF127 were kept at 0.05
mg/mL in all cases to compare with the behaviors of 0.05 mg/mL PF127 alone at the
air—water interface, while the weight ratios between PF127 and GO were 1:0, 1:2, 1:3,
and 1:5 (w/w). A Kibron p—trough S (Kibron Inc., Helsinki, Finland) with an area of 5.9
cm X 21.1 cm was used for the surface pressure—area isotherms, adsorption and stability

studies. The surface pressure was monitored by an alloy wire probe with a sensitivity of +
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0.01 mN/m. Typically, 35 pL of PF127/GO mixture was spread dropwise on the
air—water interface of pure water using a 100 uL syringe (Hamilton Co., Reno, NV). A
waiting time period of 15 min was taken for the Langmuir monolayer to reach
equilibrium. The surface pressure—area isotherms were then recorded at a compression

rate of 1200 A*/molecule per min.

Langmuir Monolayer Study of PF127 at the Air— GO Aqueous Interface. To
study the adsorption of GO from the subphase to the Langmuir monolayer of PF127, 35
uL of 0.05 mg/mL PF127 was deposited dropwise at the interface of GO aqueous
dispersion with different GO concentrations (0, 0.02 and 0.04 mg/mL). After 15 min, the

monolayer was compressed at a rate of 1200 A?/molecule per min.

Stability study of Langmuir Monolayer. The Langmuir monolayer of PF127 alone
or mixed PF127/GO (1:1, w/w) were compressed to 7 mN/m with a rate of 800
A?/molecule per min. After 5 min for relaxation, the Langmuir monolayer was
compressed to 7 mN/m again, and then the stability of surface pressure versus time was

monitored at a fixed area.

AFM Imaging. All AFM images were taken with tapping mode using an Agilent
5420 AFM instrument (Agilent, Santa Clara, CA). The cantilever had a resonance
frequency of 300 ~ 400 kHz with typical force constant of 40 N/m, and an uncoated
silicon probe from Applied NanoStructures Inc. (Santa Clara, CA). To verify whether GO
drags PF127 from the Langmuir monolayer at the air—water interface to the subphase, 6
uL solution was taken from the subphase outside the barriers when the Langmuir

monolayer of PF127 or PF127/GO mixture (PF127/GO=1:0, 1:1 and 1:5, w/w) was
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compressed to 4 500 A? per molecule of PF127. Then, spread it on a freshly cleaved mica

surface and let it dry for 2 h. All images were taken at a resolution of 512 X 512 points.

4.3 Results and Discussion
4.3.1 Surface Pressure—Area Isotherm of PF127 on Pure Water Subphase

The surface pressure—area isotherm of Langmuir monolayer of PF127 on pure water
subphase is shown in Figure 4.1 (red curve, PF127/GO=1:0, w/w). It is worth noting that
the surface pressure—area isotherm could not be compressed to area/molecule below 2300
A% in all cases due to the limitation of movable barriers. The obtained isotherm of PF127
at the air—water interface is consistent with other reported results of PF127 at this
interface.''*!"” The surface pressure rises slowly at the beginning of compression during
the phase transition from gas phase (>12 000 A*/molecule) to liquid expanded phase (12
000 to 6 500 A*molecule). The surface pressure increases quickly when the Langmuir
monolayer of PF127 is compressed to area/molecule below 6 500 A% which corresponds
to the liquid condensed phase. The highest surface pressure of PF127 Langmuir
monolayer can only reach around 10.5 mN/m when it is compressed to the minimum area
of the trough. Similar to another water insoluble triblock copolymer
(PEO)¢—(PPO)39—(PEO); at the air—water interface,'” this copolymer of PF127 can also

form Langmuir monolayer.
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Figure 4.1 The surface pressure—area isotherms of PF127, GO dispersion and PF/GO mixture. In all
cases, the concentration of PF127 is 0.05 mg/mL. Mixture PF127/GO=1:1, 1:2, 1:3 and 1:5 (w/w) at the
air—water interface. Please notice that the barriers could not compress further when the area/molecule

went below 2300 A2

The process of compression of PF127 Langmuir monolayer at the air—water interface
accompanies its conformation changes. In the structure of triblock copolymer of PF127,
the water solubility of the central PPO moiety is dependent on the temperature, while the
two end PEO segments are hydrophilic. At 20 °C, the PPO part is hydrophobic and acting
as an anchor at the air—water interface, resulting in the formation of Langmuir monolayer
of PF127 at the interface.''® The large size, different solubility nature and flexibility of
PF127 facilitate this polymer a large degree of conformational freedom at the air—water
interface, which can be controlled and studied over a large range of compression in
molecular area. At large molecular area, the molecules are loosely packed with each
other. All hydrophobic PPO and hydrophilic PEO groups stay flat at the air—water
interface. The suggested conformation is like a pancake, as shown in Figure 4.2A
(top).''® When the monolayer is further compressed, the two end hydrophilic PEO groups

tend to merge into the water subphase, leaving the hydrophobic PPO moiety as an anchor
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at the air—water interface, as shown in Figure 4.2A (bottom). When both end moieties of
PEO are merged into the subphase solution, the conformation is called mushroom state.
During the process of compression, the conformation of PF127 changes from pancake to

mushroom. This kind of conformational change has been reported for other triblock

118-120

copolymers at the air—water interface.
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Figure 4.2 The schemed conformation at the air—water interface before and after compression. (A)

PF127 alone; and (B) PF127/GO.

4.3.2 Surface Pressure—Area Isotherm of GO on Pure Water Subphase

The structure of GO has both hydrophobic and hydrophilic parts. The hydrophilicity
of GO is attributed to the carboxylic groups at the edge, phenol hydroxyl and epoxide
groups mainly at the basal plane. The hydrophobicity of GO stems from its intact
carbon—carbon sp> domains.” As its structure strongly depends on the process of chemical
oxidation and size distribution, GO is not a molecule with specific structure and
molecular weight. Due to the existence of amphiphilic groups, GO might form Langmuir
monolayer at the air—water interface. We had tried to deposit 100 uL to 500 uL of GO
aqueous dispersion ranged from 0.1 to 1 mg/mL GO at the air—water interface. However,

no surface pressure was detected even when the area was compressed to the minimum



51

(data not shown). Therefore, GO used in this study is not surface active. In Figure 4.1, the
black curve (PF127/GO=0:1, w/w) shows the surface pressure—area isotherm of 35 uL of
0.05 mg/mL GO deposited at the air—water interface. One needs to notice that the
molecular weight of GO was assumed to be as the same as PF127 for the area/molecule
calculation in this study due to the unknown molecular weight of GO. This curve serves

as a control experiment, just showing that no surface pressure was detected.

4.3.3 Surface Pressure—Area Isotherm of PF127/GO Mixture on the Pure Water

Subphase

Family of Pluronics have been used as surfactants to efficiently disperse carbon black

122,123 62,109,124

particles,'”' carbon nanotubes, and graphene in aqueous solution and
graphene oxide®' in electrolyte solution before. The suggested scenario for dispersion is
that the hydrophobic PPO of Pluronic copolymer covers the hydrophobic part of
dispersed nanomaterials with hydrophobic interaction, while the hydrophilic PEO extends
to the aqueous solution, increasing the water solubility and blocking self—aggregation.
When PF127 is mixed with GO, the conformation of PF127 should be changed due to the
interaction between PF127 and GO. One will expect to observe different behaviors at the
air—water interface of the mixture PF127/GO when compared with PF127 alone. Due to
the unknown molecular weight of GO, as mentioned in the paragraph above, the
molecular weight of PF127 is used for the surface pressure—area isotherm instead of
mean molecular weight of the PF127/GO mixture. This approximation results in an
inaccurate area; however, it does not affect the qualitative analysis of the results in this

case. Usually, when a binary system of amphiphilic mixture is deposited at the air—water

interface, the features of surface pressure—area isotherm curve (lifting area, limiting
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molecular area and phase transition) should shift to larger areas if the molecular weight of
a single component is used. This is because the mixture has more molecules occupying
the area at the air—water interface compared with a single component. Therefore, one
would expect all the isotherms shift to a larger area/molecule in the case of PF127/GO
mixture (PF127/GO=1:1, 1:2, 1:3 and 1:5, w/w, PF=0.05 mg/mL) compared with PF127
alone. However, all features of lifting area, limiting molecular area and phase transition
shrink to a smaller area in the experiment, as shown in Figure 4.1. This effect of
shrinking is more obvious with higher weight ratio of GO present in the mixture. In the

case of PF127/GO=1:5, no surface pressure is even detected.

These results unambiguously indicate that there exists an interaction between PF127
and GO, which changes the properties and behavior of Langmuir monolayer of PF127 at
the air—water interface. Therefore, when deposited at the air—water interface, the
Langmuir monolayer of the mixture is very different from that of PF127 alone. The
pancake conformation in the Langmuir monolayer of PF127 is not expected to exist in the
monolayer of the mixture of PF127/GO. The hydrophobic PPO moiety of PF127 has
interacted with the hydrophobic part of GO surface, leaving the two hydrophilic PEO
chains as two “tails” extended to the water subphase, as shown in Figure 4.2B (top). Due
to the fact that GO is a two dimensional sheet with a height around 1 nm, both sides of
GO sheets can interact with PF127. Since the hydrophobic PPO serves as an anchor at the
air-water interface of the Langmuir monolayer of PF127, our assumption for the
observation of isotherms in Figure 4.1 is that the hydrophobic interaction between PPO
and GO results in the loss of the anchor, dragging PF127 molecules to the bulk subphase

when compressed, as shown in Figure 4.2B (bottom).
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4.3.4 Adsorption Study of GO to the Langmuir Monolayer of PF127 at the Air—GO

Aqueous Interface

To further support our hypothesis that GO drags PF127 molecules to the subphase,
adsorption study of GO to PF127 was performed at the air—-GO aqueous interface. Pure
PF127 was first deposited at the air—aqueous interface of subphase with different
concentrations of GO aqueous dispersion in the subphase (0, 0.02 and 0.04 mg/mL).
After 15 min elapsed to reach equilibrium, the monolayer was compressed under the
same conditions as in the previous experiment. The surface pressure—area isotherms
obtained are shown in Figure 4.3. Clearly, when there is GO present in the subphase, the
surface pressure—area isotherms shift to a smaller area/molecule compared with pure
water subphase. Also, the shrinking of the isotherm curve is more obvious when higher
concentration of GO is present in the subphase (Figure 4.3). This observation supports
that a strong interaction exists between GO and PF127, changing the conformation of

PF127 monolayer at the interface.
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Figure 4.3 The surface pressure—area isotherm of Langmuir monolayer of PF127 at the air-GO aqueous

dispersion interface. 35 pL of 0.05 mg/mL PF127 aqueous solution is deposited dropwise to the interface.
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Different concentrations of GO (0, 0.02 and 0.04 mg/mL) aqueous dispersion are used as subphase. Please

notice that the barriers could not compress further when the area/molecule went below 2300 A”.

4.3.5 Stability Study at the Air—Water Interface

To further support the hypothesis that GO drags PF127 from the air—water interface
to bulk subphase solution, a stability study of Langmuir monolayer was performed at a
surface pressure of 7 mN/m. As shown in Figure 4.4, the Langmuir monolayer of PF127
(blue curve, PF127/GO=1:0) is very stable. Even after 10000 seconds, the surface
pressure is still around 7 mN/m (~4500 A*molecule). However, for the Langmuir
monolayer of PF127/GO=1:1, the surface pressure is not stable at all and keeps dropping
to a final surface pressure around 1 mN/m after 10 000 seconds. The decreasing surface
pressure suggests that the presence of GO in the mixture destroys the stability of the
PF127 Langmuir monolayer by possibly dragging PF127 molecules into the subphase.

This assumption will be discussed in the following section.
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Figure 4.4 The stability of the Langmuir monolayer at the air—water interface: PF127 alone (blue curve);

PF127/GO (1:1, w/w, black curve).
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4.3.6 AFM Imaging

If GO can truly drag PF127 from the interface to the subphase, one will expect to find
GO and PF127 in the subphase, especially when the monolayer is compressed to a small
area by the movable barriers. Due to the stability of the PF127 Langmuir monolayer at a
surface pressure of 7 mN/m at the air—water interface (Figure 4.4), the molecules of
PF127 should stay at the air—water interface without loss of PF127 molecules to the
subphase. When the surface pressure—area isotherm of PF127 Langmuir monolayer was
compressed to 4500 A*/molecule (with surface pressure around 6 mN/m), 6 uL of the
subphase solution was taken outside the barrier and cast on a freshly cleaved mica
surface. After evaporation of solvent, a clean surface of mica was observed by AFM,
indicating that PF127 was not dissolved or transferred from the interface to the subphase
solution (Figure 4.5A). When the mixture of PF127/GO =1:1(w/w) was deposited at the
air—water interface and compressed to the same area/molecule (4500 A*/molecule) under
the same compression speed, GO was observed from the subphase solution by AFM, as
shown in Figure 4.5B. The profile of the topography demonstrates that the height of GO

. . . . . 45.4
is around 0.8 nm, which is consistent with reported results.**"-%

Figure 4.5B also shows
the attached PF127 on GO surface, which can be seen clearly from the profile height and
the 3D AFM image. The height of PF127/GO assembly is around 1.3 nm. Similar AFM
image of surfactant dispersed reduced GO has also been observed in another study, which
shows surfactant exists as dot on the surface of reduced GO.""® When PF127/GO=1:5

(w/w) was deposited and compressed at the air—water interface under the same

conditions, AFM images of GO were also obtained. It is worth noting that more pieces of
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GO were observed on the surface of mica due to the higher ratio of GO in the mixture

(Figure 4.5C).
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Figure 4.5 Topography (left) and 3D (right) AFM images of 6 pL subphase solution outside the
compressing barriers spread on a freshly cleaved mica surface: (A) PF127 alone; (B) PF127/GO=1:1; and

(C) PF127/GO=1:5. The black curve in the topography shows the profile of the dash line in the image.
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4.4 Summary

In this study, Langmuir monolayer as a 2D surface chemistry approach is applied to
investigate the interaction between graphene oxide and triblock copolymer PF127 at the
air—water interface. Due to the hydrophobic PPO groups as anchors, PF127 Langmuir
monolayer is very stable at the air—water interface. When PF127/GO mixture is deposited
at the air—water interface, the PPO groups interact with the hydrophobic parts of GO
surface, resulting in loss of the anchors at the air—water interface. Therefore, the
Langmuir monolayer of PF127/GO is very unstable and tends to be dragged into the bulk
subphase. Moreover, when PF127 is deposited at the interface of GO aqueous dispersion,
the pancake conformation in the Langmuir monolayer of PF127 facilitates the availability
of hydrophobic interaction between PF127 and GO, which drags PF127 molecules to the
bulk subphase solution. AFM images support this assumption, as GO and PF127 can be

observed from imaging the subphase solution outside the compressing barriers.



