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Label-free, multi-parametric assessments of cell
metabolism and matrix remodeling within human
and early-stage murine osteoarthritic articular
cartilage
Zhiyi Liu 1,6,7,8, Carrie K. Hui Mingalone2,8, Einstein Gnanatheepam 1, Judith M. Hollander 2,

Yang Zhang 1, Jia Meng3, Li Zeng 2,4,5 & Irene Georgakoudi 1,2✉

Osteoarthritis (OA) is characterized by the progressive deterioration of articular cartilage,

involving complicated cell-matrix interactions. Systematic investigations of dynamic cellular

and matrix changes during OA progression are lacking. In this study, we use label-free two-

photon excited fluorescence (TPEF) and second harmonic generation (SHG) imaging to

assess cellular and extracellular matrix features of murine articular cartilage during several

time points at early stages of OA development following destabilization of medial meniscus

surgery. We detect significant changes in the organization of collagen fibers and crosslink-

associated fluorescence of the superficial zone as early as one week following surgery. Such

changes become significant within the deeper transitional and radial zones at later time-

points, highlighting the importance of high spatial resolution. Cellular metabolic changes

exhibit a highly dynamic behavior, and indicate metabolic reprogramming from enhanced

oxidative phosphorylation to enhanced glycolysis or fatty acid oxidation over the ten-week

observation period. The optical metabolic and matrix changes detected within this mouse

model are consistent with differences identified in excised human cartilage specimens from

OA and healthy cartilage specimens. Thus, our studies reveal important cell-matrix inter-

actions at the onset of OA that may enable improved understanding of OA development and

identification of new potential treatment targets.
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Osteoarthritis (OA), a chronic degenerative joint disorder
characterized by articular cartilage destruction and
osteophyte formation1, is the most common form of

arthritis and affects millions of people worldwide2. However, the
mechanism underlying OA pathogenesis remains largely elusive,
and current treatments for OA generally rely on symptom relief,
instead of disease modification3. In order to design strategies to
interfere with OA progression, it is critical to understand the
pathways that lead to the initiation and development of this
disease, whose etiology appears to bridge biomechanics and
biochemistry3. Among the numerous alterations induced by OA,
changes in cellular metabolism, and spatial organization and
cross-linking of extracellular matrix (ECM) are very important
aspects; but they are typically detected at end-stage OA4–6, as they
are likely subtle and heterogeneous during early stages, and, thus,
difficult to characterize using established tools. Therefore, sensi-
tive approaches for the detection of these changes are needed.

In the past few years, several studies have demonstrated that
cellular metabolic function is drastically altered in OA and
aberrant immunometabolism may be a key feature of many
phenotypes of OA7. High-resolution fluorescence imaging-based
approaches, that rely on exogenous fluorescent probes targeting
specific cellular organelles or proteins during OA progression8,
require cellular manipulations and can be confounded by artifacts
related to the distribution of the fluorophores. Two-photon
excited fluorescence (TPEF) has emerged as a powerful modality
for high-resolution, label-free quantitative assessments of meta-
bolic activity9,10. TPEF imaging relies on the simultaneous
absorption of two low energy, infra-red photons, exciting the
fluorophore and leading to the emission of a single higher energy
photon in the visible range of the spectrum. Light is delivered in
the form of focused, highly intense, but very short (~100 fs)
pulses, to overcome the low-probability of two-photon excitation,
while maintaining average illumination powers at safe levels.
Micron level depth resolution in three-dimensional (3D) speci-
mens that extend several hundred microns is a key advantage of
this imaging approach. Two key coenzymes actively involved in
several important metabolic pathways, NAD(P)H and FAD,
provide endogenous fluorescence, enabling label-free metabolic
assessments11,12. Several optical biomarkers have been developed
that rely on analysis of their intensity and lifetime characteristics
for metabolic assessments. These include the optical redox ratio,
defined in our studies as the TPEF intensity of FAD/[NAD(P)H
+ FAD]13,14, the NAD(P)H long lifetime intensity fraction (LLIF)
extracted from fluorescence lifetime analysis15,16, and the level of
mitochondrial clustering or fragmentation, which reflects the
balance of mitochondrial fusion and fission levels for optimizing
energy production and delivery17–19. We have demonstrated that
the optical redox ratio linearly correlates with the biochemical
redox ratio NAD+/(NAD++NADH) that is typically measured
using liquid chromatography-mass spectrometry13,14. Moreover,
the calculated mitochondrial clustering levels in response to
typical metabolic perturbations have been validated to be con-
sistent with observations from high-resolution imaging of mito-
chondria using stains and perturbations such as hypoxia,
established to induce mitochondrial fragmentation in several
studies14,18.

In addition to metabolic changes, there are subtle changes in
the cartilage matrix in early OA, highlighted by modifications in
the spatial organization of collagen fibers20. In normal articular
cartilage, 90% of the collagen content is type II collagen (Col II)21.
Second harmonic generation (SHG) microscopy enables effective
label-free imaging of collagen fibers in 3D biological tissues at
sub-micron resolution21–23. SHG relies on non-linear scattering,
which yields the generation of a single high energy scattered
photon at half the wavelength of the two incident photons that

simultaneously interact with the scatterer. SHG signals are gen-
erated only from scatterers that have a non-centrosymmetric
structure, such as collagen fibers. Besides alterations in matrix
organization, previous studies have also demonstrated that
changes in the biophysical properties of the chondrocyte micro-
environment triggered by cartilage matrix cross-linking play a
causal role in OA pathogenesis24. We have shown that the
endogenous collagen-associated TPEF signal at specific
excitation-emission settings is highly correlated with mass
spectrometry-based assessments of lysyl-oxidase-mediated col-
lagen cross-links25. Besides fluorescence intensity, it has been
reported that the fluorescence lifetime of cross-links is altered
with cartilage matrix degradation6, revealing that the fluorescence
lifetime of cross-links could potentially serve as an indicator for
OA as well.

