
9152 |  Soft Matter, 2025, 21, 9152–9161 This journal is © The Royal Society of Chemistry 2025

Cite this: Soft Matter, 2025,

21, 9152

Observation of unique stable nano-assemblies
of a lipidated glucagon-like peptide 1 analogue

Eva Prada Brichtova, ab Ana L. Gomes Dos Santosc and Sophie E. Jackson*a

Lipidation of glucagon-like peptide 1 (GLP-1) has been widely investigated and utilized as a strategy for

the half-life extension of the drug in vivo. Several lipidated variants of GLP-1 are used for treatment of

type 2 diabetes and obesity and many more are still in development. Lipidated GLP-1 variants show an

increased tendency to oligomerize due to their amphiphilic nature. In this work, we report the formation

of uniform non-covalent nano-assemblies with vesicular/toroidal morphology which form rapidly by the

self-assembly of a lipidated analogue of GLP-1, abbreviated as GLP-1-Am(17, g-Glu-palm). This analogue

shows a high similarity with liraglutide, a commercially available GLP-1-based therapeutic, differing only

by the lipidation position shifted by three amino acid residues towards the N-terminus and C-terminal

amidation. The formation of vesicular/toroidal assemblies was, nevertheless, reported solely for GLP-1-

Am(17, g-Glu-palm) not for other lipidated analogues studied under the same conditions. The assemblies

were formed in a narrow pH range around pH 7.0 and had an average diameter of 21 nm and a high

content of a-helical structure. When further incubated at 37 1C with agitation over several days, the

assemblies were observed to aggregate into larger amorphous b-structure-rich species. Two distinct

kinetic phases of aggregation were observed in the fluorescence assay with ANS dye indicating an

accumulation of an aggregation intermediate. We believe that this work demonstrates the

morphological diversity of species formed by the self-assembly of an important therapeutic peptide,

which may be beneficial especially due to their potential to act as slow-release depots.

Introduction

Glucagon-like peptide 1 (GLP-1) is a peptidic incretin hormone
which is secreted by endocrine L cells in the gut in response to
food intake and which regulates the glucose level in the blood.1

The main function of GLP-1 is regulation of insulin exocytosis
from pancreatic b-cells. Analogues of GLP-1 are widely used in
the treatment of type 2 diabetes.2 The additional therapeutical
benefits of GLP-1-based analogues include weight reduction3,4

and even lowering of cardiovascular disease risks.5 The
mechanisms of these therapeutic benefits are based on
complex changes induced by the peptide on the proteomics
level.6

Since the native form of GLP-1 has a blood plasma half-life
of only approx. 2 min,7 for therapeutic applications, improve-
ments in the half-life of GLP-1 analogues were needed. Various
strategies to prolong the half-life in vivo have been investigated

including conjugation to human serum albumin, substitution
with non-natural amino acids, conjugation to antibodies or
attachment of fatty acid moieties.8–10 The latter strategy of
derivatization with fatty acids (lipidation) has proven to be
successful for GLP-1 creating two widely commercially-available
lipidated analogues: liraglutide and semaglutide, sold under
the trademarks Victozas (also Saxendas) and Ozempics (also
Rybelsuss or Wegovys), respectively.2 Although there has been
some progress with oral dosing of GLP-1 analogues, namely
semaglutide,11 the dominant delivery strategy is still injection
of an aqueous solution. Therefore, the solution behaviour of
these lipidated peptides in storage and in vivo is of significant
interest.

Lipidated analogues of GLP-1 have been observed to self-
assemble into oligomeric species the nature of which differs
depending on the position of the lipidation site and the type of
linker and lipid moiety used.12 Liraglutide, for instance, is
known to form distinct oligomeric species,13,14 the populations
of which can be regulated by pH.15 The observed self-assembly
into oligomers contributes to the improved half-life of GLP-1
analogues as increasing the size of the species together with its
binding to human serum albumin both prevent rapid renal
clearance.8 However, lipidated (as well as non-lipidated) GLP-1
analogues have also been observed to be prone to aggregate
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into amyloid-like fibrillar or amorphous aggregates.12 This
process is usually accompanied by a change in the secondary
structure of the peptide and a loss of a biological activity,
although reversible formation of nanofibers has been reported
as well.16 In addition, semaglutide was shown to be prone to
another solution-based instability – surface-catalyzed emulsifi-
cation; i.e., formation of stable colloidal droplets which is not
accompanied by a change in the peptide’s secondary
structure.17 Other study reports a formation of stable oligo-
meric micelles of semaglutide.18 A further example of morpho-
logical diversity of aggregates and reversibly self-assembled
species of lipidated peptides and proteins includes glutamic
acid-rich lipopeptide, which is capable of self-assembly into
nanofibers or micelles in blood serum in the pH range between
7.0 and 7.4.19 Another example is a peptide conjugate consisting
of a heptapeptide sequence for which the formation of either
spherical micelles or nanofibers is regulated by temperature.20

