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Abstract

Advanced glycation end products (AGEs) accumulate in various tissues, including bone, due to aging and conditions like diabetes mellitus. To
investigate the effects of AGEs on bone material quality and biomechanical properties, an in vitro study utilizing human tibial cortex, sectioned into
90 beams, and randomly assigned to three mechanical test groups was performed. Each test group included ribose (c = 0.6 M) treatment at 7-,
14-, and 21-d, alongside control groups (n = 5 per group). Fluorescent AGE (fAGE) and carboxymethyl-lysine (CML) levels were assessed through
fluorometric analysis and mass spectrometry, while bone matrix composition was characterized using Fourier-transform infrared and Raman
spectroscopy. Mechanical properties were determined through nanoindentation and three-point bending tests on non-notched and notched
specimens. The results showed significant increases in fAGEs levels at 7-, 14-, and 21-d compared to controls (119%, 311%, 404%; p = .008,
p < .0001, p < .0001, respectively), CML levels also rose substantially compared to controls (383%, 503%, 647%, p < .0001, p < .0001, p < .0001,
respectively). Analysis of bone matrix composition showed greater sugars/Amide I ratio at 21-d glycation compared to controls, 7-d, and 14-d
(p = .001, .011, .006, respectively); and higher carbonate-to-phosphate ratios in the ribose treatment group compared with controls (p < .05) in the
interstitial bone area. Mechanical testing of notched specimens exhibited a higher yield force, pre-yield toughness, and maximum force at 14-d
glycation compared to controls and to both 7-d and 21-d glycation (p < .05). Nanoindentation showed that the hardness was lower at 7-d glycation
compared to the controls and 21-d glycation (p < .05). In conclusion, the study found altered mechanical properties at 7 and 14 d of glycation,
which then returned to control levels at 21 d, indicating a dynamic relationship between glycation duration and mechanical characteristics that
deserves further exploration.
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Introduction

Patients with type 2 diabetes, which represent the majority of
cases, can present with an elevated risk of fracture compared
with non-diabetic individuals,1 despite presenting with nor-
mal to higher bone mineral density.2 This makes identifying
diabetic patients at increased fracture risk challenging, as frac-
ture risk predicting tools are based on bone mineral density.
Furthermore, impaired bone material quality is suggested to
contribute to the increased bone fragility in type 2 diabetic
patients.3

Bone is a hierarchically structured material with individ-
ual entities at different length scales that contribute to the
overall fracture toughness of bone tissue. Amongst others,

the mechanical characteristics of cortical bone are critical
for maintaining its functional integrity and resisting external
loads. Changes in the composition and structure of cortical
bone can alter its mechanical characteristics and increase frac-
ture susceptibility.4–7 One suggested bone matrix change asso-
ciated with diabetes mellitus is the accumulation of advanced
glycation end-products (AGEs), which form through the reac-
tion of glucose or other reducing sugars with proteins in
the bone matrix.8,9 To elucidate the interplay between AGEs
and bone mechanical characteristics, prior investigations have
explored the accumulation of AGEs in contexts encompassing
diabetes mellitus,10 aging,11 and chronic kidney disease.12

Studies on human cortical and trabecular bone tissue have
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demonstrated that high AGE accumulation can be a signifi-
cant factor contributing to bone mechanical integrity. These
changes included reduced elasticity and strength in trabecular
bone,10 compromised plasticity and toughness in cortical
bone,11 as well as diminished collagen fibril deformability at
the nanoscale in cortical bone,13 in disease states with high
AGE accumulation.

Nevertheless, other studies report negligible effects on bone
mechanical characteristics by AGE accumulation14 or even
enhanced bone elasticity and strength15 within the trabec-
ular bone in the context of type 2 diabetes mellitus.14,15

Those aforementioned studies were carried out on bone tissue
from disease conditions incorporating the naturally occur-
ring, uncontrolled in vivo glycation process, thereby imped-
ing the discernment of AGE effects on bone tissue. In vitro
induced glycation, on the other hand, is a controlled labora-
tory approach that facilitates the exploration of direct AGE
effects on the mechanical attributes of cortical bone while
operating within precisely controlled sugar concentrations
and specific exposure periods.

Reported in vitro glycation studies have shown different
outcomes.16–19 In cortical bone, some studies indicated
alterations in bovine bone yield stress, maximum strength,
and fracture toughness evaluated through 3-point bending
tests,16,19 while other studies reported no significant differ-
ences in those parameters.17,18 Similarly, when human bone
was studied, some studies reported AGEs altered fracture
toughness and elastic modulus assessed with 4-point bending
and microindentation,20 whereas others found no alterations
in fracture toughness and elastic properties using 4-point
bending tests,21 3-point bending tests,22 and nanoindentation
tests.16,18 Examining these studies, it appears that the con-
flicting results are due to the absence of a standardized bone
fracture mechanics testing method. Additionally, variations in
incubation time and experimental procedures, such as buffers,
temperature, antimicrobial agents, loading rates, and type of
sugar, differ among published studies. These differences could
contribute to the reported literature discrepancies and influ-
ence the AGE accumulation concentration within bone tissue.

In an effort to contribute to our understanding of diabetes-
induced alterations in bone material quality, this study deems
to explore the repercussions of in vitro glycation on human
cortical bone. This investigation encompasses the analysis
of specific time intervals corresponding to the accumulation
of AGEs. Each designated time point underwent a com-
prehensive assessment, combining evaluations of tissue min-
eral density, microstructure, mechanical properties, and bone
matrix composition. The primary objective of this study is
to investigate how in vitro-induced non-enzymatic glycation
(NEG) through ribose impacts fracture properties and overall
energy absorption mechanism, as well as bone collagen and
mineral composition. Understanding how AGE accumulation
interacts with bone fragility may offer profound insights into
the intricate interplay between bone tissue alterations and
mechanical integrity.

Materials and methods

Sample preparation

The bone samples were obtained from a human male organ
donor with a BMI of 26.16 kg/m1 and an age of 47 yr
who had no known metabolic disease during his lifetime
(IRB approval present: WT037/15). During the autopsy, a

section of the mid-diaphysis of the tibia approximately 11 cm
in length was extracted, immediately wrapped in phosphate
buffered saline (PBS, neutrally buffered) soaked gauze, and
frozen at −20 ◦C. A previously published report on microscale
indentation demonstrated that regional hardness differences
varied in the tibia diaphysis’s anterior, posterior, and lat-
eral regions but not along the anatomical axes (proximal to
distal).23 Therefore, in our study, all beams were extracted
from the same region within the midshaft of the tibia. The
posterior region was selected to ensure consistency across the
specimens, considering that this region has the largest smooth
surface. Regional selection excluded the muscle attachment
areas, as well as endocortical and periosteal surfaces. The pos-
terior part of the tibia was sawed using a bandsaw (EXAKT
Advanced Technologies GmbH) to obtain a smaller specimen
for the study. Using a low-speed, high-precision saw with
a diamond blade (Buehler GmbH), specimens exclusively
designated for subsequent mechanical analysis were longitu-
dinally dissected into a total of 90 beams and were metic-
ulously crafted to adhere to dimensions of 11 mm (length,
L) × 1.2 mm (depth, B) × 2.4 mm (width, W) according to
ASTM E1820.24 The 90 specimens were divided into three
discrete test groups, each comprised of thirty beams: (1) 3-
point bending evaluation of un-notched beams (test group
not intended for calculating fracture properties), (2) 3-point
bending assessment notched beams (test group intended for
calculating fracture properties), and (3) nanoindentation anal-
ysis (Figure 1A). For the introduction of a worst-case flaw
(notched beams), a low-speed saw with thickness of 380 μm
was employed to generate an initial notch at the center axis of
the beam, characterized by dimensions measuring 300 μm in
length and 380 μm in width.

