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Aggregation of peptide molecules into amyloid fibrils is a characteristic feature of several degenerative diseases.
However, the details behind amyloid-formation, and other self-assembled peptide aggregates, remain poorly
understood. In this study, we have used small-angle X-ray scattering (SAXS), static and dynamic light scattering
(SLS and DLS) as well as cryogenic transmission electron microscopy (cryo-TEM) to determine the structural
geometry of self-assembled peptide aggregates in various dilute aqueous solutions. Pramlintide was used as a
model peptide to assess the aggregation behaviour of an amyloid-forming peptide. The effects of adding
sodium chloride (NaCl), sodium thiocyanate (NaSCN), and sodium fluoride (NaF) and the co-solvent dimethyl
sulfoxide (DMSO) on the aggregation behaviour were studied. Our scattering data analysis demonstrates that
small oligomeric fibrils aggregate to form networks of supramolecular assemblies with fractal dimensions. The
choice of anion in small amounts of added salt has a significant impact on the size of the fibrils as well as on
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the fractal dimensions of supramolecular clusters. In DMSO the fractal dimension decreased with increasing
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Introduction

Aggregation of peptides is usually an unwanted event that may
appear during peptide synthesis in pharmaceutical formulation
development, or in vivo." The structural combination of polar
and non-polar groups that make up peptides, as well as their
inherent flexibility, leaves reactive side groups or hydrophobic
areas exposed. These properties make them prone to interact
with surfaces, interfaces, and other peptide molecules.”
Peptides as active pharmaceutical ingredients are becoming
increasingly more common due to their high specificity and
potency.”® However, production of biological drugs is time-
consuming and expensive. Peptides are usually less stable and
more likely to undergo aggregation or chemical degradation,
compared with small molecules, which makes the manufactur-
ing more complicated and usually reduces the shelf life of
peptide products.>* The structure and aggregation behaviour

“ Department of Medicinal Chemistry, Pharmaceutical Physical Chemistry,

Uppsala University, Uppsala 751 23, Sweden. E-mail: magnus.bergstrom@ilk.uu.se
b Advanced Drug Delivery, Pharmaceutical Science, R&D, AstraZeneca,

Gothenburg 431 83, Sweden
¢ Department of Chemistry-Angstrom, Uppsala University, P.O. Box 573,

Uppsala 751 23, Sweden
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3sm01172k

2272 | Soft Matter, 2024, 20, 2272-2279

DMSO concentration, indicating the formation of a less compact structure of the supramolecular assemblies.

of peptides can be affected by, among other things, interfaces,
formulation components, sheer force, and/or added ions. How-
ever, the self-assembly properties and aggregation behaviour
can be an advantage if possible to control.> For example,
aggregation can be utilised to alter pharmacokinetic properties
of peptides, as a way to achieve long-acting pharmacokinetic
profiles.®” In this way the dosage interval can be decreased and
patient compliance increased. If the mechanisms behind pep-
tide aggregation were better understood, it would be easier to
predict under which circumstances aggregation would occur.?
Increased understanding of peptide aggregation pathways can
also facilitate manufacturing and stability predictions of phar-
maceutical peptide formulations.’

Amyloid fibrils

The link between deposits of aggregated peptides in organ
tissue and degenerative diseases was established in the early
20th century when Opie'® found amyloid deposits in the
pancreatic tissue of diabetic patients. Amyloid fibrils are inso-
luble, unbranched fibrils around 10 nm in diameter, that
usually are deposited in the extracellular space in tissues and
organs.'’ This pathology is shared with other so-called mis-
folding diseases,'> such as Alzheimer’s’® and Parkinson’s"*
disease, in which the brain is the affected organ.™

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0009-0002-2561-1513
https://orcid.org/0000-0003-0674-2219
http://crossmark.crossref.org/dialog/?doi=10.1039/d3sm01172k&domain=pdf&date_stamp=2024-02-14
https://doi.org/10.1039/d3sm01172k
https://doi.org/10.1039/d3sm01172k
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm01172k
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM020010

