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ABSTRACT

Collagen fibrils are fundamental to the mechanical strength and function of biological tissues. However,
they are susceptible to changes from non-enzymatic glycation, resulting in the formation of advanced
glycation end-products (AGEs) that are not reversible. AGEs accumulate with aging and disease and can
adversely impact tissue mechanics and cell-ECM interactions. AGE-crosslinks have been related, on the
one hand, to dysregulation of collagen fibril stiffness and damage and, on the other hand, to altered col-
lagen net surface charge as well as impaired cell recognition sites. While prior studies using Kelvin probe
force microscopy (KPFM) have shown the effect glycation has on collagen fibril surface potential (i.e., net
charge), the combined effect on individual and isolated collagen fibril mechanics, hydration, and surface
potential has not been documented. Here, we explore how methylglyoxal (MGO) treatment affects the
mechanics and surface potential of individual and isolated collagen fibrils by utilizing atomic force mi-
croscopy (AFM) nanoindentation and KPFM. Our results reveal that MGO treatment significantly increases
nanostiffness, alters surface potential, and modifies hydration characteristics at the collagen fibril level.
These findings underscore the critical impact of AGEs on collagen fibril physicochemical properties, of-
fering insights into pathophysiological mechanical and biochemical alterations with implications for cell
mechanotransduction during aging and in diabetes.

Statement of significance

Collagen fibrils are susceptible to glycation, the irreversible reaction of amino acids with sugars. Glyca-
tion affects the mechanical properties and surface chemistry of collagen fibrils with adverse alterations
in biological tissue mechanics and cell-ECM interactions. Current research on glycation, at the level of
individual collagen fibrils, is sparse and has focused either on collagen fibril mechanics, with contradict-
ing evidence, or surface potential. Here, we utilized a multimodal approach combining Kelvin probe force
(KPFM) and atomic force microscopy (AFM) to examine how methylglyoxal glycation induces structural,
mechanical, and surface potential changes on the same individual and isolated collagen fibrils. This ap-
proach helps inform structure-function relationships at the level of individual collagen fibrils.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

role in cellular mechanotransduction [4-6], with implications for
health and disease.

Collagens constitute about 25% of the total human proteome,
making them the most ubiquitous proteins in the human body [1].
Abundant collagen in the extracellular matrix (ECM), on the one
hand, contributes to the mechanical integrity and function of con-
nective tissues [2,3], and, on the other hand, plays an important
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The unique molecular structure of collagen is characterized by
the tight packing of three polypeptide chains into a triple helix.
Certain collagen molecules (e.g., type I, I, and V) self-assemble
into larger heterotypic constructs, known as collagen fibrils, which
are the primary functional units of connective tissues [7-9]. The
multiscale hierarchical organization allows collagen fibrils to ful-
fill mechanical properties tailored to specific tissue functions and
to provide micro- and nanoscopic mechanical feedback to cells [4].
The collagen fibril mechanical feedback to cells is achieved through
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Fig. 1. Experimental workflow. Collagen fibrils from MGO and control groups were characterized with KPFM and AFM, before and after treatment with MGO + buffer (MGO

group) or buffer only (Control group), respectively. Scale bars correspond to 300 nm.

cell attachments at specific loci on the surface of collagen fibrils
[10].

Collagen fibrils are exposed to reducing sugars, which react
with side groups of amino acids along the collagen triple heli-
cal structure; a process known as non-enzymatic glycation, lead-
ing to irreversible crosslink formation of advanced glycation end-
products (AGEs) [11]. AGEs cross-links accumulate gradually with
aging and disease, especially in diabetes [11]. Because AGEs are
irreversible, they adversely affect tissue function and mechanical
integrity, underscoring their significance in tissue aging and dis-
ease progression. For example, ribose crosslinking significantly re-
duced the post-yield tensile strain in tendons [12], but did not
change their apparent elasticity. In the same study, Lee and Veres
showed that ribose crosslinking hindered collagen fibrils from un-
dergoing discrete plasticity in overloaded tendons [12]. Svensson
et al. showed that methylglyoxal (MGO) crosslinking increased col-
lagen fibril tensile strength, stiffness, and strain to failure [13].

