Acta Biomaterialia 134 (2021) 252–260

Contents lists available at ScienceDirect

Acta Biomaterialia
journal homepage: www.elsevier.com/locate/actbio

Full length article

High-resolution infrared microspectroscopic characterization of
cartilage cell microenvironment
Awuniji Linus a,∗, Mohammadhossein Ebrahimi a,b, Mikael J. Turunen a, Simo Saarakkala b,d,
Antti Joukainen c, Heikki Kröger c, Arto Koistinen e, Mikko A.J. Finnilä b, Isaac O. Afara a,f,
Mika E. Mononen a, Petri Tanska a, Rami K. Korhonen a
a

Department of Applied Physics, University of Eastern Finland, POB 1627, 70211 Kuopio, Finland
Research Unit of Medical Imaging, Physics and Technology, University of Oulu, Oulu, Finland
c
Kuopio University Hospital, Kuopio, Finland
d
Department of Diagnostic Radiology, Oulu University Hospital, Oulu, Finland.
e
SIB Labs, University of Eastern Finland, POB 1627, 70211 Kuopio, Finland
f
School of Information Technology and Electrical Engineering, The University of Queensland, Brisbane, Australia
b

a r t i c l e

i n f o

Article history:
Received 13 April 2021
Revised 15 July 2021
Accepted 2 August 2021
Available online 5 August 2021
Keywords:
Articular cartilage
Osteoarthritis
Fourier transform infrared spectroscopy
Collagen
Pericellular matrix
Chondrocyte

a b s t r a c t
The lateral resolution of infrared spectroscopy has been inadequate for accurate biochemical characterization of the cell microenvironment, a region regulating biochemical and biomechanical signals to cells.
In this study, we demonstrate the capacity of a high-resolution Fourier transform infrared microspectroscopy (HR-FTIR-MS) to characterize the collagen content of this region. Speciﬁcally, we focus on the
collagen content in the cartilage cell (chondrocyte) microenvironment of healthy and osteoarthritic (OA)
cartilage. Human tibial cartilage samples (N = 28) were harvested from 7 cadaveric donors and graded
for OA severity (healthy, early OA, advanced OA). HR-FTIR-MS was used to analyze the collagen content of the chondrocyte microenvironment of ﬁve distinct zones across the tissue depth. HR-FTIR-MS
successfully showed collagen content distribution across chondrocytes and their environment. In zones
2 and 3 (10 - 50% of the tissue thickness), we observed that collagen content was smaller (P < 0.05)
in early OA compared to the healthy tissue in the vicinity of cells (pericellular region). The collagen
content loss was extended to the extracellular matrix in advanced OA tissue. No signiﬁcant differences
in the collagen content of the chondrocyte microenvironment were observed between the groups in
the most superﬁcial (0–10%) and deep zones (50–100%). HR-FTIR-MS revealed collagen loss in the early
OA cartilage pericellular region before detectable changes in the extracellular matrix in advanced OA.
HR-FTIR-MS-based compositional assessment enables a better understanding of OA-related changes in
tissues. This technique can be used to identify new disease mechanisms enabling better intervention
strategies.
Statement of signiﬁcance
Osteoarthritis (OA) is the most common degenerative joint disease causing pain and disability. While
signiﬁcant progress has been made in OA research, OA pathogenesis is still poorly understood and current OA treatments are mainly palliative. This study demonstrates that high-resolution FTIR microspectroscopy (HR-FTIR-MS) can characterize OA-induced compositional changes in the cell microenvironment
(pericellular matrix) during the early disease stages before tissue changes in the extracellular matrix become apparent. This technique may further enable the identiﬁcation of new OA mechanisms and improve our current understanding of OA pathogenesis, thus, enabling the development of better treatment
methods.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

OA and further allows the attainment of diffraction limited imaging.
In this study, we aim to demonstrate the feasibility of a highresolution FTIR-MS (HR-FTIR-MS) imaging modality to detect OArelated changes in the collagen content of the chondrocyte microenvironment across the depth of human tibial cartilage. Motivated by the given previous studies [18,21,23], we hypothesize that
the ﬁrst OA-related alterations in cartilage collagen content occur
in the chondrocyte microenvironment before any changes in the
surrounding ECM.