Open Access Article. Published on 14 February 2024. Downloaded on 7/31/2025 9:27:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The cause of in vivo deposition of aggregated peptides in specific
tissues is believed to have a genetic component, but further details
remain unknown.'>® Besides deposition of aggregated peptides
being a trait for misfolding diseases,"” formation of aggregated
peptides in vivo can in many cases be immunogenic, but the
mechanisms behind peptide aggregate-caused immune activation
are not fully understood."®" Several studies have reported that the
cytotoxicity of aggregated peptides is heavily linked to the ability to
disrupt cell membranes. This effect seems strongest by oligomeric
species as opposed to fully formed fibrils®® > or B-sheet structures.>*

Amyloid fibril formation has been investigated for decades,
and several mechanisms have been proposed, including nu-
cleation-dependent fibril growth,’ as well as off-pathway oli-
gomer formation.>®*® However, the mechanism is highly peptide-
dependent, and the properties of the resulting aggregates can vary
greatly and is difficult to predict, especially from the off-pathway
mechanism.*

Pramlintide

Pramlintide is a 37 amino acid analogue of the endogenous
peptide hormone amylin, or human islet amyloid polypeptide
(hIAPP). Pramlintide was designed based on the sequence of
amylin from rat (rIAPP), which does not form amyloid fibrils
like hIAPP.?**! Pramlintide differs from amylin by three pro-
line substitutions (cf. Fig. 1), which were introduced to decrease
the rate of aggregation. However, pramlintide can form amyloid
fibrils in in vitro conditions.** Residues 2 and 7 are connected
by a disulphide bond, and the C-terminus is amidated, both of
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which are important post-translational modifications for the
biological activity of hIAPP, as for analogues of amylin.*® Pramlin-
tide holds three positive charges at pH 6 and is soluble in water.
As pH is raised (>8), the basic amino acids will become less
charged, and the solubility of pramlintide will decrease.

Following subcutaneous administration, pramlintide shares
the effect of endogenous amylin.>* Amylin, along with insulin,
is secreted from the B-cells in the pancreas in response to
increased plasma glucose levels®® and regulates blood glucose
levels by affecting satiety and controlling gastric emptying.*®
Patients with diabetes mellitus type II have dysfunctional p-cells
which leads to decreased release of insulin and amylin in
response to plasma glucose increase, in comparison with
healthy humans.?” However, unlike insulin, amylin cannot be
used as replacement therapy for treatment of diabetes, due to
its high propensity for aggregation.*® Adding pramlintide as an
adjunctive treatment to insulin can decrease weight gain and
glycated haemoglobin, more than insulin alone.**™*

In the present study, we structurally characterize the meta-stable
transparent solution that pramlintide forms in various aqueous
solvents at about pH 5-6. Our study includes the effect of ion
binding and presence of co-solvent on the structural behaviours.

Experimental
Materials

Pramlintide acetate was provided by AstraZeneca, Gothenburg,
Sweden, as a lyophilized powder. The total amount of

Fig. 1 Molecular structure of pramlintide. Circled segments indicate the replaced amino acids, next to which are the residues in endogenous amylin.
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impurities for the present batch of pramlintide has been
determined with RP-HPLC to be less than 4.0% of total peak
area. The batch is confirmed stable for many years when stored
at <—15 °C. Dimethyl sulfoxide (DMSO) (99.9% ACS reagent),
sodium thiocyanate (NaSCN) (>99.99% trace metals basis),
sodium chloride (NaCl) (99.5% BioXtra), and sodium fluoride
(NaF) (99% ACS reagent), were purchased from SigmaAldrich,
Saint Louis, MO.

All samples and solvents were prepared using Type I water
from a Millipore Synergy water purification system. Lyophilized
pramlintide acetate (henceforth referred to as pramlintide)
powder was stored under nitrogen gas at —18 °C and allowed
to thaw in desiccator before use. Mixed samples were prepared
4-10 days prior to all measurements (SAXS, SLS/DLS, and cryo-
TEM). To slow down the aggregation process, samples that
could not be measured within four days were stored in refrig-
erator (2-5 °C) up until four days prior to measurement, after
which they were stored at room temperature. Dynamic light
scattering shows that the size of large structures in our samples
do not change appreciably from a few hours after preparation
to about two weeks ahead. A previous study on pramlintide in
solution at different storage temperatures and solution pH
shows that pramlintide exhibits high stability, especially when
stored in refrigerator.** All measurements were performed at
room temperature unless otherwise specified. All solvents were
filtered twice before peptide was dissolved. Syringe filter with
Durapore PVDF membrane (pore size 0.1 pm) from Merck,
Cork, Ireland was used for aqueous solvents without DMSO.
Syringe filter with PTFE membrane (pore size 0.2 pm) from
Fisher Scientific, Hampton, New Hampshire was used for
DMSO-containing solvents.