Glycation, additionally affects collagen net charge [14] and
molecular and cellular recognition [15,16] due to the reaction
with charged lysine and arginine residues. By employing Kelvin
Probe Force Microscopy (KPFM), Mesquida et al. showed a shift to
more negative surface charge in glutaraldehyde-crosslinked colla-
gen fibrils [17]. Bansode et al. showed evidence of collagen molec-
ular reorganization within collagen fibrils as a result of ribose-
5-phosphate glycation accompanied by altered surface charges
[18]. Cells attach to the surface of collagen fibrils via metal ion-
mediated interactions, and thus a surface charge shift may have
implications for how cells attach, and ultimately how they sense
and respond to changes of their microenvironment. In this context,
MGO treatment has been reported to affect bacterial adhesion and
biofilm formation, with implications to dental health [19,20].

Although there is an apparent influence of glycation on colla-
gen fibril physicochemical properties, a gap in knowledge exists
on how glycation-induced alterations in collagen fibril mechanics
are linked to surface potential changes. Here, we utilized samples
from a mouse tail-tendon, characterized by low initial cross-link
density. We employed Kelvin Probe Force Microscopy (KPFM) to
measure collagen fibril surface potential changes, and atomic force
microscopy cantilever-based indentation to measure collagen fib-
ril nanostiffness and hydration swelling changes on the same iso-
lated and individual collagen fibrils before and after MGO treat-
ment (Fig. 1). This multimodal KPFM/AFM approach allows us to
isolate and examine the direct effects of MGO-induced cross-links
on collagen fibril structure, mechanics, and chemical properties
at the nanoscale. Through targeted MGO treatment, we simulated

aging processes and diabetes-related changes observed in human
tissues in vivo, providing a clearer understanding of the patho-
physiological consequences of AGE accumulation at the collagen
fibril level. Our approach shows the importance of characterizing
both the nanoscale biochemical landscape and stiffness of colla-
gen fibrils with implications in micro- and nanoscale assessment
of native biological tissues and tissue models in health, aging, and
disease.

2. Materials and methods
2.1. Sample preparation

Collagen fibrils were harvested from a 5-month-old male wild-
type mouse tail-tendon fascicle (previously stored in —80 °C for
several months before use). Samples were prepared on conven-
tional lime glass microscope slides using a previously described
method [21]. Briefly, the tail was skinned, and a section of tendon
was dissected. The tendon was then kept hydrated in distilled wa-
ter, and a single fiber was dissected and separated into two parts.
Using sharp tweezers, each of the two fiber parts was opened and
smeared out on a microscope slide. After a drying period of a few
minutes, which enhances collagen fibril adhesion to the glass sur-
face, the samples were thoroughly washed with distilled water and
then stored in a vacuum desiccator. One glass slide was used for
the MGO treatment and the other as a control group.

2.1.1. Individual and isolated collagen fibrils

Individual and isolated collagen fibrils (N = 10 per group) were
identified from their characteristic 67 nm D-periodicity visible in
atomic force microscopy (AFM) images recorded in air-dried condi-
tions (Dimension Icon, Bruker; same as for Kelvin Probe Force Mi-
croscopy cf. Section 2.4.). We subsequently recorded optical micro-
scope images for each position to identify the same collagen fibrils
between various measurements (KPFM cf. §2.4 and nanomechan-
ical cf. §2.3. tests conducted in different AFM setups). To further
assure repeated measurements on the same regions of individual
collagen fibrils, we chose our locations at a specific distance, typi-
cally a few micrometers, from characteristic fibril-fibril crossings.

2.2. MGO treatment

A buffer containing 20 mM MGO (Sigma Aldrich, St. Louis, MO,
USA) and 5 mM EDTA in 10 mM phosphate buffered saline (PBS),
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following the protocol of Svensson et al. [13] was used for the gly-
cation of collagen fibrils. The buffer was adjusted to a pH 7.4 at
34 °C and stored in the fridge for a few days prior to the experi-
ment. A negative control sample was treated in parallel with only
the buffer. The microscope glass slides, with deposited collagen fib-
rils, were fully submerged in approximately 30 ml of the respective
solution (buffer for negative control samples and buffer + MGO for
glycation samples) in plastic tubes and stored in an incubator at
34 °C for 4 h. Subsequently, samples were thoroughly rinsed with
distilled water for 1-2 min.

2.3. Nanomechanical characterization with AFM

2.3.1. AFM cantilever tip and spring constant calibration

An additional AFM (Nanowizard Ultraspeed A, Bruker JPK) was
used, in force mapping mode, for nanoindentation tests. Nanoin-
dentation measurements were performed in PBS (pH 7.4). To that
end, 3D-printed rings were glued on the microscope slides with
two-component dental silicon (picodent® twinduo extrahart). For
all indentation experiments, we used the same rectangular PNP-
DB-A cantilever (NanoWorld AG, Neuchdtel, Switzerland) with a
nominal spring constant of 0.48 N/m (and measured at 0.11 N/m)
and a nominal resonance frequency of 67 kHz. The geometry of
the AFM tip was assessed by imaging a conical spike, with known
tip radius and half-opening angle, from a TGT-1 calibration grat-
ing (ND-MDT Spectrum Instruments), as described previously [21].
The AFM tip geometry was reconstructed via a numerical decon-
volution as described in [21,22].