Self-assembly of amphiphilic molecules into toroidal species
has been reported both in natural and artificially designed
systems.21 Toroidal nanostructures can be defined as symme-
trical ring-shaped structures with a central pore. Many trans-
membrane proteins such as b-barrels and a-helical bundles
have toroidal shapes.21 Toroidal motifs have also been observed
in so called ‘‘amyloid pores’’ formed by amyloid-b peptide
which is associated with neurodegenerative diseases.22 The
formation of highly uniform, b-sheet-rich and discrete toroidal
nanostructures was reported for an artificially designed short
peptide consisting of alternating hydrophobic and hydrophilic
segments.23 Interestingly, in this case, higher pH led to the
formation of nanoribbons which were reversibly transformed

into toroidal nanostructures after acidifying the solution to
pH D 7.23 Coexistence of toroidal structures and b-ribbon
structures was also reported in the self-assembly of rationally
designed block copolypeptides consisting of non-b-sheet poly(L-
arginine) and b-sheet segments.24 In this case, an increase in
salt concentration, resulted in the toroidal structures dominat-
ing over other species. The resulting toroidal structures had a
highly uniform diameter of about 10 nm, indicating the exis-
tence of a preferred geometrical packing for the formation
of the toroidal morphology.24 Another example is a peptide
macrocycle which was designed to contain a hydrophobic
b-sheet-forming segment and an a-helical region connected
via linkers. The stabilization of the a-helical structure was
achieved only upon self-assembly of the peptide macrocycles
into toroidal nanostructures where the hydrophobic b-sheet-
forming segments were in the central pore whereas the
a-helical segments formed the outer part of the toroid.25

Our previous research showed that the lipidation of GLP-1
greatly influences the solubility, oligomerization and aggrega-
tion behaviour of the peptide.12 All these properties are regu-
lated by both the position of the lipidation site in the peptide
sequence as well as the nature of the lipid moiety and the linker
used to attach the lipid to the peptide. In this work, we report an
unusual self-assembly into regular vesicular/toroidal species of a
GLP-1 analogue which is lipidated using palmitic acid connected
via g-glutamic acid linker at Lys17 side chain – GLP-1-Am(17,
g-Glu-palm), the structure of which is depicted in Fig. 1(A) and (B).
This GLP-1 analogue shows a high degree of similarity with
liraglutide, GLP-1-based therapeutic, sold under commercial
trademarks Victozas and Saxendas. GLP-1-Am(17, g-Glu-palm)

Fig. 1 GLP-1-Am(17, g-Glu-palm) structure and self-assembled species formed at pH 7.0. Sequence of GLP-1-Am(17, g-Glu-palm) – panel A. The
position of the lipidation site is numbered and highlighted in red. Additionally, the substitution sites relative to GLP-1-Am are highlighted in red. Detailed
structure of the lipidation and attachment site (B). Population of assemblies formed by freshly prepared 40 mM GLP-1-Am(17, g-Glu-palm) in 25 mM
phosphate at pH 7.0 imaged by transmission electron microscopy (C).
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contains the same lipidation and linker moiety and differs only
by the lipidation position shifted by three amino acid residues
towards the N-terminus, as well as C-terminal amidation. Here,
we show that a highly uniform population of a vesicular/
toroidal species of GLP-1-Am(17, g-Glu-palm) formed rapidly
and solely in a narrow pH range around pH 7.0. The assemblies
formed were characterized in terms of their uniformity, size,
structure and stability in solution. The behaviour of GLP-1-
Am(17, g-Glu-palm) was compared to other GLP-1 lipidated
analogues, GLP-1-Am(12, g-Glu-palm) and GLP-1-Am(20, g-
Glu-palm), however, the existence of these uniform nano-
assemblies was reported solely for GLP-1-Am(17, g-Glu-palm).

