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a b s t r a c t 

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/ ) 
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. Introduction 

Collagens constitute about 25% of the total human proteome, 

aking them the most ubiquitous proteins in the human body [ 1 ]. 

bundant collagen in the extracellular matrix (ECM), on the one 

and, contributes to the mechanical integrity and function of con- 

ective tissues [ 2 , 3 ], and, on the other hand, plays an important
∗ Corresponding author at: Gumpendorfer Strasse 7, A-1060 Vienna, Austria. 

E-mail address: oandriot@ilsb.tuwien.ac.at (O.G. Andriotis) . 

m

fi

t

T

ttps://doi.org/10.1016/j.actbio.2024.08.039 

742-7061/© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia In

 http://creativecommons.org/licenses/by/4.0/ ) 

Please cite this article as: M. Rufin, M. Nalbach, M. Rakuš et al., Methy

Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2024.08.039 
ole in cellular mechanotransduction [ 4-6 ], with implications for 

ealth and disease. 

The unique molecular structure of collagen is characterized by 

he tight packing of three polypeptide chains into a triple helix. 

ertain collagen molecules (e.g., type I, III, and V) self-assemble 

nto larger heterotypic constructs, known as collagen fibrils, which 

re the primary functional units of connective tissues [ 7-9 ]. The 

ultiscale hierarchical organization allows collagen fibrils to ful- 

ll mechanical properties tailored to specific tissue functions and 

o provide micro- and nanoscopic mechanical feedback to cells [ 4 ]. 

he 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. 
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ell attachments at specific loci on the surface of collagen fibrils 

 10 ]. 

Collagen fibrils are exposed to reducing sugars, which react 

ith side groups of amino acids along the collagen triple heli- 

al structure; a process known as non-enzymatic glycation, lead- 

ng to irreversible crosslink formation of advanced glycation end- 

roducts (AGEs) [ 11 ]. AGEs cross-links accumulate gradually with 

ging and disease, especially in diabetes [ 11 ]. Because AGEs are 

rreversible, they adversely affect tissue function and mechanical 

ntegrity, underscoring their significance in tissue aging and dis- 

ase progression. For example, ribose crosslinking significantly re- 

uced the post-yield tensile strain in tendons [ 12 ], but did not 

hange their apparent elasticity. In the same study, Lee and Veres 

howed that ribose crosslinking hindered collagen fibrils from un- 

ergoing discrete plasticity in overloaded tendons [ 12 ]. Svensson 

t al. showed that methylglyoxal (MGO) crosslinking increased col- 

agen fibril tensile strength, stiffness, and strain to failure [ 13 ]. 

Glycation, additionally affects collagen net charge [ 14 ] and 

olecular and cellular recognition [ 15 , 16 ] due to the reaction 

ith charged lysine and arginine residues. By employing Kelvin 

robe Force Microscopy (KPFM), Mesquida et al. showed a shift to 

ore negative surface charge in glutaraldehyde-crosslinked colla- 

en fibrils [ 17 ]. Bansode et al. showed evidence of collagen molec- 

lar reorganization within collagen fibrils as a result of ribose- 

-phosphate glycation accompanied by altered surface charges 

 18 ]. Cells attach to the surface of collagen fibrils via metal ion-

ediated interactions, and thus a surface charge shift may have 

mplications for how cells attach, and ultimately how they sense 

nd respond to changes of their microenvironment. In this context, 

GO treatment has been reported to affect bacterial adhesion and 

iofilm formation, with implications to dental health [ 19 , 20 ]. 

Although there is an apparent influence of glycation on colla- 

en fibril physicochemical properties, a gap in knowledge exists 

n how glycation-induced alterations in collagen fibril mechanics 

re linked to surface potential changes. Here, we utilized samples 

rom a mouse tail-tendon, characterized by low initial cross-link 

ensity. We employed Kelvin Probe Force Microscopy (KPFM) to 

easure collagen fibril surface potential changes, and atomic force 

icroscopy cantilever-based indentation to measure collagen fib- 

il nanostiffness and hydration swelling changes on the same iso- 

ated and individual collagen fibrils before and after MGO treat- 

ent ( Fig. 1 ). This multimodal KPFM/AFM approach allows us to 

solate and examine the direct effects of MGO-induced cross-links 

n collagen fibril structure, mechanics, and chemical properties 

t the nanoscale. Through targeted MGO treatment, we simulated 
2

ging processes and diabetes-related changes observed in human 

issues in vivo , providing a clearer understanding of the patho- 

hysiological consequences of AGE accumulation at the collagen 

bril level. Our approach shows the importance of characterizing 

oth the nanoscale biochemical landscape and stiffness of colla- 

en fibrils with implications in micro- and nanoscale assessment 

f native biological tissues and tissue models in health, aging, and 

isease. 