In this study, we sought to exploit the wealth of com-
plementary information that can be extracted from combined
label-free TPEF and SHG images to assess simultaneously chan-
ges that occur within the cellular and ECM components at the
onset of OA and gain improved understanding of the dynamics of
potential interactions. We imaged mouse knee cryosections
acquired at several time points within the first ten weeks fol-
lowing OA-inducing surgery (destabilization of medial meniscus,
DMM) and corresponding sham surgery of the other knee. We
quantified the 3D collagen fiber organization and associated
cross-linking fluorescence intensity and lifetime along with
chondrocyte metabolic function and characterized corresponding
changes over time. Finally, we compared our findings to similar
assessments performed using excised human cartilage specimens
from OA-affected and unaffected regions to highlight the trans-
lational relevance of our results.

Results
Multi-modal, label-free two-photon imaging and segmentation
of mouse articular cartilage. Articular cartilage is hyaline carti-
lage on the articular surfaces of bones, and lays inside the cavity
of synovial joints (Fig. 1a). It is a typical biological tissue that
includes chondrocytes and collagen fibers of distinct orientations
depending on the location within the tissue. As shown in the
schematic diagram (Fig. 1b) and a representative transmission
image (Fig. 1c) of mouse articular cartilage, this tissue is divided
into four zones: superficial, transitional, radial, and calcified26.
The chondrocytes and collagen fibers are oriented parallel to the
articular surface in the superficial zone, while perpendicularly to
this surface in the radial zone. In the transitional zone, the
chondrocytes are oriented at an angle to the surface, surrounded
by territorial matrix composed of sheets of collagen fibers, which
might lead to extra randomness26. As expected, our previous
assessments demonstrated that the collagen fibers within the
transitional zone were not aligned as well as those within the
superficial or the radial zone27. These characteristics regarding
the alignment of chondrocytes and collagen fibers guided us to
segment each image into these distinct zones, which enabled us to
assess functional and structural properties separately within each
zone (see Methods). To assess the redox metabolic status and
collagen fiber landscape in the articular cartilage, we acquired
TPEF and SHG images from both cells and ECM for high-reso-
lution, quantitative assessments. Representative NAD(P)H, FAD
and collagen cross-link TPEF images are shown along with a
collagen fiber SHG image (Fig. 1d–g, and Supplementary
Video 1). The corresponding NAD(P)H (Fig. 1h) and collagen
cross-link (Fig. 1i) LLIF-coded images were prepared using
phasor analysis of the associated FLIM images. A reconstruction
of a 3D SHG image stack is also included (Fig. 1j), as this was the
type of data we used to assess 3D fiber orientation.
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Significant matrix remodeling can be detected as early as one
week post OA-inducing surgery. Using the 3D SHG stacks and
an approach we described in detail previously, we determined the
azimuthal, θ, and polar, φ, angle of fibers within each voxel
(Supplementary Fig. 1a, b). Collagen fibers within the superficial
zone were oriented primarily along either 0 or 180 degrees (i.e.,
parallel to the articular surface), while those in the radial zone
were aligned along 90 degrees (i.e., perpendicular to the surface);
the distributions of both θ and φ angles were broader in the
transitional zone than the other two zones, consistent with the
expected organization28. The 3D directional variance was calcu-
lated from these angular distributions and corresponding maps
with values that always varied between 0 (fully aligned) and 1
(completely random) were generated with dark hues indicating a
more disorganized structure (Supplementary Fig. 1c, d).

Such 3D variance coded maps are shown for representative
images acquired from knee cryosections of BALB/c mice at 1, 2, 3,
7, or 10 weeks post DMM or sham surgery (Fig. 2a). Non-surgery
controls were also imaged and used to normalize the DMM and

sham surgery specimen results. Images were acquired from four
mice from each group. Distinct zones in each map are labeled by
different colors of the vertical side bar and segmented by a white
dashed line; therefore, the hues in each zone can be directly
compared to yield a qualitative impression of the fiber
organization. Although subtle, these maps revealed that following
DMM surgery, collagen fibers within the superficial zone typically
yielded darker hues, indicating a potential disruption in fiber
organization at the onset of OA (Fig. 2a). To represent these
results quantitatively, the 3D directional variance value corre-
sponding to each zone was acquired by averaging the values of all
voxels within a zone, with the mean and standard deviation from
all samples shown in Fig. 2d. Note that all the data were
normalized to the non-surgery control specimen values, and the
asterisks indicate whether there was a significant difference
between DMM and sham at each specific time point. Consistent
with hues shown in the 3D directional variance maps (Fig. 2a),
the collagen fibers in the superficial zone under DMM treatment
exhibited a significantly higher variance level, corresponding to a

