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Insulin is a peptide hormone that regulates blood sugar levels and is used to treat
diabetes. In acidic buffers, high temperature, and at high concentration, insulin
aggregates to form insoluble amyloid fibrils. This is problematic in industrial
production of insulin, where aggregation during HPLC purification results in
clogged columns and reduced separation capacity. Insulin amyloid formation has
mainly been studied at low pH (~2); the influence of protein concentration, organic
modifiers, and excess surfaces and particles at intermediate (~4) or neutral pH is
less clear, albeit highly relevant to understand insulin fibrillation in industrial
production settings. To address this, Thioflavin-T (ThT) fluorescence was used to
study insulin fibrillation under different experimental conditions in vitro.
Moreover, insulin solubility and thermodynamic stability was determined across a
range of relevant solution pH using spectroscopic techniques, including circular
dichroism. The main conclusions of this work are that insulin aggregation is faster
at low and neutral pH, whereas aggregation is slower in the intermediate range
between pH 4 and 6. Further, increasing amounts of ethanol or isopropanol has a
retarding effect on fibril formation at concentrations up to 30% (v/v). Presence of
hydrophobic silica particles enhance insulin fibrillation, which explains the
observations of this adverse reaction during HPLC purifications. Also, this work
concludes that the stability of insulins secondary structure is unaffected by pH.
This project has given insight into how insulin aggregation could be avoided and
has thereby enabled further work for new ideas on how clogged columns could be
restored by dissolving insulin aggregates.
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Populärvetenskaplig sammanfattning
Insulin är ett litet protein som består av 51 aminosyror fördelade över två polypeptidkedjor, A
och B. I kroppen utsöndras insulin från β-celler i bukspottkörteln för att reglera
blodsockernivåer genom att bibehålla en stabil lipid-, kolhydrat- och proteinmetabolism.
Diabetes mellitus, en av de vanligaste metabola sjukdomarna i världen, är ett resultat av
insulinbrist eller insulinresistens. Två huvudsakliga former av sjukdomen förekommer där båda
typerna kräver livslång behandling med artificiellt insulin för att upprätthålla en normal
glukoshalt i blodet. Det finns således ett stort behov av att kunna framställa stora kvantiteter av
artificiellt insulin för diabetesbehandling. Detta i sin tur ställer höga krav på en effektiv
produktionsprocess, där rening och isolering av aktivt insulin i industriell skala är av stor
betydelse. Vid rening av insulin under industriell produktion används vanligtvis preparativ
HPLC (High Performance Liquid Chromatography), en metod där insulinet introduceras på en
så kallad kolonn bestående av porösa partiklar som tillsammans bildar ett finmaskigt nät där
insulinmolekyler kan separeras från orenheter och insulin liknande komponenter. Tillverkare
av insulin stöter ofta på problem med att HPLC-kolonnerna kloggar igen. Som följd måste
kolonnerna tvättas vilket minskar produktionseffektiviteten och riskerar att förstöra
packningsmaterialet i kolonnen. Kloggningen leder också till reducerad separationskapacitet
vilket i sin tur gör att insulinet inte blir lika rent. Kloggningen tros bero på felveckning och
aggregation av insulin i kolonnerna.
Proteinfelveckning och aggregation har också ett samband med ett flertal svåra mänskliga
sjukdomar så som Parkinsons sjukdom och Alzheimers sjukdom. Mer än 30 humana proteiner
har upptäckts i proteinhaltiga avlagringar, bestående av olösliga amyloida fibriller, i olika
vävnader i människokroppen. Studier av hur amyloida fibriller bildas är därför idag ett stort och
välutvecklat forskningsområde. Fibrillbildning har visat sig vara ett förfarande som inte är
begränsat till sjukdomsrelaterade proteiner utan alla polypeptidkedjor har möjlighet att
genomgå en övergång från sin nativa (grund) konformation till den för amyloida fibriller
karakteristiska β-flakstrukturen.
Tendensen för ett globulärt protein som insulin att förlora sin nativa konformation och bilda
fibriller styrs av den primära strukturen hos proteinet, alltså aminosyrornas sidokedjor och deras
interaktion med varandra. För insulin har det föreslagits att amyloidbildning främjas av den
inneboende flexibiliteten hos B-kedjan. Fibrillbildningen påverkas även av externa faktorer
som exempelvis hög temperatur, lågt pH, och närvaro av organiskt lösningsmedel.
Bildandet av amyloida fibriller från insulin har huvudsakligen studerats vid lågt pH (~ 2).
Förhållandet mellan proteinkoncentration, närvaron av organiska modifierare, och
aggregationshastighet vid högre pH-värden (~4-7) är mindre tydligt. Detta är problematiskt,
eftersom storskalig rening av insulin för farmaceutiska applikationer ofta utförs vid ett pHintervall nära insulinets isoelektriska punkt (5,4). Syftet med det här projektet är att bättre förstå
och beskriva hur insulinaggregation och fibrillbildning påverkas av olika destabiliserande
faktorer, relevanta för industriell rening på HPLC-kolonner. Vidare syftar även projektet till att
undersöka hur kiselpartiklar i HPLC-kolonnerna påverkar aggregationen av insulin.
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Introduction

