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� Disintegration of insulin amyloid
fibrils by increasing the pH of the
environment.

� Topography imaging of individual
insulin aggregates at different pH
values.

� In-situ monitoring of the pH
dependent disassembly of amyloid
fibrils with an AFM.

� Tracking of conformational changes
in insulin aggregates with SERS.

� Correlation of morphology and
conformation of amyloid fibrils as a
function of the pH.
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Aggregation of insulin into amyloid fibrils is characterized by the conversion of the native secondary
structure of the peptide into an enriched ß-sheet conformation. In vitro, the growth or disintegration
of amyloid fibrils can be influenced by various external factors such as pH, temperature etc. While current
studies mainly focus on the influence of environmental conditions on the growth process of insulin fibrils,
the present study investigates the effect of pH changes on the morphology and secondary structure of
mature fibrils. In the experiments, insulin is fibrillated at pH 2.5 and the grown mature fibrils are sus-
pended in pH 4–7 solutions. The obtained structures are analyzed by atomic force microscopy (AFM)
and surface-enhanced Raman spectroscopy (SERS). Initially grown mature fibrils from pH 2.5 solutions
show a long and intertwined morphology. Increasing the solution pH initiates the gradual disintegration
of the filamentous morphology into unordered aggregates. These observations are supported by SERS
experiments, where the spectra of the mature fibrils show mainly a b-pleated sheet conformation, while
the amide I band region of the amorphous aggregates indicate exclusively a-helix/unordered structures.
The results demonstrate that no complex reagent is required for the disintegration of insulin fibrils.

Simply regulating the pH of the environment induces local changes in the protonation state within the
peptide chains. This effectively disrupts the well-ordered b-sheet structure network based on hydrogen
bonds.
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1. Introduction

Aggregation of proteins and peptides into misfolded structures
is associated with the development of diverse neurodegenerative
diseases (e.g. Alzheimer’s disease) and metabolic disorders (e.g.
diabetes). The morphology of the involved aggregates is poly-
morph and ranges from nanometer-sized oligomers to intertwined
filamentous micrometer long structures [1–5]. It has been estab-
lished that protein fibrillation involves a very delicate molecular
equilibrium and during the self-assembling process, a hydrogen
bond-based b-sheet structure of the core develops [6–9]. The
molecular origin of fibril stability has been addressed in several
studies and reported to additionally involve electrostatic and van
der Waals interactions and aromatic p-p stacking. Any mechanical
or chemical perturbation during fibrillation growth affects the
reaction kinetics as well as the molecular and morphological struc-
tures of intermediates and mature fibrils. The interactions between
peptide chains control the supramolecular morphology and are
specific for each protein. This complicates both the establishment
of a generally valid building mechanism and the development of
drugs to disintegrate amyloidogenic aggregates.

It has been reported that various parameters can change the
properties of a peptide/protein such that the aggregation process
is initiated or hampered [2–5,10]. From a chemical perspective,
these include protein sequence, pH, net charge of the molecule,
excipients, and interfaces. Physical factors are pressure, tempera-
ture, agitation and lyophilization, which can influence the stability
of the peptides or protein. The simplest chemically induced manip-
ulation of fibrillation is by changing the pH of the growth solution.
Since distinct amino acids are prone to protonation (i.e. glu, his,
arg, lys) or deamidation (i.e. asn, gln), working under acidic or basic
conditions, respectively, affects not only the local structure within
the peptide/protein but its net charge state. As a result, electro-
static attractive/repulsive interactions between peptide chains
alter. In the experiments this can lead to an acceleration or sup-
pression of the aggregation process, whereby morphologically dif-
ferent aggregates are generated [10–16]. The susceptibility to the
introduction or abstraction of protons can be exploited to destabi-
lize the well-ordered structural network in mature fibril [13,16–
18].

