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Time-lapsed nanoscale maps of the elastic
modulus of collagen during cross-linking by
bimodal AFM+¥
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Collagen is the most abundant structural protein in mammals. Collagen in tissues is exposed to cross-
linking processes such as glycation which might cause progressive tissue stiffening. Tissue stiffening
might be considered a landmark of aging. Yet a quantitative characterization of the elastic modulus of col-
lagen nanofibers under different cross-linking processes and stages is not available. Bimodal AFM was
applied to generate time-lapsed maps of Young's modulus of type | collagen nanoribbons under two
cross-linking processes associated, respectively, with the presence of ribose and glutaraldehyde in the
solution. Elastic modulus maps were acquired for different incubation times (0, 30 min, 12 h, 24 h and 1
week). The experiments were performed in liquid. The Young's modulus showed an initial sharp increase
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after an incubation time of 30 min, from a few MPa (native) to 100 MPa. From then onwards we measured
a monotonic increase until a saturation value of about 2 GPa was reached after one week. We did not
observe a dependence on the elastic modulus evolution using ribose versus glutaraldehyde. The satur-
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Introduction

Collagen is the most abundant structural protein and the
main component in the extracellular matrix (ECM). It can be
found in all tissues, such as tendons, cartilage, bone and
cornea.’™ Collagen’s mechanical properties are crucial for its
correct function.>® Its strength and elasticity play a role in all
connective tissues. However, these mechanical properties can
be affected by the aging process.'***

Cross-linking processes, and in particular glycation, are a
key factor in the stiffening and aging of tissues. Collagen
fibrils are naturally exposed to glycation due to their exposure
to exogenous sugars. The glycation process in collagen follows
the Maillard reaction mechanism. This glycation is a non-enzy-
matic, multi-step chemical reaction between protein’s free
amino-groups and reducing sugars. This chemical reaction
produces Advanced Glycation End-products (AGEs). The
accumulation of AGEs is responsible for premature tissue
stiffness."*

Ribose and glutaraldehyde are molecules that might induce
cross-linking processes in collagen fibrils. Ribose is an exogen-
ous reducing sugar that participates in the biological aging
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ation value was very similar to that measured on dry collagen nanoribbons.

process and the formation of AGEs.">'® Glutaraldehyde is a
very common material in tissue engineering.'*%*?

Several studies have measured the elastic modulus of col-
lagen (uncrosslinked) under near-physiological and non-phys-
iological conditions (air).>®07'%172%2734  paldwin et al
applied the AFM force-volume to quantify the effects of tendon
overload on the structure of individual collagen fibrils.® The
age-related stiffness of collagen has been studied by measuring
the mechanical properties of glycated collagen scaffolds. Yang
et al. used AFM to determine the Young’s modulus of glutaral-
dehyde cross-linked collagen fibrils under tensile strength.'”
Vaez et al. reported that the elastic modulus of collagen fibrils
decreased as a function of glycation, whereas the elastic
modulus of collagen scaffolds increased.”’ Sloseris and Forde
quantified how AGEs affected collagen flexibility by measuring
the end-to-end distance of collagen nanoribbons from AFM
images."’

Here we report time-lapsed and high-spatial resolution
elastic modulus maps of the cross-linking steps of collagen
nanoribbons by incubating them with ribose (glycation) or glu-
taraldehyde. AGEs are the result of the reaction of collagen
with reducing sugar, but other reactive molecules might also
participate as cross-linkers in the aging process.*

The high-spatial resolution elastic modulus maps were gen-
erated by bimodal AFM.'>**7*%%> Bimodal AFM is character-
ized by its quantitative accuracy, high spatial resolution and
fast data acquisition which make it possible to obtain nanome-
chanical mapping of unstable intermediate species of collagen

This journal is © The Royal Society of Chemistry 2025
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glycation. We mapped the time-lapsed elastic modulus of every
step of the Maillard reaction, at incubation times of 0 s,
30 min, 12 h, 24 h and 1 week with a spatial resolution in the
sub-10 nm range (2 nm per pixel). We revealed the gradual
increase in the elastic modulus along the evolution of the reac-
tion, reaching a saturation value after one week of incubation
time. The presence of AGEs was confirmed from fluorescence
measurements. We obtained a similar trend and elastic
modulus values using glutaraldehyde as the cross-linking
agent.

