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ABSTRACT

The interplay between diabetes mellitus and the structural integrity of collagen has significant implications for
tissue functionality and disease progression.

The aim of this study was to empirically investigate the effects of ribose-induced glycation on the biomechanical
properties of collagen fibrils, using atomic force microscopy for precise measurements.

Methodology. We used collagen fibrils from the common digital extensor (CDE) and superficial digital flexor (SDF)
tendons of an adult bovine model to mimic the glycation processes that occur in diabetic pathology. The samples
underwent controlled glycation by incubation with ribose for 24 hours and 14 days compared to phosphate buffered
saline treated controls. A Bioscope Catalyst atomic force microscope (Bruker, USA) was used for all atomic force
microscopy imaging in this study.

Scientific novelty. Our results show a marked increase in the elastic modulus of collagen fibrils after ribose
treatment, indicating stiffening with glycation. Notably, SDF fibrils showed a greater increase in stiffness after 24 hours
of ribose exposure compared to CDE fibrils, suggesting variations in glycation rates relative to fibril anatomy. Statistical
analyses confirmed the significance of these findings and provided a model for understanding similar processes in human
diabetes.

Conclusions. The different response to glycation observed between CDE and SDF fibrils prompts further
investigation into the role of anatomical and structural factors in glycation susceptibility. Identification of tissues at
higher risk of glycation-induced damage could lead to the development of targeted prevention strategies for diabetic
complications. In addition, the potential for pharmacological intervention to inhibit glycation processes or enhance
advanced glycation end products (AGEs) degradation offers a promising avenue for mitigating the progression of
diabetes-related complications. The results of this study highlight the potential of ribose-induced changes in collagen as
a model for diabetes-related tissue changes and propose a mechanistic framework that could guide the development of
interventions aimed at mitigating the effects of collagen-related diabetic complications.

Key words: glycation, ribose, common digital extensor (CDE), superficial digital flexor (SDF), tendons, atomic
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AHOTANIA

B3aemofiis MK IyKpoBMM JiaGeToM 1 CTPyKTYpHOWO IiJIiCHICTIO KoJlareHy Ma€ 3HAayHUH BIJIUB Ha
bYHKIIOHa/NBbHICTh TKAHUH | MpOrpecyBaHHs 3aXBOPIOBAHHS.

MeTa 1BOTO JJOCTi/PKEHHS ToJiArajga B eMIIIPUYHOMY JIOC/Ii/PKEHHI BIJIMBY TUIiKanii, iHykoBaHoi pu603010, Ha
6ioMexaHi4YHi BJIAaCTUBOCTI KOJIareHOBUX (piOpHJI, BHKOPUCTOBYIOYH aTOMHO-CUJIOBY MiKPOCKOIIiIO0.

MeToaos0rifa. MU BUKOPpUCTOBYBaJIM KoJslareHoBi ¢pi6pu/in i3 cyx0Ku/b 3arajibHoOro posruHaya nasblis (CDE) i
noBepxHeBoro 3rvHada nasibliB (SDF) Mogeni Benumkoi poraToi Xymo6u, mo6 imiTyBaTu mpouecH ruikanii, ski
BiiOyBalOThCs NpU AiabeTHUYHiM nmaToJsoril. 3pa3ku MijlaBaayu KOHTPOJIbOBaHIHM ruikauii misxoM iHKy6anii 3 pu6o3oto
npoTsroM 24 roJvH Ta 14 JHIB NOPiBHAHO 3 KOHTPOJIEM (CYX0XKUJIsl, 06po6JieHi pochaTHUM 6ydepHUM PO3UYHHOM).
ATtoMHoO-cuoBu# Mikpockorn Bioscope Catalyst (Bruker, CILIA) BukopucTOBYBaJIM AJ151 OTPUMaHHS 306paXKeHb Y [[bOMY
LOCJIPKEeHHI.

HaykoBa HoBu3HaA. Hami pe3ysbTaTy moka3yloTh MOMITHe 36i/JblIeHHS MOZYJII0 HPYKHOCTI KOJIareHOBHUX
¢i6puniB micas 06pobku pub03010, 110 BKA3YE HA YlIiIbHEHHS BHACAIOK rutikauii. 3okpema, ¢ibpuau SDF nokasanu
Oisible 36i/bIIeHHs KOPCTKOCTI micas 24 ToAWH BIJIMBY pu603u NopiBHsAHO 3 ¢ibpusamu CDE, mo cBiguuth mpo
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Bapianjii B IIBUAKOCTSAX IJliKalii 3ayexHo BiJ aHaToMii ¢i6bpusiB. CTaTUCTUYHUN aHaJi3 MiATBEPAUB BOKIUBICTb IUX
BUCHOBKIB i 3a6€3Me4uB Mo/jeJIb /IJIs1 PO3YMiHHS NMOJ[i6HUX MPOIeciB npu AiabeTi y JIOJUHU.

BucHoBKM. Pi3Ha peakiiss Ha rJjikarnito, mo crnocrtepiraetbcsi Mixk ¢iopusamu CDE Ta SDF, cnonykae no
MOJAJIbIIOr0 AOCIIPKEHHS POJIi aHATOMIYHHUX i CTPYKTYPHUX GAKTOPIB ¥ COPUHHATAUBOCTI A0 riikanil. BusBieHHs
TKaHUH i3 BULIMM PHU3UKOM IOLIKOJKEHHS, COPUYUHEHOTO TIJiKalli€lo, MOXKe NPU3BECTU A0 PO3POOKU LiJbOBUX
cTpaTerid npodiJlakTUKU [iabeTUYHUX YCKJaZHeHb. KpiM Toro, moreHiias ¢apMakoJiOriyHOTO BTPY4YaHHS i
inribyBaHHs nmpoueciB ruikauii a6o mnocuJeHHs JAerpajanii kKiHmeBux mnpoAykTiB riikanii (AGE) mnpomonye
6araToo6ilfgI0YUi LUIAX A/ NOM SKIIeHHS NporpecyBaHHs yCKJaJHeHb, NOB'A3aHUX 3 AiabeToM. lle mocaimxeHHsA
MOKa3y€e MOXKJIMBOCTI, 1[0 BiJKPUBAKTHCA 3aBASKHU 3MiHAM Yy KOJIareHi, BUKJIMKAHUM PHU603010, IKi MOXKYTb CJAYKUTH
MOJeJIJII0 /11 BUBYEHHS TKaHUHHUX 3MiH y BUIIaAKy AiabeTy. Takox NponoHY€eTbCA MiAXifJ, AKUN MOxke JOTOMOITH y
po3po6ii MeTOo/iB JIiIKyBaHHS, CIPSMOBAHUX Ha MOM’SIKIIEHHS HACJiJKIB JliabeTHUYHUX YCKJIaJHEHb, MOB'I3aHUX i3
KOJIareHOM.