. Materials and methods 

.1. Sample preparation 

Collagen fibrils were harvested from a 5-month-old male wild- 

ype mouse tail-tendon fascicle (previously stored in −80 °C for 

everal months before use). Samples were prepared on conven- 

ional lime glass microscope slides using a previously described 

ethod [ 21 ]. Briefly, the tail was skinned, and a section of tendon 

as dissected. The tendon was then kept hydrated in distilled wa- 

er, and a single fiber was dissected and separated into two parts. 

sing sharp tweezers, each of the two fiber parts was opened and 

meared out on a microscope slide. After a drying period of a few 

inutes, which enhances collagen fibril adhesion to the glass sur- 

ace, the samples were thoroughly washed with distilled water and 

hen stored in a vacuum desiccator. One glass slide was used for 

he MGO treatment and the other as a control group. 

.1.1. Individual and isolated collagen fibrils 

Individual and isolated collagen fibrils ( N = 10 per group) were 

dentified from their characteristic 67 nm D-periodicity visible in 

tomic force microscopy (AFM) images recorded in air-dried condi- 

ions (Dimension Icon, Bruker; same as for Kelvin Probe Force Mi- 

roscopy cf. Section 2.4 .). We subsequently recorded optical micro- 

cope images for each position to identify the same collagen fibrils 

etween various measurements (KPFM cf. §2.4 and nanomechan- 

cal cf. §2.3. tests conducted in different AFM setups). To further 

ssure repeated measurements on the same regions of individual 

ollagen fibrils, we chose our locations at a specific distance, typi- 

ally a few micrometers, from characteristic fibril-fibril crossings. 

.2. MGO treatment 

A buffer containing 20 mM MGO (Sigma Aldrich, St. Louis, MO, 

SA) and 5 mM EDTA in 10 mM phosphate buffered saline (PBS), 
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ollowing the protocol of Svensson et al. [ 13 ] was used for the gly-

ation of collagen fibrils. The buffer was adjusted to a pH 7.4 at 

4 °C and stored in the fridge for a few days prior to the experi-

ent. A negative control sample was treated in parallel with only 

he buffer. The microscope glass slides, with deposited collagen fib- 

ils, were fully submerged in approximately 30 ml of the respective 

olution (buffer for negative control samples and buffer + MGO for 

lycation samples) in plastic tubes and stored in an incubator at 

4 °C for 4 h. Subsequently, samples were thoroughly rinsed with 

istilled water for 1-2 min. 

.3. Nanomechanical characterization with AFM 

.3.1. AFM cantilever tip and spring constant calibration 

An additional AFM (Nanowizard Ultraspeed A, Bruker JPK) was 

sed, in force mapping mode, for nanoindentation tests. Nanoin- 

entation measurements were performed in PBS (pH 7.4). To that 

nd, 3D-printed rings were glued on the microscope slides with 

wo-component dental silicon (picodent® twinduo extrahart). For 

ll indentation experiments, we used the same rectangular PNP- 

B-A cantilever (NanoWorld AG, Neuchâtel, Switzerland) with a 

ominal spring constant of 0.48 N/m (and measured at 0.11 N/m) 

nd a nominal resonance frequency of 67 kHz. The geometry of 

he AFM tip was assessed by imaging a conical spike, with known 

ip radius and half-opening angle, from a TGT-1 calibration grat- 

ng (ND-MDT Spectrum Instruments), as described previously [ 21 ]. 

he AFM tip geometry was reconstructed via a numerical decon- 

olution as described in [ 21 , 22 ]. 

The spring constant of the cantilever was calibrated in air via 

he thermal noise method, implemented in the JPK SPM Control 

oftware [ 23-26 ], prior to experiments in hydrated environment. 

fter submerging the cantilever in PBS, we calibrated the inverse 

ptical lever sensitivity, InvOLS, using a contact-based method [ 21 ] 

n the microscope glass slide surface, before each collagen fibril 

as mechanically assessed. 

.3.2. Force curve acquisition and nanostiffness estimation 

Force maps were recorded on all 20 collagen fibrils, before and 

fter MGO treatment, using a 1.5 ×1.5 μm ² scan sized at 64 ×16 

ixel resolution. One force map per collagen fibril was recorded 

or each measurement step in the workflow ( Fig. 1 ). 