Results and discussion
Lipidated GLP-1 analogue forms a uniform population of
assemblies at pH 7.0

As was reported in our previous study,12 GLP-1-Am(17, g-Glu-
palm) is soluble only at pH values above 7.0 with a limited
solubility (reaching maximum peptide concentration of 50 mM)
at pH close to 7.0. A sample of freshly prepared 40 mM GLP-1-
Am(17, g-Glu-palm) in 25 mM phosphate at pH 7.0 was imaged
using transmission electron microscopy with uranyl acetate
staining (Fig. 1(C)). Under these conditions, a uniform popula-
tion of regular spherical species was observed. This behaviour
occurs only close to pH 7.0 as already at pH 7.5, GLP-1-Am(17,
g-Glu-palm) was shown to form diverse populations of smaller
oligomers.12

The observed pH-induced transition from regular spherical
assemblies at pH 7.0 to oligomeric species at pH 7.5, is likely to
be associated with deprotonation of either the N-terminus or
His1 side chain as those groups have pKa values in the right
pH range.26 Therefore, it is likely that the N-terminal histidine
residue plays a crucial role both in the solubility and self-
assembly properties of GLP-1 analogues.

Observed assemblies have a vesicular or toroidal morphology
and a high content of a-helical structure

As observed by negatively-stained TEM with higher magnifica-
tion (Fig. 2(A)), GLP-1-Am(17, g-Glu-palm), indeed, forms
assemblies with a spherical shape with a hollow cavity in the
middle resembling a toroid. A sample prepared under the same
conditions (40 mM peptide concentration in 25 mM phosphate
at pH 7.0) was also imaged using cryo-EM to eliminate the effect
of staining and drying on the grid during sample preparation
which can be potentially damaging for the sample. Fig. 2(B)
shows that the morphology of assemblies imaged using cryo-
EM is similar to assemblies which were imaged using negative
staining TEM. Therefore, the staining and drying process is not
likely to cause significant disruption of the morphology of the
observed GLP-1-Am(17, g-Glu-palm) assemblies. The hydro-
phobic core of GLP-1-Am(17, g-Glu-palm) assemblies is likely
to be formed by the palmitic acid aliphatic chains whereas the
charged hydrophilic parts of the peptide chain are likely to be
on the outer surface of the assembly. Lipidated peptides are
known to form well-defined spherical micelles, however, the
diameter of observed assemblies of GLP-1-Am(17, g-Glu-palm)
is too large to correspond to a single-layer micelle, for which the
diameter would be expected to be lower than 5 or 6 nm.27 The
diameter of the assemblies shown in Fig. 2 is in the size range
of 12–27 nm with a hollow cavity in the middle of about half the
size of the assembly. These dimensions could correspond to a
bilayer vesicular structure with the hydrophobic area in
between two hydrophilic layers excluded from solvent. Solely
from TEM images it is not distinguishable whether the assem-
blies formed are of a toroidal morphology or are vesicles
(i.e., bilayer-based nanostructures).

The size-uniformity of GLP-1-Am(17, g-Glu-palm) species
formed at pH 7.0 was also analyzed by size-exclusion chroma-
tography. Chromatograms measured at multiple peptide con-
centrations, Fig. 3(A), show only a single peak eluting at around
8 mL. This observation indicates the formation of a single

Fig. 2 Assemblies of GLP-1-Am(17, g-Glu-palm) imaged by electron microscopy. TEM (A) and cryo-EM (B) images of assemblies formed at pH 7.0.
The samples for electron miscroscopy were freshly prepared at 40 mM peptide concentration in 25 mM phosphate, pH 7.0, at room temperature.
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species which is stable and independent of peptide concen-
tration under the conditions used. Using a calibration curve for
the size-exclusion column (Table S1 and Fig. S1B), the diameter
of eluted species was estimated to be circa 21 nm which fits well
with the size range observed by TEM and cryo-EM. This size
corresponds to approximately 210 monomeric units of GLP-1-
Am(17, g-Glu-palm) as estimated from size-exclusion chroma-
tography calibration curve (Fig. S1A). At pH values higher than
7.0, the size distribution of observed species vastly differs – the
oligomeric species formed at pH 7.5, 8.0 and 8.5 show much
lower hydrodynamic radius (i.e., smaller size) and their dis-
tribution is no longer uniform with the species of various sizes
being populated as depicted in Fig. S2.

The peptide conformation within assemblies observed at pH
7.0 was characterized using far-UV circular dichroism (CD). The
far-UV CD spectrum of freshly prepared solution of GLP-1-
Am(17, g-Glu-palm) at pH 7.0 has two minima at around
222 nm and 210 nm (Fig. 3(B)). The secondary structure predic-
tion shows a high content of a-helix of about 43% in the
assembly. The high content of a-helix has been already reported
in a micelle-like structure of a PEGylated and lipidated gut-
derived peptide hormone28,29 and nanotubular assembly of
lysine-rich lipopeptide.30 Moreover, the increase in a-helicity
of the peptidic part upon lipidation has been reported for
multiple therapeutic peptides.12,31 Due to the instant formation