Kio4oBi cioBa: ruikarisi, pu603a, 3araJlbHAM po3rvuHay NaJbI[iB, TOBEPXHEBUM 3TMHAY MaJbI[iB, CyX0XKUJLIS,
ATOMHO-CUJIOBUU MIKpPOCKOTI

Introduction The glycation process also interferes with the
normal healing response, resulting in weaker
repair tissue (Van Putte et al., 2016). In general,
the accumulation of overly glycosylated
collagens and the reduction in the levels of
sulphated proteoglycans lead to morphological
changes, including thickening of the basement
membrane and increased thickness and
hardening of the skin (Sternberg et al., 1985). In
addition, diabetes-associated microvascular
complications further compromise tendon
health by restricting blood flow, which is
essential for tissue maintenance and repair
(Vithian & Hurel, 2010).

While there is extensive data on the
glycation of extracellular matrix proteins,
particularly collagens, in the context of diabetes,
the specific impact of glucose modification on
the mechanical structure and integrity of
collagen, its interaction with cells and collagen
turnover during disease progression remains
poorly understood (Snedeker & Gautieri, 2014;
Onursal et al, 2021). There is compelling
evidence that collagen glycation plays a critical
role in tissue fibrosis associated with diabetes
(Snedeker & Gautieri, 2014). Collagen cross-
linking in the body occurs via both enzymatic
and non-enzymatic pathways, the latter leading
to the formation of advanced glycation end
products such as pentosidine and glucosepane
(Saito & Marumo, 2015). Investigations into the
molecular = mechanisms underlying the
disruption of collagen structure and metabolism
in diabetes have highlighted the important role
of AGEs in these changes (Picke et al, 2019;
Zgutka et al., 2023).

Collagen, a key component of the
extracellular matrix, is integral to the structural
framework of tissues throughout the body,
providing mechanical stability and elasticity.
More generally, fibrous polymers are the major
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Diabetes mellitus (DM) is a multifaceted
chronic disease characterised by high blood
glucose levels resulting from defects in insulin
production, insulin action or both. It has become
a global health crisis with a wide range of
complications that reduce quality of life and
increase the risk of mortality (Banday et al,,
2020). A critical aspect of these complications is
the non-enzymatic glycation of proteins - a
process that is accelerated in the hypergly-
caemic conditions prevalent in diabetes (Khalid
et al,, 2022). Glycation involves the attachment
of sugar molecules to proteins, particularly
collagen, the most abundant protein in the
human body, resulting in the formation of
advanced glycation end products (AGEs)
(Twarda-Clapa et al., 2002). These AGEs have a
profound effect on the structural and functional
integrity of proteins, leading to altered tissue
mechanics and contributing significantly to the
pathogenesis of diabetic complications such as
nephropathy, retinopathy and impaired wound
healing (Singh et al., 2014). Tendon tears and
ruptures are common and can be caused by
trauma, degenerative disease and overuse
(Breidenbach et al., 2014; No et al, 2020).
Tendon tears and ruptures in people with
diabetes may be related to hyperglycaemia-
induced changes in collagen structure, as excess
blood glucose reacts with collagen to form AGEs,
making tendons stiffer and more susceptible to
injury (Nichols et al,, 2020). Diabetes is also
associated with increased skeletal fragility and
an increased likelihood of fractures (Kanazawa,
2017).

Although diabetes can be associated with
increased bone mineral density, it is associated
with compromised bone architecture and
altered mineral properties (Cortet et al., 2019).
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building blocks of all types of supporting tissues,
from unicellular organisms in water to plants
and animals (Kannus, 2000). Understanding the
hierarchical structure of biological materials is
therefore key to understanding their mechanical
properties (Zhongetal., 2023). The triple helical
structure of collagen is key to its biomechanical
properties, with different types playing specific
roles in tissues ranging from skin and bone to
tendons and blood vessels (San Antonio et al,,
2020). However, the integrity of collagen is
susceptible to disruption by glycation, which
can lead to cross-linking and stiffening of fibrils
(McKay et al., 2019). Such changes not only
compromise the normal function of collagen,
but also disrupt the architecture and biomecha-
nics of the tissues it supports, increasing their
susceptibility to damage and dysfunction
(McKay et al,, 2019). Discrete plasticity may be
an important physiological mechanism that is
pathologically disrupted by the formation of
AGE cross-links in diabetes (Bondarenko,
2019). Diabetes may also indirectly affect
collagen by disrupting the balance between
bone formation and resorption, inflammatory
cytokines, the muscle and incretin systems,
bone marrow fat content and calcium
metabolism, all of which contribute to collagen
synthesis and degradation (Palermo et al., 2017;
Murray & Coleman, 2019; Wu et al,, 2022). The
pathological changes in collagen in diabetes
mellitus (DM) are driven by elevated blood
glucose levels, accumulation of AGEs and
increased oxidative stress (Napoli et al.,, 2017).

extensor

The aim of this study was to empirically
investigate the effects of ribose-induced
glycation on the biomechanical properties of
collagen fibrils using atomic force microscopy
for precise measurements. A Bioscope Catalyst
atomic force microscope (AFM, Bruker, USA)
was used for all AFM imaging to study changes
in the mechanical properties of individual
collagen fibrils. AFM proved to be a valuable
tool, allowing quantification at the nanoscale.

Materials and Methods

Ex vivo preparation of collagen fibrils.
Tendon samples were obtained and prepared
with great care to ensure the integrity and
consistency required for atomic force
microscopy analysis. For in vivo collagen fibril
isolation, a matched pair of common digital
extensor (CDE) and superficial digital flexor
(SDF) tendons were obtained from bovine leg
tendons harvested post mortem from an adult
steer. Bovine forelimb flexor and extensor
tendons serve as models for the study of high-
stress, energy-storing and low-stress, position-
storing tendons, respectively (Gsell et al., 2023).
These tendons were chosen because of their
prevalence and accessibility, as well as their
relevance to the study of collagen biomecha-
nical properties. The superficial digital flexor
(SDF) experiences up to 12% strain as the
metacarpo-phalangeal joint is hyperextended
during stance, whereas the common digital
extensor (CDE) experiences much less strain as
it positions the limb during flight (Fig. 1) (Birch,
2007).

flexor

Fig. 1. The common digital extensor (CDE) and superficial digital flexor (SDF) tendons

Tendons, which are predominantly
composed of aligned type I collagen fibrils, are
an excellent model for studying the structure-
function relationship of collagen because of
their primary role in transmitting tensile force
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from muscle to bone (Birch, 2007). This
function varies, with a commonly studied
example being the contrasting tendons in the
forelimbs of large quadrupeds, where the dorsal
extensor tendons act as positional tendons for
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precise movement control, and the palmar
superficial digital flexor tendon functions
similarly to the human Achilles tendon, acting as
an energy storage unit (Lichtwark & Wilson,
2005). The human Achilles tendon acts similarly
to a spring (Lichtwark & Wilson, 2005) and
studies have shown that the equine superficial
digital flexor (SDF) (Fig. 1) also exhibits spring-
like behaviour (Wilson et al., 2001). Designed to
withstand higher loads, these energy-storing
tendons act like springs, storing and releasing
energy to facilitate movement.