In the present contribution, we focus on the behavior of mature
insulin fibrils after suspension in solutions with different pH values
in the range of 2.5–7. To the best of our knowledge, only two ear-
lier studies approached the effect of pH changes on insulin amyloid
fibrils [16,18] but no detailed information about molecular struc-
ture changes and morphology on the single particle level are avail-
able. Insulin is a 51 amino acids peptide that contains two chains
(A chain with 21 residues and B chain with 30 residues) that are
linked via disulfide bridges. It has been demonstrated that the S-
S bonds between the cysteine residues connecting the two strands
remain intact during fibrillation [19] and the natively predominant
a-helical structure converts to a highly ordered b-sheet rich con-
formation. This drastic conformational change is associated with
the formation of multiple intertwined filamentous structures. As
for other peptides and proteins, it has been observed that the insu-
lin fibrillation process is highly susceptible to environmental con-
ditions [14,20–23]. The profound morphological transformation of
insulin during fibrillation can be well studied in-situ by scanning
probe microscopy on individual species. With an atomic force
microscopy (AFM) the height, length, elasticity/stiffness and adhe-
sion of amyloid fibrils can be determined not only for dry samples,
but also in a liquid environment. This permits to follow the
dynamic aggregation process directly and to visualize morpholog-
ical and mechanical details [24–28].
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When the chemical structure is of interest, Raman spec-
troscopy, among other techniques, is well suited to characterize
amyloidogenic species not only in the bulk sample [29–32], but
also at the single fibril level when applied in the near-field [33–
36]. In Raman spectroscopy no labeling is required which might
interfere with the chemical structure of the probed sample and
the sample does not need to be specifically pre-treated. The draw-
back of low sensitivity of conventional Raman spectroscopy in the
visible range can be overcome by using surface-enhanced Raman
scattering (SERS) where the electromagnetic field can be enhanced
by surface plasmons in rough nanostructured surfaces, such as sil-
ver or gold when irradiated with the appropriate laser wavelength.
This phenomenon enables the chemical characterization down to
the single-molecule level. See for instance ref. [37–39] and litera-
ture cited therein. In addition to its high sensitivity, this label-
free technique (like standard Raman spectroscopy) also provides
specific information about the chemical composition of the probed
sample. As a result, SERS has become an extensively applied tech-
nique in surface and biological analysis [40,41]. When applied to
amyloid fibrils, the conversion of the peptide’s native structure to
a b-sheet rich conformation can be identified by considering the
amide I band region, which provides specific information about
the environment of a peptide bond. While for a-helix and random
coil structures in Raman spectroscopy bands at 1640–1664 cm�1

are detected, bands at 1665–1679 cm�1 can be assigned to b-
sheet structures [33–36].

In the present study, insulin from bovine pancreas was fibril-
lated at pH 2.5 and the obtained gel was suspended in pH 4–7 solu-
tions. The AFM topography images of the dried samples indicated
the degradation of mature fibrils to amorphous aggregates. The
subsequent SERS experiments confirmed the gradual disintegra-
tion of the well-ordered b-pleated sheet structure of mature fibrils
to a conformation dominated by a-helix/unordered structures.

2. Material and methods

2.1. Sample preparation

Insulin from bovine pancreas (Sigma-Aldrich, Germany) was
dissolved (60 mg/mL) in HCl (pH 2.5) and heated at 70 �C for
2.5 h without stirring. After cooling to room temperature, 10 ml of
the fibrillar gel was suspended in aqueous solution (pH 2.5, 4, 5,
6 and 7), 1:100 (V/V) respectively. pH values from 4 to 7 were
adjusted by adding a 20 mM Tris (tris(hydroxymethyl)aminome
thane) solution. 10 ml of the sample was dropped onto cleaned
(ethanol) glass cover slips. After incubating for 5 min, the drop
was gently removed from the glass surface with a pipette and
washed twice with 10 ml of the respective solution. The samples
were dried at room temperature for the AFM measurements in
the dry state. For in situ AFM imaging in solution, 10 ml of the pH
2.5 sample was incubated, rinsed and transferred to an AFM liquid
cell. After injecting 700 ml of a pH 4 solution AFM images were
immediately acquired.

2.2. Atomic force microscopy

AFM measurements were performed with a JPK NanoWizard I
(Bruker-JPK BioAFM, Germany) AFM in intermittent contact mode.
For dry state measurements Tap 190Al-G cantilevers (Budget Sen-
sors, Bulgaria) were used. Liquid measurements were performed
with NSG10 (NT-MDT, Russia) cantilevers. 1–10 mm images were
scanned with a 256 � 256 pixels resolution. On each sample at
least 10 different scan regions were investigated for each pH con-
dition. To follow the dynamic degradation process in liquid, the
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same sample area was scanned continuously for approx. 80 min.
Topography images were offset corrected applying a line by line
polynomial fit procedure (JPK imaging processing software,
Bruker-JPK, Germany)