Methods

Pramlintide solutions at concentrations 2.5-10 mg cm
(0.63-2.5 mM) were prepared in eight different aqueous sol-
vents containing pure water, 1 mM of the three salts NaSCN,
NaCl and NaF, as well as different concentrations of DMSO
added to water. All investigated samples were studied within
10 days from preparation and, except those with 20 wt% DMSO,
appeared transparent.

3

Small-angle X-ray scattering

Small-angle X-ray scattering measurements were performed at
the B21 beamline at Diamond Light Source, UK, which uses a
bending magnet source and delivers X-rays of wavelength
0.9537 A with a flux of 4 x 10" photons per second. The
sample-to-detector distance was 3688.3 mm, at which the
scattered intensity was detected by an EigerX 4M detec-
tor (Dectris, Switzerland). This made it possible to cover a
grange of 4.5 x 10° < g < 3.4 x 10" A", The SAXS data
were set to absolute intensity and solvent subtracted before
data analysis with the XSACT 2.4 software (Xenocs, France).

2274 | Soft Matter, 2024, 20, 2272-2279

View Article Online

Paper

Static and dynamic light scattering

Static and dynamic light scattering (SLS and DLS) measure-
ments were performed using an ALV/CGS-3/MD-4 Multi-
Detection Goniometer System, covering angles between 30° <
0 < 150°, with ALV/LSE-5004 Light Scattering Electronics
Correlator (Germany), complete with a 50 mW DPSS Nd-YAG
Laser 532 nm and fibril-optical single detecting units with
fibril-based beam splitter for 532 nm wavelength. Static light
scattering was not measured for concentrations below 10 mg
cm? due to too low intensity.

Cryogenic transmission electron microscopy (cryo-TEM)

Specimens for cryo-TEM investigations were prepared at con-
trolled temperature (25 °C) and high humidity within a custom-
built environmental chamber. A small drop of sample (~1 pL)
was deposited on a carbon-sputtered copper grid (300 mesh,
Agar scientific) covered with a perforated polymer film. Excess
liquid was blotted away with a filter paper, leaving a thin film of
the sample solution on the grid. The sample was then vitrified
by plunging the grid into liquid ethane held at a temperature
just above its freezing point. Thereafter the grid was mounted
in a Gatan CT3500 sample holder and transferred to a Zeiss
TEM Libra 120 transmission electron microscope (Carl Zeiss
AG, Oberkochen, Germany), operating at 80 kV and in zero-loss
bright-field mode, for viewing. The sample was kept below
—160 °C and protected against atmospheric conditions during
the transfer and viewing processes. Analyses were performed
with a Zeiss Libra 120 transmission electron microscope (Carl
Zeiss AG, Oberkochen, Germany) operating at 80 kV and in
zero-loss bright-field mode. Digital images were recorded under
low-dose conditions with a BioVision Pro-SM Slow Scan CCD
camera (Proscan Elektronische Systeme GmbH, Scheuring,
Germany).

Data analysis

Small-angle X-ray scattering curves, covering a g-range of
4.5 x 107 < g < 3.4 x 107* A" on absolute intensity scale,
were analysed by means of least-square model fitting analysis.
All our data could be fitted with an identical model in which a
form factor for a spheroid was combined with a structure factor
for particles forming clusters with fractal dimensions. The
detailed model is provided in the ESIL.{ Static light scattering
data was not included in the fitting but were added to the SAXS
curves to show that no plateau of the scattering intensity was
reached at g-value 0.00081 A~".

