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A nanoindentation approach based on atomic force microscopy was applied to test the elastic properties of insulin
amyloid fibrils. Fibrils exhibited a nearly elastic response to the compressive load. The results, corrected for the
finite sample thickness effect, reveal that the fibril Young’s modulus is considerably lower than the modulus of

protein crystals, suggesting lower packing density in

amyloid fibrils. Variation in elasticity among and within

fibrils has been studied, showing that the Young’s moduli of insulin fibrils have a relatively wide distribution of
values, ranging from 5 to 50 MPa. Amyloid fibrils with higher modulus were found to be more wear-resistant

during AFM scanning. The measured distribution of

elasticity values of different fibrils together with wear-

resistance tests indicates structural heterogeneity among fibrils, whereas the structure of individual fibrils appears
to be homogeneous. The relative simplicity of the method used in this study can facilitate rapid collection of

guantitative information related to the packing density

Introduction

and heterogeneity of fibrils formed by different proteins.

sample’s resulting deformation with subnanometer accuracy.
These values are extracted from the force-displacement curves

More than 20 neurogenerative diseases have been associategbllected during nanoindentation experiments employed here.

with amyloid aggregatioh.The ability to form amyloid struc-

tures is considered a generic property of polypeptide cHains.
The propensity to form amyloid fibrils and the detailed organi-
zation within fibril structures depend on the specific amino acid

sequencé.Over the past three decades, considerable attention
has been focused on the aggregation mechanism and structure

of amyloid fibrils1~7 It is widely accepted that amyloid fibrils

of different proteins have a common cro§sstructure with
B-strands oriented perpendicularly to the axis of the fibtif.
Amyloid fibrils are relatively stable even in adverse chemical
environments. For example, they are highly protease resfstant.
Despite their stability, it appears that the packing of protein
molecules within amyloid fibrils is not as dense as within glob-
ular proteins, as revealed by cryo-electron microscopy studies
of the SH3 amyloid fibril structur@.This observation is sup-
ported by recent calorimetric measurements which indicate that
amyloid fibrils have looser internal packing in comparison with
globular proteins in the native folded stafdnformation about

the packing density of proteins inside fibrils remains scarce.
Packing density has been related to the flexibility of protein
moleculesi! and thus the compactness of the amyloid fibril
structure can be inferred by testing the elastic properties of
fibrils. In addition, because nontoxic protein fibrils could be
promising nanobiomaterial3; 14 obtaining their mechanical
properties at a high resolution is useful to the development of
novel materials.

Atomic force microscopy (AFM) has been employed to reveal
the structural features of amyloid fibril§-18 In addition to
mapping the topography of samples, AFM is often used in a
force—scan modality. The force measurement modality em-
ployed in this study permits characterization of the mechanical
properties of fibrils. This mechanical characterization of soft

The AFM nanoindentation technique has been commonly
used for quantitative measurements of local elasticity with high
(~10 nm) spatial resolutiot?, 27 including measurements of
elastic properties of individual dendritic molecitesand
individual nanofiberg”? In these applications, the AFM tip is
Ssed as a nano-indenter. A small, measurable indentation results
from the application of a suitable force to the AFM tip. The
measured force-indentation dependences are processed to esti-
mate the Young’s modulus (also known as the elastic modulus)
of the sample. The Young’'s modulus is obtained by applying
appropriate mechanical modéfs30to fit the indentation data.
One of the major assumptions in applying these models is that
the sample is treated as a semi-infinite homogeneous elastic
solid 2223However, when a tip indents a thin soft sample placed
on a hard substrate, the indentation is affected by the underlying
substrate if the radius of contact area is comparable to the sample
thickness! Since the thickness of fibrils (in the experiments
reported here ranging from several nanometers to approximately
10 nm) is comparable with the tip radi~(0 nm and more), a
correction due to the finite thickness of the sample is required
for more accurate estimation of their Young's modé#325

In this report, we apply the AFM nanoindentation technique
for the direct characterization of internal packing in insulin
fibrils. Amyloid aggregation has been associated with insulin
production, storage, and delive¥yInsulin is known to readily
form amyloid fibrils upon destabilization of the native stéte.