The spring constant of the cantilever was calibrated in air via
the thermal noise method, implemented in the JPK SPM Control
software [23-26], prior to experiments in hydrated environment.
After submerging the cantilever in PBS, we calibrated the inverse
optical lever sensitivity, InvOLS, using a contact-based method [21]
on the microscope glass slide surface, before each collagen fibril
was mechanically assessed.

2.3.2. Force curve acquisition and nanostiffness estimation

Force maps were recorded on all 20 collagen fibrils, before and
after MGO treatment, using a 1.5x1.5 pm? scan sized at 64x16
pixel resolution. One force map per collagen fibril was recorded
for each measurement step in the workflow (Fig. 1).

The orientation of the force map was set such that the long
axis of the collagen fibril was oriented along the 16-pixel axis
(slow axis) and perpendicular to the 64-pixel axis (fast axis). Force
curves were recorded at 1 nN relative setpoint (maximum applied
force) and at 2 pm/s z-sensor extension speed. At 1 nN relative
setpoint the resulting indentation depth did not exceed 10-15 % of
the collagen fibril height, avoiding substrate effects [21].

The resulting force maps were then analyzed using a cus-
tom MATLAB program (https://github.com/Rufman91/ForceMap
Analysis). First, force curves underwent a base line and tilt correc-
tion by subtracting a line fit from a fraction of the non-contact
domain of the approach curve. Then, the contact point was de-
termined using a custom machine learning approach [27] and re-
fined by a Hertz-Sneddon fit with a parabolic indenter model [28].
We then recovered the force vs. indentation data by correcting the
raw force curves for the vertical tip deflection. The indentation
modulus was estimated employing the Oliver-Pharr (OP) method
[21,29,30] that assumes the unloading curve to result from lin-
ear elastic recovery based on the Hertzian contact theory [31]. The
nanostiffness of collagen fibrils, expressed as the sample indenta-
tion modulus, E, was estimated via Eq. (1):

E—vi (1)
Ac(he)
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where S; (N/m) is the contact stiffness, A-(hc)(m?), is the contact
area, B is an empirical correction factor and was chosen as 1.0226
as a standard value given within the range suggested by Oliver and
Pharr [29]. The correction factor B causes only a systematic error
of max. 5% and does not influence any inter-cohort comparisons
in this study. The Poisson’s ratio v was assumed to be 0.5 for an
incompressible material [21,32-39], h¢ = himax — €Pmax/Sc is the ef-
fective contact depth accounting for a sink-in at the non-contact
surface, and with ¢ = 0.73 [29] (between a conical and paraboloid
indenter) chosen according to the tip shape, which was determined
by imaging a TGT1 calibration grating (NT-MDT Spectrum, Moscow,
Russia) followed by a tip reconstruction algorithm [21].

For indentation modulus analysis, we included only data points
from the apex of the collagen fibril, resulting in a total of 16 data
points per collagen fibril per force map. Alongside the Oliver-Pharr
method, we analyzed our indentation data with a classic Hertz-
Sneddon fit with parabolic indenter model [28].

2.4. Kelvin Probe Force Microscopy (KPFM)

AFM dry height and KPFM surface potential imaging of air-dried
collagen fibrils were performed on the Dimension Icon (Bruker)
AFM. For KPFM measurements an Olympus AC-200TN-R3 (Olym-
pus KK, Shinjuku, Japan) cantilever with 9 N/m nominal spring
constant and 150 kHz nominal resonance frequency (153.5 kHz
measured frequency) was used. The conductive AFM chip was
made of n-type silicon. Similarly to nanomechanical tests, the scan
size was set to 1.5x1.5 nm? for each collagen fibril. In KPFM mode,
the AFM operates in lift mode, i.e., the scan head passes over the
same scan line twice. The first time, the sample height profile is
measured in tapping mode, while on the second pass, the tip is
scanned over the sample at a certain lift height with respect to the
previously measured profile i.e., AFM head height. In our measure-
ments, the lift height was set at 0 nm, meaning the distance to the
surface was about half the setpoint amplitude of the tapping mode
pass. We recorded 128 scan lines per image at 512 samples per
line with a tip scan speed of 0.25 pm/s. Intermittent contact mode
was driven at 153.34 kHz, i.e., just below the measured resonance
peak, at a drive amplitude of roughly 1 V. Relative amplitude set-
point, drive amplitude, and I-gain were adjusted in between mea-
surements to assure optimal imaging quality.