Results and discussion

The aggregation process of amyloid-forming peptides, from
monomer to mature fibril, is proposed to take place over a
series of steps. The intermediate products of this stepwise
process include oligomeric species, as suggested by several
studies on amyloidogenic peptides.">?®** The aggregates
formed by pramlintide in solution are not thermodynamically
stable but behave as a dispersed system where the size of

This journal is © The Royal Society of Chemistry 2024
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supramolecular structures slowly increases over time and even-
tually phase separates. For pramlintide in water, low salt, or low
amounts of DMSO this process takes several months and the
samples are transparent for months. However, the stability of
pramlintide in solution was greatly reduced if the salt concen-
tration exceeded 1 mM. At salt concentrations close to physio-
logical conditions (about 150 mM), pramlintide phase
separates immediately forming visible, opaque gel-like struc-
tures. Higher concentrations of salt or DMSO could in this case
contribute to an accelerated aggregation process, typical for a
non-equilibrium dispersed system of charged particles that is
stabilized according to the DLVO theory.*>"*°

Small-angle X-ray scattering

The high g-region (¢ > 0.05 A™') appeared similar for all
samples of pramlintide in solution, regardless of solvent addi-
tives used (¢f. Fig. 2 and 3). Differences in scattering behaviour
between various samples were mainly seen in the low g-region
of the SAXS curves. All scattering curves have a plateau region at
about ¢ = 0.1 A™!, which becomes more or less pronounced
depending on solvent additives. The main difference
between the different solvents used is seen in the interval
0.004 < g < 0.07 A~ The extension of the plateau region in
this g-range varied depending on the solvent used. The scatter-
ing curve with the most pronounced plateau comes from
pramlintide in water, whereas no plateau at all could be
observed for pramlintide in 20% DMSO. At g-values below this
plateau, the scattering intensity increased with decreasing g,
and did not level out within the examined g-range, indicating
the formation of very large supramolecular aggregates.
Although SLS data were included to cover g-values as low as
0.00081 A~ the Guiner regime?” was never reached and the
aggregates were too large for their size to be determined from
our scattering data.
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Fig. 2 SAXS and SLS curves for 10 mg cm™> pramlintide in 1 mM NaSCN
(<), 1 mM NaCl (%), water (), and 1 mM NaF (+), as hollow symbols, and
fitted result as solid lines.
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Fig. 3 SAXS and SLS curves for 10 mg cm™ pramlintide in 20 wt% DMSO
(O), 10 wt% DMSO (A), 5 wt% DMSO (<€), 1 wt% DMSO (), and water (>),
as hollow symbols, and fitted result as solid lines.

Scattering data analysis

The high g-region of the SAXS curves was possible to fit with a
model for slightly elongated spheroids, in which the dimen-
sions of oligomeric pramlintide fibrils were described by the
two semi-axes of a prolate spheroid (¢f. Fig. S1, ESIt). However,
it was not possible to fit data in the low g-regime assuming
individual aggregates, but an indefinite increase in scattering
intensity with decreasing g indicates the formation of large
aggregates or clusters. Data show a linear behaviour in a log-log
plot with the slope varying in the range of —2.5 to —1.4
(¢f Fig. 2 and 3). This means that the peptide does not form
compact three-dimensional structures for which the slope is
expected to equal —4 according to Porod’s law.*® Due to the
complex nature of the system, no simple geometrical model
could explain the scattering data. The variety of different slopes
in the Porod regime is here interpreted as the presence of an
open fractal structure of the supramolecular aggregates formed
by pramlintide fibrils. Hence, we have included a structure
factor to our model that takes into account the aggregation of
pramlintide molecules or oligomers into a rather loose network
with fractal dimensions. With this model, it was possible to fit
the data for all our investigated samples in the entire g-range.
The model is described in detail in the ESL{

The quality of our model fits was optimised with respect to
four fitting parameters, in addition to a scaling parameter and
a residual background parameter. The two semi-axes @ and b of
the individual oligomeric fibrils come from the form factor,
whereas the parameters R and D come from the structure
factor. The minor semi-axis a of the spheroids appeared to be
rather small, i.e. equal or slightly below about 1 nm, but due to
lack of data above about 0.25 A~* we could not determine its
value precisely.

R may be interpreted as an independent measure of the size
of the individual fibrils or, alternatively, the size of stiff units
making up the fractal network. The parameter D describes the

Soft Matter, 2024, 20, 2272-2279 | 2275
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fractal dimension. The values of D correspond to the power law
exponent. A more negative value of D may be interpreted as a
more compact network.