We compared the elastic modulus of collagen nanoribbons
in physiological solution and under cross-linking processes with
that obtained in an air (dry) environment. We observed that the
elastic modulus values of collagens after one week of incubation
in buffer were very similar to those measured in air.

Results and discussion

Fig. 1a shows a scheme of the bimodal AFM setup. Bimodal
AFM is based on the simultaneous excitation of two eigen-
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modes, in this case the first and second eigenmodes. The
bimodal configuration used in the experiments is amplitude
modulation-open loop (AM-OL) where the values of the ampli-
tudes A4, A,, and the phase shifts ¢; are used to determine the
sample’s elastic modulus (Fig. 1a). The free amplitudes (41,
Ay,) were selected prior to the experiments. From these obser-
vables, the elastic (Young’s) modulus E is obtained directly
using the following equation:"°

o 8 201A1 <k2A02 COS ¢2) 2
V RA; kyAgy cos ¢y 2Q24,

where R is the tip’s radius and Q; is the quality factor.
However, the above expression is only valid for a semi-infi-
nite sample and should not be used to determine the elastic
modulus of finite-thickness collagen nanoribbons. An appro-
priate elastic modulus of the collagen nanoribbons (thickness
4-5 nm) is obtained using bottom-effect corrections.*®*”
These corrections are needed to remove the influence of the
rigid support (mica) on the apparent elastic modulus of the
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Fig. 1 Schemes of the bimodal AFM configuration and the Maillard reaction mechanism. (a) Bimodal AFM (AM-OL configuration) showing the exci-
tation and detection signals and the observables. (b) In the Maillard reaction the amino groups of collagen molecules react with the aldehyde groups
of the ribose. The first step of the Maillard reaction is the formation of an intermediate species, the Schiff base. The formation of the advanced glyca-

tion end-products (AGEs) in the nanoribbon is the last step of the reaction.
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much softer collagen molecules (Materials and methods).
Muscovite mica (~50 GPa) was used as the solid support.

Low force values were required to image soft samples and
avoid their deformation. To minimize the collagen damage
during nanomechanical mapping, the measurements were per-
formed by applying forces in the 0.2-2.5 nN range. Forces
cannot be measured directly while imaging in amplitude
modulation or bimodal AFM modes. The forces were deter-
mined using a dynamic AFM simulator (dForce 2.0).%®

Nanomechanical properties during collagen glycation

The Maillard reaction describes the mechanism for the glyca-
tion of collagen (Fig. 1b). In the first step, the aldehyde group
of the reducing sugar reacts with the amino groups of the col-
lagen molecule. For our experiments the sugar used was
ribose. The amino groups taking part in the reaction belong to
the lysine and arginine amino acids. This first step in the reac-
tion produces the formation of a Schiff base. The Schiff base is
an intermediate species in the reaction which is not stable.
The last step in the Maillard reaction is the formation of
advanced glycation end products (AGEs) which are irreversibly
bonded to the collagen molecules."*'> The reaction was per-
formed under physiological conditions of pH and at a temp-
erature of 27 °C.

In the case of using glutaraldehyde as a crosslinker, the
reaction is similar to the Maillard mechanism. This particular
reaction is also a non-enzymatic, multi-step chemical reaction
between protein’s free amino-groups and the aldehyde groups
of glutaraldehyde.'® The first step also involves the formation
of a Schiff base followed by a rearrangement of molecules and
resulting in the corresponding end-products.
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Fig. 2 shows the time-lapsed (30 min, 12 h, 24 h and 1
week) nanomechanical maps of the stages in collagen glyca-
tion with ribose (top panels). The cross-sections along the
dashed lines marked in the nanomechanical maps are shown
in the bottom panels. For an incubation time of 30 min, the
image was captured 30 min after incubation and approxi-
mately 15 min after the mica sample was immersed in solu-
tion. The 15 min delay from immersion to imaging accounted
for the time required to approach and position the sample
under the tip, and to start the imaging process. The measure-
ment parameters and tip calibration were completed prior to
this. The same procedure was followed for all other incubation
times, with images taken approximately 15 min after the speci-
fied incubation period.