During the lift phase of a scan line, the surface potential was
measured, by applying an alternating Ux-(t) and a constant current
Upc to the cantilever tip. Here, the tip together with the conductive
sample stage and the sample in between act as a capacitor setup
where the force between the plates at given Uxc, Upc and the local
surface potential ®(x,y) is given by:

F=Sve @)
with
V(©) = Ucsin 1) + (Usc ~ ®(x.)) 3)

which results in a constant force Fpc, and time dependent forces at
2w, B, and w, F,(t) :

B () = S Ue(Unc — ®(x.y)) sin (@) @)

The resulting cantilever deflection amplitude caused by the
force component F, (t) is measured using a lock-in amplifier. Con-
trolling F,(t) to be at zero by adjusting the constant current Upc
such that (Upc — ®(x,y)) = 0 = F,(t), allows mapping of the sur-
face potential directly by Upc. Since, however, dC/dz is unknown,
we cannot map the absolute surface potential (i.e. charges). In-
stead, we defined a relative surface potential for our collagen fibrils
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that is given by the difference between the surface potential of the
collagen fibril and the surface potential measured on the surround-
ing glass.

cDrel = (Dﬁb - (Dglass (5)

To this end, we extracted the potential and height image data
from the raw data files into .sdf files using a custom PyGwy script
in Gwyddion. The files were then loaded into our custom MAT-
LAB program (https://github.com/Rufman91/ForceMapAnalysis). To
avoid topological artifacts, occurring at the sides of the collagen
fibrils, a stripe was automatically selected from the collagen fibril
apex with a given fraction of the collagen fibril height as thick-
ness for the surface potential of the collagen fibril ® ;. For @4,
we chose the area surrounding the collagen fibril, manually exclud-
ing debris-contaminated locations. For each surface potential im-
age, we calculated the relative collagen fibril surface potential as
the difference of the means of both the chosen areas, i.e. < @, >
and < Dy >.

2.5. Collagen fibril height and swelling ratio measurements

Collagen fibril dry height was measured in tapping mode (Di-
mension Icon, Bruker; cf. §2.4) and hydrated height was recorded
in force volume map mode (Nanowizard Ultraspeed A, JPK-Bruker;
cf. §2.3). Dry height profiles were recorded from the first pass of
the KPFM measurements (cf. §2.4). The baseline was subtracted
from 128 height profiles per collagen fibril, and the collagen fib-
ril height was defined as the difference between the collagen fibril
apex, and the baseline average height. The arithmetic mean of ca.
128 apex height values was taken as collagen fibril dry height Hgy
(Fig. S1).

A height topography maps of hydrated collagen fibrils was ex-
tracted from each force volume map via the zero force contact
point of each force-distance curves [27] (cf. §2.3.2). In total 16 pro-
files were recorded for every collagen fibril, the height was the dif-
ference between line profile baseline and collagen fibril apex, and
an average collagen fibril hydrated height (Hwet) was calculated.
The swelling ratio Sg of every collagen fibril was estimated as the
fold-change in height by calculating the hydrated/dried height ra-
tio, Sg= Hwet/Hgry. Additionally, we measured the collagen fibril
cross-sectional area, and width in air-dried and hydrated samples,
before and after treatment (MGO and buffer) (see Supporting Infor-
mation). Morphological changes, attributed to random debris, were
observed on AFM height topography in air-dried conditions. Such
data were excluded from height data analysis. All collagen fibrils
tested described had a hydrated height of at least 100 nm to avoid
substrate effects during nanoindentation experiments.