The orientation of the force map was set such that the long 

xis of the collagen fibril was oriented along the 16-pixel axis 

slow axis) and perpendicular to the 64-pixel axis (fast axis). Force 

urves were recorded at 1 nN relative setpoint (maximum applied 

orce) and at 2 μm/s z-sensor extension speed. At 1 nN relative 

etpoint the resulting indentation depth did not exceed 10-15 % of 

he collagen fibril height, avoiding substrate effects [ 21 ]. 

The resulting force maps were then analyzed using a cus- 

om MATLAB program ( https://github.com/Rufman91/ForceMap 

nalysis ). First, force curves underwent a base line and tilt correc- 

ion by subtracting a line fit from a fraction of the non-contact 

omain of the approach curve. Then, the contact point was de- 

ermined using a custom machine learning approach [ 27 ] and re- 

ned by a Hertz-Sneddon fit with a parabolic indenter model [ 28 ]. 

e then recovered the force vs. indentation data by correcting the 

aw force curves for the vertical tip deflection. The indentation 

odulus was estimated employing the Oliver-Pharr (OP) method 

 21 , 29 , 30 ] that assumes the unloading curve to result from lin-

ar elastic recovery based on the Hertzian contact theory [ 31 ]. The 

anostiffness of collagen fibrils, expressed as the sample indenta- 

ion modulus, E, was estimated via Eq. (1) : 

 = √ 

π
1 − ν

2 β

Sc √ 

Ac 

(
hc 

) (1) 
3

here Sc (N/m ) is the contact stiffness, AC (hc )(m2 ) , is the contact 

rea, β is an empirical correction factor and was chosen as 1.0226 

s a standard value given within the range suggested by Oliver and 

harr [ 29 ]. The correction factor β causes only a systematic error 

f max. 5% and does not influence any inter-cohort comparisons 

n this study. The Poisson’s ratio ν was assumed to be 0.5 for an 

ncompressible material [ 21 , 32-39 ], hc = hmax − εPmax /Sc is the ef- 

ective contact depth accounting for a sink-in at the non-contact 

urface, and with ε = 0 . 73 [ 29 ] (between a conical and paraboloid

ndenter) chosen according to the tip shape, which was determined 

y imaging a TGT1 calibration grating (NT-MDT Spectrum, Moscow, 

ussia) followed by a tip reconstruction algorithm [ 21 ]. 

For indentation modulus analysis, we included only data points 

rom the apex of the collagen fibril, resulting in a total of 16 data 

oints per collagen fibril per force map. Alongside the Oliver-Pharr 

ethod, we analyzed our indentation data with a classic Hertz- 

neddon fit with parabolic indenter model [ 28 ]. 

.4. Kelvin Probe Force Microscopy (KPFM) 

AFM dry height and KPFM surface potential imaging of air-dried 

ollagen fibrils were performed on the Dimension Icon (Bruker) 

FM. For KPFM measurements an Olympus AC-200TN-R3 (Olym- 

us K.K., Shinjuku, Japan) cantilever with 9 N/m nominal spring 

onstant and 150 kHz nominal resonance frequency (153.5 kHz 

easured frequency) was used. The conductive AFM chip was 

ade of n-type silicon. Similarly to nanomechanical tests, the scan 

ize was set to 1.5 ×1.5 μm ² for each collagen fibril. In KPFM mode, 

he AFM operates in lift mode, i.e., the scan head passes over the 

ame scan line twice. The first time, the sample height profile is 

easured in tapping mode, while on the second pass, the tip is 

canned over the sample at a certain lift height with respect to the 

reviously measured profile i.e., AFM head height. In our measure- 

ents, the lift height was set at 0 nm, meaning the distance to the 

urface was about half the setpoint amplitude of the tapping mode 

ass. We recorded 128 scan lines per image at 512 samples per 

ine with a tip scan speed of 0.25 μm/s. Intermittent contact mode 

as driven at 153.34 kHz, i.e., just below the measured resonance 

eak, at a drive amplitude of roughly 1 V. Relative amplitude set- 

oint, drive amplitude, and I-gain were adjusted in between mea- 

urements to assure optimal imaging quality. 