Fig. 2a shows the elastic map of collagen after 30 minutes
of incubation with ribose which corresponds to the first stage
in the Maillard reaction, that is, the formation of the Schiff
base. The cross-section shows a variation of the elastic
modulus from 80 + 7 MPa (gap region) to 130 + 10 MPa
(overlap region). The variation of the elastic modulus pos-
sesses a periodicity of 67 nm matching the D-band periodicity.
These values are one order of magnitude higher than that
measured on the same sample under native conditions, that
is, before the presence of ribose. Fig. 2b shows the nanome-
chanical map of ribose glycated collagen after twelve hours of
incubation. The average elastic modulus is 1.0 + 0.2 GPa. This
value is about one order of magnitude higher than that found
at 30 min and two orders of magnitude higher than that found
for native collagen nanoribbons. In this stage of the reaction
(30 min), we were not able to observe the D-band periodicity.
This finding suggested that collagen undergoes a rearrange-
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Fig. 2 Time-lapsed elastic modulus maps of the collagen nanoribbons during its glycation with ribose and their cross-sections (marked lines in
yellow). (a) Elastic modulus maps of collagen resulting from an incubation time of 30 min. (b) Elastic modulus maps of collagen resulting from an
incubation time of 12 h. (c) Elastic modulus maps of collagen resulting from an incubation time of 24 h. (d) Elastic modulus maps of collagen result-
ing from an incubation time of 1 week. The maps were obtained in buffer by applying a peak force on the nanoribbons of 5.2 nN (25 nN on mica).
Additional bimodal AFM data: f, = 586 kHz, k; = 0.16 nN nm™, Q; = 1.5; f, = 3303 kHz, k» = 7.9 nN nm™, Q = 6.8; Ao1 = 15 nm, and Ag, = 0.1 nm.
The cross-section profiles were obtained from a single nanoribbon by averaging 10 neighbouring profiles of the same length.
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ment process in the nanoribbon internal structure. Lysine and
arginine residues are among the amino acids responsible for
the electrostatic interaction between collagen molecules that
causes the corresponding assembly and formation of the
D-band pattern.®® Here the lysine and arginine residues take
part in the glycation which might interfere with the internal
electrostatic interaction and the structure conformation.'®3°~*>
After 24 hours of incubation (Fig. 2c) the rearrangement is
complete and the structure of the D-band is again observed.
The cross-section shows a variation of the elastic modulus
from 0.65 + 0.07 GPa (gap region) to 1.1 + 0.2 GPa (overlap
region). For longer incubation times (1 week) of the average
elastic modulus, we observed an increase in the gap, 2.00 *
0.06 GPa, and an increase in the overlap region, 2.27 + 0.05
GPa (Fig. 2d). The d-band periodicity is still present but the
density of nanoribbons decreases. The decrease in nanoribbon
density can be attributed to the glycation of lysine and argi-
nine residues. Glycation likely disrupts key intermolecular
interactions, thereby impairing the lateral growth and assem-
bly of collagen nanoribbons. Both ribose and glutaraldehyde
target lysine and arginine residues, interfering with electro-
static interactions that are essential for proper collagen align-
ment and self-assembly. As the incubation time increases, the
number of crosslinks and advanced glycation end-products
(AGEs) increases. This effect is supported by the linear rise in
the fluorescence signal over time. After three months of incu-
bation, a significant proportion of lysine and arginine residues
were modified, reducing their availability for interactions with
neighbouring collagen molecules. This extensive modification
hindered further nanoribbon formation. This effect explained
the observed decline in nanoribbon density at extended time
points.
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Nanomechanical properties of cross-linked collagens by
glutaraldehyde