Osteoarthritis (OA) is a degenerative joint disease affecting the
whole joint. The disease is characterized by erosion of articular cartilage and loss of the extracellular matrix (ECM) solid components
(collagen and proteoglycan (PG)) [1]. Presently, there are no effective treatments for OA [2,3] mainly as the early mechanisms and
pathogenesis of OA are still poorly understood, especially in the
microenvironment of chondrocytes (cartilage cells).
Chondrocytes are surrounded by a thin (2–4 μm thick) collagen type VI rich tissue region known as the pericellular matrix
(PCM) [4,5]. The PCM regulates mechanical and biochemical signals
to the chondrocytes [6–9], inﬂuencing cell metabolism, cartilage
homeostasis, and overall joint health [10,11]. Alterations in PCM
composition can change these signals and inﬂuence the biological responses of cells and, thus, cartilage mechanobiology and disease progression [7,8,12]. For instance, a very recent mice cartilage
study showed that the PCM stiffness seems to be reduced ﬁrst before any changes are observed in the ECM at the very early phases
of (post-traumatic) OA [13]. This observation may reﬂect subtle
changes in the biochemical composition. In our previous study, we
observed a site-speciﬁc PG loss both in the ECM and PCM of early
OA rabbit cartilage, while the loss seemed to be accelerated in the
ECM compared to the PCM [14]. Also, collagen homeostasis is presumably disrupted during disease progression as both human and
canine studies have reported an increase in collagen VI expressions
within the PCM in moderate OA cartilage tissue [15,16]. However,
it is unknown when and where the earliest disruptions occur.
To better comprehend these alterations during OA, the biochemical composition of the cell microenvironment such as collagen content should be characterized accurately. For evaluating local molecular composition in biological tissues, such as in articular
cartilage, Fourier transform infrared microspectroscopy (FTIR-MS)
has shown its potential [17–19]. FTIR-MS is based on the ability
of molecular bonds to selectively absorb mid-infrared wavelengths
[20–22]. This feature enables the estimation of biomolecular units
that are indicative of matrix macromolecules; examples in cartilage are carbohydrate (PG content) or amide I (collagen content)
[21,22].
To date, with a reasonable signal-to-noise ratio and imaging
time, the conventional pixel size of FTIR-MS imaging has varied
from 5 to 7 μm. This resolution enables a relatively detailed microscopic visualization and characterization of the ECM structure and
composition [23]. Experiments with conventional FTIR-MS imaging have shown that collagen content is reduced both in the ECM
[18] and the PCM of human cartilage in advanced OA [21]. However, the 5 to 7 μm pixel size is inadequate for evaluating local
alterations in the chondrocyte microenvironment due to the PCM
size (∼2-4 μm) [24,25] and may have included the ECM composition. These local alterations in the chondrocyte microenvironment
could be crucial for understanding the underlying changes in the
tissue composition during the disease pathogenesis and progression.
According to Rayleigh’s criterion (Eq. (1)), the maximum attainable lateral resolution in diffraction limited imaging is [26]:

d=

0.61λ
,
NA

2. Materials and methods
2.1. Sample preparation
Osteochondral samples (n = 28; 16 samples from the lateral
compartment and 12 from the medial compartment) were harvested from (N = 7) tibial plateau of diseased donors (Table 1). The
ethical committee of the Northern Savo District Hospital, Kuopio,
Finland approved all experimental procedures (Ethical Permission
Number 134/13.02.00/2015) and the study was performed following all relevant guidelines. The harvested samples were formalinﬁxed and decalciﬁed. After decalciﬁcation, the samples were dehydrated in a graded alcohol solution and subsequently paraﬃnembedded [29,30]. For the HR-FTIR-MS measurement, three adjacent sections (5 μm thick) were cut from each cartilage sample using a microtome and transferred to a Barium-Fluoride (BaF) slide
[31,32].
2.2. Histological assessment
Safranin-O stained sections were also prepared from the cartilage samples and the Osteoarthritis Research Society (OARSI)
histopathological grading system was used to deﬁne the severity
of osteoarthritis in the samples [30,33]. The samples were classiﬁed into three groups: healthy (OARSI 0-1, n = 5), early OA (OARSI
1.5-3, n = 8) and advanced OA (OARSI 3-5, n = 15) [33].
2.3. Fourier transform infrared spectroscopic measurement
The measurements were done using an HR-FTIR-MS system
(Agilent Cary 670/620; Agilent Technologies, Santa Clara, CA, USA)
equipped with a focal plane array (FPA) detector (pixel size:
128×128, ﬁeld of view (FOV): 140×140 μm2 ) and an optical microscope. The spatial pixel size was 1.1×1.1 μm2 with the spectral
resolution set to 4 cm-1 . The number of scans per pixel was set
to 100 and averaged for an improved signal-to-noise ratio. A background scan was ﬁrst acquired from a clear barium ﬂuoride (BaF)
window and corrected for each measured spectrum. For the actual
sample measurement, single isolated cells were ﬁrst located and
imaged together with their microenvironment with the light microscope (15× magniﬁcation) coupled in the HR-FTIR-MS system.
After the acquisition of the optical image, the HR-FTIR-MS system

Table 1
Subject details including age, sex, range of OARSI grades, and the number
of samples from individual subjects.

(1)

where d is the lateral resolution, NA is the numerical aperture and
λ is the wavelength. However, in addition to the numerical aperture (NA), to attain maximum theoretical resolution the pixel size
at the sample plane must be small enough to provide adequate
spatial sampling [26–28]. Recent advances in FTIR-MS imaging use
large magniﬁcation optics between the sample and the detector to
enable imaging at small pixel sizes (e.g., ∼1 μm). This opens a new
frontier to understand local tissue changes, including PCM, during
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Cadaver ID

Age

Sex

OARSI grade

Number of samples

1
2
3
4
5
6
7

68
68
79
79
68
69
69

Male
Male
Female
Male
Male
Male
Male

1.0
0.0
0.0
2.0
2.0
2.5
1.5

6
4
4
2
4
4
4

- 4.5
- 4.5
- 4.5
- 4.5
- 4.5
- 4.5
– 4.0

A. Linus, M. Ebrahimi, M.J. Turunen et al.

Acta Biomaterialia 134 (2021) 252–260

used to deﬁne the cell border while the entire thickness of the outline was assumed to be the estimated PCM. Before the measurements, the dark outline of the conventional optical image was veriﬁed to correspond morphologically to the thin region around the
cell in Safranin-O stained histological images (Fig. 3). This thin region around the cell in Safranin-O images has been earlier used to
estimate pericellular PG content [14,36,37]. Also, using immunolocalization, Guilak et al. [38] and Zelensky et al. [39] have deﬁned
this narrow tissue region around the cell as the PCM based on
the co-localization of perlecan proteoglycan with collagen VI [39].
Then, a rectangular region of interest (ROI), oriented parallel to
the cartilage surface and extending 40 pixels (∼44 μm) from the
estimated PCM into the ECM, was drawn across the chondrocyte
microenvironment. The ROI height was set to 3 pixels (3.3 μm).
The ﬁnal proﬁle reﬂecting the collagen content in the chondrocyte microenvironment was obtained by averaging the image pixel
values along the ROI width (vertical direction in Fig. 2). The PCM
was then interpolated to 5 pixels, and cell to 15 pixels, to allow
point-by-point comparisons in the corresponding regions between
the groups.
To visualize the differences in the collagen content in the immediate chondrocyte environment with respect to the extracellular matrix, we also computed normalized proﬁles. Each proﬁle was
normalized by ﬁrst calculating the average of 10 pixels at the edge
of the respective proﬁles (i.e., the outer part of the ECM of the
chondrocyte microenvironment) and then dividing the whole proﬁle with this value. For each zone, three proﬁles were obtained
from the three sections and averaged into a single proﬁle. The
average proﬁles of the zone of interest from each sample were
stacked into one data matrix for statistical analysis. The average
proﬁles and standard deviation for all cell and all samples per
group (per zone) were computed. Finally, the changes in the tissue
composition at each zone of interest were examined as a function
of histopathological groups (healthy, early OA and advanced OA).

