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Abstract

Aging and many disease conditions, most notably diabetes, are associated with the accumulation 

of non-enzymatic cross-links in the bone matrix. The non-enzymatic crosslinks, also known as 

advanced glycation end products (AGEs), occur at the collagen tissue level, where they are 

associated with reduced plasticity and increased fracture risk. In this study, Fourier-transform 

infrared (FTIR) imaging was used to detect spectroscopic changes associated with the formation 

of non-enzymatic cross-links in human bone collagen. Here, the non-enzymatic cross-link profile 

was investigated in one cohort with an in vitro ribose treatment as well as another cohort with an 

in vivo bisphosphonate treatment. With FTIR imaging, the two-dimensional (2D) spatial 

distribution of collagen quality associated with non-enzymatic cross-links was measured through 

the area ratio of the 1678/1692 cm−1 subbands within the amide I peak, termed the non-enzymatic 

crosslink-ratio (NE-xLR). The NE-xLR increased by 35% in the ribation treatment group in 

comparison to controls (p< 0.005), with interstitial bone tissue being more susceptible to the 

formation of non-enzymatic cross-links. Ultra high performance liquid chromatography, 

fluorescence microscopy, and fluorometric assay confirm a correlation between the non-enzymatic 

cross-link content and the NE-xLR ratio in the control and ribated groups. High resolution FTIR 

imaging of the 2D bone microstructure revealed enhanced accumulation of non-enzymatic cross-

links in bone regions with higher tissue age (i.e., interstitial bone). This non-enzymatic cross-link 

ratio (NE-xLR) enables researchers to study not only the overall content of AGEs in the bone but 
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also its spatial distribution, which varies with skeletal aging and diabetes mellitus and provides an 

additional measure of bone's propensity to fracture.
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1 Introduction

Human bone resists deformation and fracture through its hierarchical structure, which 

shields growing cracks at large length-scales and generates plasticity at small length-scales 

[1]. Alterations to the bone structure in disease states can alter the mechanical properties and 

ultimately increase the risk of bone fracture, such as in diabetes mellitus, aging, and vitamin 

D deficiency [2–4]. In the bone structure, non-enzymatic cross-links are of particular interest 

because they are associated with many disease states and increased fracture risk [4–7]. Here, 

we investigate non-enzymatic cross-links in bone using Fourier-transform infrared (FTIR) 

imaging, which is a non-destructive spectroscopic method to detect compositional changes 

at a high spatial resolution.

Cross-links form at the nano-level in human bone, where fibrils are composed of collagen 

molecules embedded with mineral platelets [8]. At this scale, cross-links form between 

collagen molecules and between fibrils either enzymatically or non-enzymatically. 

Enzymatic cross-links stabilize the arrangement of collagen and fibrils in new bone material, 

where reducible enzymatic cross-links form between collagen molecules and eventually 

mature into irreducible cross-links between fibrils [8,9]. These cross-links can only form at 

specific points along the collagen molecule so their number is greatly limited. Conversely, 

non-enzymatic cross-links form at any point along the collagen molecule to connect either 

collagen molecules or fibrils [9]. Non-enzymatic cross-links are commonly referred to as 

advanced glycation end-products (AGEs) because they form through a glucose-mediated 

reaction, which may be highly influenced by oxidative stresses [6,10]. There are many 

different non-enzymatic cross-links, but the most commonly studied are the fluorescent 

crosslink pentosidine [11] and carboxymethly-lysine (CML) [12].

Non-enzymatic cross-links in bone are of high interest because they are associated with 

reduced mechanical performance [4,7,12–15]. Indeed, bone's stiffness and strength originate 

from deformation of mineralized collagen fibrils [1]. Non-enzymatic cross-links reduce the 

mechanical properties by restricting fibrillar deformation, which is an essential plasticity 

mechanism in bone at the fibrillar length-scale. Indeed, reductions in fibrillar strain, post-

yield strain energy and post-yield strain are associated with higher contents of non-

enzymatic cross-links [4,7,16]. Thus, non-enzymatic cross-links may contribute to increased 

fracture risk when they accumulate during diabetes [13], aging [6], irradiation [16], and 

osteoporosis [17– 19]. In addition, in vivo animal experiments have shown that high doses of 

bisphosphonate administration, which is a common treatment for osteoporosis, lead to 

increased levels of non-enzymatic cross-links in canine bone [20,21].
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Currently, non-enzymatic cross-links are measured using high-performance liquid 

chromatography (HPLC) [22–24] or fluorometric assays [7,21]. While these methods 

provide direct quantitative information on the amount of non-enzymatic cross-links, they do 

have certain limitations. In particular, the measurements do not provide spatial information 

on the distribution of non-enzymatic cross-links within the microstructure. In addition, the 

sample preparation is time-consuming and requires destruction of the sample.

FTIR is a spectroscopy method commonly used to characterize the composition of bone 

tissue [25–29]. Infrared radiation is absorbed by the sample at wavenumbers that are 

characteristic of the molecular composition. In bone, FTIR detects amide vibrations from the 

collagen as well as phosphate vibrations from the mineral component (Figure 1a). 