2.6. Experimental workflow

Fig. 1 illustrates the experimental workflow. Two microscope
slides with isolated collagen fibrils were prepared, as described
above. We then let collagen fibrils hydrate for 2 hours in PBS
(pH 7.4) and 5mM EDTA to recover from strains and stresses that
might have occurred during the sample preparation. Samples were
then subsequently rinsed with distilled water, air-dried, and stored
in a low vacuum desiccator overnight. On the first measurement
day, both slides were measured using the Kelvin Probe AFM setup.
Here, 10 collagen fibrils were selected from each glass slide, and
we measured their dry height and relative surface potential (base-
line measurements, Fig. 1). Subsequently, 3D-printed ring-shaped
fluid cells were attached to both glass slides using two-component
dental silicon (picodent® twinduo extrahart). The fluid cell was
filled with 5-6 ml of PBS (pH 7.4) and the setup was left to ther-
mally equilibrate for 30 minutes. The hydrated collagen fibrils were
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assessed in force map mode for mechanical and height analy-
sis (baseline measurements, Fig. 1). Both glass slides were sub-
sequently submerged into their respective buffers, an MGO treat-
ment buffer for the MGO group and a control buffer for the control
group (as a negative control). After an incubation period of 4 hours
at 34 °C, both slides were generously rinsed with distilled water,
and fluid cells re-filled with PBS (pH 7.4) for further nanomechan-
ical assessment (treated). Samples were then generously rinsed
with distilled water and stored in the desiccator overnight. On the
following day, KPFM measurements were performed on the same
collagen fibrils after glycation.

2.7. Statistical analysis

Several metrics were analyzed comparing four groups against
each other: control before vs. after treatment (only buffer) and
MGO before vs. after treatment (Fig. 1). Each group contained 10
collagen fibrils, with the collagen fibrils being longitudinally paired
between the before and after Control or MGO groups. To compare
these groups, we assigned singular values to each collagen fibril for
each metric.

For the indentation modulus, each collagen fibril had a max-
imum of 16 data points corresponding to individual force curves
from the collagen fibril apex. Force curves showing slip-off events
(Fig. S2) during indentation, were excluded from data analysis. The
mean indentation modulus of the remaining force curves was then
assigned to each collagen fibril. Similarly, the means of all data
points of collagen fibril dry and hydrated height, and the relative
surface potential were assigned to each individual collagen fibril.
Basing the fibril properties on medians instead of means did not
change the outcomes on all our subsequent statistical tests on the
four groups. Due to measuring the same collagen fibrils before and
after treatment, a paired statistical test was performed.

All groups passed the Kolmogorov-Smirnov test for nor-
mality tests. We then first assessed before vs. after treat-
ment differences using paired t-tests, followed by tests for
the difference of differences ((AEmco — AEcontror)s (APumco —
A(DControl)v (ADdry,MGO - A1-)dry,Control)v (ADwet,MGO - ADwet.Comrol)
and (ASg mco — ASg contro) 1IN Table S1) between the MGO and the
control group using two-sample t-tests at a significance level of
a=0.05. Testing the difference of differences between control and
MGO group in every metric allows us to better control for un-
known systematic errors between measurements.

3. Results
3.1. MGO treatment stiffens collagen fibrils

With a mean hydrated collagen fibril height of (191 + 39)
nm, the maximum indentation depths in the control ((12.4 + 2.3)
nm, N = 30) or glycated ((10.2 + 1.6) nm, N = 10) group were
well below the 10% threshold to avoid substrate effects [21,40,41].
Paired before-after t-tests reveal no significant changes in the con-
trol group, but a 2.33-fold increase in indentation modulus after
MGO treatment. On average, the indentation modulus increased
from (2.16 + 0.73) MPa to (5.05 + 1.74) MPa with MGO treat-
ment (Fig. 1A, p = 2.6e-5). Hertzian analysis of the approach force-
distance curves gave similar results (Fig. 2B, Fig. S3), i.e., equiva-
lent statistical trends between groups. Additionally, both analysis
models yield similar indentation moduli values (Fig. 2a, Fig. S3),
i.e,, no statistical difference was found in both control groups and
the MGO group before treatment. This suggests elastic behavior of
collagen fibrils in these groups. Interestingly, a paired t-test be-
tween the two analysis methods for the MGO group after treat-
ment reveals significantly lower indentation moduli obtained with
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Fig. 3. MGO treatment decreased collagen fibril relative surface potential (® ). (A) Relative surface potential KPFM images and line profiles from an MGO-glycated collagen
fibril before (magenta) and after (green) MGO treatment. In the line profile, an average drop of 20 mV was measured along the highlighted strip across the collagen fibril
apex. (B) Relative surface potential data of Control and MGO groups (***p = 2e-4). Scale bars are 300 nm.

the Oliver-Pharr analysis (mean difference of 1.35 MPa, p = 1.5e-
5). This may hint to a different material behavior (permanent, or
viscoelastic and/or viscoplastic) of collagen fibrils after MGO treat-
ment.