In vitro glycation

For each mechanical testing type, prepared bone samples
were randomly attributed to ribose treatment groups with
7, 14, and 21 d of glycation incubation at 37 ◦C (n = 5
for each type of mechanical testing) with three respective
control groups (n = 5 for each type of mechanical testing). The
sample size was determined based on previous work.11 All
samples were ground and polished for further analysis. The
ribose solution was prepared according to previously pub-
lished protocols.19,25,26 A concentration of 0.6 M ribose is the
most commonly used concentration for the glycation of bone
samples in vitro.26 To prevent bacterial growth, 3 mL toluene,
3 mL chloroform, and 150 mg gentamycin were added to
300 mL Hank’s buffer. The control solution was prepared
identically to the glycation solution except without ribose. The
control and ribose-treated bone samples were placed in their
respective solution in three 50 mL polypropylene tubes and
incubated for either 7, 14, or 21 d at 37 ◦C (Figure 1B). The
pH of the solutions was monitored every 7 d and maintained
at pH 7.4 using 0.1 M hydrochloric acid or 0.1 M sodium
hydroxide, respectively. After treatment, the samples were
washed extensively with distilled water using an ultrasound
water bath to remove free sugar within their treatment group.
The cortical bone samples were then carefully transferred to
PBS and frozen at −20 ◦C until further analysis.

Micro-CT

All beams were scanned using micro-CT (microCT) (microCT
40, Scanco Medical AG) with X-ray voltage of 55 kV, current
of 145 μA, isometric voxel size of 10 μm, and integration time
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Figure 1. Study design. (A) A single tibia sample was obtained during the autopsy, with the anterior portion divided into 90 rectangular bone samples. These
samples were distributed across three distinct test groups: Test group (i) for un-notched three-point bending, test group (ii) for notched three-point bending
with imaging of crack propagation, and test group (iii) for Raman spectroscopy and nanoindentation. (B) Within these test groups, samples were randomly
allocated to three ribose treatment durations—7, 14, and 21 d (n = 5 for each sample type). Corresponding control groups were incubated in ribose-free
hanks buffered solution (n = 5 each). (C) MicroCT scanning facilitated the assessment of bone samples’ microstructure, porosity, and mineralization.
(D) Fracture properties of glycated bone samples were determined through micro-scale mechanical testing via nanoindentation and macro-scale testing
utilizing a three-point bending apparatus for un-notched and notched bone samples. The latter involved in situ scanning electron microscopy imaging for
crack propagation analysis. (E) Compositional analysis of the bone matrix encompassed Raman spectroscopy, quantification of total fluorescent advanced
glycation end-products (fAGEs), carboxymethyl-lysine (CML), and Fourier transform infrared spectroscopy.
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of 200 ms (Figure 1C). The reconstructed microCT images
were analyzed using Xamflow software 1.8.11 (Lucid Con-
cepts AG) to calculate cortical porosity (Ct.Po) and cortical
tissue mineral density (Ct.TMD). The threshold for bone seg-
mentation was set to 620 mg HA/ccm. To calculate porosity,
total volume masks were created by applying a slice-wise
morphological closing operation with a radial structuring
element of 20 pixels (60 μm) to the binarized images, followed
by filling all background voids enclosed by foreground bone
pixels in 2D.

Three-point bending of un-notched bone samples

Mechanical testing of the un-notched beams was conducted
using a three-point bending set-up (Figure 1D), employing
a tensile-compression module (Kammrath & Weiss GmbH)
equipped with a 1000 N load cell, tested in quasi-static mode
with 0.05 μm/s displacement speed. The span between the
two bottom supports was 10 mm. A controlled load was
applied through a force applicator positioned at the opposite
site between the two supports. Both the support and force
applicators had a radius of 0.5 mm. Prior to testing, the
samples were thawed and immersed overnight in PBS at 4 ◦C.

Based on the Euler–Bernoulli beam theory for 3-point bend-
ing test (See Table S2), several parameters were determined
from the load–displacement curves recorded with the soft-
ware provided by the manufacturer. Including maximum force
(Fmax), force at yield point (Fyield), stiffness, elastic modulus,
work-to-fracture, and pre-yield toughness were determined
using Matlab routines (Matlab R2021b, Mathworks). Specif-
ically, Fmax was the maximum load achieved before frac-
ture from the load–displacement curve. The yield point was
determined using a 0.2% offset method27,28 and Fyield was
determined as the load before yielding to plastic deformation.
Stiffness was measured as the slope of the linear portion of
the load–displacement curve. Elastic modulus was calculated
based on the Euler–Bernoulli beam theory. The work-to-
fracture (toughness, which is normalized energy) was repre-
sented as the area under the load–displacement curve divided
by the cross-section (nominal fracture surface) area obtained
using microCT.29 Pre-yield toughness refers to the toughness
that occurs before yielding. The beam theory formula is valid
for linear elastic deformation conditions, which applies to
beams with plane cross-sections that remain perpendicular to
the deflection curve during linear elastic deformation. In this
context, shear stress can be neglected.

Three-point bending of notched bone samples

After the ribose treatment protocols, a precise notch, measur-
ing half the sample width (W = 1.2 mm), was created using a
sharp razor blade and a 1 μm diamond suspension. Following
the notching procedure, each specimen underwent exami-
nation under a light microscope (CX-series with CellSense
software, Olympus Europa SE & Co. KG) to confirm the
notch length. All samples were ground and polished using a
diamond solution to smooth the surface for visualization of
crack propagation.

The fracture toughness test (Figure 1D) was conducted
using the previously mentioned three-point bending machine,
incorporating a 100 N load cell. The sample was placed inside
the vacuum chamber of a SEM (Crossbeam 340), evacuated
to a pressure of 30 Pa. Subsequently, three-point bending was
initiated with a pre-load of 1 N and a displacement speed of
0.05 μm/s. Crack propagation was monitored using a variable

pressure secondary electron detector with an acceleration volt-
age of 25 kV. The magnification range was adjusted between
140× and 190×, with a working distance of 18-20 mm.
Throughout the testing process, images were automatically
captured at a frequency of 2 Hz and saved synchronously with
force and displacement values. Finally, the loading process was
terminated when the crack reached an approximate length of
1 mm.

The stress intensity factor KI was calculated according to
Fett and Munz30,31 as follows:

KI = 3FL
BW2

√
a ∗ � (α)

where B is sample thickness, W is sample width, a is crack
length, α the ratio of crack length to sample thickness a
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Coefficients Aμν are listed in Table 1.
Fracture toughness measurements were carried out in

accordance with ASTM E182024 for a single-edge notched
bend beam, using nonlinear elastic J-integral measurements
to incorporate the role of plastic deformation in determining
fracture toughness. Specifically, the J-integral [J/m2] was
computed as the sum of elastic, Jel, and plastic components,
Jpl, as follows:

J = Jel + Jpl

Jel = KI
2

E

Jpl = 2 ∗ Apl

B ∗ (W − a0)

Where E is the elastic modulus calculated based on the
Euler–Bernoulli beam from the un-notched beam load–
displacement curve (average group value). Apl is the area
under the plastic region of the load–displacement curve, and
a0 is the notch length.

The crack extension was calculated using the images
obtained during in situ SEM mechanical testing. By measuring
the first crack length from the notch tip and calculating mode
I crack propagation of each crack projection on the x-axis,
each KI value was obtained. KI values against crack length
(a) were plotted as crack resistance curve (R-curve), as shown
in Figure 4C. Similarly, each J was calculated from the load–
displacement curve, and the J against crack length (a) was
plotted with a 95% confidence interval of second polynomial
order by using MATLAB routines (see Figure 5A-C).