Fig. 3 shows the time-lapsed (30 min, 12 h, 24 h, and 1 week)
elastic maps of collagen, incubated with a different cross-
linker, glutaraldehyde (shown in the top panels). The cross-
sections along the dashed lines marked in the nanomechani-
cal maps are shown in the bottom panels. Glutaraldehyde
behaves similarly to a reducing sugar. The molecule also pos-
sesses the aldehyde group necessary for the reaction to occur.
The study of the time-lapsed elastic maps follows the same
incubation times performed in the ribose experiments:
30 min, 12 h, 24 h and 1 week. The elastic modulus of 30 min
incubated collagen (Fig. 3a), which corresponds with the first
stage in the Maillard reaction (the formation of the Schiff
base), shows values varying from 50 + 7 MPa (gap region) to
120 + 10 MPa (overlap region). These values are one order of
magnitude higher than that measured on the same sample
under native conditions, that is, before the presence of glutar-
aldehyde. Fig. 3b shows the elastic maps of the collagen nano-
ribbons measured after 12 h of glutaraldehyde incubation
time. An average elastic modulus of 1.0 + 0.2 GPa was
obtained. This value is about one order of magnitude higher
than that found at 30 min and two orders of magnitude higher
than that found for native collagen nanoribbons. The D-band
periodicity is lost which suggests that in the reaction, the col-
lagen molecules undergo a rearrangement in the nanoribbon
internal structure. After 24 hours (Fig. 3c) of incubation time
the D-band is recovered. The cross-section shows a variation of
the elastic modulus from 0.22 + 0.09 GPa (gap region) to 1.1 +
0.2 GPa (overlap region). Fig. 3d shows the collagen nano-
ribbon’s elastic map for a longer incubation time (1 week). We
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Fig. 3 Time-lapsed elastic modulus maps of the collagen nanoribbons during its crosslinking with glutaraldehyde at incubation times of 30 min (a),
12 h (b), 24 h (c) and 1 week (d) and their cross-sections (marked lines in yellow). The maps were obtained in buffer by applying a peak force on the
nanoribbons of 1.3 nN (15 nN on mica). Additional bimodal AFM data: f; = 435 kHz, k; = 0.15 nN nm™, Qq; = 1.5; f, = 7139 kHz, k» = 9.84 nN nm™,
Q, = 3.6; Ap1 = 9 nm, and Ag, = 0.45 nm. The cross-section profiles were obtained from a single nanoribbon by averaging 10 neighbouring profiles

of the same length.
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observed an increase in the average elastic modulus for the
gap, 1.67 + 0.04 GPa, and the overlap region, 2.0 + 0.1 GPa.
The D-band periodicity is still present but the density of nano-
ribbons is decreased.

The alignment of collagen nanoribbons arises from the
influence of the substrate. The mica lattice dictates the growth
direction. The interaction between the amino acid chains and
the orientation of the OH groups on the mica surface induced
the alignment of the tropocollagen molecules.'****4

Fig. 4 summarizes the Young’s modulus values of the col-
lagen nanoribbons as a function of the incubation time in the
presence of either ribose or glutaraldehyde. We observed a sig-
nificant increase in the elastic modulus for every step in the
reaction. Collagen at the start of the reaction (0 s) possesses an
elastic modulus below 10 MPa. In the next step a Schiff base is
formed which increases collagen’s elastic modulus by one
order of magnitude (in the 90-100 MPa range). When the incu-
bation time reaches 12 hours, collagen suffers another
increase in its elastic modulus, up to 1.0 GPa. In this step of
the reaction, there seems to be a rearrangement of its internal
structure which might explain the disappearance of the
D-band structure. After 24 hours of incubation time, collagen
maintains the values of the elastic modulus at 1.1 GPa (overlap
region) and 0.22-0.65 GPa (gap region). The formation and
accumulation of the AGEs in the collagen nanoribbon is the
final step in the reaction. This process increases the stiffness
of fibers.
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Fig. 4 Elastic modulus of the collagen nanoribbons during glycation
(ribose) and crosslinking (glutaraldehyde) processes for incubation times
of 0s, 30 m, 12 h, 24 h and one week. The values are the averages
between the elastic modulus of the gap and overlap region of each
nanoribbon. (b) Same as (a) by separating the gap and overlap region
values. For an incubation time of 12 h we could not resolve the D-band
structure (see the main text).
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Longer incubation periods were also studied. After one week
of incubation, the elastic modulus increased to the 1.8-2.2 GPa
range. Remarkably, we also observed that the density of collagen
nanoribbons formed over the substrate decreased after one
week of incubation. After three months of incubation time, the
number of nanoribbons formed on the substrate was even
smaller (Fig. S1}). Overall, we concluded that the crosslinking
steps associated with the presence of either ribose or glutaralde-
hyde produce similar changes in the nanomechanical properties
of collagen. For the sake of completeness, the elastic modulus
values of collagen nanoribbons measured in air (dry collagen)
were also included. These values were very similar to those
measured on samples with an incubation time of one week.