In particular, insulin fibrillates rapidly in acidic solutions with
pH between 1 and ¥ Common morphological features
observed during fibrillogenesis of insulin and other proteins,
including a-synuclein and the B1 domain of protein G, have
been used to suggest a general hierarchical mechanism of

materials requires the simultaneous measurement of applied?‘mylo'd assembly* This mechanism implies structural similar-

forces ranging from 10 to 1078 N and the registration of the
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ity of the resulting assemblies. However, a recent report on the
amyloid aggregation of2-microglobulin indicates that there
are distinct competitive pathways in amyloid assenidlythe
present study, direct mechanical testing with AFM is employed
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Figure 1. Height images (panels a, c, d, and e) of seven insulin fibrils (labeled by 1—7) that were used in nanoindentation experiments. The
crosses on the images show the positions at which the force-displacement measurements were performed. The arrows indicate the positions
at which the force plots shown in Figure 3 were collected. The substrate is a flat mica surface. Data collected on the substrate were used to
calibrate the deflection sensitivity of the instrument. Panel b shows representative force-separation curves collected on the fibril and on the mica
substrate at positions indicated with squares in panel a. The force curve on the fibril shows no adhesion and prominent indentation, whereas
the force curve on the mica substrate shows large adhesion as well as large (~5 nm) tip—surface distance where the instability in the tip
position occurs during the probe approach.

to examine the heterogeneity in packing density between andto absorb onto the mica substrate for about 1 min. Excess fibrils were
within insulin fibrils. This testing involves nanoindentation of removed by rinsing the sample with 3& of 10 mM HCI solution
fibrils with the AFM probe that provides the effective elastic five times.
modulus of fibrils. Similarity between modulus values that are ~ AFM Measurements. All AFM measurements reported here
obtained on individual fibrils indicates the validity of the (including force-displacement and topographic mapping) were per-
nanoindentation approach in amyloid fibril characterization. A formed using a Molecular Force Probe 3D AFM (MFP-3D, Asylum
similar nanoindentation approach has been used to characteriz&esearch, Santa Barbara, CA). Silicon nitride probes (model NP-S20,
the elasticity of poly(-lactic acid) nanofiberd’ Veeco, Santa Barbara, CA) with a nominal spring constant of 0.32
The measured Young’s moduli of insulin fibrils indicate that N/m were used in all measurements. Spr?ng constants were measured
insulin fibrils possess looser internal packing compared with USing the thermal noise methgt-The spring constants of the two
globular protein crystals. In addition, the statistical distribution Patches of probes used in our experiments were 0.22 and 0.36 N/m.
of the finite-thickness corrected moduli shows that some AFM measurements were performed with samples immersed in 10
filaments have a significantly higher elastic modulus indicating ™M HCI solution. The assembled apparatus was allowed to equilibrate
structural heterogeneity between simultaneously prepared fibrils, f0F @Pproximate} 2 h prior to each experiment to reduce thermal drift.

This observation is supported by higher wear resistance of fibrils ﬁfcte_r the_equilib;atior}, toEographic itmages werg ConedCttehd using th?
with larger elastic moduli, imaging mode (also known as tapping mode) and the scan rate