Additional parameters extracted from the load–displacement
curve included maximum force (Fmax), yield point force
(Fyield), work-to-fracture, and pre-yield toughness, as pre-
viously described in the evaluation of un-notched beam
specimens, were determined as well. However, the mechanical
behavior was compared only within the same test group to
ensure the validity of the results.

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae151#supplementary-data
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Table 1. Coefficients Aμν to calculate geometry factor �.

Aμ0 Aμ1 Aμ2 Aμ3 Aμ4

μ = 0 1.1200 −0.2387 0.4317 −1.7351 2.4145
μ = 1 −1.8288 −0.2573 −4.9847 16.9047 −18.2883
μ = 2 2.9741 0.2706 18.6767 −60.4912 59.9239
μ = 3 −2.4280 0.5627 −27.3447 87.7078 −85.2405
μ = 4 0.6712 −0.5184 13.5837 −43.5421 42.3503

Raman spectroscopy

The control and glycated bone samples for Raman spec-
troscopy and nanoindentation were cut to 1 mm thickness
along the longitudinal direction, dehydrated in an increasing
series of ethanol, and infiltrated with methylmethacrylate
(MMA; Merck). Samples were embedded in MMA, ground,
and polished with silicon carbide paper (grit increase from
P800, P1200 to P2000/4000) to a coplanar state with a
microgrinder machine (EXAKT 400 CS). Each sample was
analyzed with a confocal Raman spectroscope (Figure 1E)
(Renishaw inVia, Renishaw plc) with a 50× objective and
a laser wavelength of 785 nm. Per sample, two spectral
maps of 15 array points over the polished surface were
acquired, consisting of an osteonal and an interstitial region
(80 μm × 20 μm), as well as 6 array points in the area of
pure MMA (20 μm × 20 μm area). The exposure time was
20 s with three accumulations for each point, and the spectral
range was set to 350-1750 cm−1. Following spectroscopy
measurements, all spectra were post-processed by subtracting
a polynomial baseline using the provided software WiRE
(WiRE 4.1). The polynomial order for fitting the fluorescence
background was 11, with a noise tolerance 1.5 with no digital
noise filtering. Automatic cosmic ray removal, spectrum nor-
malization, and MMA spectrum subtraction were performed
with the same software. Following post-processing, an average
bone spectrum for each area was calculated. Subsequently,
the software OriginPro 2023 (OriginLab) was used to
calculate integrated areas. Following previously published
methods,32–37 two mineral-to-matrix ratios (ν1PO4 at 930-
980 cm−1/amide I band at 1620-1700 cm−1 and ν2PO4 at
410-460 cm−1/amide III band at 1215-1300 cm−1), crys-
tallinity (1/full width of half maximum of ν1PO4), carbonate-
to-phosphate ratio (ν1CO3 at 1050-1095 cm−1/ν1PO4
and ν1CO3/ν2PO4), and carboxymethyl–lysine (CML)/CH2-
wag (1147-1170 cm−1/1432-1490 cm−1) ratio were mea-
sured.32,36 We also calculated the amide I sub-peak ratios
based on the sub-band fitting to investigate collagen helical
status (I1670 at ∼1670 cm−1/I1640 at ∼1640 cm−1),35,37

and collagen matrix maturity (I1670 ∼ 1660 cm−1/I1690
∼ 1690 cm−1).33,37

Nanoindentation

Following Raman spectroscopy, specimens were further pol-
ished with 3 μm diamond suspension, followed by 1 μm
diamond suspension until final polishing with 0.05 μm alu-
minum oxide suspension to diminish surface roughness, fol-
lowing previously published methods.38 The samples were
washed with ultrasound water baths in distilled water to
remove surface debris.

Fine-polished specimens were indented in the longitudinal
osteonal direction utilizing an iMicro nanoindenter (KLA
Instruments) equipped with a Berkovich tip (Figure 1D). Per

specimen, a total of 40 indentations were performed in two
regions, ie, osteonal and interstitial bone region. In each
region 20 indents were placed with lateral distance of 30 μm
and indentation depth of 2 μm employing the depth-sensing
continuous stiffness method. Young’s modulus and hardness
were determined based on the approach proposed by Oliver
and Pharr,39 considering a Poisson’s ratio of 0.3. These calcu-
lations were performed using the InView Run Test software
provided by the manufacturer (KLA Instruments). Before and
after each measurement, the tip was calibrated on fused silica.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was per-
formed to obtain the relative sugar content of the bone
matrix (Figure 1E). Notched samples after 3-point bending
were cut with longitudinal direction of the beam and
demineralized using a 20% EDTA solution in PBS. The bone
tissue was submerged in the EDTA solution for 3 mo at room
temperature, with changes of EDTA solution twice a week.
After 3 mo, the demineralized tissue was rinsed twice with
acetone for 10 min, then twice with distilled water for 10 min,
and 70% ethanol before spectrum acquisition. The spectra
were collected with a FTIR Spotlight 400 (PerkinElmer)
attached to a FTIR Spectrometer Frontier (PerkinElmer). The
spectra were acquired in a reflective transmittance mode over
a spectral range of 2000-650 cm−1 at a resolution of 4 cm−1

with 60 accumulations per scan. The characteristic peaks of
the standard were found using the spectrum software of the
manufacturer. The software OriginPro 2023 (OriginLab) was
used for baseline correction and to calculate peak intensities
and areas under the curve. The sugar-to-matrix ratio was
determined by dividing the area of the sugar peaks (νCO and
νCC peaks located between 900 and 1100 cm−1) by the amide
I peak (1596-1712 cm−1) according to previously published
protocols.15

fAGE—fluorometric analysis

Total fluorescent AGEs (fAGEs) were quantified using flu-
orescence spectroscopy and normalized to collagen content
assessed by colorimetric assay (Figure 1E).26 Unfixed frozen,
broken halves of the beams after the un-notched mechanical
test were defatted by alternated soaking for 15 min in either
70% ethanol or saline. After 18 h of lyophilization, the
bone samples were hydrolyzed in 6 M HCl (10 μL of HCl
per mg of bone) at 110 ◦C for 16 h. Bone hydrolysates
were diluted in deionized water to a final concentration of
0.5 mg bone/mL and centrifuged at 13 000 rpm at 4 ◦C.
The collected supernatant was utilized for the remaining
steps of the assay. In the fluorescence assay, the measurement
was performed with the serially diluted quinine standards
(stock solution 10 μg quinine per mL of 0.1 N H2SO4) and
bone hydrolysates in a 96-well plate using the multi-mode
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microplate reader at excitation of 360 nm and emission of
460 nm. All measurements were carried out in triplicates,
darkness, and room temperature. The total content of col-
lagen in the bone tissue was determined using a colorimet-
ric assay of hydroxyproline using hydroxyproline standards
(stock solution 2 mg/mL hydroxyproline in 0.001 N HCl).
First, chloramine-T (0.06 M chloramine-T in a solution of
deionized water, 2-metoxyethanol, and hydroxyproline buffer
in 2.3:5, respectively) was added to the bone hydrolysates
and standards in a 1:2 ratio following incubation in the
dark at room temperature for 20 min to oxidize hydroxypro-
line. The reaction was stopped by adding 4.5 M perchloric
acid. Finally, p-dimethylaminobenzaldehyde (200 mg/mL in
2-metoxyethanol) was added and the samples and standards
were incubated at 60 ◦C for 20 min to produce a chro-
mophore. The absorbance of bone hydrolysates and hydrox-
yproline standards was measured in triplicates at 570 nm in a
96-well plate using a multi-mode microplate reader (Inifinite
200, Tecan Group Ltd.). Collagen content is determined based
on the assumption of bone’s composition of 14% hydrox-
yproline.40 The total fAGEs are presented in ng quinine
fluorescence/mg collagen content.