Chapter 5 Head Groups of Lipids Govern the Interaction and Orientation between
Graphene Oxide and Lipids

5.1 Background

Graphene, a one—atom—thick planar sheet of sp® hybridized carbon atoms, has
recently attracted tremendous attention in various studies and applications due to its novel
optical, mechanical, electronic, thermal and biological properties.'”? Graphene oxide
(GO) holds a similar atomically thin structure to graphene, but possesses plenty of
oxygen—containing functional groups, such as carboxyls on the edges and hydroxyls and
epoxies on the basal plane.! GO has demonstrated advantageous applications in
biosensing and biomedical field owing to its special physical and chemical properties,

such as low—cost manufacturing process, rich colloidal property, high adsorbility and

4-6,84

universal fluorescence quenching. Last few years has witnessed great progress of GO

or functionalized GO as an efficient way to deliver therapeutic molecules from bioactive

peptides, proteins, nucleic acids to anticancer drugs.”’> GO is also exploited for

22,2471 43,44

biosensing,™® imaging, real-time monitoring of protease activity, and

near—infrared photothermal treatment for cancers and Alzheimer’s disease.'>'**

Application of GO in biological system needs to address possible interaction between
GO and cellular components, such as membranes. Membranes are natural
two—dimensional (2—-D) barriers, physically separating the interior environment of cells
from the exterior environment. As main structural components of cell membranes,

phospholipids are involved in various biological reactions, such as cell adhesion, ion

conductivity, disease related reactions and transportation of signals and materials.'*

Previous studies have reported that GO could be applied for cellular imaging, drug and

22-24

gene delivery, indicating it could possibly enter cells. But studies on how GO

58
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interacts with cell membrane or model system are still extremely limited.'*® Inconsistent
results are also obtained on the cytotoxicity of GO and how it enters cell membranes. >
Moreover, compared with spherical or tubular nanomaterials, GO is an extremely thin
layer (~1 nm) with large surface area and irregular shape.' It is still unknown how GO
orientates itself when interacting with the cell membrane. Therefore, it is fundamentally
important to understand the nature of the interaction between GO and various lipid

models. Such knowledge could provide further information for future applications of GO

in biological and biomedical field.

Besides application of GO in biosensing and biomedical studies, building and
organization of mesoscopic or macroscopic well—defined composite using GO and some
other components have been demonstrated as simple and useful methods to prepare
electronic devices, such as supercapacitor electrodes, conducting polymers, field effect

. 9.127,128
devices.” "

Therefore, understanding and manipulating the interaction, orientation,
and structural control between GO and other components in the composite is of great

importance for potential manufacturing and application.

Langmuir monolayer and Langmuir—Blodgett (LB) film at the air—water/aqueous
interface are typical two—dimensional (2-D) surface chemistry approaches, widely
applied for the structure and property study of amphiphilic molecules at the
air—water/aqueous interface, such as proteins and lipids."""'**1*° One striking feature of
these methods is the intrinsic and precise control of the layer architecture down to
molecular level. Due to the deprotonation of carboxyl groups at the edges of GO

9,131

sheets, electrostatic interaction is expected between negatively charged GO and

charged lipids. The air—water/aqueous interface is expected to serve as a perfect
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playground for the study of interaction between lipids and GO, as the amphiphilic lipids
have readily orientated themselves at the interface with polar/charged groups merged in

the hydrophilic aqueous phase while nonpolar moiety facing toward the air phase.

In this study, in order to understand and define the nature and orientation of
interaction between GO and lipid model with different head groups, Langmuir monolayer
technique was applied at the air—water/aqueous interface to characterize the properties,
such as molecule packing, adsorption and dipole moment. Five lipids with the same alkyl
chain length (18 carbons) but different electric charges and head groups were chosen to
rationalize the possible interactions. All alkyl groups of lipids used in this study were
purposely chosen to have 18—carbon chains to eliminate the possible influence of
terminal alkyl groups, as shown in Scheme 5.1. Langmuir—Blodgett films were
transferred onto substrates to further characterize the morphology of monolayer using

atomic force microscopy (AFM).

5.2 Experimental Section

5.2.1 Materials

Positively charged lipids dioctadecyldimethylammonium bromide (DODAB) and
1,2—distearoyl—sn—glycero—3—ethylphosphocholine chloride salt (DSEPC), neutrally
charged zwitterionic lipid 1,2—distearoyl—sn—glycero—3—phosphocholine (DSPC), and
negatively charged lipid 1,2—distearoyl—sn—glycero—3—phosphate sodium salt (DSPA)
were purchased from Avanti Polar Lipids (Alabaster, AL). Stearic acid (SA) was bought
from Sigma—Aldrich (St. Louis, MO). The chemical structures of these chemicals are

shown in Scheme 5.1.
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Scheme 5.1 Chemical structures of lipids and graphene oxide

a. Dioctadecyldimethylammonium bromide (DODAB)
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d. 1,2-Distearoyl-sn-glycero-3-phosphate sodium salt (DSPA)

e. Stearic acid (SA)
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f. Schematic structure of graphene oxide (GO)

DSPC is neutrally charged due to the presence of the anionic phosphate and cationic

quaternary ammonium centers in the head group, as shown in Scheme 5.1 ¢. SA was
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considered as negatively charged molecules due to the deprotonation of carboxyl group.
All these lipids had 18—carbon chain alkyl group in the nonpolar tail. Spectroscopic grade
chloroform and methanol were obtained from MP Biomedicals (Solon, OH). Single layer
GO was purchased from ACS Material LLC (Medford, MA). All these chemicals were
used without any further purification. The chemical structures were shown in Scheme
5.1. The deionized water used in the experiments was obtained from a Modulab 2020
Water purification system (San Antonio, TX). The resistivity, surface tension and pH of
the deionized water were 18 MQ-cm, 72.6 mN/m and 5.6 at 20.0 + 0.5 °C, respectively.
All experiments were performed in a clean room (class 1000) with constant temperature

0f20.0 + 0.5 °C and humidity of 50 £ 1%.

5.2.2 Methods

I mg/mL of GO aqueous dispersion was obtained by adding 10 mL deionized water
to 10 mg GO, followed by sonication for 1 h in a cold water bath (Branson, model 1510,
Danbury, CT). 0.01, 0.02 and 0.04 mg/mL GO dispersions were prepared by diluting
with deionized water. We have previously shown that single layer GO was obtained using
the same material and procedure by UV—vis spectroscopy and atomic force microscopy
(AFM).* AFM images show that the height of exfoliated GO is around 1 nm while the
lateral size is up to a few hundred nm. Each lipid except DSPA was dissolved in
chloroform to obtain concentration around 0.3 mg/mL. A small amount of lipid:
chloroform solution (from 25 to 45 ul) was deposited dropwise at the air—water or
air—GO dispersion (0.01, 0.02 and 0.04 mg/mL) interface using a 100 ul syringe
(Hamilton Co., Reno, NV). As DSPA was not totally soluble in chloroform, a mixture

solvent of chloroform:methanol:water = 65:35:8 (volume ratio) was used to dissolve
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DSPA. A Kibron p—trough S (Kibron Inc., Helsinki, Finland) with an area of 5.9 cm X
21.1 cm was used throughout all surface chemistry measurement. The surface pressure
was monitored with an alloy wire probe while surface potential by a Kelvin probe. When
DSEPC was involved in the experiment, it is worth noticing that a piece of thin clean
glass sheet was used to cover the inside surface of both Teflon barriers to prevent any
interaction between DSEPC and Teflon barriers. A waiting time period of 15 min was
taken to evaporate volatile solvent and allow the Langmuir monolayer to reach
equilibrium. For adsorption of GO to lipid Langmuir monolayer, after the monolayer was
compressed to certain surface pressure, 0.6 mL of 1 mg/mL GO dispersion was injected
underneath the monolayer to reach 0.02 mg/mL of GO and followed by monitoring the

change of surface pressure and surface potential versus elapsed time at a constant area.

Langmuir—Blodgett (LB) films were obtained by vertically pulling a piece of freshly
cleaved V—1 grade mica sheet (Electron Microscopy Sciences, Hatfield, PA) from
subphase at a constant speed of I mm/min. The transferred films were dried in the air for
a few hours before imaging. Atomic force microscopy (AFM) images were taken with
tapping mode using an Agilent 5420 AFM instrument (Santa Clara, CA) with a resolution
of 512 x 512 pixels. The cantilever had a resonance frequency of ~170 kHz with typical

force constant of 7.5 N/m and an uncoated silicon probe.
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5.3 Results and Discussion

5.3.1 Surface Pressure—Area Isotherm of Lipids at the Air— GO Aqueous Dispersion

Interface

Surface pressure is defined as the surface tension depression between a pure water
surface and a monolayer—covered surface. It describes the molecular packing density at
the air—water or air—aqueous interface. The surface pressure—area isotherm is obtained by
monitoring the surface pressure change against mean molecular area during compression
at a constant temperature. When molecules are closely packed before collapse, the area
by extrapolation of the linear part of the surface pressure—area isotherm (solid phase or
liquid condensed phase) to zero surface pressure (as shown by the dash lines in Figure 5.1
a) is termed as the limiting molecular area.'** This important characteristic represents the
mean molecular area occupied when the molecules are closely packed in a monolayer.
The limiting molecular area is usually determined by the intermolecular interactions of

the head groups and the packing of the alkyl chains.'*

Figure 5.1 shows the surface pressure—area isotherms of positively charged DODAB
(a) and DSEPC (b), neutrally charged DSPC (c), negatively charged DSPA (d) and SA
(e) on pure water and GO aqueous dispersion subphase (0.01, 0.02 and 0.04 mg/mL GO).
It is worth noticing that no surface pressure was detected at the interface using 0.01, 0.02,
and 0.04 mg/mL GO aqueous dispersions as the subphase without spreading lipids (data
not shown), indicating that GO itself used in this study is not surface active enough to
affect the surface tension of water. The limiting molecular areas for positively charged
DODAB and DSEPC on the pure water subphase are determined as 73 and 61

A?/molecule, respectively, as shown by the dash lines on the black curves in Figure 5.1 a
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and b. These numbers are consistent with previous studies.'***> When these two lipids
are deposited at the air—-GO dispersion interface, rise of limiting molecule area is
unambiguously observed with increase of GO concentration in the subphase from 0.01,
0.02 to 0.04 mg/mL. Furthermore, the liquid condensed phase starts at higher mean
molecular area as the GO concentration increases. This observation indicates that GO can
incorporate or be adsorbed into the monolayer of DODAB and DSEPC, increasing the
mean molecular area. However, when neutrally charged lipid DSPC, negatively charged
lipid DSPA and fatty acid SA are deposited, the surface pressure—area isotherms on GO
dispersion are almost exactly the same as isotherms obtained on pure water subphase, as
shown in Figure 5.1 c—e. In each case of these three molecules, the surface pressures rise
at almost the same mean molecular area and the limiting molecular areas are also very
similar in spite of different concentrations of GO in the subphase. These observations
suggest that GO cannot incorporate or be adsorbed into the monolayer of DSPC, DSPA
or SA. Neither the presence of GO at the interface and subphase has any effect on the
monolayer formation of these molecules. As phospholipids in cellular membranes are
negatively or neutrally charged, the possible cellular uptake of GO into the membrane
should not be due to the direct chemical interaction between GO and phospholipids but

: : . 23,136
through biological processes such as endocytosis.”™
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Figure 5.1 Surface pressure—area isotherms of lipids at the air—water or GO dispersion interface. (a)

Positively charged DODAB; (b) Positively charged DSEPC; (c) Neutrally charged DSPC; (d) Negatively

charged DSPA; and (e) negatively charged SA. Please notice that no surface pressure is detected at the air—

GO dispersion interface without spreading lipids at the interface. The intercepts of dash lines with area per

molecule axis indicate the limiting area per molecule.

Figure 5.1 clearly shows that the head groups with different charges have profound

effect on the interaction between lipids and GO. The hydrophobic tail groups are not

believed to be involved in this interaction. This is because the 18—carbon hydrophobic tail
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should be orientated towards the hydrophobic air phase. Even if the tail can be contacted
with GO at the air—aqueous interface just after deposition, no effects on the lifting area or
limiting molecular area are observed during the compression on the isotherms of DSPC,
DSPA and SA. Especially, it is worth noticing that DSEPC, DSPC and DSPA have
exactly the same 1,2—distearoyl-sn—glycero groups in common with the only difference
from the head group, as shown in Scheme 5.1 b—d. Therefore, the factor governing the
interaction between GO and lipid is the head groups. Positively charged head groups
(ammonium and ethylphosphocholine) have strong electrostatic attraction with the
negatively charged carboxyl groups of GO, resulting in the incorporation of GO into the
monolayer. Neutrally charged head group (phosphocholine) or negatively charged head
groups (phosphate and carboxyl) do not adsorb GO because of no favoring electrostatic
interaction. Moreover, it seems that these neutrally charged and negatively charged head
groups can repel GO sheets from the air—-GO dispersion interface. This explains why
these lipids have almost exactly the same isotherms on the dispersion of GO as on the
pure water subphase. Therefore, we will focus on the interaction between GO and

DODAB and DSEPC in the following discussions.