Fig. 1. A typical FTIR absorption spectrum with absorption peaks of intact human
articular cartilage extracted from a single pixel within the estimated PCM region
and the ECM. The shaded area shows the baseline-corrected amide I peak region
(1720-1585 cm−1 ) for the PCM spectrum.
Table 2
Characteristic FTIR band peaks in cartilage tissue [34,40–42].
Wavenumber (cm−1 )

Assignment

1720 - 1580
1550
1630
1338
1300 – 1200
1245
1060
850

Amide I; C=O stretching
Amide II; C-N stretching and N-H bending
Water (OH bending)
Collagen (CH2 side-chain vibration)
Amide III region (C-N stretching, N-H bending)
Sulfate symmetric stretching
Carbohydrate (sugar ring C-O stretching)
Sulfated proteoglycan (C-O-S stretching)

was used to collect (averaged) infrared spectra (Fig. 1) in a pointby-point manner from the same regions (Fig. 2), reﬂecting the spatial biochemical composition of the sample. This imaging was conducted at ﬁve distinct layers: zone 1 (0 – 10% of the tissue thickness), zone 2 (10 – 25%), zone 3 (25 – 50%), zone 4 (50 -75%), zone
5 (75 – 100%). Single cells were imaged per layer and ﬁve cells per
section. Three sections were measured per sample per layer totaling 15 different cells per sample. The spectra were collected in a
wavenumber range between 3800 cm-1 and 750 cm-1 [34].

2.6. Statistical analysis
A linear mixed model implemented in IBM SPSS Statistics (version 25, IBM Corporation, Armonk, NY, USA) was used to perform a
point-by-point statistical analysis for the collagen content proﬁles
of the chondrocyte microenvironment. This model was chosen to
account for the potential interdependencies between the samples
since there were several samples from the same cadaver. The comparison was made between the groups (healthy, early OA and advanced OA) for each of the 5 cartilage zones deﬁned in this study.
The sample groups based on the histopathological OARSI grades
were set as the ﬁxed-type variable while the individual subjects
within the group were set as the random-type variable [16]. Bonferroni correction was used to account for type I error. The level of
statistical signiﬁcance was set at α = 0.05.

2.4. Post-processing and analysis of FTIR spectra
Data analysis was carried out in MATLAB, R2017b (MathWorks
Inc., MA, USA). First, the initial spectrum from each pixel was truncated to the spectral region: 20 0 0 – 80 0 cm-1 . All spectra were
then constant baseline corrected by setting the minimum of the
absorption of each spectrum to zero. The amide I peak (1720 –
1585 cm-1 ), an estimate of collagen content [17,20,34], was linearly
baseline corrected by ﬁtting a line using the same peak region borders and subtracting this line from the amide I peak (Fig. 1 and
Table 2). Then, the relative collagen distribution was determined
by integrating the area under the amide I band [35]. Subsequently,
the amide I image map (spatial image of collagen content) of the
chondrocyte microenvironment was acquired by repeating this to
every pixel spectrum (Fig. 2).