After extraction, the tendons were
immediately cleaned of any adherent tissue.
They were then cut into standardised lengths to
ensure uniformity between samples and to
facilitate comparative analysis. To prevent
degradation of the collagen fibrils, the tendon
sections were immediately wrapped in sterile
gauze moistened with a cryoprotectant solution
to preserve their structural and mechanical
properties. This preparation was followed by
rapid freezing with liquid nitrogen to further
inhibit enzymatic and non-enzymatic degrada-
tion processes. The samples were then stored at
-80 °C, a temperature that effectively suspends
biological activity and maintains the bioche-
mical stability of the tissue for extended periods
of time. This storage method is essential to
preserve the native characteristics of the
collagen fibrils until the time of analysis.

Prior to imaging, the samples were thawed
at a controlled rate to prevent the formation of
ice crystals, which could potentially disrupt the
fibril structure. The collagen fibrils were
carefully scraped from the tendon sections
using a sterile scalpel blade and then
transferred to a special glass-bottom dish
designed for use in atomic force microscopy.
This dish had been pre-treated to provide an
optimal surface for collagen fibril adhesion, thus
facilitating high-resolution imaging. The collagen
fibrils were prepared under aseptic conditions
to avoid any contamination that could interfere
with the glycation process or the atomic force
microscopy results. The meticulous approach to
sample preparation was critical to obtaining the
high fidelity data necessary to draw meaningful
conclusions about the impact of ribose-induced
glycation on the structural and functional
properties of collagen.

Glycation Treatment. The experimental
setup to induce glycation in collagen fibrils was
designed to simulate the non-enzymatic
glycation processes that occur in the
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pathophysiology of diabetes. The glycation
treatment involved incubating collagen fibril
samples with ribose to promote the formation
of AGEs. A segment of tendon was immediately
placed on a Petri dish containing 500 pL
Phosphate Buffered Saline (PBS). Collagen
fibrils were extracted from the tendon into PBS
using a blade and forceps (Mull & Kreplak,
2022). The solution was then discarded, the dish
thoroughly rinsed with ultrapure water and
dried with nitrogen gas. This process was
repeated for two Common Digital Extensor
(CDE) and two Superficial Digital Flexor (SDF)
samples, each set undergoing ribose incubation
for periods of 24 hours and two weeks
respectively. After removal of the tendon, the
collagen-rich solution was placed in a glass-
bottom Petri dish.

For the glycation treatment, the prepared
collagen fibrils attached to glass bottom dishes
were incubated with 0.3M ribose dissolved in
PBS, a buffer solution that maintains a constant
pH to mimic physiological conditions. The
concentration of ribose was chosen based on
previous research that showed it to be effective
in inducing glycation without causing osmotic
shock to the tissue samples (Mull & Kreplak,
2022).

Two incubation times were chosen:
24 hours and 2 weeks. The incubations were
performed in a temperature-controlled incubator
set at 35 °C, slightly above normal physiological
temperature, to accelerate the glycation
reactions. This temperature was carefully
chosen to increase the rate of ribose interaction
with the collagen fibrils without denaturing the
protein or disrupting the integrity of the fibril
structure. The 24-hour period was designed to
observe the initial effects of glycation on
collagen fibrils and to provide insight into the
short-term effects of sugar exposure on the
mechanical properties of collagen. The 14-day
period, on the other hand, was designed to allow
the development of more advanced glycation
effects that are more representative of the
chronic changes that occur over time in a
diabetic state.

Control samples were also prepared by
incubating identical collagen fibril preparations
in PBS without ribose for the same times. These
control samples served as a baseline for
assessing the mechanical properties of non-
glycated collagen fibrils, allowing a direct
comparison to determine the specific effects
induced by ribose treatment.
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Fig. 2. Design of glycation treatment

A segment of tendon was immediately placed on a Petri dish containing 500 uL. phosphate buffered
saline (PBS). Collagen fibrils were extracted from the tendon into PBS using a blade and forceps.
After removing the tendon, the collagen-rich solution was placed in a glass-bottom Petri dish and

incubated at room temperature for 30 minutes to allow the fibrils to adhere to the bottom of the dish.
The solution was then discarded, the dish thoroughly rinsed with ultrapure water and dried with

nitrogen gas. This process was repeated for two Common Digital Extensor (CDE)
and two Superficial Digital Flexor (SDF) samples, each set incubated with 0.3M ribose
for periods of 24 hours and two weeks respectively

At the end of each incubation period, the
dishes were thoroughly rinsed with PBS to
remove any unbound ribose and stop the
glycation process. The samples were then
immediately processed for analysis of
mechanical properties using atomic force
microscopy. This systematic approach to
glycation treatment ensured reproducibility
and reliability of results, providing a robust
framework for investigating the influence of
glycation on collagen fibrils.

Control Group. The control group in this
study played a crucial role in establishing a
baseline for assessing collagen fibril
properties in the absence of ribose-induced
glycation. These control samples were treated
with PBS instead of ribose and served several
critical functions in the experimental design.
Firstly, the control samples were used to
determine the native mechanical properties of
the collagen fibrils without the influence of
glycation. By comparing the elastic modulus of
the control collagen fibrils with those treated
with ribose, we were able to attribute any
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observed changes in stiffness specifically to
the glycation process. Secondly, the use of PBS
as a control treatment ensured that any
potential changes in collagen fibril properties
were not simply due to the incubation process
or exposure to the incubation medium itself.
PBS, which is isotonic and non-reactive with
collagen, provided a neutral environment that
closely mimicked the natural state of collagen
fibrils in the body’s extracellular matrix.