During the lift phase of a scan line, the surface potential was 

easured, by applying an alternating UAC (t) and a constant current 

DC to the cantilever tip. Here, the tip together with the conductive 

ample stage and the sample in between act as a capacitor setup 

here the force between the plates at given UAC , UDC and the local 

urface potential �(x, y ) is given by: 

( t) = dC 

dz 
V ( t) (2) 

ith 

( t) = UAC sin ( ωt) + ( UDC − �( x, y) ) (3) 

hich results in a constant force FDC , and time dependent forces at 

 ω, F2 ω , and ω, Fω (t) : 

ω ( t) = dC 

dz 
UAC ( UDC − �( x, y) ) sin ( ωt) (4) 

The resulting cantilever deflection amplitude caused by the 

orce component Fω (t) is measured using a lock-in amplifier. Con- 

rolling Fω (t) to be at zero by adjusting the constant current UDC 

uch that (UDC − �(x, y )) = 0 = Fω (t) , allows mapping of the sur-

ace potential directly by UDC . Since, however, d C/d z is unknown, 

e cannot map the absolute surface potential (i.e. charges). In- 

tead, we defined a relative surface potential for our collagen fibrils 

https://github.com/Rufman91/ForceMapAnalysis
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hat is given by the difference between the surface potential of the 

ollagen fibril and the surface potential measured on the surround- 

ng glass. 

rel = �fib − �glass (5) 

To this end, we extracted the potential and height image data 

rom the raw data files into .sdf files using a custom PyGwy script 

n Gwyddion. The files were then loaded into our custom MAT- 

AB program (https://github.com/Rufman91/ForceMapAnalysis). To 

void topological artifacts, occurring at the sides of the collagen 

brils, a stripe was automatically selected from the collagen fibril 

pex with a given fraction of the collagen fibril height as thick- 

ess for the surface potential of the collagen fibril � f ib . For �glass , 

e chose the area surrounding the collagen fibril, manually exclud- 

ng debris-contaminated locations. For each surface potential im- 

ge, we calculated the relative collagen fibril surface potential as 

he difference of the means of both the chosen areas, i.e. < � f ib > 

nd < �glass > . 

.5. Collagen fibril height and swelling ratio measurements 

Collagen fibril dry height was measured in tapping mode (Di- 

ension Icon, Bruker; cf. §2.4) and hydrated height was recorded 

n force volume map mode (Nanowizard Ultraspeed A, JPK-Bruker; 

f. §2.3). Dry height profiles were recorded from the first pass of 

he KPFM measurements (cf. §2.4). The baseline was subtracted 

rom 128 height profiles per collagen fibril, and the collagen fib- 

il height was defined as the difference between the collagen fibril 

pex, and the baseline average height. The arithmetic mean of ca. 

28 apex height values was taken as collagen fibril dry height Hdry 

Fig. S1). 

A height topography maps of hydrated collagen fibrils was ex- 

racted from each force volume map via the zero force contact 

oint of each force-distance curves [ 27 ] (cf. §2.3.2). In total 16 pro-

les were recorded for every collagen fibril, the height was the dif- 

erence between line profile baseline and collagen fibril apex, and 

n average collagen fibril hydrated height (Hwet ) was calculated. 

he swelling ratio SR of every collagen fibril was estimated as the 

old-change in height by calculating the hydrated/dried height ra- 

io, SR = Hwet /Hdry . Additionally, we measured the collagen fibril 

ross-sectional area, and width in air-dried and hydrated samples, 

efore and after treatment (MGO and buffer) (see Supporting Infor- 

ation). Morphological changes, attributed to random debris, were 

bserved on AFM height topography in air-dried conditions. Such 

ata were excluded from height data analysis. All collagen fibrils 

ested described had a hydrated height of at least 100 nm to avoid 

ubstrate effects during nanoindentation experiments. 

.6. Experimental workflow 

Fig. 1 illustrates the experimental workflow. Two microscope 

lides with isolated collagen fibrils were prepared, as described 

bove. We then let collagen fibrils hydrate for 2 hours in PBS 

pH 7.4) and 5mM EDTA to recover from strains and stresses that 

ight have occurred during the sample preparation. Samples were 

hen subsequently rinsed with distilled water, air-dried, and stored 

n a low vacuum desiccator overnight. On the first measurement 

ay, both slides were measured using the Kelvin Probe AFM setup. 

ere, 10 collagen fibrils were selected from each glass slide, and 

e measured their dry height and relative surface potential (base- 

ine measurements, Fig. 1 ). Subsequently, 3D-printed ring-shaped 

uid cells were attached to both glass slides using two-component 

ental silicon (picodent® twinduo extrahart). The fluid cell was 

lled with 5-6 ml of PBS (pH 7.4) and the setup was left to ther-

ally equilibrate for 30 minutes. The hydrated collagen fibrils were 
4

ssessed in force map mode for mechanical and height analy- 

is (baseline measurements, Fig. 1 ). Both glass slides were sub- 

equently submerged into their respective buffers, an MGO treat- 

ent buffer for the MGO group and a control buffer for the control 

roup (as a negative control). After an incubation period of 4 hours 

t 34 °C, both slides were generously rinsed with distilled water, 

nd fluid cells re-filled with PBS (pH 7.4) for further nanomechan- 

cal assessment (treated). Samples were then generously rinsed 

ith distilled water and stored in the desiccator overnight. On the 

ollowing day, KPFM measurements were performed on the same 

ollagen fibrils after glycation. 