3. Results
Fig. 4 shows a comparison of the amide I map from the highresolution cell microenvironment imaging in this present study
and the low-resolution cell microenvironment from our previous
analysis [23].
The collagen content in the most superﬁcial layer of the cartilage (zone 1, 0 – 10% of the tissue thickness) was not signiﬁcantly
different between the healthy, early OA, and advanced OA groups
(Fig. 5). However, compared to the healthy group, statistically signiﬁcant differences in the collagen content were observed in the
early and advanced stages of OA in zones 2 and 3 (10 – 25% and
25 – 50% of the tissue thickness). In zone 2, signiﬁcantly lower
collagen content was observed in the estimated PCM region in
the early OA group compared to the healthy group. This reduction

2.5. Compositional analysis
Collagen content proﬁles of the chondrocyte microenvironment
were calculated from the amide I image maps in the following
manner. First, the borders of the cell were estimated from the conventional optical image (Fig. 2). The inner edge of the dark outline
around the chondrocyte, clearly visible in the optical image, was
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Fig. 2. Single isolated chondrocytes were located with the light microscope attached to the FTIR-MS device and HR-FTIR-MS imaging was performed for the selected region
around cells. The borders of the cell were estimated from the optical image (see also Fig. 3) and the analyzed horizontal region of interest (ROI) extended 40 pixels (∼44
μm) towards the extracellular matrix from both ends (left and right) of the estimated PCM. The PCM was then interpolated to 5 pixels, and cell to 15 pixels, to allow
point-by-point comparisons in the corresponding regions between the groups.

to ∼30 μm from the estimated PCM) in the advanced OA group.
Interestingly, in zone 2, the collagen content was not signiﬁcantly
different between the early OA and advanced OA groups, while in
zone 3, the collagen content of the ECM (and not PCM) was significantly lower in the advanced OA group compared to the early OA
group. In the deeper tissue (zones 4 and 5; 50 – 100% of the tissue
thickness), no signiﬁcant differences in the collagen content were
observed between the groups.
When comparing the normalized collagen content proﬁles, no
signiﬁcant differences were found between the groups in any zone
(Fig. 6).

Fig. 3. FTIR-MS optical image and Safranin-O stained bright-ﬁeld optical image
were co-registered to verify that the outer edge of the dark region corresponds
to the estimated edge of the chondron, while the inner edge corresponds to the
PCM-cell interface.

4. Discussion
In this study, we demonstrated the capacity of HR-FTIR-MS to
evaluate biochemical changes in the human cartilage cellular microenvironment at different stages of OA, speciﬁcally in the collagen content. Compared to the lower resolution FTIR-MS analysis
(Fig. 4), the HR-FTIR-MS successfully revealed a decreasing gradient of the collagen content from the ECM to the estimated pericellular region and cell. We also found that the collagen content of
the cellular microenvironment was reduced in a depth-dependent
manner both in early OA and advanced OA cartilage compared to
healthy cartilage. This reduction occurred at the depths of 10 – 50%

also extended up to 50% of the neighboring ECM (∼ 20 μm away
from the estimated PCM). In the advanced OA group, compared
to the healthy group, lower collagen content was extended further
into the entire neighboring ECM (up to 44 μm from the estimated
PCM). A similar reduction was observed in zone 3, in which signiﬁcantly lower collagen content was observed in the estimated
PCM in the early OA group compared to the healthy group. This
collagen loss extended up to 70% into the neighboring ECM (up
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Fig. 4. Comparison of high and low-resolution FTIR-MS images across the tissue depth. A) Amide I map of cartilage histological section. B) Representative high-resolution
and low-resolution [21] images of chondrocyte microenvironment illustrating that high-resolution FTIR-MS can delineate the cell, estimated PCM and ECM.