was kept 1 Hz. Fibrils were identified in the resulting maps, and typical
shapes were selected for the indentation measurements. Several different
Materials and Methods positions along the selected fibril were chosen for performing indenta-
tion measurements, which involved the collection of a series of force
Sample Preparation. Bovine insulin solutions (5 mg/mL) were curves. Each force curve consisted of a force-displacement record
prepared by dissolving bovine insulin (Sigma-Aldrich, St. Louis collected during reciprocating probe motion toward and away from the
MD; used as received) in a 10 mM HCI solution. Insulin solutions sample. The probe started motion toward the sample from the height
were incubated in polypropylene microcentrifuge tubes (Fisher Sci- of approximately 200 nm above the surface that continued until the
entific, Pittsburgh, PA) at 80C for 48 h to prepare mature insulin  predetermined deflection of the force-sensing cantilever was reached.
fibrils.3® After preparation, the fibril solutions were diluted with 10  Then the motion was reversed bringing the probe to approximately the
mM HCI solution to the total concentration of 0.5 mg/mL and then initial height above the surface. Five force curves were collected at
centrifuged at 3000 rpm (MiniSpin Plus centrifuge, Eppendorf, West- each fibril location as well as on the mica substrate close to the
bury, NY) for 30 s to separate soluble insulin species. The precipi- measurement point at the fibril (see Figure 1). Measurements on the
tates were collected and washed by adding the same volume of 10 mMsubstrate were used to calibrate the deflection sensitivity of the
HCI as the volume of removed liquid. Fibrils were washed by gentle instrument that is necessary to convert fordesplacement measure-
shaking of the centrifuge tube. This separation procedure was repeatednents into force vs tipsample separation dependences. In all force-
twice more. Fibril samples for AFM experiments were prepared by displacement measurements, indentation continued until a maximum
adding 25uL of diluted fibril solution onto freshly cleaved mica level of compressive force corresponding to the cantilever deflection
substrate (grade V-1, SPI Inc., West Chester, PA). Fibrils were allowed of 8 nm was reached. After completing force measurements, an&tBe\r/
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topographic image at the same position was collected to confirm that T T T " T
the sample’s drift was small during the period of force measurements. Estimated Young’s
AFM Tip Radius Measurements. Manufacturer-provided tip radii modulus, GPa

N
o

of curvature of the silicon nitride probes range from 10 to 40 nm. The — 10

probes were imaged using a scanning electron microscope (SEM, Philips 157 - 1 ]
XL30) after performing AFM imaging and force measurements. The § i 00615

radius of the tip was determined by fitting a paraboloidal profile to the L 10t —o— 0.01 |
scanning electron micrograph of the tip. Due to the small tip radius % —— 0.007

and low density of silicon nitride this measurement procedure included g -

approximately 10 nm uncertainty. A radius of 30 nm was used in the 8 st 1

data analysis according to the SEM measurements. The tip radius
uncertainty indicated above results in approximately 20% error in the 1k
calculated elastic modulus. This error is comparable to the error arising
due to uncertainty in the spring constant (usually 20% error is quoted
for the algorithm that was used to measure the spring constant).
Data Analysis. Upon collection, force curves were exported as Figure 2. Correction factors for the finite samplg thickness effect.
ASCII files and processed with a custom program written in Matlab ' he graphs show the dependence of the correction factors on the
(MathWorks, Inc., Natick, MA). The raw cantilever deflection vs probe maximum normahzed_ for_ce. The correycnon factors were calculated
. ) . for several samples with different Young’s modulus. An apparent value
dlspl'acemer?t measu!’emer?ts have been converted |nte@mratlon . of the Young’'s modulus for each line is indicated in the insert.
relations using the tip spring constants and the cantilever deflection
sensitivities®” Deflection sensitivity values were extracted from the
measurements of the reference points on the mica substrate. It is
important to note that accuracy in measuring small indentation values
is significantly affected by the accuracy of the deflection sensitivity
calibration. Our measurements indicate that due to variation in the regression analysis was 0.73
deflection sensitivity across the surface the error in elastic modulus . ST .
can be as high as 50%, whereas the modulus error associated with the F19uré 1b shows typical foreeseparation curves collected on the
statistical error of measuring deflection sensitivity at the same location fiPril and on the mica substrate nearby at points indicated by the solid
is close to 20% (data not shown). Therefore, measuring the deflection Sauares in Figure 1a. It can be noted that the appreatthdraw cycle
sensitivity at a position close to the location of indentation measurement N the mica is accompanied by a large adhesion, whereas no adhesion
provides a more accurate estimate of the elastic modulus. has been observed on the insulin fibril. The elastic restoration part of
In the analyses of the foregndentation data, the AFM tip apex is the force curves collected on the fibril during the unloading part of the
approximated as an axisymmetric paraboloidal probe to estimate the @pproach-withdraw cycle was used for Young’s modulus calculations.
radius of curvature. Another analytical model that is commonly used Only the deflection forces exceeding forces on the tip far from the

7 = S R 1
10 10 10 10 10 10
Maximum Normalized Force Fm\ [NN/nm?]