1. Introduction
Insulin is a small protein with 51 amino acids distributed over two polypeptide chains A and B,
which are coupled together by two disulfide bonds (see figure 1) [2-5]. In vivo, insulin is stored
in insulin-producing β-cells of the pancreas as a hexameric entity at neutral pH. It is secreted to
regulate blood sugar levels by maintaining a stable lipid, carbohydrate and protein metabolism
[3, 5-8]. Insulin deficiency and insulin resistance is the underlying cause of type 1 and type 2

Figure 1. This figure shows the primary structure of insulin. Amino acids involved in formation of hexamers
and tetramers (in neutral pH) or dimers (low pH) are marked with a letter. Amino acids marked in black are
identical among all kinds of insulin. The letters represent the conformational states the amino acid are
participating in, D=dimer, H=hexamer [2]

diabetes mellitus. Both types of the disease are an increasing societal problem [9]. More than
415 million people worldwide suffer from diabetes and type 2 is the dominant form
corresponding to 90% of cases [10]. In type 1 diabetes the insulin-producing β-cells are
destroyed by an immune reaction whereas, type 2 patients instead develop insulin resistance; in
either case there is a need for, often lifelong treatment, with artificial insulin to maintain a
normalized blood glucose level [11, 12]. Consequently, the requirement of large quantities of
artificial insulin for diabetes treatment world-wide is enormous and effective isolation of the
protein in industrial production scales is of great importance to ensure high yields and product
quality. Insulin is typically purified by reverse phase high-performace liquid chromatograpy
(HPLC), but manufacturers encounter frequent problems with column clogging and reduced
separation capacity due to misfolding and aggregation of insulin in the column. The purpose
of this project is to better understand and describe how insulin aggregation is affected by
different environmental conditions that are relevant for industrial purification. The ultimate goal
is that such understanding would help to device protocols by which insulin aggregation is
1
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avoided and to further new ideas of how clogged columns could be restored by dissolving
insulin aggregates.
Globular proteins are only marginally stable as the difference in free energy of their native and
unfolded conformations is relatively small (5-15 kcal/mol)[13]. Proteins are therefore prone to
misfolding and aggregation; this can cause extensive problems in biotechnological production
and in the food industry where protein fouling (e.g. aggregation on surfaces) leads to downtime
and reduced yields. Protein misfolding and aggregation is, however, also associated with severe
forms of human disease; more than 30 human proteins have been discovered in proteinaceous
deposits, consisting of insoluble amyloid fibrils, in various tissues of the human body[14].
Amyloid fibrils are rope-like structures that are roughly 10 nm thick, and up to micrometers
long. They are rich in β-sheet structure, and share common cross-β structural motifs with βhairpins oriented perpendicular to the fibril axis (figure 2) [14-16].

Figure 2 Three-dimensional model structure of an insulin amyloid fibril with 4 protofilaments,
showing the repeats of β-sheets oriented perpendicular to the fibril long axis. [1]

Different spectroscopic and diffraction based methods have been used to identify and elucidate
the structure and biochemical properties of amyloid fibrils[17]. For example, the use of the dye
Thioflavin-T (ThT) in fluorescence spectroscopy for staining and identification of amyloid
fibrils has become a powerful tool for both in vivo and in vitro detection. Upon binding to
amyloid fibrils, ThT becomes fluorescent, emitting light at approximately 480nm, which can
be detected in a fluorimeter, thereby providing a relative measurement of the amount of amyloid
fibrils in a sample [18]. With atomic force microscopy (AFM), used for characterization of
surface structures, fibrils can be visualized as consisting of several twisted protofilaments (2-5
nm in diameter), see figure 2 [14, 19, 20].
The amyloid-fibril formation process is a much studied phenomenon because of its impact on
disorders such as Parkinson’s disease and Alzheimer’s disease [14-16]. Moreover, fibrillation
also causes major problems in the preparation of protein drugs [21]. It has been shown that the
amyloid-fibril formation phenomenon is not limited to disease related proteins but all
polypeptide chains are able to undergo a transition from their native conformation into the
characteristic amyloid fibril β-sheet structure [14-16]. The tendency for a globular protein to
actually lose its native conformation and form fibrils is controlled by the properties of the
protein and its primary sequence, in which the hydrophobic and charged side chains have a
large impact [22].
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A significant number of publications regarding in vitro studies of protein fibrillation have been
published to better understand and limit protein misfolding and aggregation behaviors [22]. It
has been widely established that the formation of amyloid-fibrils follows a specific sigmoidal
kinetic pattern defined by lag phase, a growth phase and a plateau phase. The lag phase results
from the need to form sufficient number of nuclei, to which monomers can add (figure 3)
eventually leading to exponentially increased elongation and secondary nucleation effects in
the growth phase [23-25]. It is possible to fit kinetic curves to mathematical models of fibril
growth and thereby extract rate constants such as the primary nucleation and elongation rate
constants [26, 27]. Globular proteins such as insulin need to partially unfold to be able to
aggregate into amyloid fibrils [16, 28, 29]. Thus, to enable fibril formation of a protein several
conformational transitions need to occur, this is depicted for natively folded insulin in scheme
1 [25].