5.3.2 Adsorption of GO to the Monolayer of DODAB and DSEPC

Although both head groups of DODAB and DSEPC have the same amount of
positive charge, the chemical structures are quite different. To further characterize the
interaction between the positively charged head groups of DODAB and DSEPC and GO,
adsorption studies of GO to the lipid monolayer are studied at surface pressure 20 mN/m,
as shown in Figure 5.2. As control experiment, monolayer of DODAB or DSEPC is first

compressed to 20 mN/m on pure water subphase, and then the surface pressure (black
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curves in Figure 5.2 a-b) and surface potential (black curve in Figure 5.2 c—d) are
monitored against elapsed time. As expected, DODAB and DSEPC monolayers initially
compressed to 20 mN/m are very stable on pure water subphase. In both cases, surface
pressure is still around 18 mN/m after 6000 seconds (black curves in Figure 5.2 a-b). The
quick decrease of surface pressure in the first 1000 seconds is probably due to the
relaxation of monolayers after compression. Similar stable phenomenon of surface
potential versus time is also observed, as shown in Figure 5.2 ¢ and d. For adsorption of
GO, after the monolayer of DODAB or DSEPC is initially compressed to 20 mN/m on
pure water, 600 pL of 1 mg/mL GO dispersion is carefully and slowly injected into the
water subphase to reach 0.02 mg/mL GO underneath the monolayer. And then monitor
the surface pressure (red curves in Figure 5.2 a-b) or surface potential (red curves in
Figure 5.2 c—d) changes versus time. It is worth noticing that the injection of GO to reach
0.02 mg/mL in the subphase does not result in surface pressure increase at the air—water
interface in 6000 seconds. As shown in Figure 5.2 a and c, surface pressure of DODAB
monolayer increases to 21.3 mN/m while surface potential drops to almost 0 mV in the
first 500 seconds. It is worth noticing that the surface potential curve of DODAB (red) in
Figure 5.2 ¢ was initially around 300 mV before GO was carefully and slowly injected to
the subphase. The changes of surface pressure and surface potential clearly indicate there
exists electrostatic interaction between positive ammonium group of DODAB and

negative carboxyl group of GO.
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Figure 5.2 Adsorption of GO to positively charged lipid Langmuir monolayer. Surface pressure versus

elapsed time of monolayer of (a) DODAB and (b) DSEPC; Surface potential versus elapsed time of

monolayer of (¢) DODAB and (d) DSEPC. Black curve: the monolayer was compressed to a surface

pressure of 20 mN/m on pure water subphase. Red curve: after the monolayer was compressed to 20 mN/m,

600 pL of 1 mg/mL GO dispersion was carefully and slowly injected underneath the monolayer into the

water subphase to reach 0.02 mg/mL of GO.

As GO is an extremely thin layer (~1 nm) with large surface area, it is very

interesting to study its orientation when it interacts with lipid. Two possible orientations

are involved here, “edge—in” and “face—in”. “Edge—in” means the surface of GO sheet is

vertical, while “face—in” describes horizontal orientation. The observations at the air—
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water/aqueous interface can provide some insights. We propose that GO sheets enter the
ordered DODAB monolayer by insertion of carboxylic groups with an “edge—in”
orientation due to the electrostatic interaction between ammonium groups and carboxylic
groups, as shown in Figure 5.3 a. It is also possible that some GO sheets interact with
positively charged head groups using a “face—in” orientation underneath the monolayer.
GO nanosheets are less likely to incorporate into the monolayer with a “face—in”
orientation (Figure 5.3 b). First, DODAB monolayer at 20 mN/m is closely packed
enough that it is much easier for GO to squeeze in by edge (around 1 nm size) than lateral
face (up to several hundred nm size). Second, negatively charged carboxyl groups mainly
exist at the edges, not on the lateral surface of GO. The decrease of surface potential is
also due to this electrostatic interaction, as the binding of negatively charged GO to the

ordered DODAB monolayer neutralizes the charges of DODAB, lowering the dipole

moment at the interface.
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Figure 5.3 Schematic diagrams of the possible orientations of GO when it incorporates into the monolayer

of DODAB (a-b) and DSEPC (c—d) at the air—water interface.
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One would expect to observe similar phenomenon of surface pressure and surface
potential if GO binds to DSEPC monolayer via the same way as DODAB. One does find
that surface potential of DSEPC monolayer drops to around 50 mV when GO is
introduced to the subphase (Figure 5.2 d, red curve), indicating that there exists dipole
moment change of DSEPC monolayer. However, instead of increase, decrease of surface
pressure is observed in experiment for DSEPC, as shown in Figure 5.2 b. As DSEPC has
such big moiety of hydrophobic tails anchoring at the air—aqueous interface, it is not
likely to lose DSEPC molecule to the subphase. It is worth noticing that at the air—
aqueous interface the head group of DSEPC is bulk sn—glycero—3—ethylphosphocholine,
with positively charged choline group and strong polar group of sn—glycero—3-
ethylphospho. When GO is diffused from the subphase to DSEPC monolayer at the
interface, it is possible that the negatively charged GO interacts with the positively
charged choline moiety of DSEPC but without penetration into the monolayer due to
shielding from sn—glycero—3—ethylphospho, as shown in Figure 5.3 c—d. It is also
possible that GO interacts with DSEPC monolayer with both “edge—in” and “face—in”
orientations underneath the monolayer, as shown in Figure 5.3 c. The electrostatic
interaction of GO not only neutralizes the positive charge density of the head group in
DSEPC, but also results in closer packing of DSEPC molecules at the interface. This
assumption explains the drops of both surface pressure and surface potential when GO is

diffused from the subphase to the DSEPC monolayer.

If our assumption regarding to the different binding behaviors of GO to monolayer of
DODAB and DSEPC is right, one would expect to observe a larger increase of surface

pressure of DODAB when the initial surface pressure is lower. Indeed, around 2.5 mN/m
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increase of surface pressure is found in experiment when GO binds to the DODAB
monolayer initially compressed to 15 mN/m, as shown in Figure 5.4 a (pink curve). On
the other hand, when the surface pressure of DODAB monolayer is high enough, no
edges of GO can squeeze into the closely packed monolayer. As shown in Figure 5.4 a
(black curve), GO in the subphase does not result in surface pressure increase when
DODAB monolayer is compressed to 25 mN/m. In the case of DSEPC, surface pressure
decreases of monolayer when GO is injected to the subphase. In summary, these
observations verify our model proposed in Figure 5.3 of binding of GO to the monolayer

of DODAB and DSEPC at the interface.
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Figure 5.4 Adsorption study (surface pressure versus elapsed time) of GO to the Langmuir monolayer of
(a) DODAB and (b) DSEPC at various surface pressure. The monolayer was first compressed to a certain
surface pressure on pure water subphase, and then 600 pL of 1 mg/mL GO dispersion was carefully and

slowly injected into the water subphase underneath the monolayer.

5.3.3 AFM images of Langmuir—Blodgett (LB) films
Atomic force microscopy (AFM) is a powerful, nondestructive method to visualize the

morphology of LB films at high resolution. The surface of the LB films transferred on a

substrate can be repeatedly imaged without damaging the sample. In this study, Langmuir
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monolayer of DODAB or DSEPC at surface pressure of 20 mN/m is first transferred from
the air-pure water or air—GO aqueous dispersion interface to freshly cleaved mica
substrate, followed by drying in the air and AFM imaging. Figure 5.5 a shows the
morphology of GO nanosheets after 5 pL of 0.02 mg/mL GO dispersion was spread on
mica and dried. The white curve in the figure shows the extracted profile for the cross—
section trace of the white dashed line. The GO nanosheets are found to be uniformly about
I nm in height with large length distributions. This confirms that GO is truly single
layered.***"37 Figure 5.5 ¢ and e show the AFM images of LB films of DODAB and
DSEPC transferred at 20 mN/m from the air—pure water interface, respectively. The films
are quite uniform in both cases, demonstrating the formation of homogeneous

138
monolayer.

There are some tiny holes with depth of 0.4—0.5 nm, which could be
assumed as the height of a single molecular layer of DODAB or DSEPC. In order to study
the morphology of LB films of DODAB and DSEPC formed at the air—-GO dispersion
interface, control experiment of LB film under the same condition (area, compression
speed, and lifting rate) is performed without spreading DODAB or DSEPC at the air—-GO
dispersion interface. As shown in Figure 5.5 b, almost bare mica surface is observed,
indicating that GO nanosheets from the GO dispersion subphase could not likely be
transferred to the mica surface. This is probably due to the unfavorable interaction between
the negatively charged GO nanosheets and negatively charged mica surface. When
DODAB or DSEPC LB film is transferred at 20 mN/m from the air—GO dispersion

interface, GO nanosheets are clearly found in the LB film of DODAB or DSEPC, as shown

in Figure 5.5 d and f. The height of GO in the LB film is also around 1 nm. The presence of
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GO confirms that GO nanosheets do adsorb or incorporate into the monolayer of DODAB

or DSEPC.

. ||I |"|'|III"| h

0.8 nm |

Figure 5.5 AFM images on freshly cleaved mica surfaces. (a) A drop of GO dispersion after drying; (b) A
control experiment of LB film without deposition of lipids at the air—GO aqueous interface; (c¢) LB film of
DODAB transferred from the air—pure water interface; (d) LB film of DODAB transferred from the air—-GO

aqueous interface; (e) LB film of DSEPC transferred from the air—pure water interface; (f) LB film of
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DSEPC transferred from the air—-GO aqueous interface. All lipid LB films are transferred at a constant

surface pressure of 20 mN/m. Scale bar = 1 pm.

It is worth noticing that the lipids DODAB and DSEPC are directly deposited on the
subphase of GO dispersion to obtain LB film for AFM imaging. Regarding to the
orientation of GO when binding to lipid monolayer (Figure 5.5 d and f), only “face—in”
orientation of GO is observed on the LB film by AFM imaging. Even if one can imagine
there should exist some “edge—in” orientation of GO when DODAB or DSEPC is
deposited at the air—=GO aqueous dispersion interface, it is impossible to visualize this
orientation by AFM. This is because the orientation of GO can be easily changed during
the process of transferring. It is most unlikely that “edge—in” orientation could still
“stand” on its edge with a dimension of 1 nm without “lying down” on its large flat
surface when transferred on the surface of mica. Therefore, “face—in” orientation of GO

is observed to incorporate or be adsorbed in the monolayer structure in the AFM images.

5.4 Summary

In this study, Langmuir monolayer technique as 2—dimensional method is applied at
the air—water/aqueous interface to understand the nature and orientation of interaction
between GO and lipid models. Five lipids with the same 18-carbon alkyl chain but
different head groups of charges are purposely chosen to rationalize the possible
interactions. Experimental results show that the interaction between these lipids and GO
is clearly governed by electrostatic interaction. When these lipids are spread at the air—
GO dispersion interface, GO can incorporate or be adsorbed into the monolayer of

positively charged lipids DODAB and DSEPC, increasing the mean molecular areas.
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However, the monolayers of neutrally charged head group (phosphocholine) or
negatively charged head groups (phosphate and carboxyl) do not adsorb GO as there is no
favoring electrostatic interaction. Due to the fact that phospholipids in biological systems
are negatively or neutrally charged, the possible cellular uptake of GO into the membrane
should not be due to the direct electrostatic interaction between GO and phospholipids

but through the bioactivity of the membrane.

When GO is injected to the subphase underneath the positively charged monolayer of
DODAB and DSEPC, different observations of surface pressure are found. GO can insert
into the monolayer of DODAB at 20 mN/m increasing the surface pressure. However,
GO cannot diffuse to incorporate with DSEPC monolayer even at much lower surface
pressure probably due to the shielding from the ethylphospho groups. An orientation
model of GO when it binds to DODAB and DSEPC monolayer is proposed to explain the
different behaviors of adsorption of GO at the air—aqueous interface. An “edge—in”
orientation instead of “face—in” is proposed to describe the orientation of GO nanosheets

when it inserts into the monolayer of DODAB.



Chapter 6 Aggregation of Protein at the Interface: Insulin as An Example
6.1 Background

It has been known for several decades that failure to adopt or remain native
conformations of some specific peptides or proteins can result in a wide range of human
diseases.”® The pathological conditions of these diseases are now known to be commonly
associated with protein misfolding processes. More than 20 human peptides or proteins
have been found to be able to misfold and develop aberrant self—assemblies in vivo,
which are characterized by conformational conversion of soluble peptides or proteins into
insoluble amyloid—like fibrils."** The misfolding peptides or proteins associated with
serious human amyloidogenic diseases include amyloid—f peptide (AB) in Alzheimer’s
disease (AD), islet amyloid polypeptide (IAPP) in type 2 diabetes, a—synuclein in
Parkinson's disease (PD), and prion protein in the spongiform encephalopathies.”""
Although these amyloidogenic peptides or proteins are not found to share sequence
homology or related native structures with each other, their self—assembled fibrils possess
strikingly similar characteristics (e.g. cross— diffraction pattern, nucleation—dependent
fibrillation, elongated morphology, Congo Red birefringence, and thioflavin T
fluorescence), suggesting that the fibrillation process of these biomolecules may share a
common molecular mechanism.”***'*" However, the current understanding of the

mechanism and the structure evolution during aggregation or fibrillation is still very

limited.

Insulin is a small polypeptide hormone composed of 51 amino acids with a largely

a—helical structure in its native conformation. This hormone is produced by pancreatic 3

77
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cells and stored predominantly as zinc—coordinated hexamers in the secretory granules
within pancreatic islets. When released into bloodstream, insulin binds to its receptor in a

4! The insulin

monomeric form to regulate glucose metabolism in biological systems.
monomer has some hydrophobic amino acid residues exposed outside and tends to
associate into dimer. The dimer—forming surface of the insulin monomer is almost flat
and mainly composed by aromatic and aliphatic residues from the B chain: B8 Gly, B9
Ser, B12 Val, B13 Glu, B16 Tyr, B24 Phe, B25 Phe, B26 Tyr, B27 Thr, and B28 Pro.'*
196 This information is deduced from X-ray crystal structures or NMR structures of
insulin or mutant insulin (PDB ID: 4INS, 2A3G, 2JV1, IMHJ, IMHI, IMSO). The
driving forces leading to dimerization are predominantly non—polar, reinforced and given
direction by the antiparallel p sheet of hydrogen bonds.'*® Under certain conditions, such
as higher insulin concentration, basic pH, and presence of zinc ions, three dimers

associate to form a stable torus—shaped hexamer, in which both polar and non—polar

. . . 146
residues are buried between the dimers.

In vitro studies have shown that fibrillation of insulin can be induced under various
conditions such as acidic pH, elevated temperature, hydrophobic interface, ionic strength,
and mechanical agitation.'”"'*® As its fibrils share common structures with other
amyloidogenic proteins, insulin has been widely used as a suitable model system to
fundamentally understand the pathologies of protein conformational misfolding
diseases."*"!**>* More than a model protein for fibril formation in vitro, insulin has been
observed to develop fibrils in vivo near the sites of repeated insulin injection in the
pathogenesis of some diabetic patients."' Insulin is also found in clinical practice to form

aggregates immediately after injection in the bloodstream, exhibiting a reduced biological
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activity and an increased immunogenicity.'”* Therefore, it is necessary and crucial to
fundamentally understand conformational changes that insulin undergoes in various

conditions and the underlying mechanism involved in the reaction pathway.