3.2. MGO treatment decreases collagen fibril surface potential

KPFM relative surface potential data were determined before
and after treatment by subtracting the mean surface potential
value from the surrounding glass (Fig. 3A) from a thin stripe from
the collagen fibril apex (Fig. 3A line profiles). The stripe thickness
was chosen such that the influence of edge effects is minimized.
Both groups showed significant changes through treatment (buffer
only or with MGO), albeit in opposite directions and to different
effect sizes (Fig. 3A). The relative surface potential (®,) increased
slightly from (-27.87 + 8.4) mV to (-21.55 £+ 9.67) mV in the con-
trol group, while in the MGO-treated group the &, showed a 3-
fold decrease, from (-9.89 + 8.99) mV to (-30.23 + 8.94) mV

3.3. MGO treatment changes collagen fibril height

MGO treatment affected both the air-dried and hydrated colla-
gen fibril height and as a result, their swelling ratio upon hydra-
tion. Fig. 4A shows an exemplary image of the same collagen fibril
in dry (KPFM first pass height %profiles) and hydrated state (in PBS,
height topography from a force map) before and after MGO treat-
ment. Corresponding profiles are displayed in Fig. 4C. Fig. 4 shows
changes in collagen fibril height before and after treatment. On av-
erage, the height in MGO-treated collagen fibrils significantly in-
creased in dry state from (108.7 £ 25.1) nm to (134.8 + 26.4) nm
(p = 1.5e-6, Fig. 4B), and in hydrated state (PBS), from (199.7 +

34.7) nm to (209 + 36.2) nm (p = 0.003, Fig. 4D). Notably, the ef-
fect size for the hydrated heights is rather small compared to the
change in dry heights. Consequently, the swelling ratio was sig-
nificantly decreased in MGO-glycated collagen fibrils from 1.86 +
0.16 before to 1.56 & 0.06 after treatment (***p = 1e-4, Fig. 4C and
E). In agreement with height-based analysis, cross-sectional area
(CSA) data show a statistically significant decrease in CSA swelling
ratio for the MGO-treated group (p = 0.043, Fig. S5, panel E). We
attribute the less prominent decrease in CSA swelling compared
to height swelling ratio to the slightly smaller increase in collagen
fibril dry CSA (Fig. S5, panel B).

4. Discussion
4.1. Nanoscale mechanics of MGO-treated collagen fibrils

Intrafibrillar cross-linking plays a major role in the mechanical
properties of collagenous tissues. In the early tissue life cycle, such
as during embryonic development, enzymatic crosslinks mediated
by the lysyl oxidase family are formed to stabilize collagen fibril
structure [42]. With maturation, the amount of enzymatic cross-
links plateaus [43]. Yet, tissue stiffness at the fascicle level has
been shown to further increase with glycation [13]. In association
with diabetes, this effect is even stronger [44,45]. We show distinct
changes in indentation modulus (i.e., nanostiffness), surface poten-
tial, and swelling behavior in individual collagen fibrils as a result
of treatment with MGO.

MGO treatment led to increased indentation modulus in 10/10
hydrated collagen fibrils. At the collagen fibril level, Ahmed et al.
[39] found a decrease in the indentation modulus of air-dried col-
lagen fibrils within cryosections with increasing age, which they
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Fig. 4. MGO treatment alters hydration in collagen fibrils. (A) Height topography

in air dry and hydrated of the untreated and MGO-treated collagen fibril. (B) Individual

points represent the average dry height per collagen fibril in control and MGO groups. (C) Line profiles of the collagen fibril shown in panel A. (D) Average hydrated height
per collagen fibril in control and MGO groups. (E) Average height swelling ratio is reduced (***p = 1e-4) in MGO-treated collagen fibrils. Scale bars are 300 nm. Collagen
fibril size and swelling analysis based on cross-sectional area yielded similar results (Fig. S5).

connected to a higher amount of AGEs. This is in agreement with
our results of increased collagen fibril dry height after MGO-
treatment, which we interpret as increased amounts of residual
water after air-drying and have shown in the past to play a role on
dry collagen fibril indentation modulus [46]. Vaez et al. [47] per-
formed indentation experiments on MGO-glycated collagen scaf-
folds and reconstituted collagen fibrils. In agreement with our data,
they report increased indentation modulus of hydrated and MGO-
glycated collagen scaffolds. In addition, Svensson et al. reported
an increase of the tangent tensile modulus of collagen fibrils af-
ter MGO treatment [13]. At the fascicle level, Svensson et al. and
Fessel et al. reported an increase in the tangent tensile modulus
after 4.5h and 6h, respectively, of MGO treatment [13,48]. Contra-
dictory to these findings, two earlier studies reported no significant
effect on the tangent tensile modulus or stiffness of rat tail tendon
fascicles after MGO treatment [49,50].

