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Abstract: The purpose of this study is to determine whether age-related changes to tendon matrix
molecules can be detected using Raman spectroscopy. Raman spectra were collected from human
Achilles (n = 8) and tibialis anterior (n = 8) tendon tissue excised from young (17 ± 3 years) and
old (72 ± 7 years) age groups. Normalised Raman spectra underwent principal component analysis
(PCA), to objectively identify differences between age groups and tendon types. Certain Raman
band intensities were correlated with levels of advanced glycation end-product (AGE) collagen
crosslinks, quantified using conventional destructive biochemistry techniques. Achilles and tibialis
anterior tendons in the old age group demonstrated significantly higher overall Raman intensities
and fluorescence levels compared to young tendons. PCA was able to distinguish young and old
age groups and different tendon types. Raman intensities differed significantly for several bands,
including those previously associated with AGE crosslinks, where a significant positive correlation
with biochemical measures was demonstrated. Differences in Raman spectra between old and young
tendon tissue and correlation with AGE crosslinks provides the basis for quantifying age-related
chemical modifications to tendon matrix molecules in intact tissue. Our results suggest that Raman
spectroscopy may provide a powerful tool to assess tendon health and vitality in the future.

Keywords: Achilles tendon; Raman spectroscopy; advanced glycation end-product; extracellular
matrix; collagen crosslinks

1. Introduction

The accumulation of non-enzymatic glycation crosslinks in collagen-rich tissues is
considered one of the potential biomarkers for future clinical diagnosis and classification
of musculoskeletal tissue ageing and pathology [1–3]. Two commonly studied glycation
crosslinks in musculoskeletal tissues are pentosidine and glucosepane, which are positively
correlated with tissue donor age [4,5]. Glucosepane has a greater quantity than any other
advanced glycation end-product (AGE) crosslink in aged collagen-rich tissues and can dis-
rupt the local collagen triple helix structure, increase the water content within and between
collagen fibrils, and alter the thermo-kinetic properties of aged tendons [6]. Glucosepane
is therefore likely to contribute a greater physiological and/or mechanical impact than
other glycation crosslinks. These age-related, slowly accumulating extracellular matrix
changes are subtle and asymptomatic, and, due to the nature of the glycation crosslinks, it
is difficult to non-destructively or non-invasively measure these crosslinks in the clinical
settings, hindering the ability to screen people and recognise early signs of tendon disease.

Raman spectroscopy measures the inelastic scattering of photons from molecules.
Incident laser light induces vibrational excitation within the molecule by energy exchange
between the incident photons and the molecule, causing a frequency shift between the
incident and scattered photons [7]. Raman spectroscopy measures the frequency shift of
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the scattered photons and this correlates to the chemical’s molecular bonds, molecular
structure, and polarisation. The frequency shift (plotted on the x-axis) between the incident
and scattering photons, expressed in wavenumbers (cm−1), is independent of incident
light wavelength. Under specific conditions the intensity (the y-axis) of Raman bands
is proportional to the concentration of molecules interrogated. Hence, by analysing the
frequency shift and the different band intensities, the molecular structure and quantitative
analysis can be achieved. In essence Raman spectroscopy provides a chemical ‘fingerprint’
of the studied sample [8,9].

The signal from collagen, the primary constituent of the extracellular matrix, dom-
inates the collected Raman spectra of skin [10], bone [11], tendon [12], and cartilage tis-
sues [13,14] (and review [15]). Collagen produces several characteristic bands related to its
composition and structure. Various strong bands at wavenumbers 800 cm−1 to 1000 cm−1

are assigned to collagen C-C backbone, proline, and hydroxyproline, the two most abun-
dant amino acids after glycine [13,15]. Prominent amide III (centre at ~1240 cm−1) and
amide I (centre at ~1660 cm−1) bands are two large multicomponent bands closely related
to the collagen secondary structure [16] or the collagen fibre orientation [17]. The CH2/CH3
bending band (~1450 cm−1) is frequently used to indicate the total protein content or the
lipid content within biological samples (see review [18]). The spectral features of collagen
can be influenced by various conditions, both physiological (tissue hydration, temperature)
or pathological (wound, ageing, diseases) (see review [19]). Previous work has shown
that, compared to younger tendons, aged tendon spectra demonstrate higher carbohydrate-
related bands (1000 to 1100 cm−1) [20], lower CH2/CH3 and amide I bands [17,21], or an
altered polarisation index [17,22].