Figure 3 Sigmoidal curve of insulin fibrillation showing a lag phase, a growth phase and a plateau phase.

Scheme 1: Model over the required steps for insulin fibril formation to occur [25]
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For insulin it has been suggested that amyloid formation is mediated by the inherent flexibility
of the B-chain and some destabilizing factors have been identified that promote this partial
unfolding. These conditions include for example high temperature, low pH, and presence of
organic solvent [17, 30, 31]. It has been suggested that fibril formation requires monomers of
insulin, thus a first step is the dissociation of higher order quaternary assemblies of hexamers
and tetramers (in neutral pH) or dimers (low pH). Amyloid fibril formation is typically and
intuitively faster at higher monomer concentration [32-35]. This is also observed for insulin
fibril formation in acidic solutions (pH<3) [25, 36, 37], but not in neutral pH and in presence
of zinc [25] where it has been reported that fibril formation may be slower at higher starting
concentration [17]. This anomalous behavior has been attributed to the fact that insulin exists
predominately as a hexamer in neutral pH [17, 25]. By contrast, zinc free insulin dissolved in
organic solvents such as ethanol (60%) is predominantly in monomeric form and will thereby
have an aggregation rate constant proportional to the concentration of insulin. Therefore, it is
likely that the formation of fibril nuclei in insulin probably progresses through a
monomerization process [17]. Insulin amyloid formation has mainly been studied at low pH
(~2). The relation between protein concentration, presence of organic modifiers, and
aggregation rate at intermediate pH is less clear. This is problematic, because in the production
scale purification of insulin for pharmaceutical application the purification is often carried out
at a pH interval near insulin’s isoelectric point (5.4) [38].
In order to make artificial insulin accessible to patients and healthcare providers it needs to
undergo a rigorous purification step to ensure excellent product quality. Industrial production
of insulin therefore involves purification by HPLC as described above, typically using a
reversed-phase method [38]. It is suggested that insulin aggregation and thereby fibrillation, is
sped up by high insulin concentrations at reduced pH, leading to clogging and reduced capacity
in the HPLC-colon over time. The impact of organic modifiers, (ethanol, isopropanol and
acetonitrile) which are used to elute insulin from the stationary phase and simultaneously insure
good insulin solubility are suggested to worsen this problem [38]. Therefore the aim of this
project is to better understand insulin fibrillation in vitro in order to describe how different
environmental factors encountered during reverse phase HPLC in industrial settings act to
enhance or ameliorate amyloid fibril formation. Further, it also aims to explore how silica
particles in the HPLC-column affect the aggregation of insulin.
1.1 Specific Aims
 Perform an extensive literature research on amyloid fibrils and insulin aggregation
 Evaluate the solubility of insulin in pH 2 to 7
 Investigate the thermodynamic stability of insulin in different pH
 Measure the effects of pH on different insulin concentrations under the impact of
increased temperature.
 Analyze how organic solvents such as ethanol, isopropanol and acetonitrile enhance or
ameliorate amyloid fibril formation.
 Examine the impact of reversed phase silica particles on insulin aggregation.
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2. Experimental
The focus of this project has been to study the stability and amyloid formation of insulin under
experimental conditions that are relevant for industrial processing and purification. This
chapter gives a brief description of the experimental procedures used in this work.

2.1 Protein Solubility
The solubility of insulin was investigated as function of pH in buffered solutions without added
salt. 1 mg of bovine insulin (Sigma Aldrich, pcode:100976231) was dispersed in 1ml buffer
(133 mM phosphate buffer (Na2HPO4, KH2PO4), 100 mM glycine-HCl buffer (glycine, HCl)
or 200 mM ammonium acetate buffer (NH4Ac, HCl) to cover a pH interval from 2 to 7).
Samples pre-dissolved in 100 mM HCl prior to dilution to different pH as described above,
were also made. Each sample was pH adjusted to account for any effects of insulin on the exact
pH value by adding small volumes of 1 M NaOH or 1 M HCl. The samples were thereafter
centrifuged for 15 minutes at 13.400 rpm (Eppendorf) in and Eppendorf table top centrifuge.
The concentration of the supernatant was then measured using a NanoDrop UV-Vis
spectrometer (Thermo Scientific). The fraction of insulin dissolved were then plotted against
the solution pH, to obtain a solubility curve for insulin.