Fig. 1 An overview of articular cartilage organization and different types of endogenous contrast for TPEF and SHG imaging. a Schematic (generated
using Microsoft PowerPoint) showing the structure of bone, with the location of articular cartilage marked. b Schematic showing the composition of
cartilage, which can be distinguished into four different zones: superficial, transitional, radial and calcified zone. c A representative transmission image from
a mouse knee cryosection showing the segmentation of these four zones. Representative d NAD(P)H (755 nm ex./460 ± 20 nm em.), e FAD (860 nm ex./
525±25 nm em.), f TPEF signal at 755 nm ex./525 nm em., g SHG image (920 nm ex./460 ± 20 nm em.), h NAD(P)H LLIF-coded image, and i cross-link
LLIF-coded image from the same field. j A representative 3D SHG image stack used for the assessment of collagen fiber organization in a 3D context. Scale
bar: 50 μm.
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degradation in alignment, almost for all the time points except
week 7. As a highly-sensitive tool, this 3D analysis was able to
identify significant differences as early as week 1. It is interesting
to observe that the collagen fiber organization changes followed
an opposite trend in the transitional and radial zones compared
to those in the superficial zone, with DMM leading to lower 3D
variance, i.e., higher levels of collagen fiber alignment, especially
at later time points.

The segmentation of these different zones was validated by
polarized imaging of picrosirius red-stained sections, because
picrosirius bound to collagen and displayed birefringence,
allowing us to visualize collagen fibers (Supplementary Fig. 2).
Using representative 10-week samples, we acquired sequentially
polarized and SHG images of the same field. The zone borders
indicated by the collagen fiber orientation and corresponding 3D
directional variance values generated from SHG images, were
highly consistent with those identified by polarized imaging.
Moreover, our findings regarding changes in the 3D organization

of collagen fibers within the DMM-treated samples were
consistent with changes we observed in fixed and paraffin-
embedded sections from articular cartilage samples from mice
treated with monosodium iodoacetate (MIA, a spontaneous
chemically induced OA model)29. Specifically, histological stain-
ing (Supplementary Fig. 3) and associated SHG and 3D
directional variance maps (Supplementary Fig. 4) highlighted
collagen loss and degradation of fiber organization within the
superficial and radial zones of the MIA-treated samples compared
to the control (PBS-treated) ones.

Representative collagen-associated TPEF images at 755 nm
excitation/525 nm emission, correlating directly with collagen
cross-link levels in our previous studies25,30, are shown in Fig. 2b.
We note that the intensities of the images included in Fig. 2b were
normalized to the corresponding SHG intensity values, so that
they represented cross-link density. The unnormalized intensities
are included in Supplementary Fig. 5. Interestingly, while the
overall levels of cross-link-associated fluorescence decreased in

Fig. 2 Optical metrics acquired from ECM label-free imaging at early stages of osteoarthritis. Representative maps of a 3D directional variance, b cross-
link density, and c cross-link LLIF of the DMM (top), sham (middle), and non-surgery control (bottom), at 1, 2, 3, 7, and 10 weeks post-treatment. Different
zone regions are indicated by different colors on the line adjacent to the specimens. The mean and standard deviation of d 3D directional variance, e cross-
link density, and f cross-link LLIF normalized to non-surgery controls at different time points and distinct zones. *p < 0.05 and **p < 0.01. n = 4 mice for
each group. Scale bar: 30 μm.
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the superficial zone of the DMM specimens, the cross-link density
increased significantly as early as two weeks after surgery and
remained elevated (Fig. 2e). Significant consistent enhancements
in cross-link fluorescence density were observed in the radial zone
at the 7 and 10 week time points (Fig. 2e), similar with the
timeline of the appearance of fiber re-organization changes in this
zone (Fig. 2d). Corresponding fluorescence lifetime maps of
collagen cross-links at different zones and time points, repre-
sented by the cross-link LLIF, are shown in Fig. 2c. The phasors
representing the SHG positive/collagen-rich FLIM image regions
had a highly elliptical shape (Supplementary Fig. 6a), consistent
with a bi-exponential decay. When a line was fitted to such an
ellipse, it intersected the universal semicircle of the phasor space
at points that represented the short- and long-lifetime compo-
nents, with future bio-assays needed to resolve what these
components were. The location of the phasor of each pixel along
this line represented the LLIF, which always ranged between 0
and 1 (Supplementary Fig. 6a), with a higher/lower LLIF
indicating more/less contributions from the long-lifetime com-
ponent and corresponding to a longer/shorter lifetime. Changes
in parameters of ECM, such as pH, viscosity, and oxygen content,
might alter the exact lifetime of the long/short-lifetime compo-
nents and/or their relative contributions31, making cross-link
lifetime measurement a potential tool for evaluation of the milieu
of chondrocytes. The superficial zone of the DMM samples
typically exhibited bluer LLIF hues than the sham group,
indicating a relative enhancement in the levels of cross-links
with a shorter lifetime. These qualitative observations were
confirmed by quantitative analysis of the images (Fig. 2f). The
LLIF was consistently significantly lower within the superficial
zone of the DMM samples (Fig. 2f). However, consistent and
significant differences in the cross-link LLIF were observed in the
transitional zone as early as week 3 (Fig. 2f). Collectively, these
studies highlighted that label-free, two-photon imaging revealed
significant changes in the collagen fiber structural and chemical
integrity within the superficial zone of cartilage tissues immedi-
ately upon the onset of OA (within the first week of DMM
surgery). Changes in the radial zone were detected with some
delay (seven weeks post DMM surgery), but before the onset of
pain (expected at ~week 10 or later)32. Thus, the high spatial
resolution conferred by these microscopic measurements was
critical for detecting such heterogeneous responses in a sensitive
manner. In addition, our results revealed that collagen fiber
organization and content as well as the nature of the cross-links
within the cartilage matrix were all relevant and significant
contributors to OA-associated matrix remodeling.