Raman spectroscopy is considered to have high potential as a clinical tool to detect
pathological or age-related tissue compositional changes. The benefits include rapid,
label-free, safe assessments (see review [13,15]), with the additional possibility to measure
non-invasively through the skin [23–25]. Compared to bone or articular cartilage, most
injury-prone tendons are relatively superficial and could be the first clinical target of Raman
spectroscopy application in vivo in the rheumatology and musculoskeletal fields. To the
best of our knowledge, the human Achilles tendon and tibialis anterior tendon, a pair of
tendons controlling different ankle movements and serving distinct locomotion functions,
have not been studied by Raman spectroscopy. Establishing the spectral baseline from ex
vivo tissues represents a much needed first step towards developing Raman spectroscopy
for in vivo characterisation of tendon composition.

This study aims to explore whether Raman spectroscopy can differentiate human
Achilles and tibialis anterior tendon samples of different ages and whether these Raman
spectral features correlate with the quantity of glycation crosslinks, measured by conven-
tional biochemical techniques.

2. Results

In total 160 spectra (10 for each specimen; young:old = 80:80) were collected and anal-
ysed. The maximum of collected raw charge-coupled device (CCD) counts, which included
both fluorescence background and Raman spectra, showed a more than three-times increase
in the aged tendons (Figure 1A). After min-max normalisation of the fluorescence-Raman
spectra, visual inspection discovered a large spectral shape difference in the fluorescence
background, especially the wavenumber region between 1100 cm−1 and 1800 cm−1, where
aged tendons demonstrated a higher intensity and more linear background shape than
the lower intensity, reversed S-shape background of the younger tendons (Figure 1B and
inset). For both tendons, the integral of raw CCD counts (excitation 830 nm) was positively
correlated with collagen-linked fluorescence intensity (excitation 348 nm) measured by con-
ventional biochemistry (Achilles: r = 0.67, tibialis: r = 0.77). Collagen-linked fluorescence in
aged tendons was significantly higher than in younger tendons (Achilles: 2505 ± 262 vs.
912 ± 437, p < 0.001; tibialis: 1126 ± 73 vs. 271 ± 49, p < 0.001. Unit: relative units/mg dry
weight tissue).
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Figure 1. Averaged (A) and normalised (B) raw CCD counts (n = 160, 40 per group) between young 

and old Achilles tendons and tibialis anterior tendons. Inset: representative figure of different back-

ground shapes between young (black) and old (red) tendons. 

After fluorescence background removal, the underlying Raman spectra were pooled 

and underwent principal component analysis (PCA). The Achilles tendon and tibialis 

Figure 1. Averaged (A) and normalised (B) raw CCD counts (n = 160, 40 per group) between young
and old Achilles tendons and tibialis anterior tendons. Inset: representative figure of different
background shapes between young (black) and old (red) tendons.
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After fluorescence background removal, the underlying Raman spectra were pooled
and underwent principal component analysis (PCA). The Achilles tendon and tibialis ante-
rior tendon were separated primarily along the maximal variance axis (47.8% of variance),
PC1, while the different age groups were separated along the PC2 axis (17.6% of variance),
see Figure 2.
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Figure 2. Principle component analysis of pooled Raman spectra (n = 160).

The most prominent age-related differences identified by PC2 are the 1002 cm−1

(phenylalanine) and 1293 cm−1 (amide III shoulder) bands (Figure 3). Comparing the PC2
loading and the mean Raman spectra, see Figure 3, further revealed several band inten-
sity differences at the proline/hydroxyproline region (850, 877, 918, 931, and 951 cm−1),
amide III and shoulder regions (1270 and 1324 cm−1), CH2 bending (1450 cm−1) and amide
I bands (1600–1700 cm−1).

Most of the band intensities, identified by PC2 loading and spectra means, were
significantly different between the young and old groups (Figure 4). In addition, three
bands (877, 1130, 1324 cm−1) that have been previously assigned to pentosidine and
glucosepane [26,27] were all positively correlated with levels of these AGE crosslinks
quantified using biochemical techniques (Table 1).