Consequently, FTIR has been used to establish the following parameters to describe bone 

material quality: mineral-to-matrix ratio, crystallinity (i.e., mineral crystal size), carbonate-

to-phosphate ratio (i.e., the maturity of the mineral), and collagen maturity (i.e., the level of 

enzymatic cross-linking) [29]. As sample preparation for FTIR analysis preserves the 

structure and is comparable to routine histological preparations, FTIR imaging allows 

investigation of consecutive matching regions of interest highlighted by either specific 

histological stains or pseudo-colored compositional spectroscopic maps. Using FTIR to 

measure the content of crosslinks in the collagenous network has been previously explored 

on collagen I gels and tail tendon collagen I extracts [30,31]. These studies found a 

correlation between the non-enzymatic cross-link profile and signals from the carbohydrate 

(1100 – 900 cm-1) and amide I peaks; however, in a complex tissue such as bone, mineral 

and proteoglycan components are also present in this region of bone's FTIR spectrum [32]. 

Therefore, complex biological tissues that contain more than just type I collagen fibrils 

require additional extensive data analysis.

Here, we investigate changes in collagen quality associated with non-enzymatic cross-

linking in human bone using FTIR imaging. First, the FTIR spectrum of the non-enzymatic 

collagen cross-links, pentosidine, was used to identify the spectral regions of interest that 

absorb infrared radiation linked to non-enzymatic collagen cross-links. Next, we performed 

in vitro control and ribation treatments on a set of human bone samples to increase the non-

enzymatic cross-link content. Then, the increase in non-enzymatic cross-links in the ribation 

treatment vs. control groups was measured with four methods: ultra high-performance liquid 

chromatography (UPLC), fluorometric assay, fluorescence microscopy and FTIR imaging. 

FTIR imaging and the fluorescence microscopy were further used with a cohort of human 

iliac crest biopsies taken from patients suffering from osteoporosis as well as following anti-

resorptive bisphosphonate (BP) treatment.

2 Materials and Methods

2.1 Pentosidine standard

2.1.1 FTIR measurement of pentosidine standard—Pentosidine is the non-

enzymatic cross-link most commonly used to quantify the amount of non-enzymatic cross-

links in bone. Here, a pentosidine standard was used to find the infrared absorptions 

associated with non-enzymatic cross-links. A standard containing only pentosidine was 

acquired in crystalline form (Biomol GmbH, Germany). The crystallized sample was 
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dissolved in distilled water on a low-e microscope slide (Kevely Technologies, Chesterland, 

Ohio, USA). After evaporation of the water, the FTIR spectra were collected with a FTIR 

Spotlight 400 (PerkinElmer, Waltham, Massachusetts, USA), attached to an FTIR 

Spectrometer Frontier (PerkinElmer, Waltham, Massachusetts, USA). The spectra were 

acquired in a reflective transmittance mode over a spectral range of 4000 to 570 cm−1 at a 

resolution of 2 cm-1 and with 16 scans per pixel. From the FTIR scan of pentosidine, the 

characteristic peaks of the standard were found using Spectrum software version 10.08.09 

(PerkinElmer, Waltham, Massachusetts, USA).

2.2 Investigation of non-enzymatic cross-links with FTIR: ribose-treated bone

2.2.1 Materials—Healthy human femoral bone from organ donors was acquired at autopsy. 

The cortical bone samples were taken from the mid-diaphyseal regions of the femur from 

individuals younger than 14 years of age to limit age-related accumulation of non-enzymatic 

cross-links (n = 8) [6]. All donors died by non-bone-related diseases or accidents. None of 

the donors exhibited metabolic bone diseases. The study was approved by the Ethics 

Committee of the Hamburg Chamber of Physicians.

From each donor, sections of cortical bone from the mid-diaphysis were cut using a low 

speed saw (EXAKT Advanced Technologies GmbH, Norderstedt, Germany). The bone 

sections were approximately 6 × 3 mm in the transverse orientation and included the whole 

cortical thickness (i.e., periosteum to endosteum). Two consecutive sections of bone were 

taken from each donor at the same position and either treated with a control protocol or with 

a ribation treatment to increase the non-enzymatic cross-link content. A control on which 

quadrant the specimen was taken was not possible. Control specimens were placed in a 

solution consisting of 1-ml toluene, 1-ml chloroform, 50-mg gentamycin and filled up to 100 

ml with Hanks buffered salt solution (HBSS). Toluene, chloroform and gentamycin were 

added to prevent bacterial growth. Non-enzymatic cross-links were induced in vitro with 

ribation, according to the methods of Vashishth et al. [7]. The ribation solution was identical 

to the control solution but also contained 10 g of D-ribose. The control and ribose-treated 

specimens were immersed in their respective solution in a single 15-ml polypropylene tube 

and incubated for four weeks at 37°C. After treatment, each sample was cut in half using a 

low-speed saw. The first half was prepared for FTIR, fluorescence microscopy and UPLC 

and the second half was used in a fluorometric assay. All specimens were washed 

extensively with Hank's buffered salt solution (HBSS) after the embedding process to ensure 

that no spectral artifacts from the incubation solution were present.

2.2.2 FTIR sample preparation—Following treatment, the control and ribated samples 

were dehydrated in an increasing alcohol series and then infiltrated with 

polymethylmethacrylate (PMMA) (Merck, Darmstadt, Germany). The PMMA-embedded 

sections were then cut with a microtome (Reichert Jung, Germany) to a thickness of 4 μm. 