Chondrocytes undergo dynamic metabolic reprogramming at
early stages post OA-inducing surgery. Focusing on the cellular
components of imaged fields, we sought to exploit the label-free
intensity and lifetime TPEF images to assess the presence and
dynamics of OA-associated metabolic reprogramming. We
extracted several optical metrics of metabolic activity. The
optical redox ratio, defined by our group and others as the
fluorescence intensity ratio of: FAD/[NAD(P)H + FAD], was
acquired from the corresponding FAD and NAD(P)H intensity
images on a per pixel basis, and always varied between 0 and 1
(Supplementary Fig. 7). Representative redox-ratio coded ima-
ges are included in Fig. 3a, highlighting subtle heterogeneities in
the metabolic function of cells within a given field, and more
obvious hue changes over time in the DMM samples compared
to the sham and non-surgery control ones. These qualitative
features were also detected within NAD(P)H LLIF-coded ima-
ges (Fig. 3b). Clone-stamped NAD(P)H intensity images from
the superficial zone of the specimens we imaged are included in

Fig. 3c. While more difficult to interpret intuitively, they indi-
cated differences in the frequency patterns of the intensity
fluctuations (Supplementary Fig. 8), which were analyzed to
yield insights on mitochondrial organization changes. The
patches of higher intensity (yellow/red hues), such as the ones
observed from DMM specimens at the 7 and 10 week time
points, corresponded to higher levels of mitochondrial cluster-
ing or fragmentation. In contrast, relatively uniform intensity
distributions corresponded to lower levels of clustering and
more highly networked mitochondria. In agreement with the
matrix results, we detected significant changes primarily within
the superficial zone of the cartilage as early as two weeks fol-
lowing surgery (Fig. 3d–f). However, the relative increase in
redox ratio and NAD(P)H LLIF and decrease in mitochondrial
fragmentation observed in the DMM samples at the 2 week time
point, were reversed at seven and ten weeks following surgery
(Fig. 3d–f). Together, these results revealed dynamic metabolic
reprogramming of the superficial zone cells. Changes in mito-
chondrial organization were detected within the transitional
and radial zones at the 10 week time point and represented OA-
associated metabolic reprogramming in a highly sensitive
manner more broadly. Since collagen fiber changes were
detected as early as one week, our findings indicated that
metabolic changes followed modifications in the surrounding
matrix.

Human OA specimens exhibit cell metabolic and matrix
changes similar to the ones observed within the mouse OA
model specimens. To assess the possible relevance of our findings
in the mouse DMM OA model to OA in humans, we imaged and
analyzed cartilage specimens from human subjects suffering from
OA. Specifically, articular cartilage specimens were harvested
from knee joints of three patients with OA, who were 63, 65, and
81 years old. Cartilage from the unaffected region served as
normal controls. These unaffected and affected regions were
validated by Safranin O/Fast Green staining and imaging, with
affected regions exhibiting obvious loss of glycosaminoglycan
(GAG) (Supplementary Fig. 9). Sections were made parallel to the
surface of the articular cartilage. Because the ages of the donors
were generally advanced, cartilage samples tended to be less
intact, and could expose cartilage beneath the superficial zone in
some areas. Figure 4a shows representative maps of the collagen
fiber organization, collagen cross-link properties, and cellular
metabolism from the OA-affected and presumably “normal”
(non-OA affected) tissue sections. Differences in the hues of each
one of these metrics between OA and “normal” samples were
visible (Fig. 4a), and quantified for all samples (Fig. 4b–g). Except
for the cross-link LLIF (p = 0.067), all the other optical metrics
exhibited significant differences between the OA and “normal”
groups. Interestingly, the differences between OA and normal
human samples followed the trends we observed between the
DMM and sham mouse knee samples at week 10, confirming the
potential relevance of the model and the label-free optical metrics
we reported.

A combination of cellular optical biomarkers provides insights
into the nature of metabolic reprogramming. In order to gain
insights regarding the nature of the optical metabolic changes we
observed in response to OA pathogenesis, we mapped the optical
redox ratio, NAD(P)H LLIF, and mitochondrial clustering
changes of DMM (or OA) relative to sham (or normal) into our
previously validated database of cellular optical metabolic changes
observed in response to perturbations in distinct metabolic
pathways, including glycolysis and glutaminolysis, extrinsic and
intrinsic mitochondrial uncoupling, and fatty acid (saturated or
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unsaturated) oxidation and synthesis (Fig. 5 and Supplementary
Video 2)19. The range of cellular optical metabolic changes we
detected corresponding to each perturbation was represented by
ellipsoids of different hues, while the changes detected in our
DMM-injured (human OA) samples relative to the corresponding
sham (human “normal”) samples were gray coded (Fig. 5a–f). To
visualize these alterations more readily, we included the centroid
of each ellipsoid in Fig. 5g, and the corresponding projections
along one of the three axes (Fig. 5h). The numbers indicated the
corresponding DMM treatment time points while the human OA
data was marked by a red arrow in the 3D scatterplot and the
two-dimensional (2D) projections. The changes observed at week
2 and 3 were consistent with the changes we observed in our
previous studies upon glucose starvation, which led to enhanced
glutaminolysis and oxidative phosphorylation. At the later time
points, the observed DMM-associated metabolic changes were in
the vicinity of changes we detected upon enhanced glycolysis (in
response to hypoxia) and saturated fatty acid oxidation (in
response to palmitate supplementation).