Time-lapsed fluorescence tracking

The changes in the nanomechanical properties were correlated
with changes in the fluorescence signal from the collagen
nanoribbons. To confirm the formation of AGEs we performed
fluorescence measurements following the one-week incubation
time. AGEs have a fluorescence response which might be used
to assess their relative level in the collagen nanoribbons.**™*
Fig. 5 shows the fluorescence readings of collagen nano-
ribbons for different incubation times. Fig. 5a shows the fluo-
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Fig. 5 Fluorescence measurements of collagen nanoribbons for several
incubation times. (a) Fluorescence readings of ribose glycated-collagen
nanoribbons. (b) Fluorescence readings of glutaraldehyde crosslinked-
collagen. Wavelengths of lex = 450-490 nm (excitation) and iem =
500-550 nm (emission).
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rescence signal as a function of the incubation time in ribose.
The signal associated with the presence of AGEs shows a sig-
nificant increase with respect to the signal measured on a
native collagen nanoribbon sample (control). The emission
associated with the AGEs increases from a factor of 40 at
12 hours to a factor of 70 after 7 days. This trend indicates the
gradual formation of AGEs. Fig. 5b shows the fluorescence
signal as a function of the incubation time in glutaraldehyde.
We observed a similar trend. The emission with respect to the
control increases from a factor of 30 at 12 hours to a factor of
130 after 7 days. In the case of incubation with glutaraldehyde,
the end-products form -N—=C-C=C- conjugated double bonds
which also exhibit autofluorescence.*®*® Fig. 5b confirms the
gradual increase in the formation of -N=C-C=C- conjugated
double bonds, and therefore the gradual formation of the
crosslinking end-products.

Conclusions

The Young’s modulus values of collagen nanoribbons were
measured as a function of the incubation with two cross-
linking agents, respectively, ribose and glutaraldehyde.
Bimodal AFM allowed us to observe the quantitative mechani-
cal properties of collagen in its crosslinking process. The
elastic modulus maps were generated by bimodal AFM. These
maps were characterized by a high spatial resolution (2 nm)
and a high elastic modulus sensitivity. These features allowed
mapping of the nanomechanical properties of collagen during
different steps in the Maillard reaction and the final formation
of AGEs. The elastic modulus of collagen nanoribbons incu-
bated with ribose increased significantly with the incubation
time from a few MPa (native collagen, 0 s) to 100 MPa at
30 min to reach a value of 2.0 GPa (1 week). These values were
similar to those obtained in samples of collagen nanoribbons
observed in air (dried).

We performed a similar study in collagen nanoribbons
incubated with glutaraldehyde. The evolution of the elastic
modulus of collagen nanoribbons cross-linked with glutaralde-
hyde was similar to the trend observed with ribose. The elastic
modulus of nanoribbons increased from 10 MPa (native, 0 s)
to about 100 MPa (30 min of incubation time) to 2.0 GPa (one
week of incubation time).

We noted that the D-band structure disappeared for the incu-
bation time of 12 hours. We hypothesized that this effect might
be associated with an internal rearrangement of collagen mole-
cules. The D-band structure was recovered for longer incubation
times. However, although the elastic modulus increased, the
density of nanofibers formed in the substrate decreased. The
elastic modulus maps also show a variation from a GPa range
for the dry collagen to less than 10 MPa for the wet collagen.
The difference of several orders of magnitude is due to the
hydration and swelling of the nanoribbon.

The evolution of the elastic modulus of the collagen was
correlated with an increase in the fluorescence emission from
the collagen nanoribbons as a function of the incubation time.

This journal is © The Royal Society of Chemistry 2025
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Experimental
Collagen preparation

Collagen molecules were obtained from monomeric bovine
collagen type I (PureCol, CellSystems GmbH). A phosphate
buffer solution PBS was prepared. The as-received PBS (pH =
7.4) contained 0.01 M phosphate, 0.0027 M potassium chlor-
ide and 0.137 M sodium chloride. The concentration of KCl
was increased to 300 mM to define the standard buffer in the
experiments. We added 1 pL of a commercial collagen type I
solution (in 0.1 N HCI at pH 2.2) to 1 mL of PBS (pH 7.4). To
prepare the crosslinker stock solution, we dissolved glutaralde-
hyde (ribose) in Milli-Q water to obtain a 100 mM stock solu-
tion. Then we added 10 pL of the 100 mM glutaraldehyde
(ribose) stock solution to 1 mL of collagen in PBS. The process
yielded a final crosslinker concentration of approximately
1 mM in the reaction mixture. p-(—)-Ribose (98%) and glutaral-
dehyde (50 wt%) were purchased from Sigma-Aldrich.