During data processing the goodness of the linear fit was estimated
by calculating the? values®® The data corresponding t8 values less
than 0.5 were discarded. Discarded data amounted to less than 5% of
the data used in the analysis. The mean r-square value for all linear

to analyze forceindentation dependence is a conical tip méd&iven surface 10 nm) by more than 70 pN were considered in modulus
the value of typical indentation measured in this work.(nm) and calculations as indicated in Figure 4 below.
the much larger tip radius of curvature-30 nm), selection of this It is expected that the indentation made by the AFM tip depends on
model would not be justified and would result in a large error in the the fibril thickness as a result of the substrate effect. Correction factors
estimated elastic modulds. were calculated using an integral equation model that considers
According to the Hertzian model, the force-indentation relation is indentation of an infinitely wide elastic slab bonded to the elastic
given by! semispace by a paraboloidal axisymmetric*tijt each measurement
point, the correction factor depends on the maximum applied load, the
JERY2 a2 sample’s thickness, the Poisson’s ratio, the Young’s modulus, and the
= m 1) tip’s radius of curvature. This multidimensional dependence can be

condensed into fewer parameters with the introduction of normalized
force?? Normalized forces are calculated according to the following

Here F is the load,o is the indentationR is the probe’s radius of ]
equatior’®

curvature,E is the Young’'s modulus, and is the Poisson’s ratio of
the elastic solid. When using eq 1 to calculate the Young’s modulus, .
it is essential to determine the tigample contact point between the F=FR1- )N 3)
probe and the surface that is necessary for an accurate calculation of
the indentationg. It is noted that eq 1 can be rewritten in a way that  with this the correction factors depend only on two parameters: the
avoids this limitation and allows calculation of the Young’s modulus maximum normalized force and the uncorrected Young's modulus
from the force vs tip-sample separation dependence without accurate values. The maximum normalized forces are calculated using the
measurements of the contact point. With some con§latfite estimated ~ maximum values of the compressive forces applied to the samples
tip—sample separatioA is related to the indentation @s= C — A. during Young’s modulus measurements. The uncorrected Young’s
Therefore, eq 1 can be written as modulus is estimated according to eq 2. Figure 2 shows dependencies
of the correction factors on the maximum normalized forces for several
4 E-RY?2 |3 values of uncorrected Young’s modulus when the top layer is much
3 (1- 02) ’ @) softer than the substratéThe Supporting Information contains a more
detailed description of the correction factor calculation procedure.

F28 = ox —

whereC* is another constant that depends on the selection of the tip

sample contact point. In this form, the Young’s modulus is calculated . .

from the linear slope of thE?3vs A dependence and using the known Results and Discussion

or estimated values of the tip radius and Poisson’s ratio. A Poisson

ratio valueo = 0.3 is taken as a reasonable guess for fibrils. This ~ Morphologies and Height Distributions. Force-indentation
assumption might result in systematic erroraf0%, which is smaller data were collected on seven insulin fibrils prepared under
than the uncertainty in cantilever’s spring consg&nt. identical conditions. Figure 1a, c, d, and e shows morphologB%
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Figure 3. Cantilever deflection vs probe displacement curves including approach and withdraw curves collected at the positions indicated by
the arrows in Figure 1. The unit of both axes is nanometer.
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Figure 4. Typical force—indentation plot at the fibril. Here, the

ordinate axis is the force in the power of 2/3 and the abscissa axis is
the tip—sample separation. Linear fit to the data is indicated by the
solid line. Force values that are used in the linear fit are indicated by
circles around crosses. Slope of this line is used to extract an apparent
Young's modulus using eq 2 in the text.

of seven fibrils (labeled with numerals from 1 to 7) in four

collected (labeled with crosses in the images). Based on the tip
position, the height of the fibrils at each measurement point
has been determined from the topographic images. Examined
fibrils exhibited variable morphological features such as twisted
ribbonlike structures, parallel tubules, and rod bundles also
observed by other$. A broad height distribution has been
detected, ranging from 2.5 to 14 nm. However, no particles of
prefibrillar aggregates were found around fibti#\ larger scale
image that confirms this observation is included in the Sup-
porting Information. This is attributed to the aspects of the
sample preparation procedure that involved separation of
components by centrifugation.