From the values of a and b, as determined from the SAXS
data analysis and assuming a ~ 1 nm, we have been able to
calculate the average number of molecules in an oligomeric
fibril by estimating (through theoretical modelling) the volume
of a pramlintide molecule to 6.55 nm>.*’ Hence, from the
results of the model fitting analysis, the oligomers formed by
pramlintide in solution are close to dimers (cf Tables 1 and 2).

The values of R are in the same order of magnitude as the
size of the oligomers according to the major semi-axis b
(¢f Table 1). This is expected since both parameters are
measures of the size of the individual oligomeric fibrils. How-
ever, the parameters have been determined independently from
different parts of the model and the volumes of the fibrils
as determined from R and a and b, respectively, do not
exactly agree.

The parameter D follows the same pattern as R for the
different solvents, i.e. it decreases with increasing size of added
ion, or amount of DMSO. This means that the clusters of
supramolecular networks become more compact in samples
with larger individual fibrils.

Pramlintide in pure water

The scattering curves of pramlintide in water have a pro-
nounced plateau in the mid g-region. The results of the
model-fitting analysis show that the size of the oligomeric
fibrils is between 2 and 3 pramlintide molecules per fibril,
and parameter R is between 6-8 nm (cf. Fig. 2, Table 1 and Fig.
S3, Table S1, ESIt). There is an indication that the SLS data
levels out at low g, which might indicate smaller supramole-
cular network clusters as compared with the other samples.
However, in absence of added electrolyte strong inter-aggregate
interactions are expected to influence the scattering behaviour
in the low g-regime, making it difficult to quantitatively deter-
mine the size of these clusters from our scattering data.
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Salts from the Hofmeister series

The scattering curves for the samples with pramlintide in
1 mM salt solutions appear different as compared to the ones
with pramlintide dissolved in pure water (¢f. Fig. 2). In our
studied solutions, pramlintide is positively charged with
acetate as counter-ion. Adding small amounts of salt may
give rise to an exchange in counter-ions. According to
the Hofmeister series, the three counterions SCN~, Cl,
and F are expected to have different effects on protein
aggregation.’® The scattering curve of pramlintide in 1 mM
NaSCN has the least pronounced plateau regime, whereas
1 mM NaF appears similar to the scattering curve of pramlin-
tide in pure water (c¢f. Fig. 2). Even at low concentrations of
added salt, the scattering curves were affected, which
indicates that the self-assembled structures formed by pram-
lintide are dependent on the type of added ion.

The scattering curves of pramlintide in 1 mM NaSCN did not
display the pronounced plateau seen in the case of water
(¢f Fig. 2 and Fig. S4, ESIt). The fitted results also show that
the parameter R is lower than for water, NaCl, and NaF,
indicating that smaller oligomeric fibrils are found in NaSCN
(¢f: Table 1). According to the Hofmeister series, the SCN™ ion
increases the salting in-effect of peptides,”® which could
explain why the size of the oligomeric fibrils is smaller than
in 1 mM NaCl and 1 mM NaF.

The scattering curve of pramlintide in 1 mM NaCl fall
between the curves for NaSCN and NaF (c¢f Fig. 2), which is
also reflected in the results from the model fitting analysis
(¢f Table 1). Pramlintide in 1 mM NaF gives a scattering curve
with the largest plateau in the intermediate g-region (¢f Fig. 2)
and the largest size of the oligomeric fibrils, as compared with
NaSCN and NaCl (¢f Table 1). Fluoride is described as a kosmo-
trope and, according to Hofmeister ion effects, it is expected to
enhance peptide aggregation. A stronger ‘salting-out’ effect, could
explain why pramlintide, in presence of fluoride as an added ion,
forms larger oligomeric fibrils and a more compact structure of
the supramolecular networks than the other ions.