Interfaces and surfaces are ubiquitous environments and play important roles in a
multitude of physical and chemical processes, including biomedical engineering,
catalysis, chemical sensors, and drug delivery.’'”* As a large number of important
physicochemical processes occur at the place of interfaces in biological systems, much

attention has been drawn to the properties of biomolecules at interfaces, such as

155-159 160,161

liquid—solid interface,">*"* liquid-liquid interface, and gas—liquid interface.
Adsorption of proteins at the interface often results in conformational changes, reducing
the biological activity and physical/chemical stability of proteins.'®>'® This process has
been shown to be very complex and can be influenced by many factors, such as
electrostatic interactions, surface roughness and curvature, and
hydrophilicity/hydrophobicity, to name a few.'®"'% In the case of insulin, the great
interest for studies at various interfaces started from the early observation that insulin was
vulnerable to change conformation and develop aggregates in storage vials, infusion

pumps, controlled release devices, etc.”> > Since then, studies of adsorption, aggregation

and fibril formation of insulin have been performed at various interfaces, such as

164,169-174 155,156,158,159

aqueous—solid interface, water—oil interface, and air—water

. 175-181
interface.! >

Although much progress has been achieved in the past few years, a
molecule—level understanding of the detailed structure and property of insulin at the

interfaces remains a great challenge.
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The objective of this article is to provide an overview on the current state of our
understanding of insulin aggregation at interfaces. We will first briefly summarize the
recent understanding of the insulin fibrillation mechanism at a molecular level. Then, we
will switch to the aggregation of insulin at the interfaces, with particular attention to the
Langmuir monolayer technique at the air—water interface. Factors that may contribute to
the aggregation or fibrillation of insulin at the air—water interface will be discussed, such
as pH of subphase solution, zinc concentration, and presence of lipid. Finally, a summary
of aggregation of insulin at the interfaces and outlook on the challenges and future studies

will be given.

It is worth noticing that we summarize in this article the recent progress of insulin at
the interfaces without distinction of the source of insulin used in experiments (human,
bovine, or porcine). Due to the fact that the amino acid sequence of insulin is highly
conserved within mammals, properties and functions of insulin from diverse species and
even insulin mutants are very similar."®'® All of these insulin molecules undergo a
similar chemical mechanism during the process of fibril formation in spite of the

difference in speed of fibrillation.'®
6.2 Mechanism of Insulin Aggregation or Fibrillation

A number of efforts have been devoted to elucidate the molecular mechanism of
insulin aggregation or fibrillation by kinetic and structural studies,'®®:'4%:170-174.183-189
Various kinetic studies have demonstrated that insulin fibril binds with dyes such as

thioflavin T and Congo Red with characteristic enhancement of fluorescence

emission.'**!7*183187 gpectroscopic methods, such as Fourier transform infrared (FTIR)
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and circular dichroism (CD), have been widely used to monitor the protein conformation
changes during fibrillation in aqueous solutions.'**'®”'*® However, FTIR and CD provide
limited information in structural studies, as the results from these spectroscopies only
indicate the secondary structure changes, i.e., the components of a—helix, f—sheet, and
random coil. Electron microscopy (EM) and atomic force microscopy (AFM) have been
applied to directly visualize the morphologies in the pathway of insulin
fibrillation.'™"""""'* Although the microscopic images are able to clearly reveal the
morphology of insulin fibril architectures as unbranched, long, straight structures with
periodic twists, neither EM nor AFM approaches atomic level resolution. More
sophisticated and precise techniques such as small—angle X-ray scattering, X-ray
microcrystallography, and solid—state nuclear magnetic resonance (NMR) spectroscopy
have recently been emerging as new attempts to elucidate the atomic level structures of

o . . 184,188,192
proteins in three dimensions. ™ ™

However, the insoluble uncrystallizable nature of
insulin fibrils 1is still severely challenging the applications of these structure

determination methods.

Similar to other amyloidogenic proteins, fibrillation of insulin is proposed to occur
under various conditions via the aggregation of partially folded intermediates through a
nucleation mechanism.'*'*>'%1> The kinetic process of fibril formation in experiments
is commonly characterized as an apparent lag period followed by an exponential growth
regime, and a final plateau regime, as shown in Figure 6.1. The apparent lag period is
mainly due to a reversible nucleation process, in which the amount and size of insulin
aggregates (oligomers) are not significant enough to be detectable by current methods.

Previous studies suggest that nucleation of insulin results from the simultaneous
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assembly of a few misfolded insulin monomers into oligomers via their hydrophobic
surfaces."®!1% Once the concentration of nucleation reaches its critical state, the
exponential growth regime occurs, in which the subsequent addition of insulin monomers
or oligomers to the nuclei elongates into long unbranched fibrils.'"** This eventually leads
to the irreversible formation of large fibrils. When the concentration of insulin in solution
falls below the threshold, a final stable plateau regime is achieved, aborting further fibril

extension.

_‘—J
Plateauregime

Mass of fibrils

Protofibrils m

Growth regime

Oligomers W

Time
Lag period to form Nuclei

Figure 6.1 A typical kinetic graph of the insulin aggregation model.

The driving forces transforming native monomeric insulins to oligomers and eventual
mature fibrils in the process of insulin fibrillation are assumed to: (1) minimize the
exposure of the hydrophobic residues to aqueous environment, (2) saturate hydrogen
bonding, and (3) reach an alternative non—native global free energy minimum.'®*'** It has
been suggested that the initial step is probably to form a partially folded intermediate by a
misfolding monomer (Figure 6.2), in which the hydrophobic residues, normally buried in

the dimer and hexamer, become exposed to solvent."**'® When two conformationally
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changed monomers assemble together, a shared antiparallel B—sheet structure is formed
with the structure different from that of the normal insulin dimer. This shared structure in
the assembly makes the monomer—monomer binding even stronger than the interaction
involved in the dimer and hexamer.'* The assembly evolves into an oligomer and forms
a nucleus (Figure 6.2). The subsequent step of assembling insulin molecules to the nuclei
may result from an effort to minimize the exposure of hydrophobic residues. This process
eventually promotes fibril formation with rich cross—f structures, which are energetically

favored through forming intermolecular and intramolecular hydrogen bonding.'®’

Hexamer Dimer Native
monomer

G-

Fibril Nucleus Unfolded
monomer
T W = &

/7 / /

Figure 6.2 Schematic mechanism of the proposed pathway of insulin fibrillation.

6.3 Insulin Aggregation at the Aqueous—Solid and Water—Qil Interface

Like many other protein drugs, insulin is inevitably exposed to a diversity of
interfaces, such as the aqueous—solid interface, water—oil interface, and air—water
interface during production, purification, storage, delivery, and in vivo utilization.
Particular interest of insulin at these interfaces is mostly based on observations that its

adsorption and aggregation have long been recognized at the surfaces of syringes,
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infusion pumps, storage vials, and drug delivery materials, significantly decreasing the
biological activity and stability of insulin.**>¢ Understanding the dynamics, properties,
and structures of insulin exposed at the interfaces will be of great benefit to future
development of insulin product. In the following part, we will briefly summarize the
progress of insulin fibrillation studies at the aqueous—solid and water—oil interfaces.

After that, we will focus on the air—water interface with Langmuir monolayer approach.

6.3.1 Insulin Aggregation at the Aqueous—Solid Interface

It has long been suggested that aggregation of dissolved proteins can occur at

. - 170,173,195
hydrophobic interfaces in a general process. " "™

This process is initiated by diffusion
and adsorption of protein molecules to the interface. It is widely accepted that the
adsorbed protein changes its conformation upon adsorption, and thus, some hydrophobic
regions are exposed to contact with the hydrophobic interface.'”> Subsequently, the
protein molecules in the boundary layer associate over these exposed hydrophobic

regions, forming aggregates. The aggregates eventually desorb from the surface to

aqueous solution and may serve as nuclei for further fibrillation.

In the case of insulin at the aqueous—solid interface, Sluzky et al. verified the above
model that insulin aggregation initiates with conformational changes of the monomer at
hydrophobic interfaces by UV—vis absorption spectroscopy, quasi—elastic light

scattering, and mathematical calculations.'’*'®

The driving force is mainly hydrophobic
interaction between the monomer and the hydrophobic interface. Recent investigations

with new techniques provide more evidence. For example, using Fourier transform

infrared spectroscopy, attenuated total reflection spectroscopy, thioflavin T fluorescence
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measurement, dynamic light scattering, and atomic force microscopy, Smith et al. found
that the nucleation and fibril growth of insulin at the hydrophobic polystyrene surfaces

170

follow the model pattern. ™ More than insulin itself, fluorescein isothiocyanate labeled

7

insulin,"”® mutated insulin,'”® and acylated insulin'”’ also show high affinity with

hydrophobic surfaces.

Compared to hydrophobic surfaces, a much longer lag time of aggregation of insulin
has been observed in the presence of a highly hydrophilic surface. This phenomenon may
be attributed to the less conformational change of insulin induced by the hydrophilic

surface.'”®

Besides the hydrophobicity of a surface, other parameters also contribute to the
aggregation rate of insulin at the aqueous—solid interfaces, such as surface

16419 and additive in the aqueous solution.'”*'*®'®® Pandey et al. recently

roughness
demonstrated that a larger initial surface roughness results in a faster rate of insulin
adsorption and aggregation.'®® Stabilizing additives such as zinc and non—ionic
surfactants are able to inhibit conformational changes of insulin. Therefore, they can

prevent insulin fibril formation at the hydrophobic interfaces.'’*'®

6.3.2 Insulin Aggregation at the Water—Qil Interface

Similar to the aggregation process of insulin at the aqueous—solid interface discussed
above, one will expect that the aggregation can also happen at the boundary between
water and non—miscible liquid, i.e., a water—oil interface. As both solvent molecules are
able to move freely in their own phase and penetrate from one phase to the other to a

certain degree, the water—oil interface is considered to be much more continuous than the
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aqueous—solid interface.'>® Therefore, insulin molecules dissolved in aqueous solution
can easily reach the hydrophobic interface, promoting unfolding and eventually fibril
formation. Indeed, the rate of insulin aggregation induced by the water—methylene
chloride interface was found by Kwon et al. to be an order of magnitude higher than that
at the aqueous—solid interface.'”® Some factors contributing to the rate of aggregation at
the water—oil interface are determined as associated states of insulin (such as monomer,
dimer, and hexamer), charge of surfactant (non—ionic and anionic), agitation, and

presence of another polymer component in the organic phase.'*°

6.3.3 Insulin Aggregation at the Air—Water Interface by the Langmuir Monolayer

Approach

The air—water interface possesses hydrophilicity from the aqueous solution and
hydrophobicity from the air phase, sharing some features of both the
aqueous—hydrophobic solid interface and water—oil interface. Thanks to the Langmuir
monolayer technique established and developed by Irving Langmuir, characterization of
physical/chemical properties of various molecules at the air—water interface was made
possible. This technique is a typical two—dimensional (2—D) surface chemistry approach,
widely applied to investigate structures and properties of amphiphilic molecules at the
interface, such as surfactants, proteins, lipids, and other materialg. 3137 176:177.179.200201 o
Langmuir monolayer is formed at the air—water interface when a one—molecule thick
layer of amphiphilic organic or inorganic matter is spread onto an aqueous subphase.
Advantages of the Langmuir monolayer technique lie in the possibility of controlling

both the intermolecular structure and ordering of the amphiphilic molecules via

controllable variables, such as the surface pressure, surface potential, monolayer and
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subphase component, temperature, pH and packing status.””* Characterizations can be
directly applied with ease at the air—water interface due to the accessibility from the air
phase, such as UV-vis absorption, fluorescence, epi—fluorescence, infrared
reflection—absorption spectroscopy (IRRAS), vibrational sum frequency generation
spectroscopy (SFG), Brewster angle microscopy (BAM), and grazing incidence X-ray
diffraction. However, direct characterization at the aqueous—solid interface and especially
water—oil interface is more difficult and challenging, and even impossible in some cases
due to the shielding from the solid or organic phase. Furthermore, Langmuir monolayer
of lipid is a well—accepted in vitro model to mimic biological membranes, which can be
considered as two weakly assembled Langmuir monolayers, as illustrated in Figure 6.3.
In the following, we will focus on the aggregation of insulin using the Langmuir
monolayer technique at the air—water interface in the absence and presence of lipid

monolayer, respectively.

One layer of Langmuir monolayerat
membrane the air-water interface

—

Figure 6.3 Cartoons of a biological membrane (left), one layer of membrane (middle), and Langmuir

monolayer at the air—water interface to mimic the biological membrane (right).

6.3.4 Aggregation of Insulin at the Air—Water Interface in the Absence of Lipid

Monolayer

Several studies of insulin aggregation have been investigated at the air—water

interface under various conditions using the Langmuir monolayer technique combined
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with spectroscopy and microscopy.'”®!"!®

When deposited at the air—water interface,
molecules of insulin can stay at the air—water interface and form a uniform Langmuir
monolayer due to the amphiphilicity of insulin. Before the monolayer is compressed, the
distance between insulin molecules is so large that insulin molecules are extremely
loosely packed. When compressed gradually, insulin molecules in the monolayer become

closer and interact with each other. Therefore, the Langmuir monolayer is a good method

to study intermolecular interactions induced by surface pressure.

Johnson et al. found that insulin spread from acidic insulin solution (pH 2) forms a
homogeneous Langmuir monolayer at 20 °C at the air—water interface.'”” The
conformational changes of the insulin Langmuir monolayer are monitored by infrared
reflection—absorption spectroscopy (IRRAS), which is a good and sensitive technique to
check secondary structure changes of protein molecules at the air—water interface.
Results of IRRAS show that insulin adopts mainly a—helix and slightly f—sheet structures
under different surface pressures at the air—water interface, but the spectra of amide I
(1700-1600 cm ') and amide IT (1600—1500 cm ') bands at the air—water interface are
quite different from those obtained in aqueous solution. The spectra differences indicate
that the air—water interface does change the conformation of insulin. Hydrophobic
residues from insulin monomer probably misfold and are exposed to the hydrophobic air
phase, while the hydrophilic residues are mainly submerged in the subphase of water.
Furthermore, the air—water interface can anchor the misfolded insulin monomers from
moving freely under a certain surface pressure (i.e. less freedom degree at the air—water

112

interface than in aqueous solution).” ~ As a result, it is probably more difficult or takes

more time for insulin monomers to aggregate or form fibrils at the air—water interface.
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Actually, no insulin aggregates are examined in experiments during compression by
fluorescein isothiocyanate labeled insulin epi—fluorescence or Brewster angle microscopy
(BAM)."” A similar homogenous Langmuir monolayer without fibril formation is also

observed by Pérez—Lopez et al. using BAM at the air—water interface.'”’