2.2 Amyloid fibril formation
To investigate and monitor the formation of amyloid fibrils under the impact of certain
environmental conditions encountered during reverse phase HPLC, steady-state Thioflavin-T
(ThT) fluorescence was used. ThT binds to amyloid fibrils, and upon doing so its fluorescence
emission is dramatically increased, thereby making it a good reporter on presence of amyloid
fibrils in a sample. When the ThT molecule binds to the fibril, it will send out a light at a specific
wavelength, This emission is then measured by a detector, producing an emission spectrum
describing the relative fluorescence intensity caused by a molecule [18, 39]
A Thioflavin-T (ThT) stock solution was prepared and used for all experiments described in
this study. ThT powder (Sigma Aldrich) was dissolved in 10 ml milli-Q water and filtered
through a 0.2 µm syringe to eliminate unwanted contaminations and any residual undissolved
ThT. The exact concentration of this ThT solution was measured by absorbance using a Cary
50 UV-Vis spectrometer (Agilent Technologies) at 412 nm in a 1 cm quartz cuvette (Hellma),
with an extinction coefficient of ε412 = 36000 M-1cm-1. The solution was then diluted with milliQ water to obtain a final stock concentration of 500 µM.
Amyloid formation was studied by monitoring the ThT fluorescence as function of time in a
Fluostar Omega or Fluostar Optima fluorescence plate reader (BMG Labtech, Germany).
Samples were deposited in 100 µl triplicates in a 96-well microtiter plate with transparent
bottom and the fluorescence intensities were recorded using bottom optics. Each plate was
covered with a transparent plastic film (BIO-RAD, USA) to avoid evaporation, and incubated
at 60°C for the duration of the experiment (typically up to 48 hours). The ThT fluorescence
intensities were measured with an excitation filter at 440 nm and emission filter at 480 nm and
without any agitation.
2.2.1 Insulin concentration and pH
To study the effect of pH on the insulin aggregation, fibril formation experiments were made
under a wide range of conditions, involving different protein concentrations and different
buffers. The pH was systematically varied (pH 2-7) as was the protein concentrations (37µM-
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72µM). The different pH values of the insulin-stock solutions were obtained using the following
buffers: 100 mM phosphate-citrate buffer for pH 2-6, and 100 mM phosphate buffer for pH 7.
Approximately 0.76 mg bovine insulin was first dissolved in 0.25 ml HCl (20 mM) and then
diluted with 0.75 ml of buffer to obtain insulin-stock solutions with the desired pH. The
concentration was then measured using a NanoDrop UV-Vis spectrometer (Thermo Scientific).
To prepare the sample solutions, insulin stock-solutions were diluted with the appropriate buffer
and supplemented with 2.5 µM and 7.2 µM ThT corresponding to 10% of the insulin
concentration. The total sample volume was 330 µl, with insulin concentrations ranging from
37 µM-72 µM (see preparation scheme in Appendix 1) and ThT concentrations ranging from
3.7 µM to 7.2 µM. Each sample was divided in triplicate on a 96-well microtiter plate and the
change in ThT fluorescence as function of time was monitored as described above.
2.2.2 Solvent effects
The effect of solvent on insulin amyloid formation was monitored in 200 mM ammonium
acetate buffer (NH4Ac, HCl) at pH 4. Insulin-stock solutions were prepared essentially as
described above (§2.2.1) by dissolving powdered insulin in 0. 25 ml HCl (100 mM) and then
adding 1.75 ml 200 mM ammonium acetate and ThT to a concentration of 7.2 µM and one of
three different solvents (ethanol, isopropanol or acetonitrile) to a final solvent concentration of
10% to 40% (v/v). The final insulin concentration ranged from 51 µM to 100 µM (see
preparation scheme for 64µM insulin in Appendix 1). The ThT fluorescence measurement of
the samples was then preformed as described in section 2.2.
2.2.3 Effect of silica particles
The effect of silica particles on insulin’s aggregation propensity was tested to examine how
they act to enhance or ameliorate amyloid fibril formation. Reversed phase silica particles (C18)
are highly hydrophobic, therefore it was necessary to find an optimal setup prior to the
measurement. 0.01 wt% and 0.03 wt% silica particles were dispersed in 10% to 30% (v/v)
ethanol and insulin stock solution (prepared essentially as described in section 2.2.2) was added
to a concentration of 72 µM and thereby diluted with 200 mM ammonium acetate buffer
(NH4Ac, HCl) at pH 4 (see preparation scheme in Appendix 2). The samples were shaken and
the sedimentation rate was evaluated. 0.01wt% and 0.03 wt% silica particles in 30% (v/v)