CML—non-fluorescence analysis

Total CML was quantified using mass spectrometry (Figure 1E).
N6-(carboxymethyl)-L-lysine was purchased from Cayman
Chemicals (Item No. 16483). [2H4]-N6-(carboxymethyl)-
L-Lysine was purchased from Alsachim. Stock solutions of
both substances were prepared with LC–MS grade water at
a concentration of 1 mg/mL. For the quantification of CML,
different concentration levels ranging from 5 to 500 ng/mL
were prepared in 0.1% formic acid (FA).

The unfixed, frozen, broken halves of the notched beams
after the mechanical test were defatted by alternated soaking
for 15 min in either 70% ethanol or saline. After 18 h of
lyophilization, the bone samples were hydrolyzed in 6 M HCl
(10 μL of HCl per mg of bone) at 110 ◦C for 16 h. Bone
hydrolysates were diluted in deionized water to a final con-
centration of 0.5 mg bone/mL and centrifuged at 13 000 rpm
at 4 ◦C.

Bone hydrolysates were dried in a vacuum centrifuge and
resuspended in 200 μL water (LC–MS grade). Oasis HLB
Plus LP Extraction Cartridges (Waters Corporation, PN
186000132) were used for sample clean-up prior to mass
spectrometric measurements. The cartridges were conditioned
with 3 mL methanol and equilibrated with 3 mL water. After
sample loading, the cartridges were washed with 3 mL of 5%
(v/v) methanol. CML was eluted with 2 mL methanol. The
eluates were dried in a vacuum centrifuge and resuspended in
400 μL of 0.1 % (v/v) FA. An aliquot of 4 μL was injected
into the liquid chromatography–tandem mass spectrometry
(LC–MS) system.

LC–MS/MS measurements were performed on an Agilent
1290 Infinity II LC system coupled to an Ultivo triple
quadrupole mass spectrometer (Agilent Technologies). Liquid
chromatography was run on an XBridge Premier BEH Amide
VanGuard FIT Column, 2.5 μm, 2.1 mm × 150 mm (Waters
Corporation, PN 186009933) kept at 40 ◦C. The column was
operated in HILIC mode, therefore equilibrated with 90%
eluent B (0.1% FA in acetonitrile) and 10% eluent A (0.1%
FA in water) delivered at a flow rate of 0.5 mL/min. Further
details of the gradient used for the LC–MS/MS runs are given
in Table S3.

N(6)-carboxymethyllysine was quantified using positive
electrospray ionization (ESI) and multiple reaction monitoring
(MRM) mode. The optimal precursor and product ions,
fragmentor voltages, and collision energies (Table S4) were
obtained and optimized by Agilent MassHunter Acquisition
Optimizer software. For this, standard solutions of CML and
CML-d4 were used at a concentration level of 1000 ng/mL.

The quantifier MRM transitions were selected based on
the most intense fragment ion. They were m/z 205.1 → 84
and m/z 209.1 → 88.1 for N(6)-Carboxymethyllysine and
[2H4]-N6-(carboxymethyl)-L-Lysine, respectively. Moreover,
the MRM transitions used as qualifier were m/z 205.1 → 130
and m/z 205.1 → 56 for N(6)-Carboxymethyllysine, and m/z
209.1 → 134.3 and m/z 209.1 → 58.1 for CML-d4 (Table S5).
The source parameters were set as the following: gas tempera-
ture 300 ◦C; gas flow 8 L/min; nebulizer gas 35 psi; capillary
voltage 4000 V; sheath gas temperature 300 ◦C; sheath gas
flow 11 L/min; and nozzle voltage 1500 V.

Data was processed with Mass Hunter Quantitative Data
Analysis software (Version 10.0). The calibration levels
ranged from 5 to 500 ng/mL, displaying linear responses
throughout the concentration range with R2 values greater
than 0.998. The recovery rate of [2H4]-N6-(carboxymethyl)-
L-Lysine was calculated, and the quantified amounts of
N(6)-carboxymethyllysine were corrected accordingly. The
corrected CML quantities were additionally normalized to
the dry weight of the bone samples.

Statistical analysis

Statistical analysis was performed using Prism (9.5.1, Graph-
Pad). Shapiro–Wilk test was used to analyze normality, and
the normally distributed data was compared between groups
using ANOVA tests for statistical analysis. Pearson correlation
was used for analyzing linear relationships between composi-
tional and mechanical properties. As control samples did not
show differences in all parameters with regard to incubation
times, all control samples were combined into one control
group (n = 15) to compare to each glycation group (n = 5).
Tukey multiple comparison test was used as a post hoc test
at a significance level of 0.05. The outliers were defined and
excluded with Grubbs’ test (significance level = 0.05).

Results

Increased fAGEs and CML levels in glycated human

cortical bone specimens

All specimens exhibited uniform microstructural characteris-
tics, as evidenced by comparable measurements of Ct.TMD
and Ct.Po, as detailed in Table 2 and assessed through
microCT imaging. The quantification of total fAGEs and
CML was conducted to ascertain the impact of in vitro
glycation-induced non-enzymatic cross-linking. Subsequent
to glycation periods spanning 7, 14, and 21 d, fAGE levels
exhibited notable elevation in contrast to control instances,
displaying an incremental rise over the incubation duration.
Total fAGEs measured 117.11 ± 26.94 ng of quinine/mg of
collagen in controls, 256.90 ± 18.21 ng of quinine/mg of
collagen in the 7-d ribose treatment group, 482.46 ± 84.43 ng
of quinine/mg of collagen in the 14-d ribose treatment group,
591.05 ± 99.36 ng of quinine/mg of collagen in the 21-
d ribose treatment group. Specifically, specimens subjected
to 7, 14, and 21-d ribose treatment displayed an average

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae151#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae151#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae151#supplementary-data
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Table 2. The microstructure of bone samples was similar in all groups (all control samples were combined into one control group (n = 15) to compare to
each glycation group (n = 5)).

Control D7 D14 D21

Ct.Po [%] 3 ± 1 2.7 ± 0.9 3 ± 1 3 ± 0.6
Ct.TMD [mgHA/ccm] 1169.4 ± 14.8 1176.8 ± 15.7 1179.9 ± 18.4 1169.2 ± 7.6

Data are shown as mean ± SD. Data were analyzed using ANOVA with the Tukey post hoc test. Cr.Po p = .976, .963, .387 for control vs D7, control vs D14,
and control vs D21, respectively; p > .999, .757, .784 for D7 vs D14, D7 vs D21, and D14 vs D21, respectively. Ct.TMP p = .769, .536, >.999 for control vs
D7, control vs D14, and control vs D21, respectively; p = .988, .845, .667 for D7 vs D14, D7 vs D21, and D14 vs D21, respectively. D7, 7-d ribose treatment;
D14, 14-d ribose treatment; D21, 21-d ribose-treatment; Ct.Po, cortical porosity; Ct.TMD, cortical tissue mineral density.

increase of 119%, 311%, and 404% relative to controls
(p = .008, p < .0001, p < .0001, respectively). Moreover,
14 and 21-d ribose treatment had 88% and 130% elevated
fAGEs content compared with 7-d ribose treatment (p = .001,
p < .0001, respectively), as shown in Figure 2A. Similarly, the
CML content measured 16.25 ± 1.24 ng/mg bone tissue in
controls, 78.44 ± 11.48 ng/mg bone tissue in the 7-d ribose
treatment group, 97.98 ± 14.23 ng/mg bone tissue in the 14-
d ribose treatment group, 121.5 ± 7.44 ng/mg bone tissue
in the 21-d ribose treatment group, showing a noticeable
increase after 7, 14, and 21 d of ribose incubation compared
with controls (383%, 503%, 647%, p < .0001, p < .0001,
p < .0001, respectively). Additionally, 14- and 21-d ribose
treatment led to 25%, 56% elevated CML content compared
with 7-d ribose treatment (p = .039, p < .0001), and 21-
d ribose treatment resulted in 24% elevated CML content
compared with 14-d ribose treatment (p = .013), as shown
in Figure 2B. To determine the effects of glycation on sugar
composition, FTIR spectroscopy analysis were performed and
the corresponding FTIR spectra were analyzed (Figure 2C).
The sugar-to-matrix ratio exhibited a distinct elevation at 21-
d ribose treatment in contrast to the controls, 7, and 14-d
ribose treatment (p = .001, .011, .006, respectively), as shown
in Figure 2D.