PC1 revealed compositional differences between the Achilles and tibialis anterior ten-
dons (Figure 5 and Table 2). These differences were reflected in the proline/hydroxyproline
region (800–1000 cm−1), carbohydrate-related bands (1000–1100 cm−1), the shoulder re-
gions of amide III (~1200 cm−1 and ~1300 cm−1), CH2 bending band (1450 cm−1), and the
peak intensity and the spectral shape of amide I band (1600–1700 cm−1). These spectral dif-
ferences (identified by PC1) were not identical to the age-related changes (by PC2), demon-
strating the ability to differentiate age-related and composition-related tendon molecular
differences using a combination of Raman spectroscopy and principal component analysis.
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Figure 3. Averaged Raman spectra of young (n = 80, black lines) and old (n = 80, red lines) tendons
(upper row) and the PC2 loading (lower row).
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Table 1. Pearson’s correlation coefficients between Raman band intensities and biochemical assays of
human Achilles and tibialis anterior tendons.

Raman Band Pentosidine Glucosepane

Achilles Tibialis Achilles Tibialis

850 cm−1 0.01 −0.01 −0.09 −0.50
877 cm−1 0.75 0.82 0.66 0.79
918 cm−1 0.73 0.73 0.69 0.91
931 cm−1 0.34 0.72 0.17 0.81
951 cm−1 0.75 0.85 0.69 0.88

1002 cm−1 −0.68 −0.09 −0.71 −0.54
1130 cm−1 0.75 0.72 0.74 0.93
1270 cm−1 0.74 0.72 0.53 0.74
1293 cm−1 0.78 0.88 0.81 0.86
1324 cm−1 0.74 0.75 0.77 0.92
1450 cm−1 −0.83 0.04 0.77 −0.66
1660 cm−1 −0.80 0.21 −0.76 −0.55
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Table 2. Raman band intensities between Achilles tendon (n = 80) and tibialis anterior tendon (n = 80).

Raman Band Achilles Tendon Tibialis Tendon p-Value

825 cm−1 0.23 ± 0.05 0.38 ± 0.12 <0.001
850 cm−1 0.56 ± 0.03 0.47 ± 0.07 <0.001
877 cm−1 0.44 ± 0.05 0.51 ± 0.08 <0.001
931 cm−1 0.66 ± 0.04 0.59 ± 0.06 <0.001

1002 cm−1 0.66 ± 0.06 0.75 ± 0.11 <0.001
1030 cm−1 0.69 ± 0.03 0.77 ± 0.07 <0.001
1049 cm−1 0.52 ± 0.03 0.62 ± 0.05 <0.001
1082 cm−1 0.50 ± 0.05 0.57 ± 0.05 <0.001
1240 cm−1 0.97 ± 0.02 0.92 ± 0.03 <0.001
1270 cm−1 0.93 ± 0.05 0.98 ± 0.05 <0.001
1450 cm−1 1.11 ± 0.06 1.00 ± 0.07 <0.001
1660 cm−1 0.69 ± 0.03 0.63 ± 0.04 <0.001

3. Discussion

Our results demonstrate that combining Raman spectroscopy and PCA can differ-
entiate between human Achilles tendon and tibialis anterior tendon tissue. Furthermore,
Raman spectroscopy and PCA can separate both tendon types based on donor age, as
previously shown for equine tendon [20]. The age-related spectral differences are highly
correlated with damaging glycation crosslink levels, known to accumulate during the
ageing process, as measured by traditional biochemical methods. These results provide
key evidence to support the application of Raman spectroscopy as a tool to detect chemical
changes in the tendon, induced by ageing or pathology.

Compared to the younger tendons, aged tendons exhibited over three times higher
CCD counts (combined fluorescence background and Raman spectrum) which positively
correlated with collagen-linked fluorescence measured with a fluorometer (excitation
348 nm) following solubilization of tissue using enzymatic digestion. Previous studies
on equine tendons showed a similar age-related increase in fluorescence level by both
Raman spectroscopy [20] and biochemical methods [28]. Fluorescence background is
often regarded as interference when interpreting the underlying Raman signals; however,
as we have demonstrated here (and in [20]), relative fluorescence intensity alone can
easily separate young and old tendons. Interestingly, by normalising the fluorescence–
Raman combined spectra, both aged Achilles and anterior tibialis tendons demonstrated
similar fluorescence background with a near-linear decline in intensities across the studied
wavenumber region (800 to 1800 cm−1) while the younger tendons demonstrated an
observable drop in the fluorescence level between 1100 cm−1 and 1400 cm−1. The different
fluorescence background shapes are likely resulted from different types or quantities of
fluorophores within tendons. In aged tendons, however, the greatly increased overall
fluorescence intensity could mask these underlying subtle differences in fluorescence
spectrum produced by native tendon compositions. AGE crosslinks can increase many
times in aged tendons [6], while the total pyridinoline crosslinks, the predominant crosslink
in adult tendons and also inherently fluorescent, usually remains stable [5,28] or even
slightly decreases with age [6].