The control samples also helped to rule
out other variables that could affect the
mechanical properties of the collagen. Factors
such as changes in temperature, pH and ionic
strength of the surrounding medium could
potentially alter the behaviour of the fibrils. By
keeping these conditions constant and
comparable between the ribose-treated and
control samples, we ensured that any
significant differences could be confidently
attributed to the glycation treatment. In
addition, the control group served as an
important reference for statistical analysis. By
establishing the normal variability within the
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collagen fibril samples, we were able to use
statistical tests to determine whether the
differences observed after glycation treatment
were beyond the expected natural variation
and therefore statistically significant.

In summary, the control group provided
an important benchmark against which to
measure the effects of ribose-induced
glycation on collagen fibril mechanics. This
comparison was key to confirming the
hypothesis that ribose treatment alters the
elastic modulus of collagen fibrils, a finding
that is central to the study’s contribution to our
understanding of the pathophysiological
mechanisms in diabetes.

The atomic force microscope (AFM)
imaging. A Bioscope Catalyst atomic force
microscope (Bruker, USA) was used for all
AFM imaging in this study (Baldwin et al,
2020). All AFM cantilevers used in this study
were ScanAsyst Fluid cantilevers with a spring
constant of 0.7 N/m, resonant frequency of
~150 KHz, tip radius of 600 nm. Prior to
imaging, the deflection sensitivity of each
cantilever was determined by calibration
against fused silica using a single force/
indentation curve measurement. Peak force
quantitative nanomechanical mapping
(PF-QNM) was used for all AFM imaging, with
an indentation speed of 1.2 mm/s and a peak
force of 10 nN. This method produced images
consisting of a 256 x 256 array of force-disp-
lacement curves, providing a high-resolution
mechanical property map of the local
properties of the collagen fibril (Baldwin et al.,
2014).

AFM can measure Young's modulus - a
parameter that indicates stiffness - and detect
the subtle changes that occur in collagen as a
result of glycation. This precision positions
AFM as an indispensable technology for
elucidating the material consequences of
diabetes at the molecular level, providing
insights critical to wunderstanding the
progression of diabetic complications and
guiding the development of targeted therapies.
The use of AFM in this context not only
enriches our understanding of the biophysical
changes associated with diabetes, but also
bridges the gap between cellular biochemistry
and clinical manifestations. Through the lens
of this advanced imaging technique, the
current study aims to add a nuanced
perspective to the body of knowledge on
diabetes-related tissue changes.
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Statistical Analysis. One-way analysis of
variance (ANOVA) was used to assess the
significance of the observed changes in
modulus between the treated and control
groups. This statistical test is used to compare
the means of three or more independent
(unrelated) groups to determine whether at
least one group mean is statistically different
from the others. In the context of our study,
one-way ANOVA was particularly useful in
determining whether the differences in
stiffness between ribose-treated and control
collagen fibrils were due to the glycation
treatment rather than chance.

ANOVA was performed separately for
CDE and SDF fibrils at each time point to
compare control samples exposed to PBS with
those exposed to ribose for both 24 hours and
the longer period of 2 weeks. The F-statistic
generated from the ANOVA was used to
determine whether there was a statistically
significant difference in modulus between
groups.

The p-values obtained from the one-way
ANOVA provided a measure of the evidence
against the null hypothesis that there were no
differences in mean modulus values between
groups. The results were highly significant for
all comparisons made. For CDE fibrils, the p-
values were 5.67135E-45 for the 24-hour
comparison and 3.31950131710119E-76 for
the 2-week comparison, both well below the
commonly accepted significance level of 0.05.
Similarly, for SDF fibrils, p-values were
1.53202E-24 for the 24-hour comparison and
5.79670553315805E-38 for the 2-week
comparison, also indicating a significant
difference due to ribose treatment.

The extremely low p-values imply a high
degree of confidence in the observed increases
in elastic modulus of collagen fibrils following
ribose exposure, confirming that the changes
are not the result of random variation within
the sample set. These statistical results
support the hypothesis that ribose-induced
glycation has a quantifiable effect on the
mechanical properties of collagen fibrils and
validate the experimental approach used in
this study. By providing a robust statistical
basis, the analysis not only strengthens the
findings of this study, but also lays the
groundwork for further research into the
effects of glycation on collagen in the broader
context of diabetes-related tissue pathology.
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Results

The study of ribose-induced glycation
effects on collagen fibrils was centrally
quantified by measuring changes in elastic
modulus, a parameter that defines the stiffness
of a material. The elastic modulus of both
Common Digital Extensor (CDE) and
Superficial Digital Flexor (SDF) collagen fibrils
showed significant changes following ribose
exposure, indicating a glycation-induced
stiffening effect. We used the Sneddon model
including adhesion to fit each force curve and
extract the modulus in the radial direction
(Maugis & Barquins, 1978). The set of 30
measurements highlights the changes in
mechanical properties due to glycation and
can serve as a significant indicator of the
biophysical changes that occur within collagen
under diabetic-like conditions. In our study,
we extracted each force curve in SPIP V.6.3.0.

As an example, we have provided two
force curves, as shown in Figure 3, which
shows how the force curves appear in the SPIP
software and summarises the statistical
analysis of the force curve results obtained
from a series of experiments, with the analysis
carried out using the SPIP software version
6.3.0 (Table 1).

a) Mean: The mean of the force measu-
rements across the samples is 1.07E+08 Pa,
suggesting that this is the typical stiffness
encountered;

b) SD (Standard Deviation): The value of
1.55E+08 Pa indicates a wide spread in the
data, indicating a significant variability in the
stiffness of the samples measured. This could
indicate differences in the degree of glycation
or structural heterogeneity of the collagen
fibrils tested;

c) Maximum: The highest value recorded
in the data set is 5.42E+08 Pa, which
represents the maximum level of stiffness
observed in the tendon samples tested;

d) Minimum: The lowest force measured
is 4.42E+05 Pa, which is the lowest stiffness of
all samples;

e) Cnt (count): A total of 30 measure-
ments or samples were included in this
statistical analysis, providing the data set for
these calculated values.

Table 1 summarises the statistical
analysis of the results of the force curves
obtained from a series of tests carried out
using SPIP version 6.3.0.

Table 1

The statistical analysis of the results
of the force curves obtained from a series of tests

Force Curve Results and Statistics
(Calculated by SPIP V.6.3.0)
Mean 1.07E+08
SD 1.55E+08
Maximum 5.42E+08
Minimum 4.42E+05
Cnt 30

An example of force curve analyses
performed on samples of digital extensor
tendon treated with ribose for 2 weeks,
calculated by SPIP V.6.3.0, showing Young's
modulus values of 3.15E+7 Pa and 7.71E+6 Pa,
is shown in Fig. 3. This data reflects the variation
in mechanical properties after treatment, which
is indicative of the effect of glycation

Fig. 3 shows the mechanical response of
the collagen fibres within the tendon when
subjected to an applied force, as characterised
by atomic force microscopy. These two force
curves show the resistance of the collagen fibres

to deformation. This level of modulus suggests
significant changes in the mechanical properties
of the collagen, reflecting the changes that occur
in diabetic complications.

