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Nanoscale Structural Organization of Insulin Fibril
Polymorphs Revealed by Atomic Force Microscopy–
Infrared Spectroscopy (AFM-IR)
Stanislav Rizevsky[a, b] and Dmitry Kurouski*[a, c]
Spontaneous aggregation of misfolded proteins typically results in the formation of morphologically and structurally different amyloid fibrils, protein aggregates that are strongly associated with various neurodegenerative disorders. Elucidation
of the structural organization of amyloid aggregates is crucial
to understanding their role in the onset and progression of
these diseases. Using atomic force microscopy–infrared spectroscopy (AFM-IR), we investigated the structural organization
of insulin fibrils. We found that insulin aggregation results in
the formation of two structurally different fibril polymorphs.
One polymorph has a b-sheet core surrounded by primarily
unordered protein secondary structure. This polymorph has bsheet-rich surface, whereas the surface of the other fibril polymorph is primarily composed of unordered protein. Using
AFM-IR, we also revealed the structural organization of the insulin oligomers. Finally, we discovered a new pathway for amyloid fibril formation that is based on a fusion of several oligomers into a single fibril structure.

made up of tightly packed, laterally aggregated smaller filaments, now known as filaments. These filaments exhibited a
characteristic X-ray fiber diffraction pattern. Based on this pattern, it was proposed that fibril filaments were composed of
two planes of b-sheets with 4.7  interstrand and 10  sheetto-sheet spacing.[2] Filaments stretch microns in length in the
direction perpendicular the peptide strand in the b-sheets.
They can braid, coil or associate side-by-side in different fashions, forming morphologically different fibril polymorphs.[3]
Fibril polymorphism can be also explained by slightly different ways of aggregation of misfolded proteins. In this case,
fibril polymorphs will have different structural organization.[4] If
morphological or supramolecular polymorphism is well understood, the nature of structural polymorphism remains unclear.[3b, 5] Structural polymorphism can potentially be resolved
by the application of solid-state nuclear magnetic resonance
(ss-NMR)[6] and cryo-electron microscopy (cryo-EM),[7] as well as
other spectroscopic techniques.[8] However, some of these
techniques do not possess the required sensitivity, whereas
others do not have required spatial resolution that are necessary for characterizing heterogeneous fibril polymorphs. These
limitations can be overcome by using optical scanning probe
microscopy such as tip-enhanced Raman spectroscopy (TERS)[9]
and atomic force microscopy infrared spectroscopy (AFM-IR).[10]
For instance, Kurouski and co-workers showed that TERS could
be used to probe the surface structure of individual insulin
fibrils.[3b, 11] They found that the fibril surface is heterogeneous
from the viewpoint of both protein secondary structure and
amino acid composition. Using TERS, Deckert-Gaudig and coworkers showed that unordered protein secondary structure
dominates on the fibril surface, whereas the fibril core is composed of b-sheets.[12] The Zenobi group demonstrated that
amyloid b1–42 fibrils have sophisticated structures with turns,
unstructured coils, and b-sheets simultaneously present on the
fibril surface.[13] Using TERS, Talaga and co-workers found that
the parallel b-sheet secondary-structure content was lower and
the random-coil content was higher for fibers grown from tubulin-associated unit (Tau) fragments (K18) in the presence of
the inner cytoplasmic membrane phosphatidylinositol component instead of heparin sodium.[14]
It should be noted that TERS provides very limited information about the actual structural organization of amyloids because collected spectra originate largely from the surface of
protein aggregates, as the electromagnetic enhancement rapidly decays with an increasing distance from the metal surface.
Specifically, it has been found that the electromagnetic enhancement decays to ~ 90% if the distance from the plasmonic

Introduction
Amyloid diseases have a remarkable effect on our society.
Every 67 seconds someone in the U.S. develops Alzheimer’s
disease, although only 45% of these people have received this
diagnosis. In the U.K., the cost of Alzheimer’s and dementia
has already passed £30 billion, and the global cost of Alzheimer’s and dementia is estimated to be around $600 billion. A
hallmark of these severe maladies is amyloid plaques, extracellular deposits that are formed as a result of neuron degradation in the brain.
Cohen and Calkins investigated structural organization of
amyloid plaques and found that they are primarily composed
of long unbranched fibril-like aggregates.[1] Extraction and purification of these aggregates revealed that mature fibrils are
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metal surface reaches 1 nm. Based on this experimental evidence, we would expect that TERS probes biological specimens to a depth of ~ 1 nm.[15] Therefore, it is correct to say
that TERS primarily probes the structure of fibril surfaces and
consequently the structural variability of fibril polymorph surfaces (Figure 1).[16] Although this information is very important, it
is not sufficient to reveal the structural organization of individual fibril aggregates.