Informational complementarity from functional and structural
features leads to insights into the presence of OA-associated
changes and the time-dependent progression of OA patho-
genesis. Overall, we obtained six optical metrics corresponding to
functional and structural features of articular cartilage, from both
cells and ECM. Multicollinearity diagnostics was performed for
mouse data from distinct time points and human data, and
supported the lack of multicollinearity (Pearson product-moment
correlation coefficients, jrj<0:7, with representative results from
week 10 mouse data shown in Supplementary Fig. 10), revealing
that there were no offending variables that needed to be elimi-
nated and the independence of these variables. In order to further
investigate the potential impact of the informational com-
plementarity of these optical biomarkers to identify the onset of
OA, we performed linear discriminant analysis using the data
from the superficial zone and assessed the overall and cross-
validated classification accuracy (OCA and CVCA, respectively)
of the model (Table 1). The number of independent samples for
this analysis was small, but the superb classification accuracy of

Fig. 3 Cellular metabolism changes dynamically at early stages of osteoarthritis. Representative maps of a redox ratio, b NAD(P)H LLIF, and
c mitochondrial clustering of the DMM (top), sham (middle), and non-surgery control (bottom), at 1, 2, 3, 7 and 10 weeks post-treatment. The mean and
standard deviation of d redox ratio, e NAD(P)H LLIF, and f mitochondrial clustering normalized to non-surgery control at different time points and distinct
zones. *p < 0.05 and **p < 0.01. n = 4 mice for each group. Scale bar in a and b: 30 μm; Scale bar in c: 100 μm.
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the model highlighted the sensitivity with which these readouts
reported on OA-associated changes from a very early stage. This
high discriminatory power of the combined metrics was high-
lighted (Fig. 6a–f) via viSNE analysis, which is a statistical
dimension-reduction technique that enabled visualization of the
clustering of features attributed to a given group at distinct time
points or from different specimens by considering contributions
from these six biomarkers. The sham and DMM specimens
became increasingly distinct over three weeks. While the
separation was most obvious at the 10 week time point, this was
preceded by a period (7 week time point) of significant remo-
deling (especially in terms of metabolism) when metrics from the
two groups appeared closer and yielded less than perfect dis-
crimination. The classification importance of each metric is
reported in Supplementary Table 1. The viSNE plots included in
Supplementary Figs. 11–16 provide a visual assessment of the
variation of each metric across the DMM and sham specimens
over time as well as between the “normal” and OA human spe-
cimens. The progression of changes as a function of time for the
DMM specimens is highlighted in Fig. 6g. The six-metric com-
bination quantitatively yields 95.9% OCA and 95.3% CVCA for

classifying the 320 fields into the five time points examined (64
image fields from each time point, as detailed in “Methods”). We
note that these are DMM data normalized to the corresponding
mean sham levels at each distinct time point. These studies col-
lectively demonstrate the potential of using a combination of
endogenous optical readouts to acquire sensitive and quantitative
insights into not only the presence of OA-associated structural
and/or functional changes but also the time-dependent progres-
sion of OA pathogenesis in terms of the interplay of matrix and
cellular metabolic remodeling.

Discussion
In this study, we report on dynamic matrix remodeling and
metabolic reprogramming that occur upon the onset of osteoar-
thritis. Our primary evaluations are performed with cryosections
from mouse knees at various points from one to ten weeks fol-
lowing DMM (OA-inducing) or sham surgery. These times
represent the very onset of the disease, since OA-associated pain
typically develops ten weeks following surgery. A main innovative
feature of our study in the context of OA is the use of label-free,

Fig. 4 Measures of 3D collagen fiber organization, cross-link degradation, and cellular metabolism in human articular cartilage suffering from OA.
a Representative maps of (from left to right): 3D directional variance, cross-link density, cross-link LLIF, redox ratio, NAD(P)H LLIF and mitochondrial
clustering, obtained from normal (top) or OA samples (bottom). Patient-based mean and standard deviation of b 3D directional variance, c cross-link
density, d cross-link LLIF, e redox ratio, f NAD(P)H LLIF, and g mitochondrial clustering, with p values indicated in each graph. n = 3 patients for each
group. Scale bar: 50 µm.
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high-resolution, multi-modal two-photon imaging to assess at the
same time the state of cellular function and matrix integrity. As
anticipated, changes are primarily detected in the superficial zone,
as shown in the schematic model that summarizes the structural
and functional changes at early OA stages reported in this study
(Fig. 7), highlighting the importance of spatial resolution. We
identify significant changes as early as the first week following

DMM surgery in the content and organization of the collagen
fibers, along with the fluorescence lifetime of collagen cross-links.
It is worth mentioning that the high-resolution imaging and
quantitative characterization enable more sensitive identification
of organizational remodeling at the onset of OA than traditional
methodologies, such as Safranin O/Fast Green staining, which
validates that early OA takes place following DMM surgery.
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However, note that staining identifies differences between DMM
and OA starting from week 7 only (with representative images
shown in Supplementary Fig. 17), as was the case from our prior
study33. Safranin O staining was quantified using an established
grading method34 where a score was given based on the per-
centage of matrix loss (below 1/3, 1/3–2/3 or over 2/3 in depth
and surface area), with the highest score being 12 and lowest
score being 0. Functional metabolic changes are detected during
the second-week time point; however, the direction and level of
changes in the optical metabolic readouts we characterize indicate
a significant shift in the nature of the metabolic pathways that are
utilized between three and seven weeks. Interestingly, at three and
seven weeks we also detect significant changes in some or all of
the matrix associated metrics of the transitional and radial zones.
It is also of note that for the first and third-week time points all
three of the most discriminatory variables for the DMM-
associated changes are matrix associated, while for all other
groups a combination of metabolic and matrix associated read-
outs is most relevant (Supplementary Table 1). Thus, our data
reveal a rather dynamic interplay between matrix and cellular
functional changes and the unique capabilities of our approach to
characterize these changes in the same specimen.