Fig. 3 summarizes the force curve results,
highlighting a mean stiffness of 1.07E+8 Pa and
SD, reflecting the variability within the data set.
The maximum stiffness recorded is 5.42E+8 Pa,
indicating the magnitude of the stiffening effect,
while the minimum stiffness is much lower at
4.42E+5Pa, indicating a wide range of
mechanical responses between samples.
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Fig. 3. The mechanical response of the collagen fibres within the tendon
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Fig. 4 shows a visual image of a CDE
tendon sample after ribose exposure.

For the CDE fibrils, there was a marked
increase in elastic modulus after glycation. The
modulus values increased from 1.28 MPa in the
PBS control to 2.51 MPa after 24 hours of ribose
exposure, representing an increase in stiffness
of approximately 95.5 %. This stiffening effect
was more pronounced after 2 weeks of ribose
exposure, with the modulus increasing further
to 3.37 MPa, an increase of 163 % over the initial
control measurements (Table 2, Fig. 5).

Table 2 summarises the results for the
elastic modulus of collagen fibrils from the
common digital extensor (CDE) tendon after
treatments simulating glycation. Initially
measured at 1.28 MPa in PBS, the modulus
almost doubled to 2.51 MPa after 24 hours in
ribose solution, indicating increased stiffness.
On prolonged exposure to ribose for two weeks,
the stiffness increased further to 3.37 MPa. The
standard deviation also increased with ribose
treatment, suggesting greater variability in fibril
properties due to glycation.

Height [nm]

Fig. 4. CDE tendon sample exposed to ribose for 2 weeks

Table 2
The modulus values for CDE fibrils after 24 hours and 2 weeks of exposure to ribose
Treatment 1‘)urat1or‘1 of Modulus (MPa) SD in (Mpa)
incubation
CDE | Control 24 hours 1.28 0.622
Ribose 24 hours 2.51 0.938
Ribose 2 weeks 3.37 1.12
CDE
5
4,5
+
E 3,5
s 3
% 2,5
= 2
T 15
= 1
0,5
0
PBS 1 day ribose 1 day ribose 15 days

Fig. 5. Elastic modulus response of CDE tendons to ribose incubation after
24 hours and 2 weeks of exposure
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Similarly, SDF fibrils showed a significant
increase in elastic modulus after ribose
treatment, reflecting an increase in stiffness that
exceeded that of CDE fibrils. From a baseline
modulus of 1.52 MPa in the PBS control, SDF
fibrils reached 3.17 MPa after 24 hours
exposure to ribose - an increase of 108.5 %.
Over the extended 2-week period, the modulus
increased slightly to 3.35 MPa, an increase of
120 % over control fibrils (Table 3, Fig. 6).

Accompanying these values, the standard
deviation (SD) in MPa also increased with the
duration of ribose exposure, suggesting that the
variability in the mechanical properties of the
fibrils may increase as glycation progresses.
This may reflect the progressive and
heterogeneous nature of the glycation process
in different fibrils.

Table 3
The modulus values for SDF fibrils after 24 hours and 2 weeks of exposure to ribose
Treatment Duration of Modulus (MPa) SD (MPa)
incubation
SDF PBS 24 hours 1.52 1.51
Ribose 24 hours 3.17 0.995
Ribose 2 weeks 3.35 0.398
SDF
5
4,5
s 4
2 3,5
E 3
'§ 2,5
< 2
1,5
1
0,5
0
PBS 1 day ribose 1 day ribose 13 days

Fig. 6. Elastic modulus response of SDF tendons
to ribose incubation after 24 hours and 2 weeks of exposure

Table 4 provides data on superficial digital
flexor (SDF) tendon collagen fibrils, detailing
the changes in elastic modulus after different
durations of glycation treatment. Control fibrils
in PBS have a baseline modulus of 1.52 MPa,
which increases significantly to 3.17 MPa after
24 hours in ribose solution, demonstrating a
marked initial response to glycation. After two
weeks of exposure to ribose, the modulus shows
a slight increase to 3.35 MPa. The decreasing
standard deviation over time suggests a
homogenisation of the mechanical response of
the fibrils to prolonged glycation.
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The time-dependent nature of these
changes revealed a rapid initial response to
ribose-induced glycation within the first 24
hours, followed by a gradual progression of
stiffness over the following days. Notably, SDF
fibrils showed a more rapid increase in Young's
modulus after the initial 24-hour ribose
exposure compared to CDE fibrils, which may
correlate with fibril height. This difference
suggests that fibril anatomy may influence the
rate at which glycation alters the mechanical
properties of collagen.

Fig. 7 summarises the differences in
modulus between samples incubated in ribose
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for 1 day and 2 weeks. The results show that the
1-day incubation samples have a statistically
significant increase in Young's modulus, as
indicated by the asterisks representing high
levels of significance. In contrast, the differences
between the control samples and the 2 weeks
incubation samples and between the 1 day and

2 weeks incubation samples are not statistically
significant, as indicated by the absence or fewer
asterisks. This suggests that while short term
ribose incubation significantly stiffens collagen
fibrils, extending the incubation to two weeks
does not result in a significant increase in
stiffness over the 1-day incubation.

CDE and SDF

5
4,5
4
3,5
3
2,5
2
1,5
1
0,5
0

Modulus (MPa)

PBS 1 day

ribose 1 day

*%
# ##
*
# ##
® ok

ribose 13 days

Fig. 7. Differences in elastic modulus between samples incubated
for 24 hours in PBS and for 1 day and 2 weeks in ribose

*— changes are statistically significant (p < 0.05) between CDE samples incubated
for 24 hours in PBS and for 1 day in ribose;

**_ changes are statistically significant (p < 0.05) between CDE samples incubated
for 24 hours in PBS and for 14 days in ribose;

#— changes are statistically significant (p < 0.05) between SDF samples incubated
for 24 hours in PBS and for 1 day in ribose;

##— changes are statistically significant (p < 0.05) between SDF samples incubated
for 24 hours in PBS and for 14 days in ribose.

We also extracted the fibre profile using
Gwyddion to see if there was any correlation
between fibre height and stiffening rate.
However, the analysis indicated that fibre
height did not appear to have a direct
correlation with stiffening rate. This suggests
that the mechanical changes leading to

increased stiffness in the collagen fibres due to
glycation are not necessarily related to the
vertical dimension of the fibres as captured by
AFM imaging (Table 4, Table 5).