Table 1 Values of semi-axis b, size R, and fractal dimension D obtained from fitting for 10 mg cm™> pramlintide in water, 1 mM NaSCN, 1 mM NaCl, and

1 mM NaF

Solvent Semi-axis b (nm) Volume (nm?®) Molecules/particle R (nm) D

Water 3.4 +0.2 14.2 2.2 7.1+£03 2.5 £0.1
NaSCN 2.0 £0.3 8.55 1.3 1.1+ 0.1 1.7 £ 0.1
NaCl 3.2+0.2 13.4 2.0 4.5 + 0.1 1.9 £ 0.1
NaF 3.2+0.2 13.4 2.0 7.6 £ 04 2.4 +0.1

Table 2 Values of semi-axis b, size R, and fractal dimension D obtained from fitting for 10 mg cm~> pramlintide in 1, 5, 10, and 20 wt% DMSO

Solvent Semi-axis b (nm) Volume (nm?) Molecules/particle R (nm) D

1% DMSO 3.1+£0.1 12.9 2.0 4.6 £ 0.1 1.9 £ 0.1
5% DMSO 3.1+0.2 13.1 2.0 4.8 +£0.3 2.0 £ 0.1
10% DMSO 2.3 £0.2 9.53 1.5 2.0 £ 0.1 1.7 £ 0.1
20% DMSO 11.9 + 0.2 49.8 7.6 1.2 £ 0.1 1.4+ 0.1
2276 | Soft Matter, 2024, 20, 2272-2279 This journal is © The Royal Society of Chemistry 2024
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The effect of the different salts on the structural behaviour
of pramlintide in solution can be attributed to the different
properties of the added ions. The Hofmeister effect states that
the hydration of the different ions accounts for the different
effects on proteins in solution.> However, as identified in
several studies,®'° the explanation of the specific ion effects
is much more complicated, and cannot be described only by
the hydration of ions. However, the differences in appearance
of the scattering curves can be discussed from the different
sizes of the added ions. The molar masses of the added ions
range from 19 g mol " for fluoride to 58 ¢ mol ™" for thiocya-
nate. The results indicate that a large added ion promotes the
formation of smaller oligomeric fibrils with larger interfacial
curvature.

Dimethyl sulfoxide (DMSO)

Small amounts of dimethyl sulfoxide (DMSO) are usually added
to sparingly soluble proteins and peptides to enhance the
dissolving process and appear to have a significant influence
on the structural behaviour of peptides.

The plateau in the mid-g regime became less pronounced as
an increasing amount of DMSO was added to a pure water
pramlintide solution (¢f. Fig. 3). The scattering curve of pram-
lintide in 1 wt% DMSO appears rather similar to that of
pramlintide in water and NaF, but with a slightly less pro-
nounced plateau, and slightly lower values of R. Only slight
differences could be seen between the scattering curves of
pramlintide in 1 wt% and 5 wt% DMSO, which did not yield
any significant differences in the fitting results.

According to our results, the size of the oligomeric fibrils
decreases with increasing amounts of DMSO up to about
10 wt%. For pramlintide in 20 wt% DMSO, the scattering curve
appearance is conspicuously different as compared with the
other solvents. The oligomeric fibrils were significantly larger
as compared with the other samples (on average 7.6 pramlin-
tide molecules in an oligomeric fibril), although the parameter
R was found to be smaller than at lower DMSO concentrations.
This might indicate a certain flexibility of the larger fibrils.
These samples were also slightly opaque indicating that addi-
tion of large amounts of DMSO speeds up the aggregation
process, and increases the size of the supramolecular network
structures. Interestingly, the conspicuously larger size of the
rod-like oligomers in this sample indicates a rapid growth of
oligomers in the aggregation process as the supramolecular
clusters are becoming bigger.

The reduction in size of the fibrils upon addition of small
amounts of DMSO could be due to the DMSO molecules
arranging around the peptide molecule, thus interacting with
the hydrophobic elements of the peptide chain. With DMSO
around the hydrophobic parts of the peptide, instead of water,
the interfacial tension between peptide and surrounding water
is expected to decrease, and the driving force for peptide-
peptide aggregation must be lower.

The values of the parameter D follow a trend similar to R;
highest value for water, and lowest for high amounts of DMSO
(¢f Tables 1 and 2). This means that the supramolecular

This journal is © The Royal Society of Chemistry 2024
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networks become less compact when small amounts of salt or
DMSO are added to the solvent.

Dynamic light scattering (DLS)

Dynamic light scattering was measured at 90 degrees for
10 mg cm® pramlintide in all solvents except 1 mM NaF
(¢f Fig. S10, ESIT). The average hydrodynamic radius falls in
the range of 100-400 nm. However, the distribution of radii is
wide and several micrometre large particles were also recorded.
These particles, with wide distribution of particle sizes, corre-
spond to the supramolecular network clusters. The clusters are
big, but can likely be broken by shear stress, and form frag-
ments of various sizes.