Young’s Moduli of Insulin Fibrils. Figure 1b shows
representative force plots on the mica and on the insulin fibril,
respectively. The force plots on the fibril display no adhesion
compared with the force plots on the substrate. Absence of
adhesion in the indentation experiments facilitates application
of a simple Hertz model to estimate the elastic modulus of fibrils
(because no adhesion is considered in this model). In addition,
the force plots show no significant indentation hysteresis during
the approachwithdraw cycle, which points to almost purely
elastic response of the fibril to the compressive load. Figure 3
shows the approaetwithdraw force plots collected on the
above seven fibrils at locations that are indicated by the arrows
in Figure 1. These force plots were collected at different
representative positions including: the overlapping location of

samples with the positions at which the force plots have been two fibrils, the interface of intertwined protofilaments, as W&H)V
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Figure 5. Apparent cumulative Young’'s modulus distribution (panel
a) measured on all fibrils. Panel b shows the finite thickness-corrected
modulus distribution.

as the thicker and thinner parts of twisted ribbonlike fibrils
(similar to the ridge and the groove of the helical structure).
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Figure 6. Young's moduli before and after the finite thickness

correction for the fibril shown in Figure 1a. Solid lines included in the
graph provide a guide to an eye.

finite thickness developed by Dimitriad#é (data not shown).
Figure 6 shows that for the fibril shown in Figure 1a, the
uncorrected Young’s modulus values correlate inversely with
the thickness of the fibril and that the finite thickness correction
procedure removed this correlation. After the correction is
performed, a small positive correlation can be noted. This
correlation could be attributed to the limitations of the finite
layer model or actually a property of the sample.

Another factor that might affect estimates of the elastic
modulus reported here is the local geometry of the-§ample
contact. The upper limit for the influence of this geometrical
factor can be estimated if instead of the tip radius the reduced

Absence of indentation hysteresis also indicates that the AFM radius is used in eq 2. The reduced radiuss calculated

tip probably does not damage fibrils during indentation experi-

according to I/ = 1/Rip + 1/Rapii WhereRy, is the radius of

ments and that the fibrils are in good contact with the substrate. curvature of the indenting tip ariRlyrii is the radius of the fibril.

One typical result of the foreeindentation measurement is

The radius of the fibril can be estimated from the topographic

shown in Figure 4. Here force in power of 2/3 (crosses) is plotted images taking into account convolution of the fibril shape by

against the tip-sample separation together with the best linear
fit (the solid line). The tip-sample separation values used in
Figure 4 were adjusted to show the expected siample contact

point at zero separation. The short vertical line in the figure

the probe. When such an estimate is applied to the results shown
in Figure 4, the reduced radiusris= 20 nm and the estimated
Young’s modulus becomes 33 MPa. This increase in the
modulus is the upper limit for the Young’'s modulus because it

indicates this position. It can be noted that determination of the assumes a spherical sample shape and neglects the finite

contact point by visual inspection of the original force

thickness effects. With the finite thickness effects taken into

indentation dependence (shown in the insert in Figure 4) might account, the upper estimate of Young's modulus becomes 10
be inaccurate due to small short-range repulsive forces expe-MPa, which is still considerably lower than the modulus for
rienced by the tip near the contact point. Force measurementsthe crystalline proteing

that are used in the linear fit are indicated with circles around

For each of the seven fibrils labeled in Figure 1, the average

the data points. The slope of the fit line gives a Young’s modulus Young’s modulus results are listed in Table 1. The errors

of 27 MPa and am? coefficient of 0.94. The obtained Young's

modulus value is significantly lower than the Young’s modulus
of globular protein crystals, which usually range from 200 MPa
to 1 GPa142This observation can be further supported if the

finite thickness correction is applied as will be discussed below.