AFM imaging and Gwyddion profile
extraction of CDE and SDF collagen fibres are
shown in Tables 4 and 5, Fig. 8-11.

Table 4

Mean and root mean square (Rms) or Rq value
of the CDE tendon sample exposed to ribose for 2 weeks

Diameter
Mean value, nm Rms (Rq), nm
187.8 3.731
202.3 2.389
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Fig. 8. CDE tendon sample exposed to ribose for 2 weeks (A) and the profile image
of the CDE tendon sample extracted at Gwyddion (B)

The profile image of the CDE tendon
sample extracted at Gwyddion shows the
topography of a collagen fibril incubated for 2
weeks. The mean height value, or mean
diameter, is 187.8 nm, indicating the mean

300 nm

250

150

100

thickness of the fibril. The root mean square
(Rms) or Rq value of 3.731 nm measures the
texture or roughness of the fibril surface - this
is a relatively low value, indicating that the fibril
surface is relatively smooth.
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Fig. 9. CDE tendon sample exposed to ribose for 2 weeks (A) and profile image extracted in
Gwyddion of the CDE fibre with mean diameter of 202.3 nm and root mean square 2.389 (B)

Table 5

Mean and root mean square (Rms) or Rq value
of the CDE tendon sample exposed to ribose for 2 weeks

Diameter

Mean value, nm Rms (Rq), nm
25.00 2.053
242.2 3.601
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Fig. 10. SDF tendon sample exposed to ribose for 2 weeks (A) and the profile image extracted
in Gwyddion of the SDF fibre with the mean diameter value of 25.00 nm, indicating the average
thickness of the fibril. The root mean square (Rms) or Rq value is 2,053 nm (B)
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Fig. 11. SDF tendon sample exposed to ribose for 2 weeks (A) and the profile image extracted
in Gwyddion of an SDF fibre with a mean diameter of 242.2 nm, indicating
the mean thickness of the fibril. The root mean square (Rms) or Rq value is 3.601 nm (B)

These observations are important because
they elucidate the process by which glycation
affects collagen fibrils over time. Incubation in
ribose provides an accelerated model system
for studying the consequences of non-enzymatic
glycosylation and may reveal trends that
become important in human ageing and
diabetes (Bai et al, 1992). The different
responses between CDE and SDF fibrils
highlight the potential variability in how
different collagen-containing tissues may be
affected by glycation in the context of DM. The
findings provide a basis for understanding the
biomechanical consequences of glycation on
connective tissue and have profound
implications for the management and treatment
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of diabetic complications where collagen
integrity is compromised.

The experimental results revealed
interesting differential responses to ribose-
induced glycation between Common Digital
Extensor (CDE) and Superficial Digital Flexor
(SDF) fibrils. In particular, SDF fibrils showed a
significantly more pronounced stiffening effect
than CDE fibrils after the initial 24-hour ribose
exposure. This divergence in the rate of
stiffening provides insight into the potential
variability of glycation effects between different
collagen fibril types.

For CDE fibrils, the increase in elastic
modulus after ribose exposure was substantial,
but not as immediate or pronounced as for SDF
fibrils. The CDE fibrils showed a 95.5 % increase
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in stiffness after 24 hours of ribose exposure
and a 163 % increase over two weeks. In
contrast, SDF fibrils showed an even more
significant stiffening of 108.5 % within the first
24 hours, which plateaued at a 120 % increase

by the end of the two-week period
(Fig. 6 and 7).
Several hypotheses may explain the

observed differences in glycation rate and
resulting mechanical changes between CDE and
SDF fibrils. One consideration is the structural
variance inherent in the two tendon types. The
SDF tendons, which are typically slenderer than
CDE tendons, may have allowed for more rapid
diffusion of ribose molecules throughout the
tissue, facilitating a more rapid glycation
process. This could be due to the difference in
surface area to volume ratio, which is higher in
slender SDF fibrils, promoting more extensive
contact with the glycation agent. Another factor
may be the differences in collagen fibril density
and cross-linking patterns within the two types
of tendon, which may affect the accessibility of
amino groups in the collagen available for the
Maillard reaction the chemical process
underlying glycation. In addition, different
tendons may have different compositions of
collagen types, which may influence their
susceptibility to glycation-induced cross-
linking.

In addition, the presence of other non-
collagenous proteins or differences in
extracellular matrix composition between the
two tendon types could influence the rate and
extent of glycation. These proteins could either
facilitate or inhibit the interaction between
glucose and collagen, thereby altering the
kinetics of glycation. Understanding the specific
factors that drive these different responses is
crucial, as it may shed light on the underlying
mechanisms by which diabetes mellitus
differentially affects different tissues in the
body. It also has potential implications for
targeted therapeutic strategies aimed at
protecting tissues that are more susceptible to
glycation-induced damage in diabetic patients.

Discussion

Effects of ribose-induced glycation. The
discovery of ribose-induced glycation on bovine
collagen fibrils has important implications for
our understanding of diabetes-related changes
in human tissues. An important structural
consequence of hyperglycaemia is an increase
in the accumulation of advanced glycation end
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products (AGEs) in collagenous tissues (Lee &
Veres, 2019). It leads to the formation of AGEs,
which can compromise the structural and
functional integrity of collagen, which in turn
affects the biomechanics of connective tissue
(Fessel etal., 2014).

The observed increase in the elastic
modulus of collagen fibrils due to ribose
treatment in our study provides a model for the
pathophysiological processes that may occur in
human diabetic conditions. This stiffening
effect, indicative of AGE-induced cross-linking,
is consistent with the biomechanical changes
reported in diabetic tissues (Lee & Veres, 2019).
For example, thickening and stiffening of the
basement membrane of small blood vessels, a
common complication of diabetes, may be due
in part to glycation of collagen and other matrix
components (Singh etal., 2014).

The results also show that glycation can
have different effects depending on the type of
collagen fibrils involved. In the context of
diabetes, this suggests that some tissues may be
more susceptible to damage due to their unique
structural properties, which may influence the
rate and extent of glycation (Fournet et al,
2018). For example, the more pronounced
stiffening of SDF fibrils observed in our study
may reflect a similar vulnerability in
comparable human tissues, potentially leading
to more significant complications in certain
organs or systems.

In addition, the correlation between
glycation and increased collagen stiffness
highlights the potential for impaired tissue
elasticity and function. In people with DM, this
can manifest as reduced joint mobility, reduced
skin elasticity and increased susceptibility to
injury (Mendes et al., 2017; David et al,, 2023).
Glycation-induced changes in collagen could
also affect the progression of chronic wounds, a
common and serious complication of diabetes,
by altering the wound healing environment
through changes in the mechanical properties of
the extracellular matrix (Liao et al., 2009; Patel
etal., 2019).