Zinc is found to have a concentration as high as 11 mM in secretory granules in
human pancreatic p—cells.””® It has been known for many years that there exists a
physical chemical relationship between insulin and zinc. Insulin is found to be stored
predominantly as zinc—coordinated hexamers in the secretory granules of pancreas.””
Therefore, it is necessary to study effects of zinc in the subphase on the aggregation of
insulin at the air—water interface.'”*'®'% It has been previously known that zinc can
induce the formation of dimers and hexamers in solutions.'”***** Nieto—Suérez et al.
observed using surface pressure—area isotherms that the presence of zinc ions has a
profound effect on the lifting up molecular area and transition state at the air—water

. 181
interface.'®

Liu et al. recently studied systematically the effects of zinc ions of the
subphase on the aggregation of insulin at the air—water interface.'” In this study, the
insulin sample was first dissolved in either pH 2 HCI or pH 9 NaOH solution, and then
was spread at the air—water interface with different concentrations of zinc ions in the
subphase. In both cases (pH 2 and 9), insulin molecules in the Langmuir monolayer are
found to form aggregates (oligomers) at the air—water interface in the presence of zinc in
the subphase. The aggregation process is confirmed by the secondary structure changes

during compression, with a decreased component of a—helical conformation and

increased component of p—sheet and p—strand structures.'”® When the insulin Langmuir
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monolayer is compressed to reach collapse in the presence of zinc in the subphase, long

insulin fibers are observed at the air—water interface using BAM.'"’

Besides zinc concentration, other factors such as pH, ionic strength, and proteins in
the subphase also contribute to the aggregation of insulin at the air—water interface.'™!
Compared to the surface pressure—area isotherm of the insulin Langmuir monolayer at
pH 5.7, lowering the pH to 1 results in more expanded conformation of insulin with
larger limiting molecular area, indicating more monomeric insulin present. Increasing the
pH to 10 leads to the association of insulin molecules to form a more compact and rigid

. . 181
monolayer, shrinking the mean molecular area to a smaller number.'®

The larger ionic
strength increases the molecular area occupied at a given surface pressure. This is
probably due to the salting out effect: the presence of ions weakens the hydration of the
polar residues of proteins, increasing intermolecular repulsion.'®**® The presence of islet
amyloid polypeptide (hIAPP) also contributes to the aggregation process of insulin due to

the interaction and copolymerization between insulin and hIAPP.'"?

6.3.5 Aggregation of Insulin at the Air—Water Interface in the Presence of Lipid

Monolayer

Amyloid fibers isolated from patients are determined to have some lipid content.'*’*

Therefore, it is necessary to study how the formation of amyloid fibril is affected by the
presence of lipid interface and surface. As the Langmuir monolayer of lipid is analogous
to half of a bio—membrane bilayer, it has been verified to be an excellent model to mimic

in vivo conditions. Compared with a living cell, constituents in the Langmuir monolayer
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and subphase are known and can be controlled at ease, facilitating our understanding of

the chemical/physical process at the interface of the lipid.

The property and aggregation of insulin have been investigated at the air—water
interface in the presence of the lipid Langmuir monolayer, such as phospholipid and
sphingomyelin.'”™""" Phospholipids containing phosphatidylcholine terminations are the
main content of cellular membranes. Although sphingomyelin has a much lower content
in mammals ranging from 2 to 15% in most tissues, it contributes significantly to the
structural and functional roles in cellular membranes.?'’ Pérez—Lopez et al. investigated
the behavior of the binary mixed Langmuir monolayer of phosphatidylcholine and bovine
insulin spread at the air—water interface under various conditions.'”” They suggested that
domain separation of phosphatidylcholine and insulin will probably promote insulin
aggregation at the air—water interface. This assumption is supported by the observation
that insulin aggregates are found on the monolayer edges and fractures using BAM.'”” In
contrast with phosphatidylcholine, when sphingomyelin is present at the air—water
interface, insulin does not form fibrils with various pH’s and zinc concentrations in the
subphase.'” It is possible due to the miscibility and the strong intermolecular interaction
between sphingomyelin and insulin associated states (such as dimer and hexamer),

stabilizing insulin molecules from further fibrillation.

However, until now, there has been no investigation on the secondary structure and
orientation changes of insulin when it interacts with lipid at the air—water interface,
which will benefit our understanding of insulin aggregation in a biological environment.
Methods such as polarization modulation infrared reflection—absorption spectroscopy

(PM—-IRRAS) and vibrational sum frequency generation (SFG) spectroscopy, have
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recently been successfully applied to study the secondary structure changes of proteins at
the air—water interface.'®**'"*'> PM—IRRAS is a highly surface specific Fourier
transform infrared method that is able to detect chemical compositions and orientations
down to one molecule thick films at the interface. Compared with regular IRRAS, the
polarization modulation at high frequency of PM—IRRAS can almost completely
eliminate the background interferences from environmental factors such as atmospheric
water vapor, carbon dioxide, and instrumental noise.'®*?!® The elimination of water
background absorption of IR is extremely important, as it overlaps with the IR absorption
of proteins in amide I and amide II regions. SFG has recently emerged as a novel
second—order non—linear optical technique, which allows us to obtain vibrational spectra
at surfaces and interfaces with high surface selectivity and resolution.”’**" SFG is
generated by one visible beam at a fixed frequency wyis and another beam at a scanning
frequency j; in the infrared region with an observation of a sum frequency wspg= ®yis +
i When o;; is equal to a vibrational level of the molecule, the SFG signal is resonantly
enhanced. Due to properties of non—centrosymmetry at the air—water interface, SFG is
sensitive only to molecules at the interface but not in bulk solutions. It is therefore
capable to provide direct information about the structure and orientation of proteins at the

. 211,212
interface.”

Most recently, Yan’s group at Yale University established vibrational
SFG spectroscopy for the characterization of protein secondary structures. By probing the
vibrational chirality of protein backbones at the interfaces, they found that the SFG

signals of proteins are unique and sensitive to the secondary structures in amide I and

N—H stretch spectra.”' ' It is expected that PM—IRRAS and SFG will soon be used to
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characterize the structure and orientation changes of insulin aggregation in the presence

of lipid at the air—water interface.
6.4 Summary and Outlook

In this article, the recent progress of insulin aggregation is briefly summarized at the
aqueous—solid, water—oil, and air—water interfaces. The aggregation of insulin initiates
with diffusion and adsorption of insulin at the hydrophobic solid or oil interfaces,
resulting in conformational changes of the monomeric insulin to expose the hydrophobic
residues.'’"!""*!% The driving force is mainly hydrophobic interaction between the
unfolded monomer and the hydrophobic interface.'”” Subsequently, the dissolved insulin
molecules associate over the exposed hydrophobic regions, eventually forming
aggregates. Compared to hydrophobic solid or oil surfaces, the hydrophilic surface
induces less conformational change of insulin.'”® As a result, a much longer lag time of
aggregation of insulin has been observed at the hydrophilic interfaces. To mimic a
cellular environment, the Langmuir monolayer technique has been utilized to study the
aggregation of insulin through intermolecular interaction in the absence and presence of
lipid monolayer at the air—water interface. In the absence of lipid, insulin forms a
homogeneous Langmuir monolayer on the pure water subphase without fibril formation

) ) 178,179,181
at the air—water interface.!’!"18

In the presence of a lipid Langmuir monolayer at the
air—water interface, the component of lipid has a profound effect on the insulin
aggregation: phosphatidylcholine promotes insulin aggregation while sphingomyelin

stabilizes insulin at the air—water interface.'””"”” Other factors in the subphase, such as

pH, zinc concentration, ionic strength, and presence of other proteins, also contribute to
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the aggregation of insulin at the air—water interface. Higher pH and concentration of

zinc promote the aggregation of insulin.

Although some progress has been recently made on the aggregation of insulin at the
interfaces, a large number of open questions still exist about the structural changes and
pathways during the process of insulin aggregation. These questions include: (1) a
molecular level of understanding of the aggregation pathway from native insulin to
insulin oligomers and mature fibers is still lacking; (2) once monomeric insulin molecules
are adsorbed at various interface, it is still unclear to what extent these molecules can
unfold, and what will be the conformation of the molecules after desorption from the
interface; (3) the structure and misfolding pathway of transiently populated oligomeric
insulin species remain to be detected and elucidated; (4) particularly at the air—water
interface, the secondary structure and orientation changes of insulin are still lacking when
insulin interacts with lipids and other proteins under various conditions of subphase.
Although the first three questions are still challenging for the current techniques, the last
one is expected to be answered in the near future by spectroscopic studies, such as
polarization modulation infrared reflection—absorption spectroscopy (PM—IRRAS), and

vibrational sum frequency generation spectroscopy (SFG).



Chapter 7 Human Islet Amyloid Polypeptide at the Air—Aqueous Interface: A
Langmuir Monolayer Approach

7.1 Background

One of the major diseases of modern humanity, which can be effectively managed,
but for which there is no permanent cure is diabetes mellitus. Due to increases in the
quality of human life, associated with decreases in physical activity and increases in
obesity, diabetes mellitus has reached epidemic proportions.”'” For example, in 2010 it
was estimated that 285 million people were affected by diabetes compared with 30
million in 1985*" Type 2 diabetes mellitus, which is also known as non
insulin—dependent diabetes mellitus (NIDDM), is determined by having a high blood
glucose level associated with cellular insulin resistance, and relative insulin deficiency. It
is the most common type of diabetes, and accounts for more than 90% of all diabetes
cases. The age of onset of type 2 diabetes mellitus is also falling and it has become
increasingly common amongst those under 30.>'**" The two major hormones of the
endocrine pancreas involved in diabetes are human insulin and human islet amyloid
polypeptide (hIAPP, also known as human amylin). While the insulin has been probably

the most studied hormone, the body of knowledge on the roles of hIAPP is much less.

hIAPP is a 37 amino acid residues peptide with a disulfide bridge and an amidated
C—terminus. This hormone is co—synthesized and co—secreted to blood circulation
together with insulin in an approximately 1:100 molar ratio (hIAPP:insulin) from
secretory granules of pancreatic B—cells.”® The monomeric hIAPP is involved in the
glycemic down—regulation in a way that it slows gastric emptying, and thereby prevents

sudden spikes in blood glucose levels.”?***! It is responsible for the satiation signal, and

95
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222223 Gimilar to the

is hypothesized as one of the preventers of obesity.
Alzheimer—related beta amyloid, this hormone also is a highly amyloidogenic peptide,
and its amyloid deposits are observed in the islets of Langerhans of around 95% type 2

3940 a5 well as in pancreatic cancer.*’ The interaction of hIAPP with

diabetic patients,
B—cell membrane is thought to play a crucial role in the dysfunction and death of
B—cells.”** Studies on both model membranes and cells show that this cytotoxicity is
linked to peptide aggregation on the membrane surface by growing hIAPP fibrils or by
toxic oligomers.”>?*’ However, there is increasing evidence that hIAPP oligomers

formed early during aggregation may be the most cytotoxic species, not the mature

hIAPP amyloid fibrils.**”**

The molecular mechanism for the cytotoxicity of hIAPP is still unclear, although
several mechanisms have been proposed, such as membrane disruption, the formation of
reactive oxygen species, endoplasmic reticulum stress, and inflammatory response

induced by amyloid formation.”"***

Recent progress in the study between hIAPP and the
phospholipid membrane model shows that the electrostatic interaction between the
positively charged hIAPP and negatively charged phospholipid model accelerates the
aggregation of hIAPP. 2223228233236 1y the presence of such lipids, hIAPP fibrils form
within a few minutes, while no fibrils are observed on a neutral phospholipid '''. Besides
membranes, it has been known that other factors can play important roles in the
aggregation process of hIAPP, such as pH, metal ions, ionic strength and other protein
components (for instance, insulin, C—peptide, pro—insulin and pro—amylin).***"2*’ In the

physiological range, acidic pH has been shown to inhibit fibrillation of hIAPP in vitro

while basic pH promotes the fibril formation.***"**'*** Zinc, which naturally occurs in
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the secretory granules at millimolar concentrations and can bind to the histidine residue at
position 18 of hIAPP, has been found to have a dual effect on the aggregation: lower
concentration inhibits aggregation while having the opposite effect at higher
concentration.”* The role of insulin in the fibrillation of hIAPP is more complicated, as

there are variations for the fibril formation in the reported effects.*>?*+24¢

The hIAPP is monomeric in its physiological state in healthy pancreas, but undergoes
a multistep process of aggregation in the disease state. Detailed structural information
could facilitate the understanding of the mechanism and therapeutic intervention.
However, the three—dimensional structure of hIAPP in different aggregation states
remains elusive, although much progress upon the structure has been made.**’ Several
studies have shown that the structural changes of hIAPP accompany the changes from
unstructured monomer to p—sheet amyloid aggregate in solution.*****° When bound to
the negatively charged lipid membrane, hIAPP is found to adopt an a—helix conformation
first before conversion to the pP—sheet structure during aggregation.”> In a micelle
prepared from sodium dodecyl sulfate, hIAPP adopts an overall kinked helix motif, with

residues 7—17 and 2128 in a helical conformation.>**

Langmuir monolayer technique is a two—dimensional (2D) method, well accepted for
the structure and property study of the amphiphilic biomacromolecules at the interface,
such as proteins and membrane components.''?****!2>3 The advantages of this method
for protein study lie in the possibility of controlling both the intramolecular structure and
intermolecular ordering of the amphiphilic biomacromolecules via controllable variables,
such as the surface pressure, monolayer and subphase composition, temperature, pH and

phase transition.”’**** Furthermore, the structures and properties of proteins in Langmuir
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monolayer could be quite different from those in bulk aqueous solution, as the degree of
freedom of proteins in organized Langmuir monolayer is largely decreased. Among these
variables, surface pressure is the dominant factor for the intramolecular and
intermolecular interactions of protein in the Langmuir monolayer, as it represents how
closely packed the protein molecules are between each other in 2D. When the Langmuir
monolayer of protein is compressed, the increasing surface pressure promotes the
intramolecular and intermolecular interactions, and thus helps to form self—assembly of
protein.”> Furthermore, the protein—protein and protein—interface interactions become

the main forces to determine the conformation, orientation and activity of proteins.