.7. Statistical analysis 

Several metrics were analyzed comparing four groups against 

ach other: control before vs. after treatment (only buffer) and 

GO before vs. after treatment ( Fig. 1 ). Each group contained 10 

ollagen fibrils, with the collagen fibrils being longitudinally paired 

etween the before and after Control or MGO groups. To compare 

hese groups, we assigned singular values to each collagen fibril for 

ach metric. 

For the indentation modulus, each collagen fibril had a max- 

mum of 16 data points corresponding to individual force curves 

rom the collagen fibril apex. Force curves showing slip-off events 

Fig. S2) during indentation, were excluded from data analysis. The 

ean indentation modulus of the remaining force curves was then 

ssigned to each collagen fibril. Similarly, the means of all data 

oints of collagen fibril dry and hydrated height, and the relative 

urface potential were assigned to each individual collagen fibril. 

asing the fibril properties on medians instead of means did not 

hange the outcomes on all our subsequent statistical tests on the 

our groups. Due to measuring the same collagen fibrils before and 

fter treatment, a paired statistical test was performed. 

All groups passed the Kolmogorov-Smirnov test for nor- 

ality tests. We then first assessed before vs. after treat- 

ent differences using paired t-tests, followed by tests for 

he difference of differences (( �EMGO − �EControl ) , ( ��MGO −
�Control ), ( �Ddry,MGO − �Ddry,Control ), ( �Dwet,MGO − �Dwet ,Cont rol ) 

nd ( �SR,MGO − �SR,Control ) in Table S1) between the MGO and the 

ontrol group using two-sample t-tests at a significance level of 

 = 0.05. Testing the difference of differences between control and 

GO group in every metric allows us to better control for un- 

nown systematic errors between measurements. 

. Results 

.1. MGO treatment stiffens collagen fibrils 

With a mean hydrated collagen fibril height of (191 ± 39) 

m, the maximum indentation depths in the control ((12.4 ± 2.3) 

m, N = 30) or glycated ((10.2 ± 1.6) nm, N = 10) group were 

ell below the 10% threshold to avoid substrate effects [ 21 , 40 , 41 ].

aired before-after t-tests reveal no significant changes in the con- 

rol group, but a 2.33-fold increase in indentation modulus after 

GO treatment. On average, the indentation modulus increased 

rom (2.16 ± 0.73) MPa to (5.05 ± 1.74) MPa with MGO treat- 

ent ( Fig. 1 A, p = 2.6e-5). Hertzian analysis of the approach force-

istance curves gave similar results ( Fig. 2 B, Fig. S3), i.e., equiva- 

ent statistical trends between groups. Additionally, both analysis 

odels yield similar indentation moduli values ( Fig. 2 a, Fig. S3), 

.e., no statistical difference was found in both control groups and 

he MGO group before treatment. This suggests elastic behavior of 

ollagen fibrils in these groups. Interestingly, a paired t-test be- 

ween the two analysis methods for the MGO group after treat- 

ent reveals significantly lower indentation moduli obtained with 
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Fig. 2. MGO treatment led to a 2.3-fold increase in collagen fibril nanostiffness. (A) Indentation moduli (Oliver-Pharr method) of Control ( N = 9) and MGO ( N = 10) collagen 

fibrils, before and after treatment, i.e. with buffer only (Control) and MGO + buffer (MGO). (B) Individual (thin lines) and average (thick lines) force vs. indentation curves 

of an MGO-treated collagen fibril before (blue) and after (red) treatment. (∗∗∗p = 2.6e-5). 

Fig. 3. MGO treatment decreased collagen fibril relative surface potential ( �rel ). (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. 
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he Oliver-Pharr analysis (mean difference of 1.35 MPa, p = 1.5e- 

). This may hint to a different material behavior (permanent, or 

iscoelastic and/or viscoplastic) of collagen fibrils after MGO treat- 

ent. 