Due to the absorbance nature of AFM-IR, the probing depth
directly depends on the absorbance properties of the material.
Previous studies suggested that, for protein aggregates, the
signal originates from the whole volume of the fibrils.[18b, c, 19c, d, 24, 25] Thus, the penetration depth of AFM-IR
uniquely suits the structural characterization of amyloid fibrils
that should appear completely transparent for this spectroscopic technique (Figure 1). It also becomes evident that TERS
and AFM-IR should complement the structural characterization
of fibrils because, unlike AFM-IR, TERS primarily probes the surface of fibrils.
Moreover, our group recently demonstrated that, in addition
to the complementarity in terms of the probing depth, IR and
Raman spectroscopy (RS) provide completely different but
complementary information about the structure of fatty acids,
components of lipids, membranes, and plant epicuticular
waxes.[26] Specifically, we showed that IR detects the carbonyl
and ester groups of fatty acids, whereas the signatures of
these chemical groups are absent in the corresponding Raman
spectra. Conversely, RS reveals the conformational organization
of fatty acids, which is not accessible to IR. These findings suggest that IR and RS should be used simultaneously for a full
structural characterization of biological specimens.

Figure 1. Schematic representation of TERS and AFM-IR imaging of amyloid
fibrils. TERS provides information about the surface of the fibril, whereas
AFM-IR probes the whole volume of the fibril revealing both fibril core and
surrounding shell.

AFM-IR offers a unique opportunity to solve this problem
without a substantial sacrifice of sensitivity and spatial resolution.[10b, 17] AFM-IR measures thermal expansions of the sample
that are induced by pulsed infrared (IR) radiation.[18] Sample expansion causes the AFM probe to oscillate; these oscillations,
following Fourier transformation, directly correspond to the IR
spectrum of the sample. Consequently, AFM-IR is capable of
providing chemical information about the sample surface with
sub-diffraction-limit spatial resolution. AFM-IR has been used
to investigate various topics in biology and surface chemistry
including polyglutamate and a-synuclein aggregates,[19] malaria-infected blood cells,[20] plant epicuticular waxes,[21] polycrystalline perovskite films,[22] and bacteria.[23] Specifically, Amenabar and co-workers demonstrated that AFM-IR could be used
to probe the structural organization of individual insulin fibrils.[24] It has been found that both a-helical and b-sheet secondary structures were the predominant contributions to
these fibrils, whereas disordered structures were almost entirely absent in the fibrils. Recently, Henry and co-workers used
AFM-IR to investigate how 1-palmitoyl-2-oleoylphosphatidylcholine, sphingomyelin, and cholesterol modify the structure
of amyloid aggregates prepared from wild-type amyloid b1–42
peptide, as well as its G37C mutant.[25] The researchers found
that aggregation of both wild-type b1–42 and its mutant in the
presence of these phospholipids substantially changes the
structural organization of mature fibril species. Ruggeri and coworkers investigated the structure of poly-glutamine (polyQ)
fibrils, as well as the structure of oligomeric and fibril species
formed from the Josephin domain of ataxin-3 implicated in
spinocerebellar ataxia-3 by using AFM-IR.[19c, d] The researchers
were able to detect conformational transitions that were
taking place from native spheroidal oligomers, through misfolded oligomers, to the final amyloid fibrils.
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Results and Discussion
In this study, we used AFM-IR to investigate the structural polymorphism of insulin fibrils. We found that insulin aggregation
at pH 2.0 results in the formation of two structurally different
fibril polymorphs (Figure 2). Both fibril polymorphs exhibit flat
topology and can be classified as tape-like fibrils according to
previously developed terminology.[3b] These fibrils have a
height of 10–12 nm and stretch microns in length (Figures S1
and S2). Spectroscopic analysis of the fibrils revealed vibrational bands around 1620 and 1660 cm -1, which can be assigned
to b-sheet, a-helix/unordered protein secondary structure (Fig-