of these assemblies and their high content of a-helical struc-
ture, it is unlikely that they are formed by cyclization of amyloid
fibrils (so called ‘‘amyloid loops’’), which have been observed
for other proteins in previous studies.32–34 The presence of
a-helical regions in the structure of GLP-1 and GLP-1-based
analogues was previously reported in solution in vitro35,36 as
well as in vivo with the cryo-EM structure of GLP-1 bound to its
receptor.37 Moreover, some degree of a-helicity is likely to be
present already in the lyophilized state of synthetically pre-
pared GLP-1 analogues including GLP-1-Am(17, g-Glu-palm) as
shown by FTIR spectra, Fig. S3. Therefore, it can be assumed
that the structure of GLP-1-Am(17, g-Glu-palm) within these
assemblies is rather ‘‘native-like’’.

The self-assembly behaviour of GLP-1-Am(17, g-Glu-palm)
was further investigated using a pyrene assay. Pyrene fluores-
cence is sensitive to the solvent environment as its intensity
increases when pyrene is in a more hydrophobic environment,
e.g., into the hydrophobic core of a micelle or oligomer. This
assay is, therefore, often employed to detect the critical micelle/
aggregation concentration and/or the presence of micelle-like
oligomers in systems. Fluorescence emission spectra of 50 mM
GLP-1-Am(17, g-Glu-palm) with 1 mM pyrene at pH 7.0 and 7.5
were recorded (Fig. 3(C)). GLP-1-Am(17, g-Glu-palm) shows a
significantly higher pyrene fluorescence intensity at pH 7.0
compared to pH 7.5. These findings were reproducible and

Fig. 3 Biophysical characterization of GLP-1-Am(17, g-Glu-palm) assemblies formed at pH 7.0. Size-exclusion chromatograms of GLP-1-Am(17,
g-Glu-palm) samples at 10, 20 and 30 mM concentration freshly prepared in 25 mM phosphate, pH 7.0 (A). 40 mM GLP-1-Am(17, g-Glu-palm) freshly
prepared in 25 mM phosphate at pH 7.0 was characterized using far-UV CD. Total a-helical content predicted by far-UV CD was calculated as indicated
in Materials and Methods (B). The presence of vesicular/toroidal assemblies was assessed using the pyrene assay as the pyrene fluorescence intensity
increases in a more hydrophobic environment. 50 mM GLP-1-Am(17, g-Glu-palm) samples freshly prepared in 25 mM phosphate at pH 7.0 and 7.5 with
1 mM pyrene were tested with the fluorescence intensity being two times higher at pH 7.0 where vesicular/toroidal assemblies were observed (C). Intrinsic
tryptophan fluorescence spectra were recorded after an excitation at 280 nm for freshly prepared 50 mM GLP-1-Am(17, g-Glu-palm) samples at pH 7.0
and 7.5 and 50 mM non-lipidated GLP-1-Am under the same conditions (D). All experiments shown in A–D were performed at room temperature.
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independent of the ionic strength or buffer used (Fig. S4).
Moreover, higher pyrene fluorescence intensity values were
recorded solely at pH 7 not at other pH values tested (pH 7.5,
8.0 and 8.5; Fig. S4). This observation corresponds with the
formation of spherical assemblies exclusively at pH 7.0 and
indicates that the presence of assemblies increases pyrene
fluorescence to a greater degree than smaller oligomers of
GLP-1-Am(17, g-Glu-palm) formed at different pH conditions.
This is likely due to the penetration of pyrene into the highly
hydrophobic interior of the vesicle/toroid. The pyrene assay was
also performed over a range of peptide concentrations from 2 to
50 mM at pH 7.0, however, the analysis of the fluorescence
emission intensity at 373 nm did not show any critical concen-
tration for the formation of the observed assemblies in this
concentration range (Fig. S5). Therefore, these results suggest
that the critical micellar concentration for GLP-1-Am(17, g-Glu-
palm) at pH 7.0 is below 2 mM and, therefore, that the observed
assemblies are stable at all the concentrations tested in this
study. Additionally, the presence of vesicular/toroidal assem-
blies at pH 7.0 and smaller non-vesicular/toroidal oligomers at
pH 7.5 can be observed in the difference in absorption spectra
of freshly prepared samples at the same GLP-1-Am(17, g-Glu-
palm) concentration under both conditions. At pH 7.0, a
significantly higher level of light scattering in the sample was
observed compared to the sample at pH 7.5 (Fig. S6) which is
due to the presence of larger particles, i.e., vesicular/toroidal
assemblies.