.2. MGO treatment decreases collagen fibril surface potential 

KPFM relative surface potential data were determined before 

nd after treatment by subtracting the mean surface potential 

alue from the surrounding glass ( Fig. 3 A) from a thin stripe from

he collagen fibril apex ( Fig. 3 A line profiles). The stripe thickness 

as chosen such that the influence of edge effects is minimized. 

oth groups showed significant changes through treatment (buffer 

nly or with MGO), albeit in opposite directions and to different 

ffect sizes ( Fig. 3 A). The relative surface potential ( �rel ) increased 

lightly from (-27.87 ± 8.4) mV to (-21.55 ± 9.67) mV in the con- 

rol group, while in the MGO-treated group the �rel showed a 3- 

old decrease, from (-9.89 ± 8.99) mV to (-30.23 ± 8.94) mV. 

.3. MGO treatment changes collagen fibril height 

MGO treatment affected both the air-dried and hydrated colla- 

en fibril height and as a result, their swelling ratio upon hydra- 

ion. Fig. 4 A shows an exemplary image of the same collagen fibril 

n dry (KPFM first pass height %profiles) and hydrated state (in PBS, 

eight topography from a force map) before and after MGO treat- 

ent. Corresponding profiles are displayed in Fig. 4 C. Fig. 4 shows 

hanges in collagen fibril height before and after treatment. On av- 

rage, the height in MGO-treated collagen fibrils significantly in- 

reased in dry state from (108.7 ± 25.1) nm to (134.8 ± 26.4) nm 

 p = 1.5e-6, Fig. 4 B), and in hydrated state (PBS), from (199.7 ±
5

4.7) nm to (209 ± 36.2) nm ( p = 0.003, Fig. 4 D). Notably, the ef-

ect size for the hydrated heights is rather small compared to the 

hange in dry heights. Consequently, the swelling ratio was sig- 

ificantly decreased in MGO-glycated collagen fibrils from 1.86 ±
.16 before to 1.56 ± 0.06 after treatment (∗∗∗p = 1e-4, Fig. 4 C and

). In agreement with height-based analysis, cross-sectional area 

CSA) data show a statistically significant decrease in CSA swelling 

atio for the MGO-treated group ( p = 0.043, Fig. S5, panel E). We 

ttribute the less prominent decrease in CSA swelling compared 

o height swelling ratio to the slightly smaller increase in collagen 

bril dry CSA (Fig. S5, panel B). 

. Discussion 

.1. Nanoscale mechanics of MGO-treated collagen fibrils 

Intrafibrillar cross-linking plays a major role in the mechanical 

roperties of collagenous tissues. In the early tissue life cycle, such 

s during embryonic development, enzymatic crosslinks mediated 

y the lysyl oxidase family are formed to stabilize collagen fibril 

tructure [ 42 ]. With maturation, the amount of enzymatic cross- 

inks plateaus [ 43 ]. Yet, tissue stiffness at the fascicle level has 

een shown to further increase with glycation [ 13 ]. In association 

ith diabetes, this effect is even stronger [ 44 , 45 ]. We show distinct

hanges in indentation modulus (i.e., nanostiffness), surface poten- 

ial, and swelling behavior in individual collagen fibrils as a result 

f treatment with MGO. 

MGO treatment led to increased indentation modulus in 10/10 

ydrated collagen fibrils. At the collagen fibril level, Ahmed et al. 

 39 ] found a decrease in the indentation modulus of air-dried col- 

agen 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). 
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onnected to a higher amount of AGEs. This is in agreement with 

ur results of increased collagen fibril dry height after MGO- 

reatment, which we interpret as increased amounts of residual 

ater after air-drying and have shown in the past to play a role on 

ry collagen fibril indentation modulus [ 46 ]. Vaez et al. [ 47 ] per-

ormed indentation experiments on MGO-glycated collagen scaf- 

olds and reconstituted collagen fibrils. In agreement with our data, 

hey report increased indentation modulus of hydrated and MGO- 

lycated collagen scaffolds. In addition, Svensson et al. reported 

n increase of the tangent tensile modulus of collagen fibrils af- 

er MGO treatment [ 13 ]. At the fascicle level, Svensson et al. and

essel et al. reported an increase in the tangent tensile modulus 

fter 4.5h and 6h, respectively, of MGO treatment [ 13 , 48 ]. Contra-

ictory to these findings, two earlier studies reported no significant 

ffect on the tangent tensile modulus or stiffness of rat tail tendon 

ascicles after MGO treatment [ 49 , 50 ]. 

While there seem to be variable outcomes at the fascicle level, 

he only study investigating both, fibril and fascicle, scales [ 13 ] 

ound an increase in tensile stiffness after MGO treatment on both 

evels. This is expected because collagen fibrils are the smallest re- 

nforcing fibers of tendon tissue. Beyond the impact of collagen fib- 

il stiffness on tissue-level mechanics, collagen fibrils compose the 

ellular microenvironment and contribute to the mechanical cues 

ffecting and promoting cellular processes [ 51-53 ]. Hence, a bio- 

ogical response can be expected from increased collagen stiffness 

ue to MGO treatment. 