Investigation on the conformation, orientation, and self—assembly of hIAPP at time
zero could be beneficial for our understanding of its stability and aggregation process. To
obtain these insights, the hIAPP in the present study was studied at the air—aqueous
interface using the Langmuir monolayer technique with different experimental
conditions, such as pH and ionic strength of the subphase. The
compression—decompression cycles and stability measurements were employed to study
the stability of the Langmuir monolayer, followed by the spectroscopic studies of UV—vis
absorption and fluorescence emission. The conformational and orientational specifics of
the hIAPP Langmuir monolayer induced by surface pressure was characterized by
p—polarized infrared—reflection absorption spectroscopy (IRRAS). The morphology of
the hIAPP domains, if formed by self—assembly at the air—aqueous interface, was

observed by Brewster angle microscopy (BAM).
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7.2 Experimental Section
7.2.1 Materials

hIAPP was obtained from MP Biomedicals (Solon, OH) with molecular weight of
3903 Da. The isoelectric point (pI) of hIAPP derived from its amino acid sequence is 8.9
2% Sodium chloride was purchased from Sigma Aldrich (St. Louis, MO) with purity
higher than 99.5%. Hydrogen chloride and sodium hydroxide used for adjusting pH were
from Pharmco (Brookfield, CT) and MP Biomedicals (Solon, OH), respectively. The
solvents 1,1,1,3,3,3—hexafluoroisopropanol (HFIP), methanol and chloroform were
obtained from MP Biomedicals (Solon, OH). All chemicals were used without any
further purification. The pure water used in the experiments was obtained from a
Modulab 2020 Water purification system (Continental Water System Corp. San Antonio,
TX) with resistivity of 18 MQ-cm, surface tension of 72.6 mN/m, and pH 5.6 at 20.0 +
0.5°C.
7.2.2 Methods

All the isotherm measurements and UV—vis absorption, fluorescence and IRRAS
spectroscopy were measured in a clean room (class 1000) with constant temperature of
20.0 = 0.5 °C and humidity of 50 + 1 %. A Kibron p—trough S (Kibron Inc., Helsinki,
Finland) with an area of 5.9 cm X 21.1 cm was utilized for the studies of surface
pressure— and surface potential—area isotherms, compression—decompression cycles,
stability, IRRAS and BAM. Surface pressure was monitored by the Wilhelmy method
using an alloy wire probe with a sensitivity of £ 0.01 mN/m. Surface potential was

measured with a Kelvin probe to an accuracy of 10 mV.
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The UV—vis absorption and fluorescence spectra of the hIAPP Langmuir monolayer
were collected on the top of a KSV trough (KSV Instrument Ltd., Helsinki, Finland). The
trough had an area of 7.5 cm X 30 cm and a quartz window in the middle. The UV—vis
absorption spectra of the hIAPP Langmuir monolayer were measured with a
Hewlett—Packard (HP) 8452A spectrophotometer, while the fluorescence spectra were
measured by an optical fiber detector connected to a Fluorolog—3 spectrofluorimeter
(Horiba Scientific, Edison, NJ). The slit widths in spectrofluorimeter were set at 5 nm.
UV-vis and fluorescence spectra for the aqueous solutions of hIAPP were measured
using a Lambda 900 UV/Vis/NIR spectrophotometer (Perkin—Elmer, Norwalk, CT) and a

Fluorolog—3 spectrofluorimeter, respectively.

The IRRAS measurements of the hIAPP Langmuir monolayer at the air—aqueous
interface were recorded with an EQUINOX 55 Fourier transform infrared (FTIR)
spectrometer (Bruker Optics, Billerica, MA), connected to an XA—511 external reflection
accessory with a mercury—cadmium—telluride (MCT) detector cooled by liquid nitrogen.
The measurements were performed using p—polarized light on a Kibron p—trough S. Each
spectrum was acquired by the co—addition of 1200 scans with a resolution of 8 cm™'. The

IRRAS spectra were used without any processing or base line correction.

Brewster angle microscopy (BAM) was performed at the air—aqueous interface using
an IEIli-2000 imaging ellipsometer (Accurion, Menlo Park, CA) with BAM2plus
software. The standard laser of the BAM2plus was a frequency—doubled Nd:YAG laser
with a wavelength of 532 nm. The laser had a power of 50 mW in a collimated beam. The

angle of incidence was set at 53.65° as the Brewster angle of 1.0 M NaCl with pH 5.6.
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hIAPP was rendered in monomeric form by first dissolving in 1, 1, 1, 3, 3,
3—hexafluoroisopropanol (HFIP) and stored under room temperature for 2 h.?***’ Then
the solution was evaporated in a vacuum desiccator for 2 h to remove the solvent HFIP,
followed by re—dissolving in deionized water (pH 5.6) at a concentration of 0.40 mg/mL
(1.0 x 10~ M). Different concentrations of NaCl solutions (0.1, 0.5, 1.0 and 2.0 M) were
used as subphase at pH 2.0, 5.6 and 9.0, respectively. The volume of the spreading hIAPP
solution was 30 and 60 pL for Kibron and KSV troughs, respectively. The freshly
prepared hIAPP solution was spread at the air—aqueous interface using a 100 pL syringe
(Hamilton Co., Reno, NV) by uniform droplet deposition over the subphase surface. A
waiting time period of 20 min was taken for the hIAPP Langmuir monolayer to reach
equilibrium. The monolayer was compressed at a rate of 50 A*molecule. Triplicate
experiments confirmed the reproducibility of the data.

7.3 Results and Discussion

7.3.1 Surface Pressure— and Surface Potential—area Isotherms

Pure water was first utilized as the subphase to form the hIAPP Langmuir monolayer.
As shown in Figure 7.1, the surface pressure had a lifting point of around 350
A?/molecule on the pure water subphase. The extrapolation of the linear part of the plot to
zero surface pressure gives a limiting molecular area of around 205 A?/molecule. During
compression from 300 to 200 A%/molecule, the surface pressure increased steadily. The
film was characterized by the liquid expanded phase at around 250 A*/molecule and the
coexistence of a liquid expanded—liquid condensed phase between 250 and 150

A?/molecule. The monolayer collapsed at a surface pressure of around 20 mN/m.
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Figure 7.1 Surface pressure—area isotherm (A) and surface potential—area isotherm (B) of the hIAPP

Langmuir monolayer on different subphase solutions.

Due to the possible dissolution of protein molecules into the pure water subphase, the
surface pressure and limiting molecular area of the obtained protein Langmuir monolayer

may be smaller than its actual number.”®

Addition of sodium chloride in the subphase
could be used to decrease the quantity of hIAPP molecules that dissolve or sink into the
bulk subphase solution, resulting in the formation of a more closely—packed hIAPP
Langmuir monolayer. Different concentrations of NaCl (0.1, 0.5, 1.0 and 2.0 M) were
introduced to the subphase solution in order to maximize the number of hIAPP molecules
at the air—aqueous interface. As shown in Figure 7.1 (A), all the four concentrations of
NaCl present in the subphase show a higher lifting area at about 550 A*molecule,
indicating that more molecules are present at the air—aqueous interface. The limiting
molecular area increases to around 400, 430, 445, and 440 A%*/molecule for 0.1, 0.5, 1.0
and 2.0 M NaCl subphase, respectively. An increase of collapse surface pressure was also
observed as the NaCl concentration in the subphase increased. Therefore, the dissolution

of hIAPP in the subphase solution decreases in the presence of the electrolyte, which is

similar to other proteins, such as alcohol dehydrogenease™® and acetylcholinesterase™” .



103

The decreasing solubility of hIAPP is due to the salting—out effects, which comes from
dehydration of the protein by the added sodium chloride. The salt ions would have
stronger attraction with the highly polar water molecules than the less polar protein
molecules.”® Also, ion—protein dispersion potentials originating from the polarizabilities

of ions and hIAPP could be involved in the salting—out effect.”®

The surface potential-area isotherm was also correlated with the surface pressure—
area isotherm as shown in Figure 7.1 (B). Because the surface potential measures the
dipole—dipole interactions at much longer distances than the interactions measured by
surface pressure (usually due to van der Waals interactions), the surface potential—area
isotherm shows an increase in the surface potential as soon as the compression of the
monolayer was started *°'. The collapse surface potential on pure water was observed at
about 270 mV, much higher than that on the subphase that contained NaCl. The reason
might be that the presence of NaCl neutralized the charge of the protein, thus reducing

the net surface potential.

Based on the salt effect on the surface pressure— and surface potential—area
isotherms, an ionic concentration of NaCl at 1.0 M in the subphase was selected for the

pH effect.

7.3.2 The pH Effect on the hIAPP Langmuir Monolayer

hIAPP contains a single histidine residue at position 18 (His—18) of its amino acid
sequence with a pK, near 6.5 in the monomer state.** In healthy pancreas, the hIAPP is
safely stored in the —cell granules with pH around 5.5 and released into the extracellular

environment with pH about 7.4. It is feasible to think that the pH has an effect on the
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aggregation of hIAPP. Indeed, studies have shown that the aggregation of hIAPP in
solution at pH 4.0 is much slower than that at pH of 8.8.%7**! In order to study the pH
effect on the self—assembly of hIAPP as Langmuir monolayer, 1.0 M NaCl subphase
solution with pHs 2.0, 5.6 and 9.0 was investigated, as shown in Figure 7.2. Under these
three pH values, the lifting areas were similar, around 550 A%/molecule. The limiting
molecular areas for both pH 2.0 and 9.0 were smaller, around 410 Az/molecule,

compared with 445 A*/molecule at pH 5.6.
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Figure 7.2 Surface pressure—area isotherms of the hIAPP Langmuir monolayer. The subphase was 1.0 M

NaCl solution with pH 2.0, 5.6 and 9.0, respectively.

Different surface pressure—area isotherm with a smaller limiting molecular area was
expected for higher pH at 9.0, as it had been shown to promote aggregation of the hIAPP
in solution. However, the pH did not seem to have pronounced effect on the hIAPP
Langmuir monolayer during the time of experiment. One possible reason for this
observation could be that it might take a longer time for the hIAPP molecules to form
aggregates than the time needed for Langmuir monolayer experiment. It typically took a
237,241,243

few hours to detect the fibril formation by thioflavin T fluorescence in solution,

but one set of Langmuir monolayer experiment needed only 30—40 min. Another
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possibility could be that some amount of aggregation did form, but the surface
pressure—area isotherm could not detect it. However, it could be excluded as the
compression—decompression cycles, UV—vis absorption, IRRAS and BAM in the
following sections did not detect large aggregation or domain formation, although the

existence of some oligomers could not be ruled out.

Based on the effects of salt and pH, 1.0 M NaCl aqueous solution with pH 5.6 was
chosen as the subphase for compression—decompresssion cycles and stability studies of

the hIAPP Langmuir monolayer at the air—aqueous interface.

7.3.3 The Compression—Decompression Cycles and Stability Measurements of the

hIAPP Langmuir Monolayer

Three compression—decompression cycles of the hIAPP Langmuir monolayers were
examined for the stability of hIAPP Langmuir monolayer at surface pressures of 15 and 5
mN/m on a 1.0 M NaCl subphase, as shown in Figure 7.3. From the surface
pressure—area isotherm shown in Figure 7.1, the hIAPP Langmuir monolayer at both 15
and 5 mN/m was in liquid—condensed phase. A hysteresis was observed at both surface
pressures but the difference between the first compression and the last compression was
relatively small, i.e. 8 and 12 %, respectively. Also, the surface pressure could return 0
mN/m when the barriers moved to the maximum area position. These facts showed that
the formation of the hIAPP Langmuir monolayer was reversible, suggesting the

self—assembly or domain formation of the hIAPP at time zero did not happen.
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Figure 7.3 Compression—decompression cycles of the hIAPP Langmuir monolayer on 1.0 M NaCl

subphase with pH 5.6 at surface pressure 15 (A) and 5 mN/m (B).

The stability measurements of the Langmuir monolayer were also obtained over a
period of time at a constant surface pressure of 10 mN/m, as shown in Figure 7.4. Over
250 min, the approximate mean molecular area change was about 20%. The reason could
be the relaxation of the Langmuir monolayer, dissolution of hIAPP into the subphase, or
a change of conformation of the protein over time. The hypothesis of the dissolution of
hIAPP into the subphase would be ruled out based on the UV—vis spectra discussed

below.
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Figure 7.4 Stability measurement of the hIAPP Langmuir monolayer at surface pressure 10 mN/m. The

subphase was 1.0 M NaCl with pH 5.6 (surface pressure: red; mean molecular area: black).



107

7.3.4 UV—vis Absorption of hIAPP at the Air—Aqueous Interface

The UV—vis absorption of the hIAPP Langmuir monolayer on 1.0 M NaCl with pH
2.0, 5.6 and 9.0 was investigated under different surface pressures. As shown in Figure
7.5, it did not have any significant absorbance except at 202 nm with pH 5.6, which
corresponded to n—n transition of C=O chromophore of the amide bonds in hIAPP. The
inset shows the linear relationship between the absorbance at 202 nm and the surface
pressure. The hIAPP Langmuir monolayer had the same absorption and linearity at 202
nm with pH 2.0. The linearity of absorption at pH 2.0 and 5.6 is proof that during
compression, the number of hIAPP molecules per unit area were increasing linearly,
indicating that: aggregation most likely did not happen, nor was there an effect on the

solubility of the protein.
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Figure 7.5 UV—vis absorption spectra of the hIAPP Langmuir monolayer. The subphase was 1.0 M NaCl

at pH 5.6. Inset: absorbance at 202 nm vs. surface pressure.
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Compared with the absorption of hIAPP in the Langmuir monolayer, the aqueous
solution of hIAPP had a weak broad band around 275 nm due to the 7=—7 transition of the
tyrosine residue in hIAPP. The absence of this band for the hIAPP Langmuir monolayer
can be explained by the fact that the amount of tyrosine residue per unit area was too low
to be detected. Due to the extremely strong absorption of peptide bond in aqueous

solution, the UV—vis absorption bands of hIAPP below 225 nm could not be observed.

7.3.5 Fluorescence of the hIAPP Langmuir Monolayer at the Air—Aqueous Interface

The molecule of hIAPP contains one fluorescent tyrosine residue. The fluorescence
emission wavelength of hIAPP in aqueous solution is 309 nm at the excitation
wavelength 270 nm. However, no fluorescence of tyrosine in the hIAPP Langmuir
monolayer was observed on 1.0 M NaCl subphase with pH 2.0, 5.6 or 9.0 due to the
small amount of hIAPP molecules per unit area and low quantum yield of fluorescence of

tyrosine.