Then, the sections were soaking in EDTA (20% in distilled water) for two minutes for 

demineralization. Afterwards, the sections were cleaned extensively with distilled water and 

then transferred to a low-e microscope slide (Kevley Technologies, Chesterland, Ohio, USA) 

for FTIR analysis. Microtomed sections that had not been sufficiently rinsed with distilled 
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water were easily identifiable with a peak in the FTIR spectra at 1596 cm-1 and were not 

included in the analysis.

2.2.3 FTIR imaging—FTIR spectroscopic measurements of the human bone samples were 

carried out using the FTIR microscope. The FTIR imaging microscope collects spectra over 

an area to create an image, where the pixels represent individual spectra. For every 

specimen, spectra were acquired at a 6.25-μm step size (i.e., pixel size) over a cortical area 

of 250 × 250 μm2. The spectra were acquired in reflective transmittance mode over a 

spectral range of 4000 to 570 cm−1 wave numbers at a resolution of 2 cm-1 and with 16 

scans per pixel. An automated atmospheric correction (SpectrumImage R V 1.7.1.0401 by 

PerkinElmer, Waltham, MA, USA) and a background subtraction on the measured samples 

ensured no influence of the atmosphere due to water vapor, etc.

2.2.4 FTIR data analysis—Each FTIR image contained roughly 1600 spectra that were 

post-processed using a customized MATLAB routine. For each spectra, linear baseline 

correction was performed and the PMMA signal was subtracted [33]. Pixels containing a 

high amount of PMMA were taken out of the evaluation to prevent edge effects at the border 

between PMMA and bone.

The amide I band possesses structural information about the collagen matrix and is also the 

location of the strongest peaks for the non-enzymatic cross-link pentosidine (see Figure 1b). 

Therefore, the amide I peak was targeted (1710 - 1600 cm-1) to find a subband ratio to 

quantify the effect of changes in the non-enzymatic cross-link content on the bone matrix. 

First, the positions of the underlying subbands in the amide I peak were determined using 

the second derivative of the spectrum for every measured spectrum (i.e., pixel). All subband 

positions were mapped in a histogram to get an adequate indication of the underlying peak 

positions following their frequency. Based on this second derivative analysis, seven Gaussian 

peaks were chosen to fit the amide I band: 1702, 1692, 1678, 1661, 1645, 1630, and 1610 

cm-1. These peaks were chosen according to the second derivative of the average spectrum 

of the specimens and known peak-positions from the literature [34–37].

Once the appropriate subbands had been chosen, each spectra in the FTIR maps was fit with 

these exact subbands. The difference between the peak fitted model and real spectrum was < 

0.6 % in absorbance intensity at every wavelength. After peak fitting, the area ratio of the 

1678 and 1692 cm-1 peaks was calculated and an image was produced, where the pixel color 

corresponds to the value of the ratio at the specific measurement position. An average of all 

valid data points (max. 1600) for every picture was done to calculate the average value for 

each ratio per specimen.

In addition, other established FTIR parameters were measured from the FTIR spectra. From 

the analysis of the amide I subbands, the matrix maturity ratio (1661 and 1692 cm-1) and the 

enzymatic cross-link ratio (using the rate 1661/1678 cm-1 ratio) were measured [29,38]. 

Furthermore, a second measurement in attenuated total reflection-mode (ATR) was done on 

the remaining mineralized specimen before UPLC analysis. The areas under the curve of the 

amide I peak, the phosphate peak (1140 – 900 cm-1) and the carbohydrate peak (890 - 850 
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cm-1) were integrated to measure the carbonate-to-phosphate ratio and the mineral-to-matrix 

ratio [29].

2.2.5 Fluorometric Assays—A fluorometric assay was performed to evaluate the extent 

of non-enzymatic collagen cross-linking in the bone samples using a previously established 

method [7, 17]. After the control or ribation treatment, the bone was demineralized using 

EDTA and then hydrolyzed using 6 N HCl (24 h, 110°C). The non-enzymatic cross-link 

content was determined using fluorescence readings taken using a micro plate reader at the 

excitation wavelength of 370 nm and emission wavelength of 440 nm. These readings were 

standardized to a quinine-sulfate standard and then normalized to the amount of collagen 

present in each bone sample. The amount of collagen for each sample was determined based 

on the amount of hydroxyproline, the latter being determined using a chloramine-T 

colorimetric assay that recorded the absorbance of the hydrolysates against a commercially 

available hydroxyproline standard at the wavelength of 585 nm [39].

2.2.6 Fluorescence Microscopy—Fluorescence microscopy was performed on all 

specimens (control, D-ribose treated, osteoporosis cases and bisphosphonate-treated cases) 

using histological sections. Sections were cut to a 4-μm thickness and then demineralized in 

an EDTA solution (17%) for 3 minutes. After demineralization, all specimens were washed 

extensively with distilled water, stretched with 90% Ethanol and covered using fluorescence 

mounting medium (Dako, Glostrup, Denmark). The slides were then imaged using a 

fluorescence microscope (Nikon Eclipse 80i) at 360-nm excitation with a 470 ± 40nm 

emission filter with an exposure time of 0.25 seconds. For every sample, the fluorescence 

intensity was calculated at three random locations (ImageJ) and the peak of the intensity 

histogram corresponding to the fluorescence was recorded.