The implications of our study go beyond
the immediate effects on collagen to a broader
understanding of how tissue biomechanics are
altered in diabetes. Understanding the glycation
process and its effects on collagen may lead to
the development of targeted therapies to
mitigate these effects. Such interventions could
include glycation inhibitors, agents that disrupt
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AGE-induced cross-links, or treatments that
enhance the natural repair and regeneration of
glycated tissues (Younus & Anwar, 2016; Zheng
etal., 2022).

In summary, the significance of our study
lies not only in its contributions to the basic
science of tissue glycation, but also in its
potential to influence the clinical approach to
diabetes management. By improving our
understanding of the molecular mechanisms
that drive diabetic complications, we can better
target interventions to improve the health of
people with diabetes (Eid et al., 2019; Kang &
Yang, 2020; Tuttle et al.,, 2022).

AFM as a tool. The importance of AFM in
studying the effects of glycation on collagen lies
in its ability to quantify the Young's modulus of
individual fibrils under near-physiological
conditions. By providing a direct measure of
stiffness, AFM helps to elucidate the mechanical
consequences of biochemical processes such as
glycation on the structure of collagen (Kohn et
al., 2015; Kontomaris et al., 2022). The precise
data obtained on the response of fibrils to
glycation agents such as ribose provide valuable
insights into the molecular changes that
translate into altered tissue mechanics (Gautieri
et al.,, 2017; Farzadfard et al.,, 2022).

In addition, AFM's high-resolution force
measurements are critical for understanding
the heterogeneity within and between collagen
fibrils, which is difficult to assess using less
sensitive techniques (Han et al., 2017; Gisbert et
al, 2021). It can detect subtle variations in
stiffness within different areas of a single fibril,
as well as between fibrils from different tendon
types (Gsell et al, 2023), as shown in the
comparison between CDE and SDF samples in
this study. This level of granularity is essential
to reveal the complex nature of tissue structures
and their response to metabolic changes, such
as those seen in diabetes. Furthermore, AFM can
act as a bridge between molecular biochemistry
and mechanical tissue properties by translating
the effects of molecular cross-linking seen with
AGEs into measurable mechanical outcomes.
This bridging function is invaluable for a holistic
understanding of the effects of molecular
changes at the tissue level, thereby informing
the development of pharmacological strategies
and biomaterial engineering (Haase & Pelling,
2015; Makarova et al., 2023). In conclusion,
AFM is an essential technology in the field of
biomechanics and materials science, especially
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when applied to biomedical research (Stylianou
etal,, 2019).

The study of ribose-induced glycation on
collagen fibrils from different anatomical
sources - the common digital extensor (CDE)
and superficial digital flexor (SDF) tendons - has
highlighted the impact of anatomical variations
on glycation rates and subsequent changes in
mechanical properties. These variations are not
just a biological curiosity; they have significant
clinical relevance as they can inform our
understanding of how different tissues in the
human body may be differentially affected by
the glycation processes characteristic of
diabetes (Zgutka et al., 2023).

The anatomical structure of a tendon,
including factors such as fibril density, diameter
and the specific type of collagen present, can
influence how quickly and to what extent
glycation occurs (Zhang et al, 2021). In our
study, SDF fibrils, which are typically narrower
than CDE fibrils, showed more rapid stiffening
in response to glycation (Fig. 6-8). This suggests
that tissues with a higher surface area to volume
ratio may allow faster penetration and diffusion
of glucose molecules, leading to faster glycation
and cross-linking of collagen (Fu et al., 1994;
Sarrigiannidis et al., 2021). In the human body,
this could mean that tissues with thinner or
more loosely packed collagen fibrils, such as
skin or certain types of vasculature, may
undergo more rapid glycation and AGE
formation, with consequences for their
mechanical properties (Fessel et al., 2014; Chen
et al., 2022). Conversely, denser and thicker
collagenous tissues, such as cartilage or the
cornea, may have slower glycation rates,
potentially altering the timing and presentation
of diabetic complications in these tissues
(Gkogkolou & Bohm, 2012; Singh et al.,, 2014).

The degree of cross-linking induced by
glycation also plays a critical role in tissue
biomechanics. For example, increased stiffness
of blood vessel walls due to glycation can
contribute to hypertension and atherosclerosis
(Rubin et al., 2012), while similar processes in
the skin can lead to reduced elasticity and
impaired wound healing (Van Putte et al., 2016;
Mieczkowski et al, 2022). The differential
response to glycation may therefore partly
explain the different susceptibility and
progression of diabetic complications in
different organs and systems (Chaudhuri et al.,
2018). In addition, the interplay between
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anatomical structure and glycation is likely to be
influenced by other factors, including the
presence of enzymes that can facilitate or inhibit
AGE formation, variations in local blood supply
and glucose concentration, and the turnover
rate of collagen in different tissues (Liu et al.,
2023; Zgutka et al., 2023).

The implications of these findings
highlight the need for a personalised approach
to diabetes management. Understanding the
different effects of glycation in different tissues
could lead to the development of targeted
therapeutic strategies that take these
anatomical differences into account. For
example, treatments could be designed to
deliver glycation inhibitors more efficiently to
tissues at higher risk of rapid glycation (Jahan &
Choudhary, 2015; Chilukuri et al, 2018). In
summary, the anatomical variations that affect
glycation rates and mechanical properties
underscore the complexity of diabetes as a
systemic disease with highly individualised
effects. Recognising and accounting for these
differences are critical steps to improve the
prediction, prevention and treatment of
diabetes-related complications in different
tissue types of the human body (Negre-Salvayre
et al,, 2009; Khalid et al.,, 2022).

Link to Diabetes Mellitus. The
experimental observations from our study of
ribose-induced glycation of collagen fibrils
provide profound insights into the clinical
manifestations of diabetes mellitus, in
particular the structural and functional
alterations of collagen in diabetic patients.
These findings bridge the gap between changes
at the molecular level and their systemic
implications, = shedding light on the
pathophysiological basis of various diabetic
complications (Tai et al., 2024).