.2. MGO treatment lowers the relative surface potential in isolated 

ollagen fibrils 

Nonenzymatic glycation in collagen is the reaction of reduc- 

ng sugars, such as glucose, ribose, glyoxal, or methylglyoxal, with 

harged amino acids resulting in the formation of advanced gly- 

ation end products (AGEs) [ 54 ]. Lysine (Lys) and arginine (Arg) 

re targets of the most abundantly found AGEs such as Glucosep- 

ne, Pentosidine, GOLD, MOLD, MODIC, GODIC or DOGDIC [ 55- 

8 ]. Lys and Arg side groups are both positively charged at neu- 

ral pH. With their side chains being involved in forming electri- 

ally neutral AGEs through glycation, the overall surface potential 

f the collagen protein is expected to decrease toward more neg- 
6

tive values [ 17 ]. In agreement with this hypothesis, our results 

how a reduction in relative surface potential in 10/10 fibrils after 

GO treatment. Measuring tissue glycation via fluorescent AGEs 

fAGEs) is an established and commonly used technique [ 59 ] but 

estricted to tissue level amounts of material. Using this technique 

n additional samples obtained from mouse tail-tendons treated 

ith MGO vs. buffer did show a significant increase in fAGEs (Fig. 

6 and S7). Surface potential measurements via KPFM allow for 

anoscale qualitative changes due to glycation at the individual 

ollagen fibril level. Relating surface potential data to individual 

ollagen fibril mechanics helps tackle nanoscale heterogeneity. Our 

ndings corroborate results from Mesquida et al., who showed a 

elative decrease in collagen fibril surface potential to treatment 

ith glutaraldehyde [ 17 ] and ribose [ 18 ]. 

Importantly, the change in surface charge, measured via KPFM, 

ay well have direct biological significance with implications in 

ell mechanotransduction. Cells interact with their microenviron- 

ent by using focal adhesions that connect the ECM components 

collagen fibrils) with the cytoskeleton. By that, cells employ mech- 

nisms that allow them to sense forces from the ECM and re- 

pond through mechanotransduction – cell function and behav- 

or [ 60 ]. Glycation of Lys and Arg residues changes the length of 

heir side chains and their charge distribution [ 61 ], while we ex- 

ect this to affect the cellular integrin-binding-sites of collagen. 

n the one hand, changes in surface charge distribution may lead 

o altered molecular reorganization impeding the accessibility of 

ntegrin-binding sites. On the other hand, MGO and possibly other 

on-enzymatic reagents bind to Arg and effectively block binding 

otifs such as RGD, GER or GFO [ 62 ]. Such changes at the cell-

CM interface are expected to impact tissue homeostasis from al- 

ered cell-ECM interactions [ 16 ]. Glycation has been shown to have 

 deleterious effect on both integrin [ 63-66 ] and MMP [ 67 ] colla-

en binding sites, possibly impeding tissue degradation leading to 

ysregulation of physiological tissue remodeling processes. In ad- 

ition to cell mechanotransduction, MGO treatment has also been 

eported to promote adhesion and biofilm formation of primary 

acterial colonizers such as Streptococcus mutans [ 19 , 20 ]. 

While we reported a clear effect of MGO on collagen fibril 

echanics and surface potential, there is no significant correlation 

etween indentation modulus change and relative surface potential 
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ithin the MGO group (Fig. S4). This could be explained because 

PFM does not differentiate between adducts and cross-links 

hich influence nanostiffness or indentation modulus in opposite 

ays. Nevertheless, given the low numbers of collagen fibrils that 

an be assessed, approaches for chemical analysis at the individ- 

al collagen fibril level are highly important to further uncover 

orrelations between mechanics and chemical modification. 