2.3. Surface-Enhanced Raman spectroscopy

A silver colloidal SERS substrate was prepared following the
procedure from Leopold et al. described in ref. [42]. 10 ml of the col-
loid was applied to a pre-cleaned glass slide, which was previously
treated with HNO3/H2O2 3:1 for 2.5 h and dried under argon. 10 ml
of the same insulin fibril suspensions (pH 2.5, 4, 5, 6, 7, c = 1�10�4

mol/L) used for AFM imaging was drop-cast onto the silver
nanoparticles. After incubating for 5 min the solution was gently
sucked off and the sample was rinsed with 10 ml of the respective
solution. After drying under argon, SERS spectra were immediately
acquired. The Raman system was equipped with a 40x (N. A. 1.35)
microscope objective. For excitation laser light at k = 532 nm with
a power on the sample P = 50 mW was used. Spectra were acquired
at tacq = 3–10 s with 6 acc. on 20–30 different areas on each sample.
All raw spectra were imported in Igor-Pro 7.08 32 bit (WaveMet-
rics Inc. USA) and arranged with a y-offset for better visualization.
No further data processing was applied.

3. Results and discussion

From two earlier studies it is known that insulin fibrils degrade
in an aqueous suspension at pH > 8 yielding amorphous aggre-
gates/oligomers, which can be imaged with an AFM or a transmis-
sion electron microscope (TEM) [16,18]. These data provide
information about the bulk samples, but individual structures or
200 nm

0

0

500 nm

)b()a(

)e()d(

7.28 nm

0

13.8 nm

4 Hp5.2 Hp

7 Hp6 Hp

Fig. 1. AFM topographies of dried aggregates obtained after suspending mature insulin fi
(b) mature fibrils suspended at pH 4; (c) mature insulin fibrils suspended at pH 5; (d) mat
profile lines across representative structures of the samples in (a)–(e). White and black
were offset-corrected applying a line by line polynomial fitting procedure.
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the dynamics of the disintegration process were not studied. In
our experiments, the morphology of disintegrated insulin mature
fibrils after suspension in pH 4–7 solutions was first investigated
using an AFM. In the next step, SERS experiments followed, focus-
ing on changes in the secondary structure of the generated
specimen.

The initially long intertwined insulin mature fibrils grown at pH
2.5 in Fig. 1a show the typical height of �5 nmwith a length of sev-
eral micrometers. The observations are consistent with previous
results that have shown that insulin favorably forms fibrils in
low pH solutions, which are remarkably stable in their growing
medium [22,32,34,43,44].

When mature insulin fibrils grown at pH 2.5 were suspended in
a pH 4 solution, the morphology became less defined with struc-
tures that were typically shorter and thicker (height �10–15 nm,
see Fig. 1b), which indicated the beginning of disintegration.
Although the majority of the imaged structures was filamentous,
already a few irregularly structured aggregates (height �17–
25 nm) were detected. In the further experiments, mature fibrils
were suspended in solutions with a pH of 5–7. The corresponding
AFM topographies are given in Fig. 1c-e. The gradual degradation
process when the pH of the medium was increased to 5 and 6
(Fig. 1c,d) is clearly visible. Similar to pH 4, at pH 5 the majority
of the detected structures were filamentous, while the appearance
of pH 6 particles was already more similar to the situation at pH 7.
At pH 7, elongated structures could hardly be detected, and the
sample was dominated by more or less spherical particles with a
height�6–17 nm (see Fig. 1e). In Fig. 1f profile lines across selected
areas on the samples show the height differences of fibrils and dis-
integrated species. Ten different areas were investigated on each
sample, from which a selection of additional five images for each
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condition is provided in the Fig. S1-S5. It should be mentioned that
tris(hydroxymethyl)aminomethane (Tris) was used instead of
NaOH to adjust the pH. Thus, the sample-tip interactions in the
subsequent in-situ AFM measurements in liquid were better con-
trollable [45]. According to a previous study [18], the usage of Tris
instead of NaOH does not affect the results. To obtain a deeper
insight into the dynamic pH-dependent amyloid fibril dissociation
process, in-situ AFM measurements were performed at pH 4.
Immediately after suspending the fibrillar gel in pH 4 solution,
the sample was transferred to a liquid AFM cell and investigated.
Fig. 2a-d shows four topography images of a repeatedly scanned
area from a period of 34 min. The complete data set is available
in the Movie 1 in the Supplementary Material. In Movie 2 and
Movie 3 in the Supplementary Material two more datasets are pro-
vided showing the gradual disassembly of mature fibrils after sus-
pending in pH 4 solution.