Elevated carbonate-to-phosphate ratios in glycated

interstitial bone

Raman analysis was performed to determine the effects of
glycation on the bone matrix composition. Representative
spectra are shown in Figure 3A and B. The regions of different
tissue ages were investigated, namely younger osteonal and
older interstitial bone (Figure 3C). In the interstitial bone
matrix, significant differences were observed in the carbonate
to phosphate ratios: The ratio ν1CO3/ν1PO4 was higher
after 7- and 21-d glycation compared to controls (Figure 3D;
mean difference 4.06%, 4.59%, p = .0203, p = .009, respec-
tively), and ν1CO3/ν2PO4 ratio was higher after 14- and 21-
d glycation compared to controls (Figure 3E; mean differ-
ence 9.10%, 7.18%, p = .008, p = .036, respectively). The
non-fluorescent AGE CML ratio (Figure 3F) did not differ
between glycation and control groups. No differences for the
above-mentioned parameters were detected in the osteonal
bone matrix (Figure 3G-K). Additional Raman spectroscopy
parameters are summarized in Table S1.

Altered mechanical properties in glycated bone

specimens

Mechanical properties of ribose treatment and control bone
samples were assessed using three different test groups:
un-notched and notched 3-point bending as well as nanoin-
dentation. Among the un-notched beams, no notable

differences were discerned between the groups, showing
comparable maximum and yield force alongside pre-yield
toughness values determined based on work-to-fracture cal-
culation, E-modulus, and post-yield displacement (Table 3).
For the analysis of fracture mechanics in notched beams,
visualization of crack propagation (Figure 4A) accompanied
by concurrent force-displacement records (Figure 4B) and R-
curve (Figure 4C) was performed. The yield point force (Fyield)
showed that the 7- and 14-d ribose treatment groups had
significantly higher values than the control (16.21 ± 2.38 N
for the 7-d, 17.21 ± 2.10 N for the 14-d vs 12.75 ± 3.29 N
for the control, p = .0149, p = .001, respectively), followed by
a lower value at the 21-d ribose treatment, returning to the
control level (7-, 14-d vs 11.35 ± 2.07 N for the 21-d, p = .015,
p = .002; respectively), as shown in Figure 4D. The maximum
force (Fmax, Figure 4E) was higher at 14-d ribose treatment
and lower at 21-d ribose treatment group (20.16 ± 2.33 N
for the 14-d vs 14.66 ± 1.33 N for the 21-d, p = .028), but
no significant difference compared to the control group. The
pre-yield toughness exhibited a substantially higher value at
the 7-, and 14-d ribose treatment in comparison to the control
group (473.6 ± 190.8 J/m2 for the 7-d, 522.20 ± 82.57 J/m2

for the 14-d, vs 286.40 ± 82.57 J/m2 for the control, p = .049,
p = .004, respectively), followed by a noticeably lower value at
the 21-d ribose treatment, returning to the control level (14-
d vs 264.50 ± 78.33 J/m2 for the 21-d, p = .009), as shown
in Figure 4F. The post-yield toughness showed significantly
lower at the 14-d ribose treatment group compared to the
control (657.20 ± 18.70 N for the 14-d vs 970.30 ± 218.70 N
for the control, p = .03), as shown in Figure 4G.

The slope of the R-curve determines the growth tough-
ness. Due to technical issues, there were two crack image
data losses in the 7-d treatment group; the rest of the data
demonstrated a lower growth toughness with 7-d ribose treat-
ment group yet no significant difference between the groups
(Figure 4H). Overall fracture toughness exhibited similarity
among the groups, with values of 2.38 ± 0.78 MPa

√
m in con-

trol; 2.62 ± 1.14 MPa
√

m at 7-d ribose treatment; 2.45 ± 0.45
MPa

√
m at 14-d ribose treatment; 2.57 ± 0.38 MPa

√
m at 21-

d ribose treatment.
The elastic J-integral at yield point (Jel0.2%) values demon-

strated no significant variations between the groups. Yet,
the plastic J-integral at yield point (Jpl0.2%) was significantly
higher in the 7-d ribose treatment group compared to the
controls (p = .046) and followed by a decrease after the 21-
d ribose treatment to control level (p = .049 compared with
7-d ribose treatment group) (Figure 4I).

The results of nanoindentation as a measure of nano-
mechanical elastic properties are shown in Table 4. Osteonal
bone areas showed statistically similar elastic modulus and
hardness in the control and ribose treatment groups span-
ning 7, 14, and 21 d (p > .05). The elastic modulus in the

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae151#supplementary-data
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Figure 2. Higher fluorescent (fAGEs) and non-fluorescent (CML) advanced glycation end-products content in glycated bone samples. (A) Total fAGE content
was significantly increased with 7, 14, and 21 incubation days compared to controls. (B) CML content significantly elevated with 7, 14, and 21 incubation
days compared to control. (C) Specimen’s FTIR spectrum. (D) The sugar-to-matrix ratio measured with FTIR spectroscopy was elevated at 21 incubation
days compared to the control, 7-, and 14-d incubation times. Data is shown as box plots indicating median, lower quartiles, upper quartiles, and max
and min values. Data was analyzed using ANOVA with the Tukey post hoc test. Abbreviations: fAGE, fluorescent advanced glycation end-products; CML,
carboxymethyl-lysine; FTIR, Fourier transform infrared.

interstitial bone area remained similar across the groups; how-
ever, the hardness was significantly lower at 7-d ribose treat-
ment compared to the control, and followed by an increase at
21-d ribose treatment to control levels (1.02 ± 0.06 GPa for
the control vs 0.89 ± 0.11 GPa for the 7-d ribose treatment,

p = .011; 1.03 ± 0.07 GPa for the 21-d vs 7-d, p = .044), as
shown in Figure 4J-K.