2.2.7 Ultra-high pressure liquid chromatography—Acid hydrolysis of bone samples 

was performed in 6N HCl (100 μl/mg bone) at 110°C for 20 hrs. After completion of the 

hydrolysis, the hydrolysates were centrifuged. Each supernatant was transferred to a clean 

tube and used directly for the assays or stored at −80°C as needed. Determination of 

pentosidine was performed using ultra-high pressure liquid chromatography (UPLC) 

[23,24].

2.3 Investigation of non-enzymatic cross-links with FTIR: osteoporosis cases and 
bisphosphonate treatment

2.3.1 Materials—FTIR imaging was furthermore used to image the non-enzymatic cross-

linking distribution in human osteoporotic trabecular bone and after bisphosphonate 

treatment. Here, iliac crest biopsies were acquired from a cohort of 14 individuals (10 male, 

4 female) before and after administration of a third generation bisphosphonate, which was 

prescribed along with adequate calcium and vitamin D supplementation. At the time of the 

first biopsies the mean age of the individuals was 51.35 ± 12.19 years [40]. The average 

bisphosphonate treatment period was 55.71 ± 22.37 months. Directly after the biopsies were 

taken, they were fixed in formaldehyde for 48 hours, dehydrated in an increasing alcohol 

series and then infiltrated with polymethylmethacrylate. The specimens were then stored in a 

dark room at room temperature. At the time of FTIR imaging, the specimens were sectioned, 
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demineralized and the areas containing trabecular bone were analyzed with the FTIR, as 

described above.

2.4 Statistics

Statistics were performed using SPSS 22 (IBM, Armonk, New York, USA). For each map, 

the average and standard deviation for the points containing bone were calculated. Groups 

were analyzed for normality using the Kolmogorov-Smirnov-Test. In the case of a non-

normal distribution, a Mann-Whitney U test was carried out with a significance level of α = 

0.05. At normal distribution, a paired t-test (α = 0.05) was performed. In case of use of 

Mann-Whitney-U test, the usage is pointed out in the results section. Ribose-treated samples 

were all obtained from the same skeletal site and analyzed by means of a paired t-test. Due 

to contra-lateral biopsy withdrawal, an unpaired t-test was performed on this cohort of 

samples.

To compare the FTIR results to established measurements of cross-link content (i.e., UPLC, 

fluorometric assay, fluorescent imaging), a Pearson correlation was calculated and a 

regression was performed including the calculation of an r2. Only significant (p < 0.05) 

correlations were further processed to achieve a regression. For a regression model an 

ANOVA of control and D-ribose-treated bone was done and considered to be significant at a 

p-value < 0.05. Coefficients of the regression models were considered to be significant at a 

p-value < 0.05.

ANOVA for a comparison of control, D-Ribose-treated, osteoporotic bone and BP-treated 

osteoporosis cases was done and considered to be significant at a p-value < 0.05. As post-

hoc analysis, a Tukey-B test was performed and groups allocated to different subsets were 

considered to be significantly different to each other at an α = 0.05 level.

3 Results

3.1 Pentosidine spectrum

The FTIR spectrum for pure pentosidine was measured and compared to the FTIR spectrum 

of human bone (Figure 1). The pentosidine sample has several well-defined peaks that 

overlap with the amide I (1720 – 1600 cm-1) and phosphate bands (1200 – 900 cm-1) in 

bone. The subbands of the pentosidine peak within the amide I region were located at 1678, 

1654, and 1602 cm-1 and within the phosphate band at 1202 and 1136 cm-1. Here, the amide 

I subbands were set as targets for the detection of non-enzymatic cross-links with FTIR.

3.2 Investigation of non-enzymatic cross-links with FTIR: control vs. ribose-treated bone

FTIR imaging was performed on human cortical bone from a juvenile cohort, where 

consecutive tissue sections from each case were given either a control or ribose treatment, 

which is a common method to induce non-enzymatic cross-links in vitro [7]. Following 

treatment, the control-treated sections had a light white-yellow color, which is characteristic 

of young, control tissue (see inset of Figure 2a), while the ribose-treated sections had a 

darker yellow-orange color (see inset of Figure 2b), which is characteristic of older tissue or 

tissue with a high non-enzymatic cross-link content [7].
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FTIR imaging was used to collect FTIR spectra over a 2D area of the cross-section. From 

the spectra, the amide I (1720 – 1600 cm-1) subbands were fit with Gaussian peaks and peak 

area ratios were calculated. The peak area ratio that exhibited a significant difference 

between the control and ribation treatment groups was formed from the area ratio of the 

1678 and 1692 cm-1 subbands of the amide I peak. Figure 2 shows a representative fitting of 

the amide I peak's subbands from the spectra of control and ribose-treated samples with the 

peaks of interest shaded. Here, we refer to the area ratio of 1678 / 1692 cm-1 subbands as the 

non-enzymatic crosslink-ratio (NE-xLR). The average value of the NE-xLR was 35% higher 

in the ribation treatment group (Figure 3a) (control: NE-xLR = 8.79 ± 1.65, ribation: NE-

xLR = 11.95 ± 1.55, p < 0.005 in a paired t-test). The distribution of the NE-xLR ratio 

across the bone microstructure can be seen in the FTIR images (Figure 3b, c), which were 

acquired at step sizes of 6.25 μm over a 250 × 250 μm2 cortical area. In the FTIR maps of 

the NE-xLR (Figure 3b, c), the interstitial bone (older tissue) shows higher values for the 

NE-xLR. Osteons are evident as round or oval structures with a lower NE-xLR compared to 

the surrounding interstitial bone material (Figure 3).