ethanol was decided to be the best dispersed solutions for the measurement.
A silica-stock solution was made by mixing 1 mg of silica particles (13 µm in diameter) with
300 µl ethanol and 700 µl 200 mM ammonium acetate buffer, pH 4. Insulin-stock solution was
prepared as described above (§2.2.2). The samples were made by adding silica particles, to a
concentration of 0.01% or 0.03% (w/v), ThT to a concentration of 7.2 µM, and dilution with
buffer to obtain an end concentration ranging from 51 µM to 100 µM insulin in the samples
(see preparation scheme in Appendix 2). The ThT fluorescence measurement of the samples
was then preformed as described in section 2.2.
2.2.4 Fitting amyloid kinetics with the AmyloFit software
AmyloFit, is an algorithm package that enables data analysis of protein aggregation data from
the sigmoidal curves obtained in an aggregation experiment. This program package can be
found online (http://www.amylofit.ch.cam.ac.uk/) and is free of charge.
Insulin aggregation data was uploaded into the program and fitted to a secondary nucleation
model without seeding. Fitted data was then obtained and plotted together with experimental
data, resulting in figure 8, seen in the result section.
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2.3 Thermodynamic stability of insulin
To measure the propensity of insulin’s secondary structure to change under the impact of
increased temperature, circular dichroism (CD) was used, with the aim to construct a thermal
unfolding curve for insulin and compare its thermodynamic stability at pH 2.6, 4 and 7. Circular
dichroism (CD) is a polarized light spectroscopic method measuring the differences in absorbed
polarized light by a chiral molecule. The α-carbons in the protein backbone are chiral, and
therefore produce a CD signal, which is characteristic for specific secondary structures (e.g. αhelix or β-sheet) [40].
0.50 mg bovine insulin was dissolved in 150 µl 50 mM phosphate-citrate buffer at pH 2.6 and
2 ml 10 mM Phosphate-Citrate buffer (pH 2.6 and 4) or 10 mM Phosphate-buffer (pH 7). 0.5
ml of this solution was then again diluted in a 1 cm quartz cuvette (Hellma) with 10 mM
phosphate-citrate buffer (pH 2.6 and 4) or 10 mM Phosphate-buffer (pH 7) to obtain insulin
samples with an end concentration of 10 µM. The absorbance at 280 nm was measured using a
Cary 50 UV-Vis spectrometer (Agilent technologies). The concentration of dissolved insulin
was calculated using the Beer-Lambert law and an extinction coefficient of ε280 = 5800 M-1cm1.
CD spectra were recorded between 250 nm and 190 nm on a Chirascan circular dichroism (CD)
spectrophotometer (Applied Photophysics). Spectra were recorded in 1 nm increments with a
bandwidth of 1 nm. Five scans were recorded and averaged for every tenth degree between
20°C and 87°C. The temperature was increased and maintained by thermostating the cuvette
using a circulating water bath. The CD spectra of the appropriate buffers were recorded and
subtracted from the insulin CD spectra to correct for background contributions.
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3. Results and Discussion
3.1 Protein Solubility
Before proceeding to study insulin aggregation the solubility of the protein was examined as
function of pH. Insulin solutions were centrifuged (1 mg, 15 min, 13400 rpm) and the insulin
concentration in the supernatant was thereafter measured by absorption spectroscopy. Figure 4
shows the resulting solubility curves. The red curve shows the solubility of insulin dissolved in
buffers of pH ranging from 2 to 7. The blue curve represents the solubility of insulin that had
been pre-dissolved in 100 mM HCl prior to dilution to the different pH, using the same buffers
as the red curve.
The data show that at low pH (2-3) insulin is efficiently dissolved, as evidenced by the large
amount of protein remaining in the supernatant (80-90%). However, starting from intermediate
pH of ~4, the solubility decreases drastically, and at neutral pH (5-7), insulin is almost
completely insoluble in buffer. Here it should be noted that the buffer solutions do not contain
salt; insulin is soluble in the body (pH 7) at physiological salt (135-145 mM NaCl)
concentrations [41]. The blue curve shows that the solubility of insulin can be improved if the
powdered insulin is first dissolved in a small amount of acidic (100 mM HCl)
buffer,presumably because this treatment acts to efficiently disperse and monomerize the
protein. The effect is greatest at pH 7, but also around pH 4. Insulin’s isoelectric point is pH
5.4 and it is therefore not surprising that the solubility is poor at pH 5 to 6, even when insulin
is pre-dissolved in acid (blue curve).
HCl and Buffer
Buffer