7.3.6 IRRAS of the hIAPP Langmuir Monolayer at the Air—Aqueous Interface

The hIAPP can appear in various aggregation states, 1.e. monomer, oligomer or fibril,
all with variations in secondary, tertiary and quaternary structure. The synthetically
produced hIAPP monomer in aqueous solution exhibits typically a random coil structure
from circular dichroism (CD) spectra.”®® In contrast, hIAPP treated with helix promoting
solvent, such as trifluoroethanol (TFE) and 1, 1, 1, 3, 3, 3—hexafluoroisopropanol (HFIP),
predominantly adopts a—helical conformation.>*?****2°725  Besides the structure

information in solution, the interaction study between hIAPP and negatively charged lipid
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membrane suggests that the hIAPP adopts a—helix conformation first before conversion

to p—sheet structure during aggregation.''-**2%4

Since Dluhy’s research group in the mid 1980’s first acquired molecular structure
information from Langmuir lipid monolayers in situ at the air—aqueous interface using
infrared spectroscopy,”® this technique has been widely expanded to investigate the
conformational and orientational studies of lipid, peptide, or protein monolayer at the

200269 A5 one of the leading structural methods for the in situ

air—aqueous interface.
characterization of the secondary structures of protein at the air—aqueous interface,
IRRAS facilitates the spectroscopic analysis of the amide bands of proteins caused by
possible conformational or orientational changes. For most proteins, a—helix
predominated structures exhibit amide I (mainly the C=O stretching vibration of the
peptide bond) and amide II (the N—H bending vibration and the C—N stretching vibration
of the peptide bond) absorptions in the spectral range from 1650 to 1660 cm ™' and 1540

to 1550 cm ', respectively. p—sheets exhibit similar absorptions at 1620 to 1640 and 1520

to 1535 cm ! 270272

p—Polarized IRRAS has been intensively applied to the investigation of secondary
structure and orientation changes of protein Langmuir monolayer at air—aqueous
interface. It is due to the fact that p—polarized light probes the dipole moments parallel
and perpendicular to the interface, while the s—polarized light probes only the dipole
moment components parallel to the interface.’”” For the p—polarized IRRAS, the
measured signal can contain positive and negative bands, depending on the angles of
incidence and orientation of the transition dipole moment with respect to the air—aqueous

235,274

interface. If the transition dipole moments preferentially parallel to the air—aqueous
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interface, the absorbance bands are initially negative and increase in intensity with an
increase in the incident angle until the Brewster angle (e.g., 54.2 © for the IR light at 2850
cm ') is reached.””> Above the Brewster angle, there is an inversion of the bands to
positive values and the intensity decreases with a further increase in the incident angle. If
the transition dipole moment is preferentially perpendicular to the interface, the opposite
should be observed for both the sign and intensity of the bands when the angle of the

L I . 1273274276
incident light is varied.”" "™

The p—polarized IRRAS of the hIAPP Langmuir monolayer on 1.0 M NaCl subphase
with pH 2.0, 5.6 and 9.0 were investigated for the information about the molecular
orientation and conformation of the protein in the Langmuir monolayer. Figure 7.6 shows
the p—polarized IRRAS spectra of the hAPP Langmuir monolayer at incident angle 65 °
(this angle was chosen based on its good signal-to—noise ratio™*) on 1.0 M NaCl
subphase with pH 5.6 (IRRAS spectra with pH 2.0 and 9.0 are very similar to those with
pH 5.6, data not shown). The bands of ~1650 and ~1545 cm ™' were assigned to the
a—helix conformation, corresponding to the vibrations of the amide I and II absorptions,

respectively, whereas the band at ~1525 cm™' was the p—sheet conformation.””!
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Figure 7.6 p-Polarized IRRAS at 65° of the hIAPP Langmuir monolayer at different surface pressures. The

subphase was 1.0 M NaCl with pH 5.6. The spectra were shifted vertically for better visibility.

The possibility of conformational or orientational changes induced by increasing
surface pressure at the air—aqueous interface was examined by analyzing band position
and intensity of amide I and amide II of IRRAS.””” As shown in Figure 7.6, the band
positions of the hIAPP Langmuir monolayer on 1.0 M NaCl subphase with pH 2.0, 5.6
and 9.0 remained almost the same as the surface pressure increased, indicating that the
hIAPP Langmuir monolayer did not undergo conformational changes upon compression
during the time of experiment and retained mainly a—helical structure. This is probably
due to the electrostatic repulsion of the positively charged hIAPP molecules. However, as
previous studies shown, the conformation of hIAPP changed from a—helix to B—sheet
with the presence of negatively charged phospholipid, while no obvious structural
changes were observed with the presence of neutral phospholipid.'?***** This suggested
that the attraction between the negatively charged phospholipid and positively charged
hIAPP might play a critical role to accelerate or catalyze the aggregation of hIAPP. No

notable intensity of amide I and amide II was observed on the subphase with each pH,
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indicating that the orientations of hIAPP molecules at air—aqueous interface were almost
parallel to the interface even before compression and remained the same orientation

during the time of compression.?”®

The secondary structure information gained here was consistent with the previous
theoretical and experimental results. It has been shown using molecular simulation that
hIAPP monomer could adopt an a—helical conformation with a short f—sheet near the
C—terminus.** The adsorption study of the hIAPP at the air—aqueous interface also found
that it adopted an a—helix structure before conversion to p—sheet—rich fibril.***> A recent
NMR study in solution found that the structure of hIAPP was defined by a kinked helix
from residue 11 to residue 30. Significantly, this finding was a relatively close match to
the crystalline structure of the hIAPP dimer fused to maltose—binding protein, indicating
that the helix—kink—helix motif was likely an early on—pathway intermediate to
aggregation.”* Therefore, it was also very likely that the a—helical conformation obtained
here at the air—aqueous interface was a relatively stable intermediate before conversion to

aggregates.

7.3.7 Brewster Angle Microscopy (BAM) of the hIAPP Langmuir Monolayer

Brewster angle microscopy (BAM) was employed to see visually the changes of
phase domain and morphology of hIAPP in Langmuir monolayer at air—aqueous
interface. As a reference, BAM of phase domains of arachidic acid monolayer were
obtained in the two—phase coexistence region of the isotherm at pH 12 under 25°C,*” as
shown in Figure 7.7 (A). Unfortunately, we could not see the BAM image of the hIAPP

Langmuir monolayer on 1.0 M NaCl subphase with pH 2.0, 5.6 and 9.0 under different
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surface pressures. Figure 7.7 (B) and (C) only show the BAM images of hIAPP Langmuir
monolayer on 1.0 M NaCl subphase with pH 5.6 before compression (B) and at 10 mN/m
(C). The microscopy ruled out the formation of domains from self—assembly of the

protein at any surface pressure during the time of experiment.

Figure 7.7 BAM images of phase domains of Langmuir monolayer. (A) Arachidic acid monolayer with pH
12 at 25 °C; (B) hIAPP Langmuir monolayer at 0 mN/m; and (C) hIAPP Langmuir monolayer at 10

mN/m. Size: 768 X 572 pm’.

7.4 Summary

The conformation, orientation, and self—assembly of the hIAPP at time zero were
studied at the air—aqueous interface using the Langmuir monolayer technique. The
limiting molecular area of hIAPP on 1.0 M NaCl subphase as the optimal condition was
found to be around 445 A%/molecule. The pH of the subphase solution (2.0, 5.6 and 9.0)
did not seem to have much effect on the isotherms. The compression—decompression
cycles and stability studies of the hIAPP Langmuir monolayer showed that it was
relatively stable and did not form aggregates or domains during the time of experiment.
UV-—vis absorption of hIAPP Langmuir monolayer on 1.0 M NaCl with pH 2.0 and 5.6

showed the linearity of absorbance of peptide bonds at 202 nm, confirming that no
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aggregate or domain was formed. p—Polarized IRRAS was employed to study the
conformational and orientational changes of the hIJAPP Langmuir monolayer on 1.0 M
NaCl subphase with pH 2.0, 5.6 and 9.0. The spectra showed that the predominant
secondary structures of the hIAPP Langmuir monolayer were a—helix conformation,
independent with the pH of subphase and the induced surface pressure. It was also very
likely that this a—helical conformation was a relatively stable intermediate before the
conversion to aggregates. The orientation of hIAPP Langmuir monolayer at air—aqueous
interface was parallel to the air—aqueous interface during compression. No BAM image
of domains of the hIAPP Langmuir monolayer was observed on 1.0 M NaCl subphase
with pH 2.0, 5.6 or 9.0, further confirming its stability during the time of Langmuir
monolayer experiment. However, on—going study did show that the process of

aggregation of hIAPP could be promoted by human insulin.



Chapter 8 Interaction between Human Insulin and Human Islet Amyloid
Polypeptide at the Air—Aqueous Interface

8.1 Background

Diabetes mellitus is a major disease in the modern society, for which there is no
permanent cure. Unbalanced diets and the lack of physical exercises can lead to obesity,
which in turn contributes to the onset of diabetes to a great extent.”'’ In 2010, it was
estimated that 285 million people suffered from diabetes compared with 30 million in
1985.2"7 In the United States alone, people with diabetes constitute 8.3% of the whole
population and 26.9% of the diabetes patients were 65 years or older. Diabetes is also a
major cause of heart attack and stroke. Type 2 diabetes mellitus, also known as
non—insulin—dependent diabetes mellitus (NIDDM), accounts for more than 90% of all
diabetes cases. Patients of NIDDM typically have a high level of blood glucose
associated with cellular insulin resistance, and a relatively low level of insulin. There is a
tendency for the early onset of type 2 diabetes mellitus, and it has become increasingly

common to find NIDDM patients under the age of 30218219

Human insulin and human islet amyloid polypeptide (hIAPP, also known as amylin)
are two major hormones involved in diabetes, which are co—secreted by the endocrine
pancreas. Human insulin is a protein hormone that regulates physiological glucose levels,
enhancing glucose uptake in muscle while inhibiting hepatic glucose production.”™
Although insulin exists as an equilibrating mixture of several oligomeric forms in
solutions, it is important to note that insulin is mainly biologically active as a

281

monomer. Human insulin monomer consists of the A chain with 21 amino acid

residues and the B chain with 30 residues, with two disulfide bridges linking the two

115
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chains and one disulfide bridge joining two sections of A chain together. As a monomer,
the majority of human insulin exists in a—helical structure. Human insulin is known to
form B—sheet rich fibrils under certain condition in vitro, such as incubation at high

concentrations, low pH, and high temperatures.'*

hIAPP is a 37 amino—acid—residue peptide produced by pancreatic B—cells with a
disulfide bridge and an amidated C—terminus. Although the physiological functions of
hIAPP are not well understood, the monomeric hIAPP is believed to be involved in the
glycemic down—regulation that slows down gastric emptying and prevents sudden spikes

220221 It is responsible for the satiation signal, and is hypothesized

in blood glucose levels.
as one of the preventers of obesity.””***® Similar to Alzheimer—related amyloid beta
peptides, this hormone is also highly amyloidogenic. It can easily misfold and aggregate
into dense, insoluble B—sheet rich amyloid plaques. These deposits are found in the islets
of Langerhans among around 95% type 2 diabetic patients.””** A similar phenomenon is
also observed in pancreatic cancer.*' The association of hIAPP with type 2 diabetes has
been further supported and verified by transgenic rats engineered to express hIAPP,
which develop diabetes in a progressive pathology similar to human patients with type 2

282

diabetes.””” The interaction of hIAPP with f—cell membrane is thought to play a crucial

224 Studies on both model membranes and

role in the dysfunction and death of B—cells.
cells show that the cytotoxicity originates from the growth of hIAPP fibrils or the toxic
oligomers on the membrane surface.”>**’ However, increasing evidence shows that
hIAPP oligomers formed during the early—stage aggregation are the most cytotoxic

species, not the mature hIAPP amyloid fibrils. 227"



117

Similar to other amyloidogenic proteins (e.g. amyloid p—40 and a—synuclein),
fibrillation of hIAPP is proposed to occur under various conditions via the aggregation of
partially folded intermediates through a nucleation mechanism.'*"'** The kinetic process
of fibril formation in experiments is commonly characterized as an apparent lag period
followed by an exponential growth regime, and a final plateau regime. /n vitro, hIAPP
can aggregate into fibrils within a timescale of around 30 h at much lower concentrations
(< 1 uM) than in vivo (0.8—4 mM).** This fibrillization process of hIAPP can be further
accelerated to less than 100 min in the presence of negatively—charged phospholipid
molecules.”*® However, hIAPP fibrils are rarely observed in healthy people, even if they
have higher hIAPP production and secretion level than normal. Moreover, progression of
the type 2 diabetes usually takes many years. The plausible conflict between the in vivo
and in vitro observations suggests the existence of a natural mechanism to inhibit the
fibril formation of hIAPP in vivo. Factors that might play an inhibitive role include

g . L 237,240,243,245
components of the granule like insulin, pH, and zinc concentration.”>~""">

hIAPP and insulin are innately related, as both hormones possess common promoter
sequences. They are synthesized by pro—peptides in an approximately 1:100 molar ratio
(hIAPP: insulin) from secretory granules of pancreatic p—cells.”® Therefore, a potential
interaction exists between hIAPP and human insulin throughout the secretory pathway.
Insulin has been suggested as a possible natural regulator for hIAPP fibrillization. The
first observation of inhibition to hIAPP fibril formation was noted using Congo Red.**
Later, hIAPP fibrillogenesis experiments in vitro showed that insulin was probably a

potent inhibitor for the hIAPP fibrillization due to the heterocomplexes formed between

insulin and hIAPP.**?**2% Nevertheless, several other investigations found that insulin
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could promote amyloid formation of hIAPP by enhancing the binding of hIAPP to
preformed fibrils.”® A recent study showed that insulin is a kinetic inhibitor for the
aggregation of hIAPP, only keeping its inhibitive effect for a limited period of time.**®
After long time incubation, insulin was found to promote hIAPP aggregation on the
hypothesis of copolymerization of insulin and hIAPP.** One recent study revealed that
insulin has biphasic effects on the membrane disruption caused by hIAPP aggregation.**®
Insulin is effective for preventing fibril-dependent membrane disruption, but not
effective in stopping the initial phase of membrane disruption before fibrillogenesis, and
does not prevent the formation of small IAPP oligomers on the membrane.*** Another
recent morphology study using atomic force microscopy (AFM) showed that insulin and
hIAPP formed co—assembled aggregates on negatively charged tantalum oxide (Ta,0Os)

surfaces. The two peptides could form co—assembly fibrils.>*® These results suggest the

interaction between hIAPP and insulin is still poorly understood. H2

Zinc is an important trace element required in almost every living system and plays
an essential role in the functions and structures of many proteins and metalloenzymes.**°
Zinc is found to have a concentration as high as 11 mM in secretory granules of human
pancreatic B—cells.”” Tt has been known for many years that there exists a close
relationship between insulin and zinc. The tendency for insulin to form self—assembly in
solution is strongly enhanced in the presence of zinc ion, which is normally present in the
secretory granules at millimolar concentrations.”®”*® Furthermore, zinc can bind to the
histidine residue at position 18 of hIAPP and has been found to have a dual effect on the

aggregation: lower concentration inhibits aggregation, while higher concentration has the



119

opposite effect.”*> However, very limited information is available about the roles of zinc

when both hIAPP and insulin are present.