Throughout this study, both mouse and human cartilage spe-
cimens underwent sucrose equilibration and cryosectioning. In
order to ensure that these processing treatments did not intro-
duce artifacts on intrinsic signals of the ECM and cells leading to
observation of erroneous differences, we compared the fluores-
cence and SHG readouts from frozen and sucrose equilibrated
and cryosectioned porcine cartilage tissues (for ECM assessments,
Supplementary Figs. 18 and 19) and mouse epithelial tissues (for
metabolic assessments, Supplementary Fig. 20). As can be seen

from representative images and corresponding metrics, while the
absolute values of metrics may have been impacted by the pro-
cessing, differences in all metrics between control and trypsin
treated cartilage tissues as well as superficial and deeper epithelial
tissue layers were very similar among frozen and sucrose equili-
brated/cryosectioned tissues. Thus, we expect that the key dif-
ferences we report in matrix and cell metabolic readouts between
control and osteoarthritis-developing samples are not impacted
by the mild sucrose fixation and cryosectioning. In addition, it is
worth mentioning that other auto-fluorescent molecules are not
likely to interfere with our measurements here. Keratin and
melanin are not expected to be present in cartilage, and con-
tributions that are likely associated with intensely fluorescent
lipofuscin are eliminated by thresholding35. Moreover, his-
tochemistry studies suggested that little elastin (the other main
potential endogenous fluorophore within the matrix) was present
in articular cartilage36.

One of the key metrics of 3D collagen organization we report is
the 3D directional variance, as quantified from SHG images. SHG
imaging has advantages for investigating cartilage
organization21,37 surpassing some other imaging approaches,
including optical coherence tomography38, atomic force
microscopy39, magnetic resonance imaging40, Fourier trans-
formed infrared imaging41, and quantitative polarized light
microscopy42, since they are in need of exogenous labels, lack
high resolution, and/or are limited to acquisition of 2D images
only. Since SHG is specific to non-centrosymmetric structure, and
collagen fibers are the main components with such micro-
structure in cartilage, it is reasonable to assume that collagen
fibers are the main voxel elements by selecting SHG positive
voxels. Changes in this 3D directional variance metric are

Fig. 5 Insights on OA-associated metabolic reprogramming using previously established optical metabolic pathway signatures. Combined optical
metabolic readout changes have been reported from similar label-free two-photon images of cells exposed to specific metabolic perturbations including19:
hypoxia (enhanced glycolysis), glucose starvation (enhanced glutaminolysis/oxidative phosphorylation), chemically (CCCP)- and physiologically (cold
activation)-induced uncoupling, unsaturated (oleate) and saturated (palmitate) fatty acid supplementation (oxidation), and induction of adipogenic
differentiation (fatty acid synthesis). The three axes correspond to changes (relative to corresponding controls) of the redox ratio, NAD(P)H LLIF, and
mitochondrial clustering. The ellipsoid surfaces incorporate 75% of all the data for a particular metabolic perturbation. In the same parameter space, we
include the field-based DMM data (relative to sham surgery controls) at a Week 1, b Week 2, c Week 3, d Week 7, and e Week 10, and f the human OA
(relative to healthy controls) specimen changes. g Optical metabolic scatterplot, with each metabolic perturbation represented by the centroid of each
population. The DMM data points for each week are color-coded by gray hues and each distinct time point is marked by number. The human OA data point
is indicated by the red arrow. The blue line indicates the change of cellular metabolism from Week 1 to Week 10. The hue labels for different metabolic
perturbations to the right of the 3D scatterplot apply for all the figure panels. h Corresponding 2D projections of the 3D scatterplot in (g). The dashed
yellow lines indicate the zero level of each metric.

Table 1 Classification accuracy between DMM (OA) and sham (normal) using a single optical parameter.