Glucosepane and pentosidine are two AGE crosslinks commonly increased in aged
tendons. Glucosepane is non-fluorescent but present at considerably higher levels than
the fluorescent pentosidine [5,6]. AGE crosslinks can alter tendon mechanical properties
and affect cell-matrix interactions, resulting in reduced matrix repair ability after injury [3].
Raman spectral differences were identified between young and old tendons, and among
these reported bands, several previously reported AGE crosslink-related bands [21,26,27]
intensities were highly correlated with both the glucosepane and pentosidine quantity
measured by biochemical techniques. Our results show that using Raman spectroscopy
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alone, with spectra normalised to the amide III band intensity, could rapidly and non-
destructively provide a measure of the glycation crosslinks in tendon tissues with minimal
sample preparation and processing.

Besides AGE crosslinks, the observed age-related difference in Raman spectra could
be attributed to the highly anisotropic tendon sub-structure [22,29,30]. Van Gulick and
colleagues demonstrated that aged rat tail tendon fibres are oriented more parallel to
the fascicle long axis than younger tendons. This altered orientation was correlated with
reduced amide I and CH2 bending bands and increased amide III band intensities in the
measured Raman spectra [17], similar to our findings in aged human tendons. Interestingly,
in our previous study [20] on equine superficial digital flexor tendons (SDFT), which has
been confirmed with an altered fibre orientation in aged tendons [31], the Raman spectral
differences between the young and old groups were only visible in CH2 bending and
amide III bands, suggesting species differences or other influencing factors present. Further
work is required to understand the relationship between human tendon sub-structural
orientation and the Raman spectral changes. We were unable to conduct microscopic
analysis of the tendon sub-structures due to the sample collection and preparation process.
Future studies combining histological or microscopic analysis and Raman spectroscopy on
human tendon orientation are now warranted based on our initial observations.

The compositional differences identified by Raman spectroscopy between the Achilles
and tibialis anterior tendons allow separation by the PC1 loading. It has been reported
that the human Achilles tendon has higher glycosaminoglycan and DNA content than
the tibialis anterior tendon, with a similar total collagen content [6,32]. Interestingly, our
previous study [20] demonstrated the most evident spectral differences between the equine
SDFT and deep digital flexor tendon (DDFT) were present in the proline/hydroxyproline
region (800–1000 cm−1) and CH2 bending band, without significant difference in amide
I band [20]. Future comparison of tendons from different species should be made with
caution since the vibrational mode of the specific tendon composition are yet unclear and
often difficult to study in isolation.

Whilst we are able to make strong conclusions from our study it is pertinent to identify
the limitations of this work. Firstly, the small sample size, which is due to the availabil-
ity of human tendon tissue donors. Secondly, we can only report the correlation, not a
causal relationship between Raman spectra and the glycation crosslinks quantities. Due
to the complexity of biological tissue composition and the aggregated, combined spectral
features, identifying a specific compositional change from the Raman spectrum alone is
challenging. Lastly, we conducted multiple measurements on homogenised freeze-dried
tissues to reduce the influence of tissue heterogeneity. However, it is likely that different
compartments within the tendons (such as fascicles or the interfascicular matrix) have dif-
ferent compositions. Spectra from dried samples are also likely to have some differences to
those from wet tissues since several Raman bands are sensitive to the hydration level of the
tendon collagen [33]. Further studies are required on unprocessed hydrated tendon tissue
to confirm our findings. In addition, future studies applying spectroscopic techniques, such
as deconvolution of the amide bands, could elucidate the glycation-induced compositional
or conformational changes to the tendon matrix.

4. Materials and Methods
4.1. Tendon Sample Collection

The Achilles tendon (n = 8, young:old = 4:4) and tibialis anterior tendon (n = 8,
young:old = 4:4) were collected from amputated limbs of patients (young: 14–21 years,
old: 65–87 years) at the Royal National Orthopaedic Hospital (Stanmore, UK). All patients
gave consent for their tissue to be used for musculoskeletal related research (UCL/UCLH
Biobank for Studying Health and Disease (HTA license number 12055) with Local R&D
approval for this study (Ref: 11/0464)). Only tendons with no visual signs of injury or
disease were selected. Tendons were harvested within 24 h of limb amputation, snap-frozen
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and stored at −80 ◦C. The samples were then freeze-dried, homogenised and underwent
biochemical assays which were performed independently from Raman measurements [6].