Measurements were performed with several incubation
times: 0 s, 30 min, 12 h, 24 h and 1 week. The incubation was
performed at 8 °C. The imaging buffer consisted of PBS
(Sigma-Aldrich) with 300 mM KCI (Sigma-Aldrich), pH 7.4 in a
solution volume of 200 ml.

Fluorescence measurements

For the fluorescence measurements, the collagen solution was
prepared under the same conditions (incubation temperature
8 °C) and concentration (3.0 pg ml™") as before. The solutions
were then added to a Petri dish for measuring. Fluorescence
microscopy was performed using an illuminating system built
into an optical microscope (HBO 100 lamp, Zeiss, Germany).
Wavelengths of 4., = 450-490 nm (excitation) and Ay =
500-550 nm (emission) were used to monitor the collagen
crosslinking process.

Bimodal AFM parameters and measurements

Bimodal-AFM measurements were performed with a Cypher
VRS (Oxford Instruments, USA). Bimodal-AFM was operated in
air and liquid in the amplitude modulation-open loop AFM
mode. Mechanical excitation was used to excite the vibration
of the cantilever. The in-air experiments were performed with
standard cantilevers (PPP-NCH, NanoAndMore, Germany).
Typical values of the resonance frequencies, force constants
and quality factors were f; ~ 314 kHz, k; ~ 48 N m™, Q; ~ 600,
and f, ~ 1940 kHz, k, ~ 1844 N m™*, Q, ~ 660. Here, f;, k; and
Q; are, respectively, the resonance frequency, the force con-
stant and the quality factor of mode 7 (i = 1, 2). Typical values
of the free amplitudes 4, and set-point Ay, amplitudes were,
Ay =110 nm, A, ~ (0.7-0.9)4¢;, and Ay, ~ 1.2 nm.

For the in-liquid experiments very small cantilevers (7 pm x
2 pm x 80 nm) (USC-F1.2-k0.15, NanoAndMore, Germany) were
used. Typical values of the resonance frequencies, force con-
stants and quality factors in liquid were f; ~ 520 kHz, k; ~ 0.15
Nm™, Q; ~ 1.5, and f5 ~ 3303 kHz, k, ~ 7.9 N m " and Q, =
6.8. Typical values of the free amplitudes A, and set-point A,
amplitudes were Ay; & 10 nm, Ay, & (0.7-0.9)4y;, and Ay, =~
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0.4 nm. The images were recorded at 2.44 Hz with 1024 x 1024
pixels unless otherwise stated.

The force constants of the cantilever’s first and second
eigen modes were calibrated by following the protocol given in
ref. 50.

The native collagen and cross-linked collagen solutions
were rapidly injected into a freshly cleaved muscovite mica
disk (Grade V-1, Alpha Biotech Ltd) placed inside the fluid cell
of the AFM. Imaging was started without further delay. The
temperature of the buffer in the cell was 27 °C.

To remove the influence of the substrate stiffness (mica)
on Young’s modulus of the collagen (bottom-effect), a bottom-
effect correction theory was applied. The theory considers
that the force measured by AFM can be separated into
two components, one arising from the material as it was semi-
infinite and a correction factor associated with its finite thick-
ness h.%¢

Fts = Fuertz[1 + Fpec(a/h)] (2)
where a is the contact radius

a=VvRé

The bottom-effect correction was performed using the
expressions deduced in ref. 39 for a half-sphere of R = 11 nm.
We assumed an under-formed collagen thickness z = 4.5 nm.

P _ k1Ap1 cos ¢y QA (3)
e Q1 k2Az cos ¢,
k1AL A
Vi = —%cos b (4)
1

8
RA1 I?

1+1.03 (@) +1.25 (@)2—&-1.14 <@>3+0.55 (@)4

E =
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