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

Upon hydration with water, collagen fibrils increase in diameter 

ompared to their air-dried state [ 38 , 68 ]. It is important to men-

ion that the air-dried state is different from a fully dehydrated 

ne, which is only achievable in low pressure environments and 

t high temperatures above 90 °C [ 69 , 70 ]. Water molecules inter-

ct with the collagen molecule in several distinct ways at varying 

egrees of affinity. Generally, water structurally binds readily to the 

olar sites at the collagen amino acid backbone by building single- 

olecule Ramachandran bridges or triple-molecule double bridges 

 69 , 70 ]. Only after most of the polar sites of the collagen molecule

re covered in structurally bound water [ 68 ], secondary hydration 

ccurs at the more hydrophobic surfaces. In our experiment, we 

easured altered hydration behavior in collagen fibrils after MGO 

reatment. Both dry and hydrated height increase significantly in 

0/10 fibrils ( Fig. 4 B, D) after MGO treatment. The larger effect 

ize in the dried compared to the hydrated state leads to a sta- 

istically significant decrease in apparent swelling after MGO treat- 

ent compared to non-glycated samples. At the molecular level, 

lycation has been associated with a two-fold effect on collagen 

bril hydration. Firstly, newly formed AGE adducts were hypothe- 

ized to offer new sites for water hydration, leading to increased 

ydrated collagen fibril diameter [ 71 ]. Computational analysis val- 

dated this hypothesis, showed energetically favorable configura- 

ions of water molecules on multiple sites on the AGE cross-link 

lucosepane [ 39 ]. Secondly, cross-links may restrict shrinking upon 

ir-drying, i.e., the space occupied by cross-links and amino acid 

ide groups preventing the collagen backbones from getting closer 

o each other. These effects can explain the increase in air-dried 

ollagen fibril height after glycation and the increase in hydrated 

eight ( Fig. 4 B, C and D). 

.4. Limitations 

In this study, collagen fibrils were harvested from a single an- 

mal and a single fascicle. While biological variation was not ac- 

ounted for, our approach ensures consistency and control over ex- 

erimental variables necessary to test the direct effect of glycation 

n the physicochemical properties of collagen fibrils. 

Furthermore, we assessed the mechanical properties of collagen 

brils by utilizing AFM nanoindentation tests. In agreement with 

revious studies [ 21 , 32-39 ], we assumed the Poisson’s ratio to be

.5 (incompressible material). While the true Poisson’s ratio of col- 

agen fibrils is unknown, the assumption of 0.5 allows comparison 

o previous studies. 

While AFM nanomechanical tests are highly informative and 

uitable for studying changes at the nanoscale [ 21 , 34 , 35 , 38 , 39 ] col-

agen fibrils are typically loaded in tension in most biological tis- 

ues. Additional studies incorporating tensile tests would therefore 

rovide a more comprehensive understanding of glycation effects 

n collagen fibril mechanics. In this context, Svensson et al. (2018) 

eported increased initial stiffness and ultimate strength in MGO- 

lycated collagen fibrils under tension [ 13 ], which is in agreement 

ith our findings. 

The nature of AFM nanoindentation tests necessitates drying 

ollagen fibrils on the substrate to achieve good adhesion. That 

eans also during MGO treatment collagen fibrils are adhering to 
7

he substrate, potentially influencing the glycation process. While 

e cannot rule this potential effect out, our study design allows 

ssessing the effect of MGO on the same fibril before and after 

reatment. 

While methylglyoxal (MGO) is produced as a by-product of the 

aillard reaction and is physiologically relevant to collagen fib- 

il glycation, there are numerous other glycation agents (e.g., glu- 

ose, ribose, and glyoxal) that affect collagen fibril physicochemical 

roperties. Compared to other glycation agents, MGO is character- 

zed by a fast reaction, eliminating temporal effects such as pH re- 

uction during glycation with ribose [ 72 ]. 

We conducted a fluorescent advanced glycation end products 

fAGEs) assay to validate the formation of AGEs crosslinks. While 

e used different fascicles from a different animal for the fAGEs 

ssay, our supplementary data (Fig. S6 and S7) clearly show the 

ormation of AGEs through a glycation protocol, supporting the rel- 

vance of our findings. 

The use of KPFM in our study was confined to dry state mea- 

urements. While this technique provided crucial insights into the 

hanges in surface potential, future research could benefit from ex- 

loring these properties under hydrated conditions to better mimic 

he in vivo environment [ 73 ]. 

. Conclusions 

Here, we performed a multimodal KPFM/AFM approach to test 

he effect of methylglyoxal (MGO) treatment on the nanoscale me- 

hanical and chemical properties of collagen fibrils. We found that 

GO treatment; a) significantly increases nanostiffness (indenta- 

ion modulus); b) decreases surface potential; and c) impacts the 

ydration of individual isolated collagen fibrils. Changes in nanos- 

iffness and surface charge did not show significant correlations. 

hus, further research is required to improve chemical analysis at 

he level of individual collagen fibrils for linking composition and 

hemical modifications to mechanical properties at this level. Our 

ndings show how AGEs modify the structure and function of col- 

agen fibrils, with implications for the development of age-related 

nd diabetes-associated pathologies. 
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