Intrinsic tryptophan fluorescence spectrum (Fig. 3(D)) of a
freshly prepared solution of GLP-1-Am(17, g-Glu-palm) at
pH 7.0 shows a maximum (lmax) at 340 nm implying that the
tryptophan residue (Trp25) is more buried in the assembled
structure compared to the non-lipidated GLP-1-Am studied
under the same conditions (lmax = 354 nm). The tryptophan
fluorescence spectrum for assemblies populated at pH 7.0 is,
nevertheless, comparable to the spectrum measured for smaller
oligomers of GLP-1-Am(17, g-Glu-palm) populated at pH 7.5
where lmax reaches 337 nm as depicted in Fig. 3(D).

The formation of vesicular/toroidal assemblies appears to be
highly sensitive to the charge state of GLP-1-Am(17, g-Glu-palm)
as the assemblies were observed only close to pH 7.0. GLP-1-
Am(17, g-Glu-palm) was observed to be soluble only at the pH
range where its net charge is negative, i.e. pH Z 7.0. The
formation of these assemblies has, therefore, been reported
in ‘‘the transition pH-range’’ where the analogue starts to be
soluble. Close to pH 7.0, the net charge of the analogue is
around �1, going higher in pH, there is an increase in the
negative net charge as the N-terminus starts to get deproto-
nated. This deprotonation and the increase in negative net
charge are likely to be responsible for the disruption of vesi-
cular/toroidal morphology. The plot illustrating the theoretical
net charge values development with pH is given in Fig. S7. In
addition, the formation of assemblies is highly dependent on
the position where the linker with lipid is attached since the
structurally similar GLP-1-Am(12, g-Glu-palm) and GLP-1-Am(20,
g-Glu-palm) with similar solubility ranges but differing in the
position of the lipidation did not show the same behaviour but

formed smaller non-vesicular/toroidal oligomers under the
same conditions – Fig. S8.

The largely a-helical structure, resembling the conformation
of GLP-1 upon binding to its receptor, of the peptide analogue
in the observed assembly together with the stability of the
assembly in solution may provide an interesting concept for a
slow-release long-acting drug formulation. It is unlikely that the
large assemblies themself can directly bind to the receptor. They
are very likely to coexist in a dynamic equilibrium where the large
oligomeric species are dominant, but they are capable of dissocia-
tion into smaller oligomers and monomers which are present at
lower concentrations – these then interact with the receptor.
Evidence for such an equilibrium/equilibria is observable in the
magnified size-exclusion chromatograms where trace concentra-
tions of small oligomers and monomers can be seen, Fig. S9.

Physical stability of assemblies formed at pH 7.0

The stability of observed assemblies was investigated using
TEM imaging of samples incubated in 25 mM phosphate
buffer, pH 7.0, at 37 1C with continuous agitation for eight
days. TEM imaging reveals that the smaller regular vesicular/
toroidal assemblies slowly convert to larger irregular vesicular/
toroidal species, in addition to forming large amorphous
aggregates (Fig. 4(A)). These large aggregates can be hypothe-
tically formed by short curly fibres, however, they show clear
structural differences in comparison to aggregates formed
during aggregation at higher pH values where the population
of smaller oligomers gradually aggregates into thread-like
structures, most likely amyloid fibrils (Fig. S10). As determined
from TEM images of GLP-1-Am(17, g-Glu-palm) at pH 7.0, the
diameter of larger irregular species is between 70 and 90 nm
whereas the diameter of initial assemblies is in the range of
12–27 nm. Since the initial vesicular/toroidal assemblies elute
as a single symmetrical peak on SEC (Fig. 3(A)) with the size
corresponding to circa 21 nm, it is likely that their size is rather
uniform and the broader size range obtained from TEM images
is given by the technical limitations of the method and sample
preparation (drying the sample on a grid and staining).

The aggregation of GLP-1-Am(17, g-Glu-palm) assemblies
formed at pH 7.0 was also monitored using size-exclusion
chromatography. Fig. 4(B) shows the chromatograms of GLP-
1-Am(17, g-Glu-palm) in 25 mM Tris, pH 7.0, at different time
points after incubation at 37 1C with continuous shaking. The
UV trace of a freshly prepared sample (in black) shows a single
intense peak eluting at around 9.5 mL corresponding to a
homogeneous population of initial vesicular/toroidal assem-
blies. Over time, a second peak eluting in the void volume of
the column appears which indicates the formation of larger
species, presumably the larger hollow species and/or amor-
phous aggregates observed by TEM, Fig. 4(A). After 72 hours of
incubation at 37 1C, the ratio of species eluting at 9.5 mL and
in the void volume was approximately equal indicating the
existence of multiple species in the sample.