While there seem to be variable outcomes at the fascicle level,
the only study investigating both, fibril and fascicle, scales [13]
found an increase in tensile stiffness after MGO treatment on both
levels. This is expected because collagen fibrils are the smallest re-
inforcing fibers of tendon tissue. Beyond the impact of collagen fib-
ril stiffness on tissue-level mechanics, collagen fibrils compose the
cellular microenvironment and contribute to the mechanical cues
affecting and promoting cellular processes [51-53]. Hence, a bio-
logical response can be expected from increased collagen stiffness
due to MGO treatment.

4.2. MGO treatment lowers the relative surface potential in isolated
collagen fibrils

Nonenzymatic glycation in collagen is the reaction of reduc-
ing sugars, such as glucose, ribose, glyoxal, or methylglyoxal, with
charged amino acids resulting in the formation of advanced gly-
cation end products (AGEs) [54]. Lysine (Lys) and arginine (Arg)
are targets of the most abundantly found AGEs such as Glucosep-
ane, Pentosidine, GOLD, MOLD, MODIC, GODIC or DOGDIC [55-
58]. Lys and Arg side groups are both positively charged at neu-
tral pH. With their side chains being involved in forming electri-
cally neutral AGEs through glycation, the overall surface potential
of the collagen protein is expected to decrease toward more neg-

ative values [17]. In agreement with this hypothesis, our results
show a reduction in relative surface potential in 10/10 fibrils after
MGO treatment. Measuring tissue glycation via fluorescent AGEs
(fAGEs) is an established and commonly used technique [59] but
restricted to tissue level amounts of material. Using this technique
on additional samples obtained from mouse tail-tendons treated
with MGO vs. buffer did show a significant increase in fAGEs (Fig.
S6 and S7). Surface potential measurements via KPFM allow for
nanoscale qualitative changes due to glycation at the individual
collagen fibril level. Relating surface potential data to individual
collagen fibril mechanics helps tackle nanoscale heterogeneity. Our
findings corroborate results from Mesquida et al., who showed a
relative decrease in collagen fibril surface potential to treatment
with glutaraldehyde [17] and ribose [18].

Importantly, the change in surface charge, measured via KPFM,
may well have direct biological significance with implications in
cell mechanotransduction. Cells interact with their microenviron-
ment by using focal adhesions that connect the ECM components
(collagen fibrils) with the cytoskeleton. By that, cells employ mech-
anisms that allow them to sense forces from the ECM and re-
spond through mechanotransduction - cell function and behav-
ior [60]. Glycation of Lys and Arg residues changes the length of
their side chains and their charge distribution [61], while we ex-
pect this to affect the cellular integrin-binding-sites of collagen.
On the one hand, changes in surface charge distribution may lead
to altered molecular reorganization impeding the accessibility of
integrin-binding sites. On the other hand, MGO and possibly other
non-enzymatic reagents bind to Arg and effectively block binding
motifs such as RGD, GER or GFO [62]. Such changes at the cell-
ECM interface are expected to impact tissue homeostasis from al-
tered cell-ECM interactions [16]. Glycation has been shown to have
a deleterious effect on both integrin [63-66] and MMP [67] colla-
gen binding sites, possibly impeding tissue degradation leading to
dysregulation of physiological tissue remodeling processes. In ad-
dition to cell mechanotransduction, MGO treatment has also been
reported to promote adhesion and biofilm formation of primary
bacterial colonizers such as Streptococcus mutans [19,20].

While we reported a clear effect of MGO on collagen fibril
mechanics and surface potential, there is no significant correlation
between indentation modulus change and relative surface potential
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within the MGO group (Fig. S4). This could be explained because
KPFM does not differentiate between adducts and cross-links
which influence nanostiffness or indentation modulus in opposite
ways. Nevertheless, given the low numbers of collagen fibrils that
can be assessed, approaches for chemical analysis at the individ-
ual collagen fibril level are highly important to further uncover
correlations between mechanics and chemical modification.