J-integral (control vs 7-d ribose treatment, control vs 14-
d ribose treatment, control vs 21-d ribose treatment) against
crack length, a, was plotted with a 95% confidence interval of
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Figure 3. Altered carbonate-v1 and v2 phosphate ratios in interstitial bone matrix of glycated cortical bone. (A) Exemplary Raman spectrum. (B) CML peak
and CH2-wag peak in a bone sample. (C) 15 data points were measured in two areas (osteonal and interstitial). (D) The carbonate-to-v1 phosphate ratio
in the interstitial area was significantly higher after 7-, 21-d ribose treatment compared to the control group. (E) Carbonate-to-v2 phosphate ratio in the
interstitial area was significantly higher after 14- and 21-d ribose treatment compared to the control group. (F) CML/CH2-wag ratio in interstitial area, (G)
I1670/I1690 ratio in interstitial area, (H-J) in osteonal area (H) carbonate-to-v1 phosphate ratio, (I) carbonate-to-v2 phosphate ratio, (J) CML/CH2-wag ratio,
and (K) I1670/I1640 in interstitial area, are similar between the groups. Data are shown as box plots indicating median, lower quartiles, upper quartiles, and
max and min values. Data were analyzed using ANOVA with the Tukey post hoc test. Abbreviation: CML, carboxymethyl-lysine.
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Figure 4. Glycation-dependent alterations of mechanical properties in notched bone samples. (A) Crack propagation was monitored with in situ SEM
during a 3-point bending test of notched bone samples. (B) Illustration of load–displacement curve acquired during 3-point bending tests. (C) Example of
the crack-resistance curve. (D) Force at yield point measured in notched samples was significantly higher after 7- and 14-d ribose treatment compared
to controls and 21-d ribose treatment groups. (E) Maximum force measured during 3-point bending of notches bone samples elevated at 14-d ribose
treatment and decreased at 21-d ribose treatment. (F) Toughness before bone yielding determined in notched bone samples showed significantly higher
pre-yield toughness after 14-d ribose treatment compared to control and 21-d ribose treatment groups. (G) Toughness after bone yielding determined in
notched bone samples showed significantly lower post-yield toughness after 14-d ribose treatment compared to the control. (H) Growth toughness was
determined based on crack-resistance curve slopes from 3-point bending tests of notched samples and crack imaging with SEM; there were two image
data losses in the 7-d treatment group due to technical issues. (I) Jpl at yield point (Jpl0.2%) in notched bone samples showed significantly higher after 7-d
ribose treatment compared to control and 21-d ribose treatment groups. (J) Elastic modulus measured from nanoindentation test showed no significant
differences. (K) Hardness measured from the nanoindentation test displayed at 7-d ribose treatment was lower than the controls and the 21-d ribose
treatment. Data are shown as box plots indicating the median, lower quartiles, upper quartiles, max, and min values. Data was analyzed using ANOVA
with the Tukey post hoc test.
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Table 3. Mechanical properties were similar in un-notched bone samples (all control samples were combined into one control group (n = 15) to compare
to each glycation group (n = 5)).

Control D7 D14 D21

Fmax [N] 116.20 ± 10.42 108.60 ± 4.22 117.90 ± 15.67 114.50 ± 14.26
Fyield [N] 98.36 ± 8.87 89.79 ± 5.32 100.20 ± 8.98 95.93 ± 4.86
Pre-yield toughness [J/m2] 4149 ± 763.1 3281 ± 605.1 4102 ± 736.7 3768 ± 472.5
E-modulus [Gpa] 28.12 ± 4.79 31.64 ± 3.90 30.31 ± 0.88 28.85 ± 4.47
Post-yield displacement [mm] 0.10 ± 0.04 0.10 ± 0.03 0.09 ± 0.04 0.12 ± 0.07

Data are shown as mean ± SD. Data were analyzed using the ANOVA test with the Tukey post hoc test. Fmax p = .573, .992, .991 for control vs D7, control
vs D14, and control vs D21, respectively; p = .576, .846, .964 for D7 vs D14, D7 vs D21, and D14 vs D21, respectively. Fyield p = .182, .968, .933 for control
vs D7, control vs D14, and control vs D21, respectively; p = .185, .618, .826 for D7 vs D14, D7 vs D21, and D14 vs D21, respectively. Pre-yield toughness
p = .100, .999, .718 for control vs D7, control vs D14, and control vs D21, respectively; p = .271, .692, .873 for D7 vs D14, D7 vs D21, and D14 vs D21,
respectively. E-modulus p = .389, .750, .987 for control vs D7, control vs D14, and control vs D21, respectively; p = .958, .724, .947 for D7 vs D14, D7 vs
D21, and D14 vs D21, respectively. Post-yield displacement p > .999, .960, .870 for control vs D7, control vs D14, and control vs D21, respectively; p = .978,
.924, .737 for D7 vs D14, D7 vs D21, and D14 vs D21, respectively. D7, 7-d ribose treatment; D14, 14-d ribose treatment; D21, 21-d ribose treatment.

Table 4. Micro-scale mechanical properties assessed using nanoindentation revealed that the E modulus was similar between control and ribose treatment
groups in both interstitial and osteonal bone regions. However, hardness in the 7-d ribose treatment group was lower than in the control and the 21-d
ribose treatment groups in interstitial regions. All control samples were combined into one control group (n = 15) for comparison with each glycation group
(n = 5).

Control D7 D14 D21

Osteonal E modulus [GPa] 23.64 ± 2.66 24.5 ± 1.86 23.5 ± 3.39 25.71 ± 2.68
Hardness [GPa] 0.91 ± 0.0042 0.94 ± 0.00063 0.92 ± 0.0021 0.97 ± 0.0079

Interstitial E modulus [GPa] 26.21 ± 1.06 24.06 ± 4.67 25.43 ± 7.44 26.83 ± 2.028
Hardness [GPa] 1.02 ± 0.0036a 0.89 ± 0.0112a,b 1.01 ± 0.0014 1.03 ± 0.0046b

Data are shown as mean ± SD. Data were analyzed using ANOVA with the Tukey post hoc test. Osteonal region E modulus p = .769, .536, >.999 for control
vs D7, control vs D14, and control vs D21, respectively; p = .988, .845, .667 for D7 vs D14, D7 vs D21, and D14 vs D21, respectively; hardness p = .940,
.990, .399 for control vs D7, control vs D14, and control vs D21, respectively; p = .997, .886, .779 for D7 vs D14, D7 vs D21, and D14 vs D21, respectively.
Interstitial region E modulus p = .080, .832, .909 for control vs D7, control vs D14, and control vs D21, respectively; p = .599, .081, .626 for D7 vs D14,
D7 vs D21, and D14 vs D21, respectively; hardness p = .011, .994, .998 for control vs D7, control vs D14, and control vs D21, respectively; p = .094, .044,
.984 for D7 vs D14, D7 vs D21, and D14 vs D21, respectively. D7, 7-d ribose treatment; D14, 14-d ribose treatment; D21, 21-d ribose-treatment. aSignificant
difference control vs R7, p = .011. bSignificant difference R21 vs R7, p = .044.

second polynomial order (Figure 5A-C). The ribose treatment
groups’ fitting curves were lower than the control’s, but no sig-
nificant difference was found between the groups (Figure 5D).

Significant correlations between glycation status

and mechanical and compositional properties

At the beginning of glycation (7-d and 14-d incubation),
linear relationships were indicated between fAGE and Fyield
and post-yield toughness; between CML and nanoscale hard-
ness and elastic modulus, Fmax, Fyield, pre-and post-yield
toughness; between the carbonate-to-phosphate ν1 ratio and
Fyield and pre-yield toughness; and between the carbonate-
to-phosphate ν2 ratio and Fmax, Fyield and pre- and post-
yield toughness (see Table 5, column Control+D7+D14). At
the end of glycation (21-d incubation), correlations were
observed between fAGE and Fyield, pre-yield toughness, and
J plastic at yield point (Jpl0.2%), as well as between the
carbonate-to-phosphate ratios and Fyield (see Table 5, column
Control+D21).