The ageing of 50 mM GLP-1-Am(17, g-Glu-palm) in 25 mM
phosphate buffer at pH 7.0 was monitored using 8-anilino-
naphthalene-1-sulfonic acid (ANS) and thioflavin T (ThT)
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assays. Under these conditions, the freshly prepared sample
consists of initial vesicular/toroidal assemblies of a uniform
size. Fig. 5(A) shows the results of an ANS fluorescence assay
with 50 mM GLP-1-Am(17, g-Glu-palm) at pH 7.0 and pH 7.5 over
six days at 37 1C with periodic agitation. The ANS curve
obtained at pH 7.0 differs from the one obtained at pH 7.5 in
both its fluorescence intensity and shape. Two distinct kinetic
phases are apparent at pH 7.0, which may correspond to (i) the
conversion of the initial assemblies (circa 21 nm) into larger
hollow species (70–90 nm) and (ii) the subsequent aggregation
of these species into amorphous aggregates as depicted in
Fig. 4(A). Each kinetic phase is preceded by a lag phase
suggesting the occurrence of lower-ANS-binding intermediates
which then convert to higher-ANS-binding states. Fig. 5(B)
shows the aggregation kinetics of 50 mM GLP-1-Am(17, g-Glu-
palm) at pH 7.0 and 7.5 as probed by ThT fluorescence over six
days at 37 1C with periodic shaking. Unlike in the ANS assay
(Fig. 5(A)), only a single phase is observed in the ThT assay

corresponding to a slow increase of ThT fluorescence emission
over time, suggesting an increase in b-structure over time.
A steady increase in ThT fluorescence over time was also
observed for the sample prepared at pH 7.5 suggesting the
formation of b-structure also during ageing of smaller oligo-
mers. Together with the formation of larger species of GLP-1-
Am(17, g-Glu-palm) observed in TEM images and SEC (Fig. 4),
the results obtained from the ThT assay (Fig. 5(B)) and circular
dichroism (Fig. S11) show gradual aggregation of initial assem-
blies which is accompanied by an increase in b-structure during
the sample ageing.

Materials and methods
Peptide samples

GLP-1-Am, H-HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG-NH2,
molecular weight (MW) of 3355 Da, was purchased from

Fig. 5 Ageing and physical stability of GLP-1-Am(17, g-Glu-palm) at pH 7.0 monitored by ANS and ThT fluorescence assays. Assays were performed in
25 mM phosphate at pH 7.0 and 7.5 with either 250 mM ANS (A) or 50 mM ThT (B). Samples of 50 mM GLP-1-Am(17, g-Glu-palm) were incubated for
145 hours at 37 1C with periodic agitation and readings were taken every 30 minutes. Each sample was measured in triplicate within the same plate.

Fig. 4 Aggregation of vesicular/toroidal assemblies into larger amorphous species. A sample of 40 mM GLP-1-Am(17, g-Glu-palm) in 25 mM phosphate
buffer at pH 7.0 incubated for 8 days at 37 1C with continuous agitation was applied onto a carbon-coated copper grid, stained with 2% uranyl acetate
and imaged using transmission electron microscopy (A). Samples of 40 mM GLP-1-Am(17, g-Glu-palm) in 25 mM Tris at pH 7.0 were injected at different
time points, of their incubation at 37 1C with continuous agitation, onto a size-exclusion column Superdex 200 Increase 10/300 (B). The size-exclusion
chromatography was performed at room temperature.
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GenScript in the form of an acetate salt with 99.2% purity and
stored as a lyophilized powder.

GLP-1-Am(12, g-Glu-palm), H-HAEGTFTSDVSK(g-Glu-pal-
mitoyl)YLEGQAAREFIAWLVRGRG-NH2, MW: 3819 Da, was pur-
chased from Bachem in the form of an acetate salt with 95.6%
purity and stored as a lyophilized powder.

GLP-1-Am(17, g-Glu-palm), H-HAEGTFTSDVSSYLEGK(g-Glu-
palmitoyl)AAREFIAWLVRGRG-NH2, MW: 3778 Da, was pur-
chased from Bachem in the form of an acetate salt with
96.3% purity and stored as a lyophilized powder.

GLP-1-Am(20, g-Glu-palm), a C-terminally amidated liraglutide
analogue: H-HAEGTFTSDVSSYLEGQAAK(g-Glu-palmitoyl)EFIAWL
VRGRG-NH2; MW: 3750 Da, was purchased from Peptides Interna-
tional in the form of an acetate salt with 4 96% purity and stored
as a lyophilized powder.