Disolved insulin [%]

100

80

60

40

20

0
2

3

4

5

6

7

pH
Figure 4 Solubility of insulin as function of solution pH. The red curve represents the fraction of insulin
dissolved in buffer. Solubility was investigated as function of pH. The blue curve represents the solubility of
insulin that was pre-dissolved in 100 mM HCl prior to dilution into buffers of different pH.

At low pH, the acidic amino acids in the insulin molecule (A17 Glu. A4 Glu, B21 Glu, and B13
Glu) become protonated whereas the basic amino acids remain charged. Due to this overall
charge change, insulin becomes more polar. This makes it easier to dissolve the protein in a
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polar solvent such as a water-based buffer. This is also true for high pH (>7) where both the
acidic and the basic acidic amino acids are charged. At the isoelectric point of insulin however,
the overall charge of the protein is zero, and it thereby becomes more difficult to dissolve in a
polar solvent, and more prone to falling out of solution [42], as seen in the experiments
presented here. A possible way to improve solubility could be to add sodium chloride to insulin
solutions [43].
The construction of the solubility curve see Fig. 4 was important and sufficient to guide the
aggregation studies (see below), but more detailed studies of varying protein concentration and
the addition of salt could provide additional information.

3.2 Amyloid-fibril formation kinetics
3.2.1 Insulin concentration and pH
In the industrial purification of insulin the concentration of the protein will vary on the column.
In addition, different manufacturers use buffers with different pH for their purifications.
Therefore the concentration dependence and the influence of pH on insulin aggregation rates
was tested in a series of parallel experiments. Figure 5 shows the change in ThT fluorescence
intensity, a signal that is proportional to the fibril concentration, as a function of time in samples
with low and high pH respectively. Figure 5A1 shows that at pH 2.6, the rate of insulin amyloid

Figure 5 (A1, B1) Insulin aggregation as measured by ThT fluorescence for different insulin concentrations at pH
2.6 and 7. (A2, B2) Fibril formation half-times of the same kinetic curves as in A1 and B1, respectively. Insulin
fibrillation is seen to be proportional to the insulin concentration in pH 2 and inversed proportional in pH 7.
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formation decreases with increasing protein concentration. This is also confirmed in the fibril
formation half-times, T50 (the time at which 50% of the final ThT fluorescence value has been
reached) (Fig. 5A2). Figure 5B1 shows insulin aggregation at pH 7; here an interesting reversal
of the concentration dependence was observed; fibril formation is slower at higher starting
concentration. This anomalous effect can be attributed to that insulin, at pH 7, is prone to adopt
hexamer structures that are not aggregation competent. The result presented here is consistent
with the results of others [17].

Figure 6 (A1) Insulin aggregation as measured by ThT fluorescence for 64 µM insulin at pH ranging from
2.6 to 7. (A2) Fibril formation half-times of the same kinetic curves as in A1.

Figure 6A1 shows ThT fluorescence for 64µM insulin across a range of pH values. This figure
clearly shows that insulin aggregates fastest at low pH and neutral pH whereas the aggregation
behavior of insulin is slower in the intermediate range between pH 4 to 6. This result is also
clearly depicted in the half-time plot (fig 6A2). These results are consistent with that insulin is
less soluble close to its isoelectric point (5.4) as shown in Fig. 4 compared to in acidic or neutral
buffers. This could lead to precipitation of insulin before or during the measurement, which in
turn could reduce the concentration of free insulin concentration and, consequently, slower the
fibril formation rate.
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3.2.2 Solvent effects
In the industrial isolation and HPLC purification of pharmaceutical insulin different organic
solvents are frequently used to elute insulin from the stationary phase in the HPLC-column.
Ethanol, isopropanol, and acetonitrile are used by different manufacturers (personal
communication, Per Jageland, Area Manager, AkzoNobel Separation Products; see Appendix
3 for an example protocol of the preparative method). The effect of these solvents on insulin
aggregation in a concentration regime that is relevant for industrial purification was therefore
tested to explore to what extent the mobile phase on the HPLC column may in itself enhance
or ameliorate aggregation of insulin into amyloid fibrils. Figure 7 shows the change in ThT
fluorescence as function of time in samples with increasing concentrations of ethanol (fig7A),
isopropanol (fig 7B) and acetonitrile (fig 7C) at pH 4.

Figure 7 (A1, B1, C1) Insulin aggregation as measured by ThT fluorescence in different amounts of organic
solvents. (A) Ethanol, (B) Iso-Propanol, (C) Acetonitrile. (A2, B2, C2) Fibril formation half-times extracted
from the kinetic curves shown in A1, B1 and C1, respectively. The solid lines in A2 and B2 are linear fits to the
aggregation half time. The slope of these lines are (A2) 0.45881 and (B2) 0.30849.

The fibril formation half-time, T50, the time at which the ThT fluorescence signal has risen to
50% of its maximum value, is shown in figure 7A2-C2. The results show that increasing
amounts of ethanol (fig 7A1 and 7A2) has a retarding effect on fibril formation at concentrations
up to 30% (v/v). At 40% (v/v) this retarding trend is reversed, the half-time is, however, still
three times longer than in buffer controls. The results for isopropanol (fig 7B1 and 7B2) are
similar, this slightly more hydrophobic alcohol, also retards fibril formation up to 30% while a
slight reduction is again observed at 40% (v/v). The retarding effect of the two studied alcohols
was analyzed by fitting the change in half-time as function of alcohol concentration with a linear
11

Results and Discussion
expression up to 30% (v/v). The goodness of fit is near perfect in both cases indicating a very
regular behavior with respect to alcohol concentration in this range. The slope of the linear
increase is 0.45881 for ethanol and 0.30849 for iso-propanol, clearly illustrating the conclusion
from these experiments that ethanol has a higher retarding effect on insulin fibril formation
compared to isopropanol.
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Figure 8 ) Insulin aggregation as measured by ThT fluorescence in different amounts of organic solvents. (A)
Ethanol, (B) Iso-Propanol. The solid lines in A and B are fits to the insulin aggregation data