The images in Fig. 2a-d show that the fibril first split before the
right end continuously shortened and finally dissolved within
18 min. In contrast, the left end of the fibril initially showed a sim-
ilar behavior, but then remained stable. Further dynamic experi-
ments demonstrated that not all fibrils were equally susceptible
to the pH change within the examined time period (see Movie 2,
3 in the Supplementary Material). This is in agreement with the
image in Fig. 1b where filamentous structures dominate the overall
topography while unordered aggregates were only randomly
detected. With regards to previous studies in this field [16,18], it
was supposed that in case of disintegration, soluble particles were
formed instead of insoluble aggregates that detached from the
glass surface. Shammas et al. observed morphological changes at
pH > 4 in terms of fibril broadening and shortening[18], which is
in agreement with our results in Fig. 1b. On the other hand, in their
experiments, the dissolving of filamentous structures was found
only above pH 8, with complete dissociation at pH 12. The reason
why a partial disaggregation could already be observed at pH 4 in
the current experiment is probably due to the different sensitivity
of the detection methods used. While AFM allows analysis on the
single particle level, Shammas et al measured the absorbance of
the solution to determine the concentration of soluble insulin
produced.

Naturally, the pH-dependent dissolution of the fibrillar struc-
ture must be associated with a change in conformation. In previous
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Fig. 2. In situ monitoring the disintegration of a mature insulin fibril after suspension at
fibrillar gel in pH 4 solution, (b) topography after 8 min, (c) topography after 12 min, (d

4

studies the (partial) unfolding of the b-sheet structure in the bulk
samples was detected using infrared spectroscopy and the thiofla-
vin T (ThT) binding assay [16,18]. In the present study SERS was
employed to sensitively determine conformational changes.

In the first step, SERS spectra from insulin fibrils generated at
pH 2.5 were acquired on silver colloids (see Fig. 3a). Although sil-
ver nanoparticles are sensitive to hydrochloric acid solutions, band
positions are not affected as has been demonstrated in a work on
silver island films [46]. Since SERS is a surface sensitive detection
method the spectral information is limited to the surface of the
probed particles. Consequently, the relative orientation of mole-
cules directly interacting with the SERS substrate affects the spec-
tra. In the experiments slight heterogeneities across the samples in
terms of varying band position, intensity and width are often
observed and SERS spectra can differ significantly from far-field
Raman spectra. In the present experiment, the SERS spectra of fib-
rils differ from the standard Raman spectrum in Fig. S6, in which
the conformation of the bulk sample is probed. The spectra in
Fig. 3a are characterized by intensity fluctuations and heterogene-
ity but the characteristic bands of aromatic and nonaromatic side
chains of amino acid residues are detected at 998 cm�1 (phenylala-
nine, phe), 825, 856 cm�1 (tyrosine, tyr) [34], and at 656, 759 cm�1

(cysteine, cys) [19,29,47]. Amide I bands at 1668–1676 cm�1 (red
bar) indicate a ß-sheet structure, which is generally considered
as marker band for amyloids [29]. Additional bands at 1634–
1648 cm�1 point to a contribution from a-helix/random coil struc-
tures. The detection of mixed secondary structures was expected
and is in agreement with results from near-field Raman experi-
ments [48,49]. It should be noted that contributions from native
insulin could be excluded because soluble components were
removed during sample preparation.

An aliquot of the mature insulin fibril suspension at pH 4 and
pH 7, respectively, was used for the SERS experiments. To exclude
contribution from non-fibrillar insulin, samples were rinsed after
incubation on the SERS substrate. It should be noted that due to
the molar concentration of insulin in the sample, standard Raman
spectra were dominated by signals from Tris, which obscured any
insulin bands and did not provide useful information. Fig. 3b and c
show six out of 20 spectra each, which were acquired on different
locations across the samples. When looking at the spectra in Fig. 3-
a-c, it is apparent that the band at 759 cm�1 assigned to cys is sig-
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pH 4 using AFM in liquid. (a) Topography image immediately after suspending the
) topography after 32 min. Scan rate 2.5 Hz, 256 � 256 px.
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Fig. 3. SERS spectra of dried insulin aggregates on silver colloids, (a) SERS spectra of insulin fibrils after suspension at pH 2.5, tacq = 3–10 s, 6 acc, P = 50 mW; (b) SERS spectra of
insulin fibrils after suspension at pH 4, t = 5 s, 6 acc, P = 50 mW; (c) SERS spectra of insulin fibrils after suspension at pH 7, t = 5 s, 6 acc, P = 50 mW. Spectra in (a)–(c) were
acquired on different areas on the samples. Amide I band regions indicating a-helix/unordered structures (green) and b-sheet structures (red) are highlighted. The marked
bands (*) might contain some additional contributions from Tris. For better visibility, the spectra are arranged with a y-offset.