Recent studies on hIAPP and phospholipid membrane model show that the
electrostatic interaction between the positively charged hIAPP and negatively charged
phospholipid accelerates the aggregation of hIAPP.'!!129225:228:233-235 1) the presence of
such charged lipids, hIAPP fibril forms within a few minutes in in vitro studies, while a

neutral phospholipid has no such effect.'"

Rather than using homogeneous model
membrane systems, a recent study focuses on the principles of aggregation and amyloid
formation of hIAPP by applying lipid raft membranes, suggesting that lipid raft model is
also involved in the aggregation of hIAPP.*° Lipid raft models, composed of
phospholipids with rich cholesterol and sphingolipids, are more appropriate systems for
mimicking the cellular membrane of pancreatic f—cells than homogeneous lipid model.

Therefore, to further characterize the interaction and fibrillation process between hIAPP

and insulin in vivo, it is necessary to investigate with the presence of lipid raft.

Investigation of amyloid aggregation process opens the gateway for new drug
discovery. Hence, it is very important to scrutinize the physical process behind amyloid
aggregation like human insulin and hIAPP. We hereby propose a new approach to
systematically investigate the nature of interaction and fibril formation between hIAPP
and insulin. Each step of the amyloid aggregation will be probed by selectively suitable
techniques, including 2—D Langmuir technique, surface—selective spectroscopies, and
microscopic imaging. Furthermore, various factors such as zinc concentrations, pH value
and the effect of lipid raft, will be studied in detail for the understanding of interaction

and co—assembly or fibril formation between hIAPP and insulin.
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8.2 Experimental Design

We are proposing a new approach to understand the nature of hIAPP—insulin
interactions using Langmuir technique in conjunction with surface chemistry,
spectroscopic and microscopic studies as a 2—Dimension (2—D) method. Prof. Elsa Yan
from Yale University has recently discovered that chiral sum frequency generation (SFG)
spectroscopy is able to provide vibrational signatures of peptide backbones, which can
distinguish protein secondary structures at the interfaces. Therefore, we expect to apply
this new technique to investigate the interaction and early stage of fibrillation between
hIAPP and human insulin. Factors possibly affecting the interaction and fibrillation
between hIAPP and insulin will be systematically examined, such as different ratios of
hIAPP: insulin, zinc concentrations, pH of solution and the effect of lipid raft. Compared
with other methodologies, this approach has the following advantages. First, Langmuir
technique is a good in vitro model for modeling in vivo conditions because it can mimic
the common surface pressure environment of bio—membranes, bridging the gap between
in vitro model studies and in vivo conditions. Surface pressures ranging between 30 and
35 mN/m are commonly found in the natural cellular membrane, and can be simulated on

1

the Langmuir monolayer as a model for bio—membranes.””! Therefore, Langmuir

technique has been commonly and intensively used for the interaction study between

. sl : 111,233,235,292-294
peptides and lipid as a biomembrane model.''!?33#3>2%2

Second, compared with
peptides in bulk aqueous solution, the structures and properties of peptides in Langmuir
monolayer as a 2—D system could be quite different, as the degree of freedom of peptides

in organized Langmuir monolayer is largely decreased. Third, spectroscopic methods can

be used to directly monitor at the interface the interaction and fibrillation in real time
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without perturbation. Particularly, sum frequency generation (SFG) spectroscopy has
advantages in its ability to be surface sensitive, which means it is only sensitive to
molecules at the interface.”''**>*"" The fourth advantage of Langmuir monolayer lies in
the possibility of controlling both the intramolecular structure and intermolecular
ordering of hIAPP and insulin via controllable variables, such as the surface pressure, pH,
monolayer composition (different components of lipid, various ratio between hIAPP and
insulin), subphase composition (ionic concentrations, especially zinc), and

254
temperature.

8.3 Preliminary Results

Our recent research shows the stability of hIAPP Langmuir monolayer at air—water
interface without detection of aggregates or domains formation at time zero. Due to the
fact that hIAPP and insulin have intrinsic connections in secretory granules of pancreatic
B—cells,”® insulin has been suggested as a possible natural regulator of hIAPP
fibrillization. However, some studies do show that hIAPP and insulin can also form

co—assembly fibrils.>*®

It is necessary to study the interaction between hIAPP and insulin.
We have recently observed an important fibrillation process for the mixed hIAPP:insulin
(1:1, molar ratio). The mixture was incubated at 37 °C at different time period intervals
and their surface pressure—area isotherm was measured at these time intervals. At any
surface pressure, the corresponding area per molecule diminishes with the time of
incubation, as shown in Figure 8.1 (A). However, incubation of one protein alone (such
as insulin, human serum albumin, bovine serum albumin and lysozyme) under 37 °C at

different time period intervals does not result in diminished area per molecule of the

corresponding protein (results not shown). Surprisingly, at chosen surface pressure, such
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as 12.5 mN/m, the mean area per hIAPP molecule is linearly decreasing with increasing
incubation times, as shown in Figure 8.1 (B). This observation clearly indicates that there
is an interaction between hIAPP and insulin to favor the fibrillation process. However,
more work needs to be done to understand the nature of the interaction between human

insulin and hIAPP.
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Figure 8.1 (A) Surface pressure—area isotherms of hIAPP:insulin (molar ratio=1:1) mixture; (B) the mean
molecular area of mixture at surface pressure 12.5 mN/m vs. incubation time. It was incubated under 37 °C

for different hours.

8.4 Future Plan

The future plans for this study will be focused on the following topics using 2—D surface
chemistry methodologies combined with spectroscopic and microscopic measurements:
(1) the nature of the interaction between hIAPP and human insulin; (2) characterization
of the fibril formation between hIAPP and insulin; (3) understanding the factors
contributing to the fibrillation, such as zinc concentration and pH value in solution; (4)
the interaction and fibrillation between hIAPP and insulin in the presence of lipid raft
model. Understanding these topics could facilitate the knowledge of the role of insulin

and factors contributing to the fibrillation of hIAPP in type 2 diabetes.



Chapter 9 Conclusion

Part I: Interaction between Graphene Oxide and Biomolecules

Great progress has been recently achieved to apply a novel 2 — dimensional
nanomaterial graphene oxide (GO) in biomedical and biological field, including drug and
gene delivery, biological sensing, and bio—imaging. Although it has shown potential

applications in these studies, one critical question needs to be addressed before any actual
application: How does GO interact with biological molecules, such as amino acids,
peptides, and proteins? Particularly, GO has been explored for analyte detection and
quantification from biological fluid sample. Due to the fact that these samples contain
fairly high amount of positively charged lysozyme, it is therefore necessary to investigate
the interaction between lysozyme and negatively charged GO. Another research
challenge associated with GO 1s about how GO interacts with biomembrane components.
Inconsistent results are obtained on the cytotoxicity of GO and how it enters membranes.
Also, there is no study on how GO orientates itself when it interacts with the membrane.
Therefore, it is fundamentally important to understand the interaction between GO and
biomolecules, such as amino acids, peptides, proteins, and lipids. Such knowledge will

provide further information for applications of GO in biological and biomedical field.

In this study, GO was found to interact with amino acids, peptides, and proteins by
fluorescence quenching. Based on the Stern—Volmer plot and fluorescence lifetime study
between Trp or Tyr and GO, the main quenching mechanism was determined as static
quenching, slightly combined with dynamic quenching (Forster resonance energy

transfer). Both electrostatic interaction and hydrophobic interaction contribute to the

123
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interactions between Trp or Tyr and GO. Due to the quenching effect on peptides and
proteins, it is possible that GO could be a universal fluorescent quencher for tryptophan

or tyrosine containing peptides and proteins.

Strong electrostatic interaction between GO and lysozyme is demonstrated and
confirmed using fluorescence quenching, zeta potential, dynamic light scattering, and
atomic force microscopy. This interaction is so strong that one is able to subsequently
eliminate and separate lysozyme from aqueous solution using GO. The adsorbed
lysozyme can be released from the surface of GO by adding NaOH and then precipitating
GO with CaCl,. More importantly, the strong electrostatic interaction also renders the
selective adsorption of lysozyme on GO from a mixture of proteins, which was confirmed
by fluorescence, UV—vis absorption, and sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS—PAGE).

As Pluronic F127 (PF127) was used to disperse GO and screen the interaction
between GO and Trp or Tyr, it is necessary to study the behaviors between GO and
PF127. Langmuir monolayer as a 2—D surface chemistry approach was applied to
investigate the interaction at the air—water interface. Due to the hydrophobic poly
propylene oxide (PPO) groups as anchors, PF127 Langmuir monolayer is very stable at
the air—water interface. When PF127/GO mixture is deposited at the air—water interface,
the PPO groups interact with the hydrophobic parts of GO surface, resulting in loss of the
anchors at the air—water interface. Therefore, the Langmuir monolayer of PF127/GO is
very unstable and tends to be dragged into the bulk subphase. Moreover, when PF127 is

deposited at the interface of GO aqueous dispersion, the pancake conformation in the
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Langmuir monolayer of PF127 facilitates the availability of hydrophobic interaction

between PF127 and GO, which drags PF127 molecules to the bulk subphase solution.

To understand the nature and orientation of interaction between GO and lipid models,
Langmuir monolayer technique was applied at the air—water/aqueous interface. Five
lipids with the same 18—carbon alkyl chain but different head groups of charges are
purposely chosen to rationalize the possible interactions. Experimental results show that
the interaction between these lipids and GO is clearly governed by electrostatic
interaction. When these lipids are spread at the air—GO dispersion interface, GO can
incorporate or be adsorbed into the monolayer of positively charged lipids DODAB and
DSEPC, increasing the mean molecular areas. However, the monolayers of neutrally
charged head group (phosphocholine) or negatively charged head groups (phosphate and
carboxyl) do not adsorb GO as there is no favoring electrostatic interaction. Due to the
fact that phospholipids in biological systems are negatively or neutrally charged, the
possible cellular uptake of GO into the membrane should not be due to the direct
electrostatic interaction between GO and phospholipids but through the bioactivity of the

membrane.

When GO is injected to the subphase underneath the positively charged monolayer of
DODAB and DSEPC, different observations of surface pressure are found. GO can insert
into the monolayer of DODAB at 20 mN/m increasing the surface pressure. However,
GO cannot diffuse to incorporate with DSEPC monolayer even at much lower surface
pressure probably due to the shielding from the ethylphospho groups. An orientation

model of GO when it binds to DODAB and DSEPC monolayer is proposed to explain the
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different behaviors of adsorption of GO at the air-aqueous interface. An “edge—in”
orientation instead of “face—in” is proposed to describe the orientation of GO nanosheets

when it inserts into the monolayer of DODAB.

Part II. Protein Fibrillation at the Interface and Interaction between Human Insulin

and Human Islet Amyloid Polypeptide

It has been known for several decades that failure to adopt or remain native
conformations of some peptides or proteins can result in a wide range of human diseases.
The pathological conditions of these diseases are now known to be commonly associated
with protein misfolding processes. In this part, the recent progress of insulin aggregation
was briefly summarized at the aqueous—solid, water—oil, and air—water interfaces. The
aggregation of insulin initiates with diffusion and adsorption of insulin at the
hydrophobic solid or oil interfaces, resulting in conformational change of the monomeric
insulin to expose the hydrophobic residues. The driving force is mainly hydrophobic
interaction between the unfolded monomer and the hydrophobic interface. Subsequently,
the dissolved insulin molecules associate over the exposed hydrophobic regions,
eventually forming aggregates. Compared to hydrophobic solid or oil surfaces, the
hydrophilic surface induces less conformational change of insulin. As a result, a much

longer lag time of insulin fibrillation has been observed at the hydrophilic interfaces.

The conformation and self—assembly of the hIAPP (human islet amyloid polypeptide)
at time zero were studied at the air—aqueous interface using the Langmuir monolayer
technique. The limiting molecular area of hIAPP on 1.0 M NaCl subphase was found to

be around 445 A%*/molecule. The pH of the subphase solution (2.0, 5.6 and 9.0) did not
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seem to affect much on the isotherms and IRRAS spectra. The compression—
decompression cycles, stability studies, and IRRAS spectra of the hIAPP Langmuir
monolayer showed that it was relatively stable and did not form aggregates or domains

during the period of experiment.

hIAPP and insulin are innately related, as both hormones possess common promoter
sequences and are co—synthesized in an approximately 1:100 molar ratio (hIAPP:insulin)
from secretory granules of pancreatic f—cells. It is necessary to study the interaction
between hIAPP and insulin. We have recently observed an important fibrillation process
for the mixed hIAPP:insulin (1:1, molar ratio). The mixture was incubated at 37 °C at
different time period intervals and their surface pressure—area isotherm was measured at
these time intervals. At any surface pressure, the corresponding area per molecule
diminishes with the time of incubation. However, incubation of insulin alone under 37 °C
at different time period intervals does not result in diminished area per molecule of
insulin. Surprisingly, at chosen surface pressure, such as 12.5 mN/m, the mean area per
hIAPP molecule is linearly decreasing with increasing incubation times. This observation
clearly indicates that there is an interaction between hIAPP and insulin to favor the
fibrillation process. However, various factors need to be examined in the future to
understand the interaction between human insulin and hIAPP, such as the molar ratios,

zinc concentrations, pH value and the presence of lipid raft.
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