4.2. Raman Spectroscopy Instrumentation

All samples (dried and homogenised) were analysed using a Renishaw inVia Raman
spectrometer (Renishaw, Gloucestershire, UK) equipped with an 830 nm laser (300 mW
at source). Ten Raman spectra from each sample were acquired (5 s exposure time,
10 accumulations) from randomly selected locations to reflect the heterogeneity of ten-
don composition. The spatial resolution was 2 × 2 µm using a 50× objective.

4.3. Raman Data Treatment and Analysis

In Raman spectroscopy, a highly fluorescent background in biological tissues is seen as
interference and is usually removed at the first stage in the data analysis (e.g., by polynomial
subtraction) [34]. We have developed a step-by-step analysis for tendon measurements
that includes both combined spectra and fluorescence-removed Raman spectra for better
differentiating age-related spectral differences, as described previously [20].

Collected raw spectra were truncated to wavenumber 800 cm−1 to 1800 cm−1 [11,20,35]
and were then compared between groups for the discrepancy of fluorescence–Raman
combined signal. Then, spectra were min-max normalised for visual inspection of different
fluorescence background shapes. The fluorescence signal was then removed by an in-house
MATLAB (The Mathworks, Inc., Natick, MA, USA) code using 6th order polynomial,
and the subsequent Raman spectra were normalised to the peak amide III band intensity
(between 1230 cm−1 and 1250 cm−1) [35]. Raman spectra were then pooled and underwent
PCA (by Origin 2019, OriginLab Corporation, Northampton, MA, USA) to identify the
segregation of tendon age and tendon types. Vector loadings of interested PC axes were
plotted to visualise the variance in wavenumbers.

4.4. Biochemical Analysis

Pentosidine was quantified using reverse phase HPLC. Lyophilised tendon tissue
(20 mg) was hydrolysed in 2 mL of 6M HCl for 24 h at 110 ◦C, and then dried under
vacuum in a speed vac concentrator. The hydrolysate was re-suspended in D.I. H2O with
1% trifluoroacetic acid (TFA) at 15 mg/ml. 50 µL of sample was injected into the HPLC
system (Shimadzu, Kyoto, Japan). Crosslinks were eluted using a Hypercarb column
(150 × 4.6 mm, 7 µm i.d., Thermo Scientific, Waltham, MA, USA) at 25 ◦C with a flow rate
of 1.0 mL/min. Mobile phase A was D.I. H2O with 1% TFA (v/v) and mobile phase B was
1% TFA in acetonitrile (v/v). The column was equilibrated with the starting ratio of A:B
at 85:15 for 10 min and a gradient programme run from 85 to 45% mobile phase A over
20 min, followed by 5 min at 85% mobile phase A. The fluorometer was set to 335 nm
excitation wavelength and 385 nm emission wavelength for the detection of pentosidine.
After 25 min the column was washed with acetonitrile at 2 mL/min for 5 min before
equilibration as above. Pentosidine concentration was calculated using a commercially
available standard (Cayman Chemical supplied by Cambridge Bioscience Ltd., Surrey, UK).
Collagen content was calculated by measuring the concentration of hydroxyproline, as
previously described [36], in a 10 µL aliquot of the hydrolysate used for crosslink analysis.
Glucosepane was quantified following sequential enzymatic digestion and LC-MS as
described previously [6]. Collagen-linked fluorescence was quantified using a fluorometer
set to 348 nm excitation wavelength and 457 nm emission wavelength following papain
digestion of tissue as described previously [5].

4.5. Statistical Analysis

Pearson’s correlation coefficients were calculated (by SPSS v26, IBM, Armonk, NY,
USA) between Raman band intensities and both pentosidine and glucosepane quantities.
Independent t-tests were used to compare collagen-linked fluorescence and Raman band
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intensities between young and old groups, and between Achilles and tibialis tendons. The
level of significance was set at 0.05, two-tailed.

5. Conclusions

In conclusion, we have demonstrated that Raman spectroscopy can differentiate
minimally processed human Achilles and anterior tibialis tendon samples of different ages.
The age-related spectral changes are highly correlated with differences in levels of the
damaging glycation crosslinks, measured biochemically. Recent development of spatially
offset Raman spectroscopy allows Raman spectra to be collect at depth within the tissue
and through the skin. Taken together, these findings suggest that Raman spectroscopy has
great potential as a tool to detect musculoskeletal tissue ageing or pathological changes of
extracellular matrix chemistry.
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