A UPLC analysis, fluorescence microscopy, and a fluorometric assay were performed on the 

control and ribose-treated samples to confirm the higher non-enzymatic cross-link content 

measured by FTIR in the ribated group. Here, the UPLC analysis measured the content of 

the non-enzymatic cross-link, pentosidine. The results of the UPLC analysis (Figure 4a) 

show a 120 times higher average pentosidine content in the ribated group (control: nmol 

PEN/μmol Collagen = 5.23 ± 4.23, ribated: nmol PEN/μmol Collagen = 636.21 ± 592.81, p 

< 0.01). Additionally, a Pearson correlation analysis revealed a significant correlation 

between the UPLC results and the NE-xLR from the FTIR analysis with a correlation 

coefficient of r = 0.642, (p < 0.01), see Figure 4b.

Fluorescence microscopy measures fluorescence from the fluorescent non-enzymatic cross-

links in bone. The peak fluorescence emitted from the samples at an intensity of 360 nm was 

measured with fluorescence microscopy. The fluorescence was 470% higher in the ribated 

samples in comparison to controls (Figure 4c) (control: peak fluorescence = 24.08 ± 5.54, 

ribation: peak fluorescence = 113.13 ± 7.26, p < 0.00001). A Pearson correlation between 

the peak fluorescence and the NE-xLR showed a significant correlation (p < 0.005) with r = 

0.713 at an r² = 0.508 and a resulting regression equation of y = 0.0345 x + 8.0064 (Figure 

4d). Representative fluorescence microscopy images shown in Figure 4e, f show the 

dramatic difference in fluorescence from non-enzymatic cross-links between the control and 

ribated samples.

The non-enzymatic cross-link content in the control and ribated groups was also measured 

with a fluorometric assay. Here, the results of the fluorometric assay show a tendency 

towards a higher non-enzymatic cross-link content in the ribation group (Figure 4g) but did 

not reach significance (control: non-enzymatic cross-link content = 4.97 ± 1.87, ribation: 

non-enzymatic cross-link content = 8.4 ± 4.16 ng quinine/mg collagen, p = 0.067). However, 

a Pearson correlation between the results of the FTIR analysis and the fluorometric assay 

revealed a significant (p < 0.005) correlation (r = 0.667) with an r² = 0.445 (Figure 4h). The 

equation of the regression analysis is y = 0.3982 x + 7.7096.
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From the FTIR data of the control and ribose-treated samples, other FTIR parameters were 

evaluated and are shown in Table 1. Here, the matrix maturity ratio was significantly higher 

in the ribose-treated samples in comparison to the control (p < 0.05). However, the mineral-

to-matrix ratio, carbonate-to-phosphate ratio, and 1661/1678 cm-1 enzymatic crosslink ratio 

did not reveal any differences between the control and ribated groups (Table 1).

3.3 Investigation of non-enzymatic cross-links with FTIR: osteoporotic and 
bisphosphonate-treated bone

FTIR imaging was performed on a set of human biopsies from the iliac crest of treatment-

naïve osteoporosis cases and bisphosphonate-treated osteoporosis cases (third generation 

bisphosphonate). The NE-xLR calculated from the 1678 /1692 cm-1 subbands was not 

significantly different before and after bisphosphonate administration at a dosage 

recommended by the manufacturer (osteoporotic: NE-xLR = 10.01 ± 2.21, post 

bisphosphonate treatment: NE-xLR = 10.89 ± 1.36). Fluorescence microscopy also did not 

find a significant difference in the peak fluorescence between the osteoporotic and 

bisphosphonate-treated osteoporotic bone (osteoporotic: peak fluorescence = 53.37 ± 15.24, 

post bisphosphonate treatment: peak fluorescence = 56.19 ± 12.77). Additionally, the matrix 

maturity rate was calculated for this cohort but did not reveal any significant differences 

(osteoporotic: matrix maturity = 10.58 ± 2.71, post bisphosphonate treatment: matrix 

maturity = 11.05 ± 2.25).

While FTIR imaging did not find a difference in the NE-xLR between the osteoporosis and 

bisphosphonate-treated osteoporosis cases, NE-xLR in the osteoporosis cases had a 

significantly higher value than the young control-treated samples (young control-treated: 

NE-xLR = 8.79 ± 1.65, osteoporosis: NE-xLR = 10.01 ± 2.21, p <0.05) and a significantly 

lower value than the young ribose-treated samples (young ribose-treated: 11.95 ± 1.55, 

osteoporosis: NE-xLR = 10.01 ± 2.21, p <0.05). Similarly, fluorescence microscopy 

confirmed a higher peak fluorescence in the osteoporotic bone in comparison to the young 

bone (osteoporotic bone: peak fluorescence = 53.37 ± 15.24, young control treated: peak-

fluorescence = 24.08 ± 5.54, p < 0.05, Tukey-B as post-hoc test) and a higher peak 

fluorescence in the young ribose-treated bone samples compared to the osteoporosis and 

bisphosphonate-treated groups (osteoporotic bone: peak fluorescence = 53.37 ± 15.24, post 

bisphosphonate treatment: peak fluorescence = 56.19 ± 12.77, young ribose-treated: peak-

fluorescence = 113.13 ± 7.26, p < 0.05, Tukey-B as post-hoc test).