In diabetes, prolonged hyperglycaemia
facilitates non-enzymatic glycation of proteins,
including collagen, leading to the accumulation
of AGEs. AGEs can simultaneously cause side-
chain modifications that alter the charge profile
of collagen molecules, their interactions within
the fibre, and the function of specific sites
responsible for cell-collagen interactions
(Bondarenko, 2019; Bansode et al., 2020). This
molecular alteration manifests clinically in
several ways, reflecting the ubiquitous presence
of collagen in body tissues and its central role in
maintaining structural integrity and function
(Arseni et al,, 2018; Zheng et al., 2022).
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For example, the increased stiffness of
glycated collagen may directly contribute to the
vascular complications that are a hallmark of
diabetes (Khalid et al, 2022). The vascular
basement membrane, which is rich in type IV
collagen, becomes thickened and stiff due to
glycation, affecting the elasticity of blood
vessels (Lee et al, 2022). In addition, the
intermolecular and side-chain types of AGE-
mediated collagen modification are detrimental
to the optimal properties of collagen as a
supporting scaffold and a controlling factor in
cell-matrix interactions (Bondarenko, 2019).
This biomechanical change impedes normal
blood flow and increases vascular resistance,
leading to hypertension and increased risk of
atherosclerosis and cardiovascular disease
(Poznyak et al.,, 2022; Masenga & Kirabo, 2023).
Similarly, the skin, which relies on collagen for
elasticity and strength, experiences reduced
pliability and resilience in people with diabetes
(Snedeker & Gautieri, 2014). Glycated collagen
impairs the skin's mechanical properties,
leading to increased susceptibility to injury,
delayed wound healing and a tendency to
develop chronic ulcers common and
debilitating complications of diabetes (Monnier
et al,, 1999; Burgess et al,, 2021). In the context
of the musculoskeletal system, the altered
biomechanical properties of glycated collagen
contribute to the joint stiffness and reduced
mobility commonly reported in people with
diabetes (Adamska et al.,, 2022; Vaidya et al,,
2023). These changes not only reduce quality of
life, but also increase the risk of injury and make
physical activity more difficult, further
complicating diabetes management (Murray &
Coleman, 2019). The experimental results also
provide a mechanistic understanding of how
glycated collagen contributes to the
development and progression of diabetic
complications. By delineating the process of
glycation and its effect on the elastic modulus of
collagen, the study provides a model for
exploring targeted interventions. These could
include the development of pharmacological
agents to inhibit AGE formation, break existing
AGE bonds or increase the turnover of glycated
collagen, thereby reducing the stiffening effect
and preserving tissue functionality (Younus &
Anwar, 2016).

In summary, the link between
experimental findings and the clinical
manifestations of diabetes highlights the critical
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role of glycated collagen in the pathophysiology
of diabetic complications. These findings
broaden our understanding of diabetes beyond
the metabolic disorders and highlight the
importance of addressing the structural and
functional changes in collagen to improve
clinical outcomes in diabetic patients.

Conclusions and Future Perspectives

This study of the effects of ribose-induced
glycation on the elastic modulus of collagen
fibrils, as observed by atomic force microscopy,
provides important insights into the complex
interplay between diabetes mellitus and tissue
biomechanics. The key findings - a marked
increase in collagen fibril stiffness after
glycation and the differential response between
the CDE and SDF fibrils - shed light on the
molecular mechanisms underlying diabetes-
related complications and tissue ageing. The
observed stiffening of collagen fibrils after
glycation mirrors the structural and functional
changes that occur in diabetic patients,
providing a molecular perspective on the
biomechanical changes that contribute to the
systemic effects of the disease.

Looking forward, the results of this study
pave the way for several future research
directions. Firstly, there is a need to further
investigate the specific pathways by which
glycation alters the biomechanical properties of
collagen in different tissue types. A deeper
understanding of these mechanisms may reveal
new targets for therapeutic intervention aimed
at mitigating the adverse effects of glycation. In
addition, the different response to glycation
observed between CDE and SDF fibrils prompts
further investigation into the role of anatomical
and structural factors in glycation susceptibility.
Identification of tissues at higher risk of
glycation-induced damage could lead to the
development of targeted prevention strategies
for diabetic complications. In addition, the
potential for pharmacological intervention to
inhibit glycation processes or enhance AGE
degradation offers a promising avenue for
mitigating the progression of diabetes-related
complications. Future research should focus on
identifying and testing compounds that could
counteract collagen stiffening and preserve
tissue elasticity and function (Jones et al., 2014).
Finally, extending this research to human
studies would be invaluable. Correlating the
experimental findings with clinical outcomes in
diabetic patients could validate the relevance
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and applicability of the model, ultimately
contributing to improved diabetes management
and treatment strategies (El-Bahy et al., 2018).
In conclusion, this study makes a significant
contribution to our understanding of the
molecular basis of diabetes-related tissue
changes. By bridging the gap between the
molecular biochemistry and clinical
manifestations of diabetes, it provides a
fundamental basis for future research aimed at
improving the quality of life of people with

diabetes through better prevention,
management and  treatment of its
complications.

Our study has provided new insights into
the differential effects of glycation on collagen
fibrils, highlighting in particular how fibril
dimensions influence the rate and extent of
glycation-induced stiffening. This aspect of our
research sheds light on an important variable in
the process of collagen glycation that has not
been thoroughly investigated: the anatomical
and structural diversity of collagen fibrils and
its impact on diabetes-related complications.
The observed variance in glycation response
between the Common Digital Extensor (CDE)
and Superficial Digital Flexor (SDF) fibrils
highlights a critical insight: collagen fibrils of
different dimensions, and perhaps structural
composition, respond differently to the
glycation process. Specifically, SDF fibrils, which
are structurally slender compared to CDE fibrils,
showed a more pronounced increase in stiffness
following ribose exposure, particularly within
the first 24 hours. This suggests that fibril size
and surface area may significantly influence the
efficiency of glycation, with smaller fibrils
undergoing more rapid and extensive
modification.

This finding is of paramount importance
as it suggests that glycation and its subsequent
effects on tissue biomechanics may vary
significantly between different tissues in the
body, depending on the specific characteristics
of the collagen fibrils they contain. Such
differential glycation could explain the
variability in the onset and progression of
diabetic complications in different organs and
systems, providing a more nuanced
understanding of the disease's impact on the
body. Furthermore, these insights into the
differential effects of glycation based on
collagen fibril dimensions open up new avenues
for targeted therapeutic intervention. By
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understanding which collagen structures are
more susceptible to rapid and severe glycation,
strategies could be developed to specifically
protect these at-risk fibrils, potentially slowing
or preventing the progression of -certain
diabetic complications.

In conclusion, the novel insights from our
study into the differential effects of glycation on

detailed understanding of the molecular
pathology of diabetes. The novel insights gained
from our study into the differential effects of
glycation on collagen fibrils provide a
springboard for many future directions in
diabetes research, particularly in the
development of therapeutic strategies aimed at
mitigating the effects of glycation.

collagen fibrils of different dimensions enrich
the existing knowledge base and provide a more
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