Sample preparation and sample ageing

Fresh samples were prepared by dissolving the lyophilized
peptide powder in a corresponding buffer and subsequent
filtration of the sample through a 0.22 mm syringe filter (PES
membranes, Millex). The concentration of the peptide in the
filtered solution was determined spectrophotometrically using
the Beer–Lambert Law and a theoretical extinction coefficient
of 6990 M�1 cm�1 at 280 nm (e280). When light scattering of the
sample was observed as a significant absorbance at 320 nm
(A320), the concentration was calculated using the scattering-
corrected expression:

c ¼ A280 � 1:929A330

e280 � l

where c is the concentration in mol L�1 and l is the pathlength
of the cuvette in cm, here l = 1.

Samples for long-term ageing experiments were either incu-
bated in a 96-well half-area plate (Corning 3881) or in 1.5 mL
plastic microcentrifuge tubes (STARLAB) sealed or wrapped
in aluminium foil to protect from sunlight. The incubation was
performed at 37 1C with periodic 180 rpm agitation in a FLUOstar
Omega microplate reader (BMG Labtech) or in an Incubator
Shaker (Innovas 43) at 37 1C with continuous 180 rpm agitation.

Transmission electron microscopy (TEM) and cryo-EM

Samples were imaged using a Thermo Scientific Talos F200X G2
Transmission Electron Microscope with an acceleration voltage
of 200 kV. 2 mL of the sample was loaded onto carbon-coated
300 mesh copper grid (EMResolutions or Agar Scientific), which
was glow discharged using a Quorum Technologies GloQube
system prior to sample application. The sample was dried by
blotting, then negatively stained with 2 mL of 2% (w/w) uranyl
acetate solution for 15–30 seconds and dried again.

Samples for cryo-EM were filtered through a 0.22 mm
membrane filter, applied onto a lacey carbon-coated TEM 300
mesh copper grid and plunge-frozen in liquid ethane. Before
sample application, the grids were glow discharged using a
Quorum Technologies GloQube system. 3 mL of the samples
were pipetted onto a TEM grid, blotted for 3 s at blot force
�5 using dedicated filter paper, and immediately plunged into

liquid ethane using a Vitrobot Mark IV with a chamber set to
4 1C and 95% humidity. Samples after vitrification were kept
under liquid nitrogen until they were inserted into a Gatan
Elsa cryo holder and imaged at �178 1C. Images were collected
using a Thermo Scientific (FEI) Talos F200X G2 microscope at
200 kV at low dose using a Ceta 16M CMOS camera and Velox
software.

Size-exclusion chromatography

Analytical size-exclusion chromatography was performed on an
ÄKTA FPLC system (GE Healthcare), using a Superdex 200
Increase 10/300 column (GE Healthcare). Samples were loaded
using a 200 mL loop. Prior to loading, the samples were filtered
through a 0.22 mm filter (Millex, PVDF Membrane) to avoid
blocking of the column by large aggregates. All samples were
eluted at a flow rate of 0.75 mL min�1 at room temperature and
UV absorbance detection at 280 nm through a 0.5 cm flow cell
was used. A set of globular protein standards (GE Healthcare)
was used to construct a calibration curve for the column – Table
S1 and Fig. S1.

Circular dichroism

Circular dichroism (CD) spectra were measured on a Chirascan
CD spectrometer (Applied Photophysics). Far-UV CD spectra
were measured in a 1 mm pathlength cuvette and the measure-
ment was performed with a 1 nm step size and with a 1 nm
spectral bandwidth. The resulting spectrum was obtained as an
average of three scans and the spectrum of the pure buffer was
subtracted. All measurements were performed at room tem-
perature. The CD machine units (ellipticity – signal expressed
in mdeg) were converted to molar ellipticity [y]molar using the
following equation:

y½ �molar¼
m0

10 � l � c

where [y]molar is the molar ellipticity (with units deg cm2 dmol�1),
m0 is the CD signal in mdeg (machine units), l is the cuvette
pathlength in cm, and c is the sample concentration in mol L�1.

a-helical content was estimated using mean residue ellipti-
city value at 222 nm (MRE222), which was calculated as follows:

MRE222 ¼
m0

222

10 � l � c � n

where m0
222 is the CD signal in mdeg (machine units) at 222 nm,

l is the cuvette pathlength in cm, c is the sample concentration
in mol L�1, and n is the number of amino acid residues. a-Helical
content was estimated using a method based on a liner interpola-
tion between experimentally determined MRE222 values for purely
a-helical and purely coiled protein.42–44 a-Helical content is then
calculated as:

% helicity ¼ 100� 1þ MRE222 �MREhelixð Þ
MREcoil �MRE222ð Þ

� ��1
:

where MRE222 is the observed ellipticity at 222 nm, MREhelix is the
value for purely a-helical structure (�35 791 deg cm2 dmol�1,
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at 25 1C), and MREcoil is the value for purely coiled structure
(�725 deg cm2 dmol�1, at 25 1C).44