E.Y. Darussalam, O. Peterfi, T. Deckert-Gaudig et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 256 (2021) 119672
nificantly enhanced in the SERS spectra compared to the Raman
spectrum in Fig. S6. This can be attributed to the high affinity of
the silver substrate for sulfur in cysteine and was already earlier
reported [50]. The fact that no S-S modes were detected in Fig. 3-
a-c suggests that the disulfide bridges were broken by binding of
the cys residue to the silver substrate via Ag-S bonds.

In Fig. 3b, low intensity bands at �1664 cm�1 can be assigned to
b-sheet structures, while the most of the spectra show a band at
�1639 cm�1 indicating a-helix/unordered structures (green). This
observation corresponds well with the partial dissolution of the
intertwined fibril morphology at pH 4 monitored with the AFM
(Fig. 1b, Fig. 2). The SERS spectrum in Fig. 3c was recorded on
the amorphous aggregates generated whenmature insulin amyloid
fibrils were treated with a pH 7 solution. In these experiments,
amide I bands were exclusively detected at �1636–1652 cm�1

(green, a-helix/random coil). In this condition, no spectrum points
to the presence of ß-sheet structures, which correlates with the
AFM results in Fig. 1c, where no more filamentous structures were
identified.

It can be assumed that an increased pH changed the protona-
tion state of distinct amino acid residues and thus the net charge
of the peptide in amyloid fibril. As a result, the hydrogen bond-
based network and the overall fibrillar structure were destabilized.
In previous pH-dependent amyloid dissolution experiments and
modeling it was suggested that mainly the residues glutamic acid
(glu), histidine (his) lysine (lys), arginine (arg) and tyrosine (tyr)
were involved in this process [16–18,51]. The pKs of these amino
acids were determined in a model peptide and it was found that
glu is partially deprotonated at �pH 4 and completely deproto-
nated at pH 7 [52]. His is protonated at �pH 4 and deprotonated
at �pH 7. Finally, tyr (uncharged) lys, and arg (protonated) remain
unchanged up to high pH values. If these finding are applied to the
current AFM and Raman results it should be noted that the values
can only be considered as estimates, since the model compound
had no significant hydrogen bonds. Thus, it was postulated that
the deprotonation of glu and his residues was one of the driving
forces in the dissolution of the b-sheet secondary structure of insu-
lin fibrils at pH 4–7. Indeed, near-field Raman spectroscopic results
5

reported a high abundance of COOH groups (17%) on pH 2.5 insulin
fibrils[49], which renders the aggregates prone to pH changes.
Although, tyr (27%) and NH3

+/NH2
+ (19%) were also frequently pre-

sent on insulin fibrils [49], they were probably not involved, since
the protonation state does not change within the investigated pH
range. The role of histidine did not seem to be decisive either, since
it was hardly detected (<1%) [49] on the fibrils. Finally, it should be
mentioned that the interactions between peptide and solvent can
also change depending on the pH and thus contribute to the disin-
tegration [17].
4. Conclusion

In the present contribution mature insulin fibrils grown at pH
2.5 were suspended in pH 4–7 solutions and the produced aggre-
gates were investigated by AFM and SERS. The topography images
show that at pH 4 the majority of the detected structures were still
filamentous, albeit with greater height and shorter length. As the
pH of the medium was raised to 5 and 6, more and more disor-
dered particles were identified until finally at pH 7 no more fibrils
were present. The morphological gradual degradation could be fol-
lowed time-dependently with in-situ liquid AFM measurements at
pH 4. During the time period studied, some fibrils disintegrated
within minutes, while others remained unaffected. The corre-
sponding SERS experiments confirmed the gradual disintegration
of the well-ordered b- sheet structure of the mature insulin fibrils
by a shift of the amide I band from 1672 cm�1 for the pH 2.5 con-
dition to 1638 cm�1 for the pH 7 condition. Accordingly, a mixture
of b-sheet and a-helix/unordered conformations was detected in
the spectra of mature insulin fibrils after suspension in a pH 4 solu-
tion. After considering models estimating the pKs of individual
amino acid residues in proteins, it was postulated that the change
in the protonation state of the glutamic acid residue is an impor-
tant parameter in disrupting the fibril backbone. The results
demonstrate that no specifically designed compound is necessary
to disrupt the well-ordered b-sheet structure of amyloid fibrils,
but a change of the pH can already have a destabilizing effect.
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