Discussion

The study investigated the impact of glycation duration on
mechanical, material, and compositional properties of human
tibial cortical bone. In vitro glycation was conducted for
7, 14, and 21 d to induce varying concentrations of AGE
accumulation in the bone matrix. Over time, fAGEs and
CML measured from mass spectrometry increased, with a
notably higher sugar-to-matrix ratio (glycation content in
bone matrix) and carbonate-to-phosphate ratios after ribose
incubation. Mechanical testing revealed an initial higher value

in yield force and pre-yield toughness in notched specimens
after 7 and 14 d of glycation, followed by a decline at 21 d
to the control level. Nanoindentation testing on hardness at
the interstitial region displayed an observable lower value at
7 d of glycation and then returned to the control level at
21 d. Correlations between compositional and mechanical
properties were observed (Table 5). These findings demon-
strate a complex connection between glycation duration and
mechanical behavior. Bone is composed of a mineralized
matrix primarily consisting of carbonated hydroxyapatite, ie,
carbonate ions substituted into the crystal lattice. In the in
vitro glycation process, where glycation is artificially induced
in a laboratory setting, we observed that the carbonate-to-
ν1 and ν2 phosphate ratios tend to be higher in samples
glycated for 7, 14, and 21 d compared to controls. It is
important to note that this ratio does not provide informa-
tion regarding absolute changes in content but indicates a
relative change. A higher ratio could indicate a reduction in
phosphate content or an elevation in carbonate content within
the mineral. While the possibility of phosphate dissolution
within the bone matrix during the glycation process cannot
be excluded because the phosphate contents in the ribose
solutions were not measured before and after the process, it
is unlikely that AGE accumulation would significantly affect
either the phosphate content or mineral component carbonate
within the bone matrix, but further investigation is necessary
to validate this assumption.

Mechanical testing showed that the fracture mechanics
of notched samples were affected by the glycation time, as
indicated by higher pre-yield toughness at 7 d and 14 d of gly-
cation, followed by lower levels at 21 d, returning to control



12 JBMR Plus, 2025, Volume 9 Issue 2

Figure 5. Similar J-integral among the control and ribose treatment groups. J-integral (A) control vs 7-d ribose treatment, (B) control vs 14-d ribose
treatment, (C) control vs 21-d ribose treatment against crack length, a, was plotted with a 95% confidence interval of second polynomial order. The fitting
curves in the ribose treatment groups were lower compared to the control, but (D) no significant difference was found between the groups. Data are shown
as box plots indicating the median, lower quartiles, upper quartiles, max, and min values. Data was analyzed using ANOVA with the Tukey post hoc test.

Table 5. Correlations between compositional and mechanical properties.

Control + D7+D14 Control + D21

fAGE Sugar:
matrix

CML ν1CO3/
ν1PO4

ν1CO3/
ν2PO4

fAGE Sugar:
matrix

CML ν1CO3/
ν1PO4

ν1CO3/
ν2PO4

H (nanoindentation) −0.226 0.042 −0.571a −0.487 −0.172 −0.012 0.235 0.297 −0.238 −0.041
E (nanoindentation) −0.469 −0.067 −0.741b −0.496 −0.397 0.136 −0.169 0.283 0.230 0.356
Fmax 0.301 −0.001 0.633a 0.467 0.614a −0.489 −0.540 −0.343 −0.055 0.011
Fyield 0.561a 0.097 0.770b 0.547a 0.652a −0.725a −0.444 −0.369 0.018a −0.024b

Toughness
(pre-yield)

0.467 0.309 0.729b 0.591a 0.592a −0.740b −0.323 −0.299 0.090 −0.047

Toughness
(post-yield)

−0.670b −0.134 −0.586a −0.140 −0.609a −0.306 0.074 −0.263 −0.687 −0.869

Toughness
(total)

−0.424 −0.050 0.109 0.206 −0.119 −0.458 −0.157 −0.075 −0.354 −0.503

Growth toughness 0.228 0.000 −0.046 −0.262 −0.039 −0.013 −0.209 −0.201 −0.454 −0.333
K init0 0.066 0.075 0.271 0.431 −0.066 0.263 0.044 0.056 0.262 0.203
Jel0.2% −0.173 −0.260 0.238 0.389 −0.108 −0.056 −0.291 −0.003 0.202 0.165
Jpl0.2% 0.216 0.230 0.341 0.156 0.082 −0.627a 0.006 −0.296 −0.274 −0.064
Jtotal0.2% −0.011 0.095 0.249 0.405 −0.084 0.211 0.010 −0.015 0.189 0.161

Data were analyzed using Pearson correlation, and r-values are reported. The significant correlation is shown in bold. In the earlier stage of incubation (D7 and
D14), correlations were observed between fAGE and Fyield and post-yield toughness; between CML and nanoscale hardness and elastic modulus, Fmax, Fyield,
pre- and post-yield toughness; between the carbonate-to-phosphate v1 ratio and Fyield and pre-yield toughness; and between the carbonate-to-phosphate
v2 ratio and Fmax, Fyield and pre- and post-yield toughness. At the end of glycation (D21), correlations were observed between fAGE and Fyield, pre-yield
toughness, and J plastic at yield point (Jpl0.2%), as well as between the carbonate-to-phosphate ratios and Fyield. D7, incubation after 7 d ribose treatment;

D14, incubation after 14 d ribose treatment; D21, incubation after 21 d ribose treatment. aSignificantly correlated .01 < p < .05, bp < .01.

levels. This transition from seemingly improved mechanical
behavior at 7-14 d of glycation to impaired mechanical behav-
ior at 21 d was unexpected. The results may suggest that the

bone’s resistance to yield and fracture was affected in opposite
ways with increasing levels of AGE accumulation, under-
scoring a dynamic relationship between glycation duration
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and mechanical properties. Furthermore, when comparing
control, 7 and 14 d of incubation to 21 d, we found a positive
correlation between compositional and mechanical properties
in the earlier stage of incubation, which disappeared after 21 d
of incubation (Table 5); instead, Fyield and pre-yield tough-
ness were found to be negatively correlated with the fAGE
level. This observation explains our results showing lower
values in these parameters at 21 d of incubation, returning
to control levels. Our study found a non-linear relationship
between compositional and mechanical properties, indicating
that before reaching a “saturation” of AGE accumulation, the
level of glycation may not impair bone mechanical integrity
but might even improve it. Further research could investigate
the minimum incubation duration required to observe the
effect of AGE accumulation on bone mechanical properties.

On the other hand, our investigation on un-notched bone
samples did not show significant differences in mechanical
properties between the groups. This observation suggests
that the impact of AGE accumulation on bone mechanical
properties may be less evident in specific conditions, partic-
ularly when the cortical porosity and cortical tissue mineral
density remain unaltered and the mineralized bone matrix
remains unaffected. However, when the bone tissue exhibits
macro-scale alterations, characterized by pronounced struc-
tural irregularities, such as a notch, leading to elevated stress
concentration in the notch area, a higher concentration of
AGEs within the bone tissue could potentially contribute
to enhancing the bone’s resistance against yielding. Con-
sequently, the mechanical indices derived from un-notched
samples using an in vitro glycation model suggest that the
influence of ribose-induced AGE accumulation in cortical
bone with preserved bone structural units might not be the
primary factor contributing to bone fragility, necessitating
further investigation on other types of AGE. Following the
investigation of notched bone samples, previous in vitro gly-
cation studies on bovine cortical bone showed impaired bone
mechanical properties in terms of yield stress, maximum
strength,16,19 fracture toughness, and Jel

16 with higher total
fAGE content of 800%16 and 1578%19 in glycation groups
compared to controls. However, another study using human
cortical bone found no significant differences in fracture
toughness, in combination with 126% higher fAGE accumu-
lation in the glycation group compared to controls.22 This
quantitative data of fAGE accumulation further strengthens
and reinforces our finding that an increased concentration of
glycation (sugar/matrix) or elevated levels of AGEs (fAGEs) in
the bone matrix indeed reduce the energy required to initiate
and propagate cracks, ultimately resulting in a detrimental
impact on mechanical properties and bone fragility.