To further analyze the kinetics of insulin amyloid formation in presence of alcohol, the curves
obtained for ethanol and isopropanol between 0-20 % were fitted using Amylofit, a web-based
software package designed to evaluate the mechanisms and specific rate constants of amyloid
growth. The data fits well to a model which includes secondary nucleation effects, as well as
primary nucleation and elongation of fibrils. From the fit (solid line, figure 8), rate constants
for nucleation (k+kn) and secondary nucleation (k+k2) were obtained, enabling analysis of how
these rate constants are affected by the organic solvents. After having identified the best fitting
model, the data were re-analyzed by fixing the rate constant for secondary nucleation. The data
inset in figure 8A show the values of the rate constants (k+kn) describing primary nucleation
and elongation of fibrils obtained in this way. These rate constants are decreasing as the ethanol
concentration is increasing, the same trend is seen for isopropanol (fig 8B). The curves obtained
for 0-20 % ethanol and isopropanol were chosen for the fitting in Amylofit because those
concentrations could be fitted to the same mathematical model, showing a decrease in the
primary nucleation and elongation constants with increasing solvent concentration. The
observed change in k+kn could be explained either by changes in the native structure of the
insulin monomer affecting its nucleation tendency, or by the solvent stabilizing the monomer
and hindering its addition to the growing ends of the fibril. Data for 30-40 % ethanol or
isopropanol were excluded from the analysis because the same mathematical model as for the
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lower concentrations could not be used. Probably this is because these elevated solvent
concentrations have a different effect on the insulin molecule.
Measuring the effect of acetonitrile turned out to be problematic. It was only possible to obtain
reproducible results with addition of 10% (v/v) ACN (fig 7C1 and C2); at >10% acetonitrile
the kinetic curves become irreproducible, indicating that acetonitrile could have a stronger
destabilizing effect than the other organic solvents. Also lower concentrations (2.5-7.5 %) of
acetonitrile were tested giving very little effect (data not shown). However, at 10% acetonitrile,
fibril formation occurs at a slower rate compared to in buffer alone. Due to that only one data
point with acetonitrile could be obtained it is difficult to draw conclusions with respect to its
general effects as well as to compare to the effects of alcohols.
Insulin has, in its native globular fold, a hydrophobic core and solvent-exposed regions with
hydrophilic side chains. Organic solvents affect the stability of hydrophobic parts of the
molecule by weakening the hydrophobic interactions and can thereby dissociate quaternary
assemblies of hexamers, tetramers and dimers [42, 44]. At high concentrations of ethanol or
isopropanol a dissociation effect might occur, displacing the B-chain from its normal position,
exposing some hydrophobic amino acid residues (A2 Ile, B11 Leu and B15 Leu) which are a
triggering factor for fibril formation [44]. This explains the observation that the fibril formation
rate is increased at >40% ethanol or isopropanol. However, at low concentrations, ethanol,
isopropanol (<30% v/v) or acetonitrile (≤10% v/v) promote formation of peptide hydrogen
bonds, and thereby an increase in the α-helical content of the molecule [44]. This would explain
the decreased fibril formation effect in 10% to 30% (v/v) ethanol, isopropanol and at 10 % (v/v)
acetonitrile compared with buffer control, as the native α-helix structure is promoted by the
solvent. To confirm this suggestion, more experiments needs to be done. For example, circular
dichroism could be used to investigate the secondary structure stability when including an
organic solvent. The problem here would be the solvent itself, as ethanol and isopropanol absorb
too much light in the ultraviolet spectral region that is required for high-quality secondary
structure estimation from protein CD spectra.
From the results obtained here, it could be concluded that ethanol has the most retarding effect
on the insulin fibrillation process compared to isopropanol and acetonitrile. Regarding HPLCpurification, the eluting solvent should preferably have a concentration between 20% and 30%
as will probably give the most retarding effect on the insulin fibril formation.
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3.2.3 Effect of silica particles
Mesoporous silica particles are commonly used as the stationary phase in reversed-phase
HPLC. In order to investigate the effect that these particles may have on insulin amyloid
formation, it was first necessary to find an optimal setup for the measurement as the silica
particles are highly hydrophobic and large and therefore have a high tendency to coagulate and
fall out of solution. After having performed several sedimentation experiments, evaluating the
dispersion and sedimentation effects of the particles in different amounts of ethanol, 0.01wt%
and 0.03 wt% silica particles in 30 % (v/v) ethanol was decided to be the best dispersed
solutions for the measurement. Figure 9 shows ThT fluorescence curves and

Figure 9 (A1, B1, C1) Insulin aggregation as measured by ThT fluorescence in presence of increasing amounts of
silica particles. (A2, B2, C2) Fibril formation half-times of the same kinetic curves as in A1, B1 and C1,
respectively