Since fibrils are thin and soft, finite thickness effects have

indicated in the table correspond to the measured standard
deviation of the mean. The Young’s modulus results presented
in Table 1 show that the modulus of insulin amyloid fibrils is

in the low tens of megapascals. A comparison of the relatively
low values of the Young's modulus measured here with the
modulus of protein crystals (200 MPa to 1 Gfjdgads to the

been considered during Young’'s modulus estimations. For the conclusion that the internal packing density in fibrils is not as
measurement shown in Figure 4, the correction factor was high as in crystals of the native folded state. This observation
calculated to be 4.0, which decreases the value of Young'sis supported by the observed volume expansion of insulin
modulus to about 7 MPa. In other measurements reported heremolecules during amyloid formatiéhand also agrees with the

the maximum of the correction factor ranges from 8.3 for the
location on a fibril with a height of 2.5 nm and a maximum
normalized force of 2.7 nN/nfrto the minimum value of 1.9
for the location on a fibril with a height of 13.7 nm and a
maximum normalized force of 0.023 nN/AnAs displayed in

suggestion of a loose internal structure g#-microglobulin
amyloid fibrils 19 It has to be noted that the above conclusions
about the insulin volume change and lower level gg-
microglobulin packing were based on calorimetric experimental
techniques, whereas the results obtained here are based on a

Figure 5, panels a and b, before the correction the averagedifferent and independent experimental approach. The loose
Young’s modulus is 41 MPa (average over all measured points structure of amyloid fibrils is further supported by the presence

on different fibrils), but after the correction was applied, the

of a hollow core and partial unfolding of the native state in the

average value decreased to 14 MPa. Similar correction factorsstructure of mature amyloid fibrils of the SH3 dom@in
were obtained using the model of indentation of samples with addition, recent X-ray diffraction measurements of the fibriga[sv
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Figure 7. Sequential topographic images (panels a—d) of two fibrils and indicate the substantial material loss from the fibril with lower elasticity
during the topography scanning. Young's modulus values are indicated next to the measurement points in panel a. The line plots in panel e
show the cross sections of the topographic maps, and the position of these sections is indicated with a dashed line in the images. The fibril with
higher elastic modulus shows much higher wear resistance.

Table 1. Young’'s Moduli of Seven Fibrils Indicated in Figure 1

fibril number 1 2 3 4 5 6 7
mean height (nm) 50+1.1 4.0+ 0.6 94+1.6 7.1+ 0.6 11+ 2 121+ 1.0 8.9+ 0.8
uncorrected modulus (MPa) 36+5 57+5 54+7 34+3 64 + 6 41+ 6 35+4
corrected modulus (MPa) 9+2 126+ 14 25+ 4 9.6+ 1.0 31+4 19+ 3 13+ 3

structures from fragments of prion proteinndicate that resistant than the fibril with a higher modulus. The presence of
individual protofilaments in fibrils are separated by water two adjacent fibrils in the image might imply that the topo-

molecules, resulting in a lower packing density and possibly graphic maps were affected by the double tip artifact. We note
low elastic modulus of fibrils. It appears that a relative looseness that the double tip artifact can be excluded from consideration

of packing might represent a common property of amyloid
fibrils.®44 Testing of this suggestion requires additional mea-
surements of packing density of fibrils from different proteins
and at different maturation stages.