4 Discussion

The characterization of non-enzymatic cross-links is critical to investigations of bone quality 

in diabetes mellitus and skeletal aging, where the accumulation of non-enzymatic cross-links 

has been related to detrimental effects on the mechanical integrity and fracture resistance of 

bone tissue. Further developments to understand fracture risk due to bone disease require a 

greater understanding of the role of cross-links. Here, spatially resolved FTIR imaging was 

used to analyze cross-linking in human bone due to an in vitro ribation treatment as well as 

before and after bisphosphonate treatment in osteoporosis cases. FTIR imaging of non-

enzymatic cross-links provides a novel measure of bone quality at a high spatial resolution 
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and can be used in conjunction with numerous previously established bone quality 

parameters (i.e., mineralization distribution, mineral crystal size, enzymatic cross-link 

content, and mineral age).

Here, a FTIR parameter describing the effect of changes in non-enzymatic cross-links was 

found within the amide I band of human bone's FTIR spectrum. Non-enzymatic crosslinks, 

which are common in bone and are known to be induced by ribation [41], absorb infrared 

radiation in the regions between 1770 – 1570 cm-1 and 1250 – 1100 cm-1 (Figure 1b). These 

peaks in the FTIR spectra of non-enzymatic cross-links overlap with the amide I and 

phosphate peaks in the FTIR spectra of human bone (see Figure 1a,b). Thus, here, we chose 

to analyze the amide I peak for non-enzymatic cross-links because 1) the phosphate peak has 

a strong signal mostly associated with mineralization and 2) the amide I peak incorporates a 

signal from collagen type I, which is also directly affected by the presence of non-enzymatic 

cross-links. Indeed, non-enzymatic crosslinks will influence the vibration of the amide I 

peak e.g. by limiting vibrations or creating new vibrations due to chemical bonds. The 

investigation of the single amide I peak is appropriate because this peak does not have a 

contribution from the mineral phase contrary to the amide II peak, which overlaps with 

mineral contributions (see Figure 1 and [36]).

The subbands used to calculate the NE-xLR are located within the amide I absorption peak 

of human bone, which has been associated with the structure of collagen 

[25,28,34,35,37,42,43]. Thus, it is reasonable to observe changes in this region not only 

from non-enzymatic cross-links but also from changes in the molecular vibrations of the 

collagen molecules due to new non-enzymatic cross-links between collagen molecules and 

fibrils, which would change the molecular vibrations. The 1678 cm−1 absorption in the FTIR 

spectrum of bone is associated with the β-turn conformation of collagen. This conformation 

is important for the accessibility of lysine [44], which is a binding residue required for cross-

links between two collagen molecules [15]. Thus, while the area ratio of the 1678 / 1692 

cm-1 subbands increases with the increase in non-enzymatic cross-links, it is unclear 

whether the change in the ratio is due to the molecular vibrations of non-enzymatic 

crosslinks or whether it signifies structural changes in the higher level features of the 

collagen molecules. In this study, the amount of non-enzymatic cross-links in the ribose-

treated group was the only change in the structure in comparison to the control treatment. 

Thus, we define the NE-xLR to be a measure of collagen quality associated with the non-
enzymatic cross-link content.

The NE-xLR was found to have a 35% higher value in the ribose-treated samples vs. the 

young cases undergoing control treatment (Figure 3a). The in vitro ribose treatment is a 

well-known method used to increase the non-enzymatic cross-link content in bone with 

respect to a control treatment. Thus, with the ribation method, the effects of non-enzymatic 

cross-links can be isolated because this is the only major change in the bone structure, which 

was confirmed by measuring other FTIR parameters that characterize collagen content, 

enzymatic cross-links and mineralization (Table 1). In particular, the enzymatic cross-link 

ratio, which was recently reported by Paschalis et al., linked the 1678 cm-1 peak in 

combination with the 1660 cm-1 peak to enzymatic crosslinks [38]. As expected, in this 

study with the in vitro ribation treatment, no significant change was detected in the 1661 / 
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1678 cm-1 ratio because no enzymes were active in the ex vivo samples to induce enzymatic 

cross-links (Table 1). The only significant change was found in the matrix maturity, which 

could also be measuring similar changes in the collagen environment as the NE-xLR.

In addition to the characteristic browning caused by non-enzymatic cross-links (Figure 2), 

other well-established methods were used to confirm the increase in non-enzymatic 

crosslinks in this cohort (see Figure 4), where significant correlations were found between 

the NE-xLR and the UPLC, fluorescence imaging and fluorometric assay. The main reason 

for differences between the methods is explained by how the different techniques probe and 

reflect unique aspects/representations of the non-enzymatic crosslinks. FTIR leverages the 

vibrations of molecules while the fluorescence approaches use the fluorometric 

characteristics of molecules. This means an absence of a defined molecule at a certain 

wavelength will make the fluorescence disappear. However, in FTIR, the absence of non-

enzymatic crosslinks will just change the peak contribution to the whole spectrum but will 

not cause the peak to vanish because the amide I peak is linked to vibrations on the collagen 

itself. Changes in the structure (due to crosslinking) will increase or decrease the vibrational 

contribution. Given that these methods probe unique and disparate physical molecular 

characteristics, the correlations between the NE-xLR and the UPLC, fluorescence 

micrsocopy and the fluorometric assay are particular encouraging confirmations of the 

increase of nonenzymatic crosslinking. Furthermore, these results suggest that the peak area 

ratio of the 1678 / 1692 cm-1 subbands may be a good independent measurement of 

crosslinks that correlate with the pentosidine and total fluorescent non-enzymatic cross-link 

content.