Pyrene assay

The presence of toroidal assemblies in GLP-1-Am(17, g-Glu-palm)
samples was probed based on changes in pyrene fluorescence.
Pyrene from a stock solution (197.6 mM pyrene concentration in
70% methanol solution) was added to the peptide sample such
that the final concentration of pyrene in the sample was 1 mM.
Fluorescence spectra were recorded using a Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies).
Samples were measured in a 120 mL quartz cuvette (Hellma
Analytics). The excitation wavelength was 339 nm and the
emission spectra were collected between 360 nm and 460 nm
in 1 nm steps. The emission and excitation band passes were
5 nm and the voltage on the photomultiplier tube was 600 V.
Measurements were carried out at room temperature.

Intrinsic tryptophan fluorescence

Intrinsic tryptophan fluorescence spectra were measured on a
Cary Eclipse fluorescence spectrophotometer (Agilent Techno-
logies). Spectra were obtained using an excitation wavelength of
280 nm and emission spectra were recorded between 300 and
400 nm with a step of 1 nm. Emission and excitation band
passes of 10 nm, and a voltage on the photomultiplier tube of
550 V were used. Samples were measured in a 120 mL quartz
cuvette (Hellma Analytics). Measurements were carried out at
room temperature.

8-Anilinonaphthalene-1-sulfonic acid (ANS) fluorescence assay

The ageing of toroidal assemblies was probed using 8-anilino-1-
naphthalenesulfonic acid (ANS) fluorescent dye which binds to
exposed hydrophobic patches. Samples were prepared in the
wells of a 96-well half-area plate (Corning 3881) by mixing the
peptide samples with ANS to a total volume of 120 mL, in which
the final concentration of the ANS dye was 250 mM and the
concentration of GLP-1-Am(17, g-Glu-palm) was 50 mM.
To prevent evaporation of the samples, the plate was sealed
with tape (Costar Thermowell). The fluorescence measurements
were performed using a FLUOstar Omega (BMG Labtech) plate
reader, with an excitation filter at 355 nm and an emission filter at
482 nm, at a gain of 500 and 8 flashes per well. The plate was
incubated at 37 1C and readings were taken through the bottom of
the wells every 35 minutes, after 5 minutes of shaking at 600 rpm,
over six days. Each sample was measured in triplicate.

Thioflavin T (ThT) fluorescence assay

The stability of vesicular/toroidal assemblies over six days at
37 1C was monitored via ThT fluorescence assays using a
FLUOstar Omega microplate reader (BMG Labtech). Samples
of 50 mM GLP-1-Am(17, g-Glu-palm) with ThT of the total
concentration of 50 mM were pipetted into a 96-well half-area
plate (Corning 3881) and sealed with tape (Costar Thermowell)
to prevent samples from evaporating. The total volume of
sample in each well was 120 mL. Bottom reading of the plate
was performed every 30 minutes with five minutes of shaking

prior to each reading (orbital shaker mode at 600 rpm). ThT
fluorescence emission at 482 nm was recorded after excitation
at 448 nm. Fluorescence was measured at a gain of 500 with 8
flashes per well.

Conclusions

In this work, we reported the formation of non-covalent vesi-
cular/toroidal assemblies of a lipidated GLP-1 analogue, GLP-1-
Am(17, g-Glu-palm) structurally very similar to commercially-
available therapeutic liraglutide. The observed assemblies are
formed in a narrow pH range, close to pH 7.0. Under these
conditions, the solubility of GLP-1-Am(17, g-Glu-palm) is limited
and a uniform population of hollow spherical assemblies with an
average diameter of about 20 nm was formed in solution. This
phenomenon occurs only in a narrow pH range at around pH 7.0
and was reported only for GLP-1-Am(17, g-Glu-palm) analogue as
the other analogues tested, GLP-1-Am(12, g-Glu-palm) and GLP-1-
Am(20, g-Glu-palm), did not show this behaviour. The reported
assemblies of GLP-1-Am(17, g-Glu-palm) have a high content
of a-helical structure and they are stable over several hours at
room temperature and also at 37 1C. When incubated at 37 1C
with periodic agitation, these assemblies further aggregate
into larger vesicular/toroidal species and later into amor-
phous aggregates. This process is accompanied with an
increase in b-structure. These observations, together with other
studies,21,28,38–41 show that various micellar structures, vesicles
and toroidal assemblies of amphiphiles are another class of
stable species which may occur as a result of self-assembly.
Moreover, it highlights the dependency of the morphology of
self-assembly/oligomers of lipidated GLP-1 analogues on both
pH and the site of lipidation.
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