Figure 2. Two structurally different insulin fibril polymorphs revealed by
AFM-IR. Height images of fibrils (A and C) with the corresponding AFM-IR
images (B and D) of polymorphs 1 (A, B) and 2 (C and D). a-Helix/unordered
protein secondary structures (1660 cm 1) and b-sheet (1620 cm 1) are shown
in red and green, respectively.
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ure S3).[24, 27] We also observed a vibrational band around
1695 cm 1, which has been previously assigned to b-turns.[24]
AFM-IR imaging showed that the first fibril polymorph (polymorph 1) had a uniform b-sheet core (Figure 2 B, green), which
was surrounded by a shell dominated by a-helix/unordered
protein secondary structures (Figure 2 B, red). This observation
confirms a previously proposed theory about b-sheet-induced
growth on fibril surfaces.[3a, b] According to this theory, b-sheet
domains on the surface act as templates for unordered proteins, thereby promoting the lateral growth of these protein
aggregates. We also found that this fibril polymorph had a
thin layer of b-sheet at the exterior surface.
Using AFM-IR, we found that the second fibril polymorph
had nearly a mirror image secondary structure. Its core was
made of a mixture of b-sheet and a-helix/unordered protein
secondary structures that is covered by a layer of b-sheet. This
b-sheet structure likely templates unordered protein present in
solution to adsorb to the fibril surface. Therefore, the fibril surface of this polymorph is coated by a thin layer of a-helical/
unordered protein. It should also be noted that this fibril polymorph was previously observed by Deckert-Gaudig and coworkers using TERS.[12]
Direct visualization of both of fibril polymorphs by AFM-IR
suggests that structural organization of amyloid aggregates is
far more complex than expected.[12] Our results demonstrate
that both b-sheet- and unordered protein-coated fibril polymorphs co-form upon protein aggregation.
AFM-IR also allowed us to detect oligomers inside some
fibril species For instance, one the fibrils had at least three oligomers linearly assembled together (Figure 2 D). These oligomers had a b-sheet-rich core that was covered by a-helix/unordered protein secondary structures. We also observed these
oligomers in the early stages of protein aggregation (Figures 3
and S4).
These results suggest that oligomers assemble to form the
amyloid fibril. This fibril-formation mechanism could be responsible for the isolation of protein oligomers and their integration into much less toxic amyloid fibrils.[8b] The fibril-formation mechanism was previously only observed for a-lactalbumin with one out of four remaining disulfide bridges.[28] Our
results suggest that this oligomer-association-driven fibril for-

mation might be protein general. More detailed microscopic
investigation is required to fully explore the mechanisms of oligomer assembly into fibrillar species. This work is beyond the
scope of our study.
These experimental findings allow us to propose a new
model of structural polymorphism in amyloid aggregates. According to this model (Scheme 1), protein aggregation results

Scheme 1. Proposed mechanism of protein aggregation into fibril polymorph 1 and 2. A) Fibril b-sheet rich oligomers B) propagate into structurally
different filaments C) that form mature amyloid fibrils. D) Lateral growth of
fibrils (d) produces the second later of b-sheet on their surface.

in the formation of two structurally different oligomers (a).
Their b-sheet secondary structure, which has been previously
proved by means of molecular-dynamics simulations[29] and
surface-enhance Raman spectroscopy (SERS)[30] , acts as a template for the aggregation of misfolded proteins. Structural differences at the level of the oligomers leads to the growth of
two structurally different fibril filaments (b). The first fibril filament (polymorph 1) has predominantly well-organized b-sheet
core, whereas protein-unordered secondary structure dominates in the fibril filament of polymorph 2.
As a result of lateral growth, which was previously proposed
by Jimenez and co-workers,[3c] a layer of b-sheet grows on
both fibrils (d). While this layer of b-sheet forms the surface of
polymorph 1, further protein aggregation occurs on the sur-

Figure 3. Structural organization of insulin oligomers with a b-sheet-rich
core and a shell dominated by unordered protein. a-Helix/unordered protein
secondary structures (1660 cm 1) and b-sheet (1620 cm 1) are shown in red
and green, respectively.
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face of polymorph 2. This results in a thin layer of unordered
protein secondary structure on its surface (Figure S5).
In conclusion, we have shown that AFM-IR could be used to
probe the nanoscale structural organization of individual fibril
polymorphs. We found that one fibril polymorph has a uniform
b-sheet core surrounded by primarily unordered protein secondary structure, whereas the core of the second fibril polymorph is built of both b-sheet and unordered protein secondary structure. Moreover, polymorph 1 has b-sheet-rich surface,
whereas the surface of polymorph 2 is primarily composed of
unordered protein. We have also shown that AFM-IR could be
used to probe the structural organization of insulin oligomers
and demonstrated that they can co-assemble into amyloid
fibril species. These findings also suggest that both AFM-IR
and TERS should be used to achieve complete resolution of
the structural organization of biological specimens.
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Experimental Section
Fibrils: Bovine insulin (Sigma–Aldrich was aggregated for 48 h at
pH 2.0 and 65 8C. The pH of the solution was adjusted by adding
HCl. A sample aliquot was diluted with HCl solution, deposited
onto silicon nitride film (Ted Pella, Redding, CA) and dried at room
temperature.
AFM-IR: AFM-IR analysis was conducted by using a Nano-IR3
system (Bruker). The IR source was a QCL laser. Contact mode AFM
tips (Anasys Instruments Inc., Santa Barbara, USA) with a resonance
frequency of 13  4 kHz and a spring constant of 0.007–0.4 N m 1
were used to obtain all spectra and maps. IR maps at 1620 and
1660 cm 1 wavenumbers values were obtained to study the distribution of protein secondary structures on the fibrils. The AFM
height and deflection images were acquired simultaneously with
the IR maps. Line-profile measurements indicated that the spatial
resolution of the AFM-IR imaging in our experiments was ~ 10 nm
(Figure S6).
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microscope infrared spectroscopy (AFMIR) has revealed that two structurally different fibril polymorphs that can be simultaneously grown from insulin. Additionally, AFM-IR enabled the visualization of the structural organization of insulin oligomers.
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