Fracture toughness in bone is governed by two main con-
tributors.4 First, intrinsic toughness mechanisms enhance the
ductility of the mineralized tissue, thereby impeding initial
damage and hindering the growth of cracks. Second, extrinsic
toughness mechanisms primarily function to arrest the propa-
gation of cracks.41 In our study, although there was no statis-
tically significant difference in fracture toughness (assessed as
stress intensity factor) between the groups, the growth tough-
ness provided valuable insights into crack growth behav-
ior and extrinsic toughness. A rising growth toughness was
observed, indicating stable crack growth during fracturing. A
steeper slope signifies a smaller crack length and greater stress
intensity during crack propagation, implying higher extrinsic
toughness. Conversely, a flatter slope indicates faster crack

propagation and lower extrinsic toughness. Interestingly, our
study demonstrated that after 7 d of glycation, the growth
toughness was reduced compared to the control group; how-
ever, at 14 d of glycation, the growth toughness was higher by
60% compared to 7 d of glycation. Although this increase was
not statistically significant, it suggests that AGE accumulation
after 14 d of glycation may enhance the capacity for plastic
deformation, thereby promoting elevated growth toughness.
Another in vitro glycation study on the human cancellous
bone42 found that the growth toughness was significantly
lower in a ribose treatment group compared to the control
group when the total fAGEs were 103% higher compared
to their control group.42 Although there were no significant
differences in overall fracture toughness between the groups
in both studies, these findings provided interesting insights
suggesting that fAGEs may have the potential to alter the
behavior of mineralized collagen in terms of elastic stretching
and their ability to absorb further deformation through inelas-
tic mechanisms. These mechanisms could include intra/inter-
fibrillar sliding, breaking/reforming of sacrificial bonds, and
even the opening of dilatational bands at the mineral/collagen
interface.5–7

The presented study has several limitations. The in vitro
glycation models, including the use of 0.6 M ribose, do not
directly reflect true clinical conditions.43 However, despite
these limitations, conducting the experiments in a controlled
laboratory environment, with samples of similar tissue
biological/biochemical age, as well as the pre-existing post-
translational modifications, represents a significant source
of information with a chance to assess the impact of AGE
accumulation on bone fragility.

The purpose of ribose incubation in this study was not
to directly mimic glycemic changes observed in clinical set-
tings but to investigate the biomechanical properties of bone
as AGEs accumulate with increasing incubation time. The
biomechanical performance of our samples indicated that
incubation time influenced the energy required to transition
from elastic to plastic deformation.

The 3-point bending tests were conducted either in a vac-
uum chamber with a low pressure of 30 Pa or in an air envi-
ronment, without continuous hydration as in the human body
(ie, a hydration chamber during measurements). For the in situ
SEM testing, although the samples were well-hydrated prior
to testing, some dehydration likely occurred during testing
in the vacuum chamber. Previous studies have demonstrated
the influence of dehydration on bone material properties,
including reduced toughness and initial crack resistance in an
SEM environment compared to air.28,44,45 However, another
study found that these environmental conditions do not affect
bone’s elastic modulus because samples dry slowly from the
surface and pores (eg, Haversian and Volkmann’s canals,
canaliculi, and lacunae) but retain bound water during the
testing process.46 Despite being unable to control the hydra-
tion status during testing, as it was not conducted in a hydra-
tion chamber, all samples were treated identically to facilitate
comparison within the study. When comparing our results
with others, the lower toughness parameters observed could
be attributed to dehydration inside the vacuum chamber.

Besides, when considering the mechanical properties, the
calculation of toughness relies on the specimens’ dimensions
and geometry,29 and it is thus inadvisable to directly compare
data on work to fracture from different investigators and
studies.47 There is still no universal standard for testing small
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biological specimens for fracture behavior. Consequently,
comparing our results with those from other studies using
different methods and standards becomes challenging.

Raman spectroscopy was performed on dehydrated and
fixed bone tissue It is acknowledged that dehydration and
chemical treatment during embedding can potentially affect
protein conformation, particularly that of collagen.48 How-
ever, ethanol-fixed bone with MMA embedding did not sig-
nificantly affect type B carbonation. Another study showed
that the collagen-related 1660/1690 cm−1 ratio was lower in
formaldehyde-fixed bone specimens compared to non-fixed
bone specimens; the carbonate-to-phosphate ratio remained
unaffected.33 Despite these potential influences, all specimens
underwent identical treatment, facilitating reliable group com-
parisons within this study.

Our study did not include non-incubated controls. Some
studies have reported that incubation affects bone material
properties.18,49 However, we aimed to utilize the established
method of in vitro ribose incubation to determine the role of
AGEs induced by the treatment on the mechanical properties
of bone rather than to study the effect of the incubation
itself, as this has been investigated previously. Therefore, the
non-ribose incubated control was sufficient for our study’s
purpose.

Despite our study design focusing on one individual body
donor and generation of 90 test specimens, this deliberate
choice was made to mitigate interindividual variability
within heterogeneous cohorts. Including only one donor
with sample extraction from one skeletal site enables us
to uphold rigorous control over experimental conditions
and sample geometry. The results yield valuable insights
into the potential influence of ribose treatment duration on
fracture mechanics. While the study was designed to minimize
donor-specific effects, it is also important to acknowledge
that individual donor characteristics, such as age, may have
influenced the observed effects of in vitro glycation. This con-
sideration should be considered when interpreting the study’s
implications.

Lastly, our study was designed to explore the mechanical
behavior of bone under different durations of glycation. The
sample size was influenced by the constraints of conducting an
extensive multiscale analysis within a controlled environment.
By minimizing confounding factors, such as gender, age, and
bone site effects, we sought to maintain a high degree of exper-
imental control and ensure the validity of our observations.
Furthermore, since the in vitro glycation model amplified the
accumulation of AGEs, we expected to discover significant
differences in multiscale analysis even with a relatively small
sample size. Similar sample sizes have been used in previous
studies, such as Zimmerman et al.11

In summary, we successfully induced elevated accumulation
of AGE in human cortical bone tissue by employing distinct
glycation durations of 7, 14, and 21 d. Our observations
demonstrated a progressive increase in fAGE/CML levels with
extended incubation time. Regarding mechanical properties,
notable distinctions emerged in the load–displacement curve
of notched samples, revealing elevated pre-yield toughness
and yield force at 14-d glycation compared to the control
group, followed by a decline after 21 d of glycation to the
control level. Additionally, a recent cohort study conducted
in Sweden50 reported an elevated fracture risk among indi-
viduals with type 2 diabetes presenting with a specific risk
profile, including longer diabetes mellitus duration (≥15 yr).

Considering this finding, it would be beneficial to expand the
glycation protocol by incorporating longer incubation periods
and additional time points, allowing for a more comprehen-
sive assessment of the relationship between glycation, diabetes
duration, and fracture risk.

In conclusion, our study illuminates the behavior of
mechanical properties associated with varying glycation
periods, underscoring the dynamic connection between
glycation duration and mechanical characteristics. Further-
more, this study suggests that the accumulation of advanced
glycation end-products may initially enhance the bone’s
ability to resist yielding. However, the accumulation starts
to impair mechanical properties beyond a certain threshold.
Although our study did not observe a harmful impact on
bone mechanical properties and fragility at the levels tested,
it implied that exceeding this threshold could lead to such
adverse effects; further research is needed to fully understand
the implications of prolonged AGE accumulation on bone
fragility.
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