It can be noted that for fibrils with relatively uniform
thickness (all fibrils except Fibril 1) the standard deviation of
the Young's modulus measured at each fibril is below 25% of

here because no double tip artifact is found on the single fibril
visible on the right-hand side of Figure 7a, which possesses
the same height as parts of fibril 5. In addition, careful
examination of the height variation of the two parallel fibrils
indicates that there is no synchronous height variation for these
two fibrils (as shown in Figure 7&c), indicating that fibril 4 is

not an artifact. The line-plot panel of Figure 7e shows a se-

the average value for corresponding fibrils, whereas the meanquence of the height cross-sections for the series of images
modulus value ranges from 10 to 30 MPa. The variation in the indicating a dramatic material loss as a result of AFM scanning.
average values of the modulus shown in Table 1 appears to beThe results of the wear resistance test are in agreement with
statistically significant for some fibrils, whereas the values along the Young's modulus measurements; this agreement provides
the fibril vary much less significantly. In addition, the distribu- evidence to support the reliability of the Young’s modulus
tion of the modulus values measured for a single fibril might measurements.

be affected by the precision of the probe positioning. The  The observed variation in the Young’'s modulus indicates that
magnitude of modulus variation is also seen in the histogram fibrils produced under identical conditions and even neighboring
of the Young’s modulus values, plotted in Figure 5b. The graph regions of the sample might exhibit different mechanical
shows that this distribution has a long tail reaching up to three properties that can be related to differences in internal packing
times the mean modulus value. It was noted that the high environments among fibrik®. Different internal packing envi-
modulus values are not associated with the failure to accountronments indicate structural heterogeneity among fibrils. It is
for the finite thickness effect as illustrated below. Some of the possible that the observed packing heterogeneity results from
high Young’'s modulus values that are seen in the tail of the the chemical heterogeneity due to deamidation of insulin
distribution in Figure 5b were collected on one of the two fibrils molecules® It can be noted that this structural heterogeneity is
shown in Figure 1d. These two parallel fibrils possess signifi- not unique to insulin amyloid fibrils. Structural differences were
cantly different modulus values, as indicated in Figure 7a. In observed in amyloid aggregates/#-microglobulin resulting
addition to having different moduli, these fibrils exhibit remark- from the competitive aggregation pathways that exist under
ably different wear resistance when scanned repeatedly withdifferent solution condition$ Also, TEM and NMR studies of

the AFM probe. The series of images shown in Figureda  amyloid aggregates produced frgpramyloid(1-40) peptide
indicate that the fibril with a lower modulus is much less wear- under slightly different conditions indicate significant differerE,BV
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in supramolecular structufé The Young’s modulus differences
observed here indicate that even fibrils prepared under identical
conditions and with similar morphology might exhibit variation

in the internal packing density and therefore different supramo-
lecular structure. Also low variation of modulus values along
the fibrils indicates persistence of the same supramolecular
structure along each fibril. This observation is in agreement with
the observed inheritance of supramolecular structurg-amy-

loid fibrils*é suggesting that different assembly pathways are
present simultaneously during insulin fibrillation.

Conclusions

AFM was applied for the mechanical testing of individual
amyloid fibrils of insulin in order to quantify the Young's
modulus of the fibrils. The reported approach includes an
accurate measurement of indentation by calibration of the
deflection sensitivity in the close proximity of the measurement
point. Young’s modulus values were extracted using a parabo-
loidal tip model. The effect of the finite sample thickness on
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the estimated modulus values was considered, and the correction(24) Shulha, H.; Zhai, X.; Tsukruk, \Macromolecule€003 36, 2825~

factor approach was used to adjust the modulus values. The
consistency of measured values was confirmed by the difference (25)

in the wear resistance of fibrils with different moduli.
Indentation measurements indicate that the Young’'s modulus
of insulin amyloid fibrils ranges from several megapascals to a
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fibrils produced from other proteins, this observation supports
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et du Mowement des Solides Elastique3authier-Villars: Paris,
1885.

(30) Sneddon, I. NInt. J. Eng Sci 1965 3, 47—57.
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of all amyloid fibrils24* The measured variation in elasticity
together with different wear resistance indicates internal struc-
tural heterogeneity between the fibrils. Similar values of
elasticity along the fibrils indicate that the same structure persists
along the amyloid fibril.

Supporting Information Available. A detailed description
of the correction factor calculation procedure. This material is
available free of charge via the Internet at http://pubs.acs.org.
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