The NE-xLR was additionally measured on trabecular bone from human iliac crest biopsies 

taken from osteoporotic individuals before and after bisphosphonate treatment. Here, the 

NE-xLR was not significantly different before and after bisphosphonate treatment. These 

FTIR results are supported by fluorescence microscopy, which also did not find a difference 

in the peak fluorescence from non-enzymatic cross-links. The increase in non-enzymatic 

cross-links with bisphosphonate treatment is a controversial subject. Previously, high levels 

of non-enzymatic cross-links were found in bisphosphonate-treated canine tissue; however, 

the dose of bisphosphonate was higher than the clinical recommendations and an 

osteoporotic model was not included in the canine study design [20]. Further analysis on the 

mineralization kinetics would be required here to assess the present bone turnover state 

before making further conclusions.

The NE-xLR and the fluorescence microscopy for the bisphosphonate-treated samples did 

show significantly higher values than the young control-treated samples. The comparison of 

osteoporotic and bisphosphonate-treated bone to young and D-ribose treated bone highlights 

an expected gradient of non-enzymatic crosslinks in the four tested groups. The ribose-

treated, osteoporotic and bisphosphonate treated samples exhibit higher NE-xLR than young 

bone. These results of the NE-xLR and the fluorescence microscopy fit with the expectation 

that young bone has the lowest amount of non-enzymatic cross-links and osteoporotic as 

well as ribose-treated (i.e., artificially aged bone) samples have a high amount of non-

enzymatic cross-links.
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In terms of the 2D spatial distribution of non-enzymatic cross-links within the bone tissue, 

the NE-xLR indicates that changes in collagen quality due to non–enzymatic cross-linking is 

highest in bone with a higher tissue age (Figure 3b, c). In cortical areas, bone remodeling 

resorbs old bone tissue and creates new tissue in the form of osteons. The osteons are 

surrounded by interstitial, lamellar bone, which essentially reflect parts of former osteons 

and therefore predate the current osteons. Thus, some areas of the bone microstructure have 

an older tissue age (e.g., interstitial tissue) and a younger tissue age (e.g., newly formed 

osteons) [45]. Similar remodeling processes occur in trabecular bone. Post-translational 

changes to the collagen in regions with an older tissue age and/or regions with accumulation 

of dead osteocytes (i.e., micropetrotic bone) could make the older bone tissue more 

susceptible to changes in the measured collagen quality due to non-enzymatic cross-linking.

The NE-xL ratio represents a new parameter, which is of particular interest for measuring 

collagen quality in diabetes mellitus. As diabetes mellitus is specifically known to induce 

non-enzymatic cross-links in vivo due to a high presence of glucose [6,13,46], mapping of 

non-enzymatic cross-links using the NE-xLR will provide additional insight regarding both 

the amount and spatial distribution of non-enzymatic crosslinks in diseased bone. Such FTIR 

derived maps with detailed spatial information are capable of highlighting diabetes-induced 

changes in the collagenous matrix affecting mechanical properties and fracture resistance. 

Several studies have shown an influence of non-enzymatic cross-links on the biomechanical 

behavior of bone at increased or decreased sugar levels [13,46–49].

This study investigating non-enzymatic cross-links with FTIR has several limitations. First, 

a pentosidine standard was used to find an area of interest in the FTIR spectrum; however, 

pentosidine is not the only non-enzymatic cross-link formed in vivo. Nevertheless 

pentosidine is often used as a measure for collagen crosslinking [6,22] with UPLC but 

further research should be performed to differentiate other collagen crosslinks. Secondly, 

there is no possibility to distinguish if there was a higher AGE content before ribation in the 

interstitial bone or if the induction of non-enzymatic cross-links occurred more extensively 

in the interstitial bone. Third, the used iliac crest biopsies were not labeled in order to 

perform bone turnover measurements by dynamic bone histomorphometry.

5 Conclusions

In conclusion, here, we use FTIR imaging to detect changes in collagen quality associated 

with non-enzymatic collagen cross-links, which play a mechanistic role in generating bone 

quality and fracture risk in diabetes mellitus, skeletal aging, and other bone diseases. Using 

FTIR imaging, the changes in collagen quality associated with non-enzymatic collagen 

cross-links can be measured along with other established bone quality parameters with a 

high spatial resolution. Here, non-enzymatic collagen cross-links were induced in vitro 
through ribation. FTIR imaging of the control and ribose-treated samples as well as the pre-

and post-bisphosphonate-treated samples was used to measure the non-enzymatic cross-
linking ratio (NE-xLR), which is a measure of changes in collagen quality associated with 
non-enzymatic cross-links, the area ratio of the amide I subbands at 1678 and 1692 cm-1. 

This NE-xL ratio, that allows a quantitative spatial assessment of collagen quality associated 

with non-enzymatic collagen cross-links using FTIR imaging, is highly valuable to 
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investigations of bone quality in cases of bone diseases, such as diabetes mellitus, skeletal 

aging and antiresorptive therapies to treat osteoporosis.
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Highlights

• High-resolution FTIR mapping allows quantitative spatial assessment of 

collagen quality associated with non-enzymatic collagen cross-link alterations 

(e.g. diabetes, etc.)