4.3. MGO treatment affects collagen fibril (de- )hydration

Upon hydration with water, collagen fibrils increase in diameter
compared to their air-dried state [38,68]. It is important to men-
tion that the air-dried state is different from a fully dehydrated
one, which is only achievable in low pressure environments and
at high temperatures above 90 °C [69,70]. Water molecules inter-
act with the collagen molecule in several distinct ways at varying
degrees of affinity. Generally, water structurally binds readily to the
polar sites at the collagen amino acid backbone by building single-
molecule Ramachandran bridges or triple-molecule double bridges
[69,70]. Only after most of the polar sites of the collagen molecule
are covered in structurally bound water [68], secondary hydration
occurs at the more hydrophobic surfaces. In our experiment, we
measured altered hydration behavior in collagen fibrils after MGO
treatment. Both dry and hydrated height increase significantly in
10/10 fibrils (Fig. 4B, D) after MGO treatment. The larger effect
size in the dried compared to the hydrated state leads to a sta-
tistically significant decrease in apparent swelling after MGO treat-
ment compared to non-glycated samples. At the molecular level,
glycation has been associated with a two-fold effect on collagen
fibril hydration. Firstly, newly formed AGE adducts were hypothe-
sized to offer new sites for water hydration, leading to increased
hydrated collagen fibril diameter [71]. Computational analysis val-
idated this hypothesis, showed energetically favorable configura-
tions of water molecules on multiple sites on the AGE cross-link
glucosepane [39]. Secondly, cross-links may restrict shrinking upon
air-drying, i.e., the space occupied by cross-links and amino acid
side groups preventing the collagen backbones from getting closer
to each other. These effects can explain the increase in air-dried
collagen fibril height after glycation and the increase in hydrated
height (Fig. 4B, C and D).

4.4. Limitations

In this study, collagen fibrils were harvested from a single an-
imal and a single fascicle. While biological variation was not ac-
counted for, our approach ensures consistency and control over ex-
perimental variables necessary to test the direct effect of glycation
on the physicochemical properties of collagen fibrils.

Furthermore, we assessed the mechanical properties of collagen
fibrils by utilizing AFM nanoindentation tests. In agreement with
previous studies [21,32-39], we assumed the Poisson’s ratio to be
0.5 (incompressible material). While the true Poisson’s ratio of col-
lagen fibrils is unknown, the assumption of 0.5 allows comparison
to previous studies.

While AFM nanomechanical tests are highly informative and
suitable for studying changes at the nanoscale [21,34,35,38,39] col-
lagen fibrils are typically loaded in tension in most biological tis-
sues. Additional studies incorporating tensile tests would therefore
provide a more comprehensive understanding of glycation effects
on collagen fibril mechanics. In this context, Svensson et al. (2018)
reported increased initial stiffness and ultimate strength in MGO-
glycated collagen fibrils under tension [13], which is in agreement
with our findings.

The nature of AFM nanoindentation tests necessitates drying
collagen fibrils on the substrate to achieve good adhesion. That
means also during MGO treatment collagen fibrils are adhering to
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the substrate, potentially influencing the glycation process. While
we cannot rule this potential effect out, our study design allows
assessing the effect of MGO on the same fibril before and after
treatment.

While methylglyoxal (MGO) is produced as a by-product of the
Maillard reaction and is physiologically relevant to collagen fib-
ril glycation, there are numerous other glycation agents (e.g., glu-
cose, ribose, and glyoxal) that affect collagen fibril physicochemical
properties. Compared to other glycation agents, MGO is character-
ized by a fast reaction, eliminating temporal effects such as pH re-
duction during glycation with ribose [72].

We conducted a fluorescent advanced glycation end products
(fAGEs) assay to validate the formation of AGEs crosslinks. While
we used different fascicles from a different animal for the fAGEs
assay, our supplementary data (Fig. S6 and S7) clearly show the
formation of AGEs through a glycation protocol, supporting the rel-
evance of our findings.

The use of KPFM in our study was confined to dry state mea-
surements. While this technique provided crucial insights into the
changes in surface potential, future research could benefit from ex-
ploring these properties under hydrated conditions to better mimic
the in vivo environment [73].

5. Conclusions

Here, we performed a multimodal KPFM/AFM approach to test
the effect of methylglyoxal (MGO) treatment on the nanoscale me-
chanical and chemical properties of collagen fibrils. We found that
MGO treatment; a) significantly increases nanostiffness (indenta-
tion modulus); b) decreases surface potential; and c¢) impacts the
hydration of individual isolated collagen fibrils. Changes in nanos-
tiffness and surface charge did not show significant correlations.
Thus, further research is required to improve chemical analysis at
the level of individual collagen fibrils for linking composition and
chemical modifications to mechanical properties at this level. Our
findings show how AGEs modify the structure and function of col-
lagen fibrils, with implications for the development of age-related
and diabetes-associated pathologies.
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