Parametera Classification accuracy

1 2 3 4 5 6 Week 1 Week 2 Week 3 Week 7 Week 10 Human

● OCA 74.2% 89.1% 92.2% 64.1% 94.5% 64.3%
CVCA 74.2% 88.3% 92.2% 64.1% 94.5% 64.3%

● OCA 68.0% 75.8% 82.8% 82.0% 76.6% 74.6%
CVCA 68.0% 75.0% 82.0% 82.0% 75.8% 74.6%

● OCA 64.8% 57.0% 84.4% 73.4% 70.3% 66.7%
CVCA 64.8% 56.3% 84.4% 73.4% 70.3% 66.7%

● OCA 56.3% 86.7% 69.5% 67.2% 89.8% 64.3%
CVCA 56.3% 85.9% 69.5% 67.2% 89.8% 64.3%

● OCA 53.1% 68.8% 71.9% 64.1% 84.4% 71.4%
CVCA 53.1% 68.8% 71.9% 64.1% 84.4% 71.4%

● OCA 56.3% 65.6% 71.9% 91.4% 89.8% 81.7%
CVCA 56.3% 64.8% 71.9% 91.4% 89.8% 81.7%

aEach number corresponds to a specific optical parameter, detailed as follows.
1: 3D directional variance; 2: cross-link density; 3: cross-link LLIF; 4: Redox ratio; 5: NAD(P)H LLIF; 6: Mitochondrial clustering.
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detected at the earliest time point within the superficial zone and
become significant for the radial and transitional zones at seven
and ten weeks, respectively. The observed increase in 3D direc-
tional variance of the superficial zone within the DMM relative to
the sham specimens at each time point is indicative of collagen
fiber organization loss (Fig. 2). These observations are consistent
with previous studies on human cartilage at early OA stages
(OARSI grade = 1.0–1.5) using polarized light microscopy5 and
on sheep cartilage 8 months post induction of medial meniscal
tear using MRI43. Higher resolution imaging approaches, such as
polarization sensitive optical coherence tomography, revealed
similar changes in ex vivo unstained human articular cartilage
sections of sub-millimeter thickness obtained either post-limb
amputation or post-joint resection, using scores with a number
ranging between 0 and 2 for quantification of collagen fiber dis-
organization based on the movement of polarization bands in the
image44. To understand underlying molecular mechanisms of
collagen degradation in OA, robust mass spectrometry imaging
(MSI) work was employed to identify various disease-specific
markers that differentiated OA and healthy cartilage in humans;
potential OA markers, including cartilage oligomeric matrix
protein (COMP) and fibronectin, were determined to be

associated with structural alterations in ECM45. Significant GAG
losses have also been reported at early stages of OA in human
specimens within the superficial zone46, and these could certainly
contribute to the observed changes in collagen organization since
they are important supportive elements of the collagen fiber
matrix47. The loss of GAG in OA is well-established, but the
change of the collagen landscape is much less understood. Our
study on 3D changes in OA provides key understanding on
overall matrix organizational degradation, especially within the
superficial zone where the destruction initiates. We note, that
detection of collagen fiber organization changes as early as one
week post the onset of DMM or related surgery has not been
reported. In fact, in a previous study we performed using the
same mouse OA model and 2D analysis of corresponding SHG
images, we identified the earliest significant differences at week 3
post-surgery33. This enhanced sensitivity conferred by analysis of
the 3D vs. the 2D collagen fiber organization characteristics is
consistent with our findings in other disease models27,48.

Interestingly, in the transitional and radial zones, the collagen
fibers become more organized following DMM surgery compared
to sham-surgery, as early as 7 weeks post-surgery. It is not clear
whether distinct cell-matrix interactions in these zones vs. the

Fig. 6 viSNE-based visualization within and between group separation based on the combination of the six optical metrics. viSNE maps of mouse model
data at a Week 1, b Week 2, c Week 3, d Week 7, and e Week 10, and f human specimen data. g Overall viSNE map showing the clustering of field-based
data in response to DMM surgery at different time points in the mouse model. DMM data are normalized to the corresponding optical metric mean value
from the sham group at each time point. Different colors correspond to different time points, as labeled to the right of the map. OCA and CVCA values are
marked in each viSNE map.
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superficial zone may play a role in these differences or whether
the distinct collagen organization patterns of normal cartilage in
these zones are responsible for this response. However, this is an
interesting finding that merits further investigation.

Changes in collagen fiber organization are followed by mod-
ifications in the collagen cross-linking, detectable at two weeks in
the superficial zone and as early as two weeks in deeper zones as
well. In this study, the TPEF signal at 755 nm excitation/525 nm
emission was used to represent the cross-linking level, as verified
by mass spectrometry-based assessments from collagen type I of
tendon tissues25. In normal articular cartilage, 90% of the collagen
content is type II collagen (Col II); however, other collagen iso-
forms (IX and XI) fibrils are co-mingled to form fibers dictating
the tissue anisotropy of articular cartilage21. Although the col-
lagen type is different in cartilage and tendon tissues, this mass
spectrometry-validated method for quantifying cross-linking level
is relevant because all the fibril-forming collagen types (types I, II,
III, V, and XI) are cross-linked predominantly through the same
mechanism based on the reactions of aldehydes generated enzy-
matically from lysine (or hydroxylysine) side-chains by lysyl
oxidase49. While the overall cross-link content decreases during
OA, as represented by the raw TPEF signal (Supplementary
Fig. 5), the cross-link density of the fibers that remain in the
cartilage increases significantly. Our results are consistent with
the study by Manning et al. where a decrease in autofluorescence
intensity (355 nm ex./410 ± 20 nm em.) was visualized within
porcine articular cartilage including all zones degraded by treat-
ment of matrix metalloproteinase 1 (MMP-1)6. Our observations
are also consistent with results reported by Kim et al.24; they used
immunostaining to characterize the levels of the collagen cross-
linking enzyme lysyl oxidase (LOX) within cells, as a quantitative
measure of matrix cross-linking level, and they observed an
increase in LOX expression in OA-induced (DMM) mice speci-
mens from week 1 to week 8 post-surgery24. We note, that while
the fluorescence we detect is not directly attributed to LOX-
mediated cross-links, we have found that this signal correlates
highly with LOX-mediated cross-links and LOXL4
expression25,50. Changes in the cross-link LLIF are also detected
early, in fact earlier than fluorescence cross-link-density differ-
ences (Fig. 2c, f). Our findings are consistent with a previous
study which reported a lower autofluorescence lifetime from
cross-links of degraded cartilage matrix by different proteinases

(bacterial collagenase or MMP) using a compact multi-
dimensional fluorometer6. These changes are likely attributed to a
change in the balance of the nature of cross-links that are present.
These organization changes in collagen fibers might also provide
insights into the underlying mechanisms regarding biomechani-
cal function changes at the superficial and partly transitional
zones of murine femoral condyle cartilage, as represented by
significantly reduced nanoindentation modulus 1 week post
DMM surgery, observed from atomic force microscopy (AFM)-
based nanoindentation51. These highly dynamic and spatially
varying changes in collagen fiber organization and cross-linking
indicate that the micromechanical environment experienced by
chondrocytes is highly heterogeneous and more detailed under-
standing of these interactions is needed.