from the cartilage surface. In early OA cartilage, this depth-wise
reduction in the collagen content was localized at the region estimated to correspond to the PCM, while in advanced OA cartilage,
the depth-wise reduction in the collagen content was extended to
the neighboring ECM.
Interestingly, we did not observe signiﬁcant differences between the healthy and OA groups in the most superﬁcial tissue
(zone 1; 0 – 10% of the tissue thickness) and deeper in the cartilage (zones 4 & 5, 50 – 100% tissue thickness) (Fig. 5). This result is in agreement with previous cartilage biochemical analysis,
where OA-associated degeneration was shown to be initiated just
below the tissue surface [23]. Also, in our previous tissue level
analysis of the same samples with a lower resolution FTIR imaging (5.5 μm pixel size) [30], we observed that the collagen content
in the ECM was reduced in the middle and upper deep zones (17 –
52% of the tissue thickness) of advanced OA cartilage compared to
healthy cartilage, but we did not observe any tissue-level changes
in the collagen content between early OA and healthy cartilage
[30]. Given that the PCM is about 2-4 μm thick, subtle change
manifested in this region during early OA may not be detected by
the conventional FTIR (pixel size: 5-7 μm) and other imaging techniques with similar pixel size.
Chondrocytes synthesize and secrete enzymes responsible for
matrix degeneration (e.g., metalloproteinases) [1,13,43]. In early OA
stages, the proximity of PCM to chondrocytes may increase their
susceptibility to enzymatic degradation before alterations are apparent at the tissue level [7,13,25]. For the ECM, collagen degeneration was observed only in the local ECM during the early stages of
the disease. We presume that the delayed degeneration in the ECM