• Area ratio of the Amide I subbands at 1678 and 1692 cm-1 is sensitive to 

changes in collagen quality associated with non-enzymatic collagen cross-

links in bone

• Young individuals and young bone packets show the lowest amount of non-

enzymatic cross-links

• Osteoporotic and ribose-treated (i.e., artificially aged bone) samples reveal 

high amount of non-enzymatic cross-links

• Changes in non-enzymatic cross-links detected with FTIR are in line with 

established fluorometric assays, fluorescence microscopy and ultra-high 

pressure liquid chromatography
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Figure 1. FTIR spectra for human bone and the non-enzymatic cross-link, pentosidine
Fourier transform infrared (FTIR) spectroscopy is able to detect chemical bonding in 

materials. Here, representative spectra from (a) human bone and (b) the non-enzymatic 

crosslink, pentosidine, are shown. The main vibrations of pentosidine refer to C=N and C=C 

stretching as well as C-C and C-N stretching. These non-enzymatic cross-link vibrational 

regions are within human bone's amide I peak (C=O and C-N stretching, 1770-1570 cm-1) 

and phosphate peak (C-C and C-N stretching, 1250-1100 cm-1), respectively [50,51].
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Figure 2. Peak fitting of amide I band
The subbands of the amide I band were peak fit with seven Gaussian curves at 1610, 1630, 

1645, 1660, 1678, 1692 and 1702 cm-1 for each spectra from the a) control and b) ribated 

treatment groups. The bone from the (a) control treatment has a characteristic white color, 

while the (b) ribose-treated samples have a yellow-orange color, which is characteristic of a 

higher non-enzymatic cross-link content. Based on the subband analysis, an area ratio of 

1678 (hatched area) and 1692 (dotted area) cm-1 subbands was calculated.

Schmidt et al. Page 18

Bone. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. FTIR imaging: Non-enzymatic cross-link ratio in ribated bone
Samples of human cortical bone from the mid-diaphysis of the femur were subjected to an in 
vitro control or ribation treatment, the latter increases the non-enzymatic cross-links content. 

FTIR spectra were obtained over a 250 × 250 μm2 area of bone at a 6.25-μm step size and 

the non-enzymatic cross-link ratio (NE-xLR), which is the area ratio of the amide-I 

subbands at 1678 and 1692 cm-1, was calculated for each spectra. a) The average NE-xLR 

ratio was 35% higher in the ribation group in comparison to the control group (p < 0.005). 

The NE-xLR distribution can be seen in the FTIR images of b) control and c) ribated 

samples. Clearly an osteon with a low level of NE-xLR is to be seen in the upper left corner 

in b) and in c) a slightly diagonal cut osteon is going through the whole image from left 

upper corner to right lower corner with higher levels of the NE-xLR in the interstitial area 

(lower left corner).
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Figure 4. Confirmation of non-enzymatic cross-link content after control and ribose treatments
Following an in vitro control or ribose treatment, human cortical bone samples were 

analyzed with three well-established methods to measure non-enzymatic cross-links to 

confirm that the ribose treatment increased the non-enzymatic cross-link content in relation 

to the control treatment. First, ultra-high pressure liquid chromatography (UPLC) was used 

to measure the specific content of the non-enzymatic cross-link, pentosidine. (a) The 

pentosidine content (nmol PEN / μmol Col) is 120 times greater in the ribose-treated group 

vs control (p< 0.01). (b) The UPLC data (logarithmic scale) correlates significantly with the 

results of the NE-xLR measured with FTIR imaging (p < 0.01). (c)Fluorescence microscopy, 
which measures the content of non-enzymatic cross-links, also confirms a 470% higher peak 

fluorescence in the ribated group (p < 0.00001) and (d) shows a significant correlation with 

the FTIR imaging results (p < 0.005). Indeed, representative images from fluorescence 
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microscopy show the dramatic differences in cross-link fluorescence between the (e) control 

and (f) ribated samples. (g) Lastly, a fluorometric assay was performed, which measures 

non-enzymatic cross-link content. While these data were not significant between the control 

and ribated samples, (h) the correlation between the results of the fluorometric assay and the 

NE-xLR were significant (p < 0.01).
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Table 1

Additional parameters calculated from the FTIR spectra of the control and ribated groups. Significant 

differences were not found in the mineral-associated parameters (Mineral-to-Matrix and Carbonate-to-

Phosphate ratios) nor in the enzymatic cross-link ratio (1661/1678 cm-1). However, the ribose-treated samples 

did have a significantly higher matrix maturity ratio, as non-enzymatic crosslinking are known to alter the 

bone matrix. Thus, ribose treatment had no influence on the mineral and matrix components in bone apart 

from increasing the non-enzymatic cross-link content. Mineral parameters were measured using a universal-

ATR-crystal.

Mineral/Matrix Carbonate/Phosphate Matrix maturity Enzymatic crosslink ratio 1661/1678 cm-1

Control 3.66 ± 0.3 0.0125 ± 0.005 9.66 ± 1.83 1.36± 0.18

D-ribose treated 3.55 ± 0.31 0.0138 ± 0.0048 12.2 ± 1.49 1.27± 0.16

p-value p = 0.48 p = 0.62 p = 0.013 p = 0.37
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