Cryogenic transmission electron microscopy (cryo-TEM)

As a compliment to scattering techniques, we have also studied
10 mg cm * pramlintide in water and 1% DMSO with cryogenic
transmission electron microscopy. However, it must be noted
that in cryo-TEM the sample is prepared in a thin film with
thickness of 100-500 nm. According to our DLS results the
supramolecular structures are several hundred nanometres in
diameter, that is in the same order of magnitude or larger than
the thickness of the film. Hence, we do not expect the struc-
tures observed with cryo-TEM to be identical to what is
observed with scattering techniques. Our studied systems are
not equilibrium systems and we cannot exclude that the
structures formed have been irreversibly affected as a result
of the sample preparation process during the cryo-TEM
measurements.

A typical cryo-TEM image for the sample pramlintide in
water is shown in Fig. S11 in the ESI.¥ The image indicates that
the supramolecular structures consist of rather large and stiff
elongated fibrils that have clustered together in a rather ran-
domised fashion. The structure displayed in cryo-TEM is not
entirely consistent with our SAXS data, indicating that the
sample preparation procedure in cryo-TEM indeed influences
the aggregate structures. The cluster formation of fibrils indeed
supports the fractal dimensional structure observed with SAXS.
However, while the cross-section dimensions of the fibrils agree
fairly well with our results for spheroidal oligomers as observed
with SAXS, the lengths of the fibrils observed in cryo-TEM are
considerably larger than those found from our SAXS results.
The discrepancy in fibril length observed with SAXS and cryo-
TEM, respectively, may indicate that the aggregation process
has accelerated as a result of the sample preparation procedure
in the latter case.

Interestingly, some cryo-TEM images reveal a twisted structure
of the fibrils indicating the structure of the oligomers where two
or a few peptide molecules are twisted, probably to avoid direct
contact between hydrophobic parts of the peptide and water.

Conclusions

The amyloid-forming peptide pramlintide aggregates in aqu-
eous solutions to form supramolecular network clusters. The

Soft Matter, 2024, 20, 2272-2279 | 2277


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm01172k

Open Access Article. Published on 14 February 2024. Downloaded on 7/31/2025 9:27:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

solutions are initially transparent when dissolving the peptide,
but after 2-3 months the appearance of the samples changes.
Network clusters grow in size with time and, eventually, phase
separates into a gel-like dispersion. Adding large amounts of
salt or dimethyl sulfoxide (DMSO) to pramlintide solutions
speeds up the precipitation process.

By employing a relatively simple model, we have been able to
analyse SAXS data of transparent pramlintide solutions. In
accordance with our model, pramlintide in aqueous solutions
aggregates into small oligomeric fibrils that cluster together in
loose supramolecular networks with fractal dimensions. As
indicated by a combination of SAXS and cryo-TEM, the fibrils
consist of two or more peptide molecules twisted around each
other to avoid contact between hydrophobic parts of the pep-
tide and water. Since hydrophobic parts of the peptides cannot
be completely eliminated in the oligomeric structure, the fibrils
become “sticky”, thus generating the supramolecular network
structure. The supramolecular network structure built up by the
oligomeric species is several hundred nanometres in size, as
evidenced by SLS, and DLS.

The specific anion in small amounts of added salt has a
significant impact on the size of oligomeric fibrils as well as the
fractal dimension. The larger SCN™ ion gives smaller fibrils and
less compact networks whereas F~ gives a more compact net-
work with larger fractal dimension. We can conclude that
DMSO significantly affects aggregation behaviour of pramlin-
tide in solution. Low concentrations of DMSO (1-5 wt%) have a
similar effect on the scattering profile as the addition of small
amounts of NaCl. Adding 10 wt% DMSO reduces the fractal
dimension, resulting in less compact network structures. At
20 wt% DMSO, the aggregation process speeds up and a slightly
opaque solution with considerably longer fibrils is observed.

Oligomeric species of amyloid assemblies are considered the
most toxic form of amyloids and investigating their structure
becomes crucial for future research on the immunogenicity of
peptide aggregates. This study provides a method to study the
geometry of the oligomers and their supramolecular network
and demonstrates the effect of different ions and DMSO on the
structure of the networks.
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