could be linked to the distance to the enzyme source [13]. Cartilage
PCM plays a role in mechanical and physicochemical signal transduction (i.e., through interactions of cell surface receptors and cell
organelles with matrix components) between chondrocytes and
surrounding matrix [1,8,44]. In early OA, chondrocytes cytoskeletons and mechanosensing are disrupted with reduced stiffness of
the PCM [8,23,24]. The sequence of events suggested in an earlier study involves the loss of chondrocyte metabolism that results
in local tissue degeneration and loss of PCM micromechanics. This
failure, in turn, disrupts mechanosensing and further accelerates
OA [13]. This may be related to our ﬁndings of reduced collagen
composition, in the PCM during early OA, as tissue composition is
linked to micromechanics [45].
The average chondrocyte diameter across the tissue depth was
16.0 ± 1.3 μm and was consistent with Hunziker et al. [48], who
previously described an average chondrocyte width of 13 ± 0.5 μm
across the thickness of healthy human femoral condyle cartilage
using serial optical sections [48]. Slightly different chondrocyte diameter and greater standard deviation in our study most likely
originate from the fact that the cell may not be perfectly located at
the sectioning plane of a single section. The average PCM thickness
across the tissue depth was 3.0 ± 1.3 μm and matches previously
reported PCM thicknesses [7,13].
There are a few limitations of this study. First, the thickness
of the dark outline surrounding the chondrocyte and readily visible on the optical image was assumed as the estimated PCM
(Fig. 3). We veriﬁed this assumption with Safranin-O stained sections, where higher absorption in the thin region around cells has
been earlier used to estimate proteoglycan content in the PCM
256
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Fig. 5. Collagen content proﬁles of the chondrocyte microenvironment at different tissue depths in the healthy, early OA and advanced OA groups. The lines represent averaged proﬁles and the shaded regions represent standard deviations within each group. The colored dash lines above the images indicate a statistically signiﬁcant difference
between the groups of those colors (p < 0.05). The average (± standard deviation) PCM width was 3.0 ± 1.3 μm and the average chondrocyte width was 16.0 ± 1.3 μm.
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Fig. 6. Normalized collagen content proﬁles of the chondrocyte microenvironment at different tissue depths in the healthy, early OA and advanced OA groups. The lines
represent averaged proﬁles and the shaded regions represent standard deviations within each group.
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(Fig. 3) [14,46]. There is a possibility that the PCM borders measured from the images extended slightly into the territorial matrix
[22,47]. However, the observed collagen content changes also extend slightly beyond the estimated PCM region (towards the ECM
and the cell), hence, this uncertainty should not affect our conclusions (Fig 5).
Cartilage PCM is primarily deﬁned by the presence of collagen
VI [7]. However, the amide I peak also includes contributions of
other collagen types (e.g. collagen II and XI ) [21]. To present a
balanced discussion on FTIR spectroscopic imaging, we must also
state that FTIR-based collagen content analysis cannot distinguish
these different collagen types, which might play a role in cellular
mechanobiology and mechanotransduction in health and disease
[7]. However, FTIR imaging has been used to compare the type I
collagen content in bovine ﬂexor tendon and the rat tail tendon
(based on the absorbance of the amide I band [49]). The amide
III peak could also be resolved into different proteins [50] and also
utilized to evaluate collagen integrity [23,34]. However, we decided
to use the amide I peak due to the weak intensity of the amide III
band. An analysis of collagen integrity should be conducted in future studies.
While Raman spectroscopy has a superior spatial resolution
[40] compared to FTIR, the weak signal intensity of Raman spectroscopy necessitates a high laser power and potentially longer exposure time, risking tissue damage [40–42]. Furthermore, the modern focal plane array (FPA) detector in FTIR microscopy allows for
imaging large areas in a short time compared to Raman imaging
[41]. Nevertheless, both techniques are complementary.
Owing to the diﬃculty in obtaining human cartilage, we used
27 human cartilage samples obtained from 7 cadaveric donors (6
males and 1 female). However, we used a linear mixed model
which accounts for the interdependence of samples harvested from
the same cadavers [51]. Hence, the sample size and demographics
should not affect the conclusion of this study. It would be interesting to see in future studies how results would differ if more
samples could be taken from different subject groups in terms of
gender, age, and weight.
The cartilage microenvironment is a complex structure including cells interacting with diverse molecules (e.g., perlecan proteoglycan, collagen VI and XI) [7,38]. In the future, advanced analytical
methods such as the Kolmogorov complexity theory could also be
adapted to model and to further understand how these molecules
interact forming a complex structure [52,53].
Despite the beneﬁts of FTIR, the technique still requires histological sections and does not fulﬁll the less-invasive nature for clinical use. FTIR ﬁber optic probes, however, could be used to evaluate the tissue microenvironment in real-time allowing monitoring
of tissue healing or disease development in a minimally invasive
fashion [23,28]. In addition to better diagnostics, this might help
drugs to be administered at different disease stages.
To date, the underlying mechanism for OA is still poorly understood and effective disease-modifying therapies are yet to be developed [3]. Another challenge in OA management is the identiﬁcation of early structural and compositional changes in the cartilage
tissue [23]. This study provides evidence for the use of HR-FTIR-MS
to characterize early structural and compositional changes in the
chondrocyte microenvironment of cartilage. This improved resolution of HR-FTIR-MS enables detailed biochemical characterization
of cartilage microenvironment (including the cell, an estimated
PCM and neighboring ECM) and may help to identify new OA
mechanisms and therapeutic targets. HR-FTIR-MS may also beneﬁt
research aiming at a fundamental understanding of other tissues
and their diseases.
In conclusion, HR-FTIR-MS was able to characterize the collagen
content of healthy and osteoarthritic human tibial cartilage in the
chondrocyte microenvironment across cartilage depth in unprece-

dented detail. In early OA tissue, we observed a decrease in collagen content near cells which extends to the ECM in advanced OA.
The collagen content was reduced in the superﬁcial-middle parts
of the tissue but not in the most superﬁcial and deep parts. The
capacity of HR-FTIR-MS to reveal ultrastructural and compositional
information in the chondrocyte microenvironment allowed for the
identiﬁcation of these OA mechanisms, thus, further improving our
understanding of OA development.
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