T50 for increasing amounts of silica particles at pH 4 and 30 % (v/v) ethanol. The rate of
aggregation of insulin is enhanced already by a minor amount of particles (0.01%), as
evidenced by comparing the ThT curves for 0% particles (fig 9A1) and 0.01% particles (fig
9B1), with the exception of 51 µM insulin, where the rate is decreased. In figure 10, the T50
values for the different insulin concentrations are plotted against particle concentration, it is
evident that that the silica particles have an increasing effect on the fibril formation rate, except
at the lowest studied concentration (51 µM), but that there is no distinct increase between 0.01%
and 0.03% particles (w/v).
It is thus clear that the excess surface area and/or hydrophobicity of the silica particles (which
are designed to interact with insulin) do enhance insulin fibrillation which may explain why
this adverse reaction is observed during HPLC purifications. Modifications of the silica surface
as to maintain insulin’s native fold would probably be beneficial to the purification process.
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Figure 10 Fibril formation half-times of the same kinetic curves as in figure 9 A1, B1 and C1, respectively
values for the different insulin concentrations are plotted against particle concentration.
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3.3 Thermodynamic stability of Insulin
Circular dichroism was used to measure the secondary structure content of insulin as function
of temperature at pH 2.6, 4 and 7 in order to investigate its thermodynamic stability (resistance
against unfolding). Prior to CD measurements, the absorbance at 280 nm was measured. Then,
using Beer-Lambert law, and an extinction coefficient of ε280 = 5800 M1cm1, to make sure that
the concentration of insulin in the supernatant was 10 µM. The insulin CD spectra shown in
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Figur 11 (A, B) insulin CD spectra showing typical α-helical signatures at 200C and at 870C. (C) Describes the
change in CD signal at wavelengths 222 nm and 195 nm with increased temperature. (D, E, F) shows that the
native state of insulin goes from being predominantly α-helix to unfold into an increasingly random coil-like
structure with increased temperature.

figure 11A show typical α-helical signatures at 20°C. With negative peaks at 208 nm and 222
nm, and a positive peak at 195 nm. The result is therefore consistent with published atomic
resolution structures of insulin showing predominant α-helices and not β-sheet [25].
As seen in figure 11A, the secondary structure appears unperturbed in the evaluated pH range.
Also, the unfolded state of insulin at 87°C is the same in the different pH (fig 11B). This shows
that the structural stability of insulin is not affected at the evaluated pH range, and that the
native state of insulin goes from being predominantly α-helix to unfold into an increasingly
random coil-like structure with increased temperature (figure 11 D, E, F). This unfolding
process is clearly depicted in graph 11C, which describes the change in CD at wavelengths 222
nm and 195 nm (characteristic for α-helix) with increased temperature. All curves representing
222 nm are steadily increasing with temperature, whilst the 195 nm curves are decreasing. This
means that insulin is unfolding under the increasing temperature, adapting a more random coillike structure.
Based on the information received from the CD measurement we can now say that the stability
of native insulin is unaffected in the tested pH range, and that increased temperature leads to
unfolding of native insulin into a more random coil-like structure. Unstructured (random-coil)
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proteins or peptides are more prone to form amyloid fibrils, which may be the reason why
insulin mainly forms fibrils at high temperatures.

4. Conclusion
From this project it can be concluded that insulin aggregation is faster at low pH and neutral
pH, whereas the aggregation behavior of insulin is slower in the intermediate range between
pH 4 and 6. This is because insulin is less soluble close to its isoelectric point (5.4), which leads
to precipitation of insulin during measurements and consequently slower fibril formation due
to decreased insulin concentration. This knowledge of the solubility of insulin was of great
importance as a guide for the subsequent aggregation studies. Insulin fibril formation at pH 4
was slower than in lower pH, but with almost the same solubility (see figure 4), making pH 4
an optimal buffer pH for the HPLC purification process.
The results of the insulin fibrillation study indicate that increasing amounts of ethanol has a
retarding effect on fibril formation at concentrations up to 30% (v/v), while at 40% (v/v) this
retarding trend is reversed. A similar trend is seen in presence of isopropanol. This trend is a
linear increase with ethanol/isopropanol concentration, and the slope of the linear fit leads to
affirm that ethanol has a higher retarding effect on insulin fibril formation compared to
isopropanol. In light of these results, it is advisable that the eluting solvent for insulin in HPLC
purifications should ideally have an ethanol/isopropanol concentration between 20% and 30%,
thereby enabling an optimal retardation effect on insulin fibril formation. Excess of
hydrophobic silica particles enhances insulin fibrillation which provides an explanation to the
observations of this adverse reaction during HPLC purifications. Modification of the silica
surface as to maintain insulins native fold could be a potentially beneficial way of decreasing
this effect in the purification process.
Also from this work it could be concluded that the stability of insulins secondary structure is
unaffected by pH and that increased temperature leads to unfolding of the native insulin,
explaining why insulin mainly forms fibrils at high temperatures.
Further work could be done on the effect of organic solvents on the stability of the secondary
structure of insulin. Possibly, ethanol and isopropanol have a stabilizing effect on the native
structure of insulin, which can explain why they act to decrease the aggregation rate. This is
something I would have pursued if I could do everything all over again. This project has given
insight into insulin aggregation and given suggestions as to how it could be avoided, while also
enabling future work on new ideas of how clogged columns could be restored. Also, from a
basic science point-of-view, and for the pharmaceutical industry, it is of great importance to
further understand how insulin aggregation and misfolding functions and how it can be avoided.
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