Thus, it is not surprising that the metabolic changes we observe
within cartilage specimens are also highly dynamic and hetero-
geneous (Fig. 7). The elevated redox ratio and NAD(P)H LLIF
and lower mitochondrial fragmentation observed two weeks fol-
lowing DMM surgery are consistent with enhanced oxidative
phosphorylation, leading to abrogation of cytosolic, free NAD(P)
H pools and more fused mitochondria to optimize energy
delivery and possibly prevent mitochondrial autophagy52,53.
Upregulation of oxidative phosphorylation has been reported in
primary bovine chondrocytes in response to nutrient stress, and
has been proposed as a means to promote cell survival54. Inter-
estingly, at later time points and within human OA specimens,
the observed optical metabolic readout changes indicate a
reprogramming of metabolic function towards enhanced glyco-
lysis and/or fatty acid oxidation. Previous observations support
these findings. Cartilage from patients with OA at a later stage of
disease has been shown to exhibit elevated glycolysis to maintain
energy homeostasis55,56. Reactive oxygen species (ROS) involve-
ment in OA pathogenesis has also been reported57. While the
impact of ROS was not assessed in our previous study that
characterized the impact of different metabolic perturbations on
optical metabolic readouts, ROS have been shown to induce cell
apoptosis, which was associated with an increase in redox ratio
and NAD(P)H lifetime, thus partially balancing the decreased
level of these two metrics related to enhanced glycolysis58,59. On
the other hand, excess ROS production was found to cause
depolarization and fragmentation of mitochondria60, which are
also consistent with the changes in mitochondrial organization

Fig. 7 Schematic of matrix and cell metabolic changes at early stages of osteoarthritis. SZ: Superficial zone; TZ: Transitional zone; RZ: Radial zone. This
figure, including every element, is generated using Microsoft PowerPoint.
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induced by enhanced glycolysis and saturated fatty acid synthesis
(Fig. 5h). The observation of subcellular level metabolic changes
and cell-to-cell heterogeneity is enabled by the high resolution
offered by TPEF, which could not be achieved using traditional
imaging tools, such as positron emission tomography (PET)61,
magnetic resonance imaging (MRI)62, near-infrared (NIR) light-
based imaging techniques63–65 and quantitative photoacoustic
tomography (qPAT)66–68. Moreover, such assessments do not
need to ionize the molecules of tissue samples, in contrast to
techniques including mass spectrometry69 and MSI70–72 which
enable detailed investigations into the spatial distribution of
molecular species.

Prior studies have highlighted the importance and dynamic
nature of the interactions between cellular metabolism and ECM
in osteoarthritis73. Inflammation is known to cause increased
glycolysis74,75. One way that increased glycolysis accelerates
matrix damage is through the generation of a more acidic
environment, which inhibits matrix synthesis76. Another way that
increased glycolysis can promote matrix alteration is the induc-
tion of advanced glycation products (AGE)77. Indeed, elevated
AGEs have been found in both human and experimental OA78,
although future work is needed to validate changes of AGEs in
our OA model. The increase in AGE results in an increase in
collagen cross-linking77, which is consistent with our observa-
tions. Furthermore, AGE also can induce oxygen stress that
further exacerbates inflammation, mitochondrial dysfunction,
and chondrocyte cell death79–81. In this way, altered ECM in turn
changes chondrocyte metabolism in OA.

In conclusion, our findings show that multi-parametric TPEF
and SHG imaging of both cells and ECM relying on endogenous
contrast is a valuable investigational approach that enables non-
destructive and quantitative assessments of functional and
structural alterations at an early stage of OA. Quantitative
assessments of cells and ECM simultaneously provide not only
complementary information regarding OA pathogenesis, but also
insights regarding significant interactions between these tissue
compartments. These interactions appear to be complex and
dynamic and multiple techniques will be likely needed to gain a
thorough understanding of the disease. Studies like ours can serve
as a useful guide for more detailed genomic and proteomic stu-
dies, such as MSI, that define underlying biological mechanisms
that produce these optical changes and might enable discovery of
novel OA-specific analytes82. In order to indicate the translational
potential of the optical characterizations we perform in the mouse
DMM model to human OA, we quantify the same optical metrics
from human specimens with advanced OA. We note that the
analysis of human samples is included only to highlight the
relevance of the metrics we describe and to motivate future stu-
dies. Unfortunately, OA disease is more highly advanced in the
human specimens that are readily accessible, since in principle at
early OA stage patients would not experience pain nor have any
invasive procedures. It is also worth mentioning that DMM is just
one of the OA models used for pharmacologic studies. However,
the fact that our findings regarding the nature of matrix and
metabolic changes in the mouse DMM model are consistent with
differences we identify in human OA specimens is promising.
Clearly, more extensive studies with other representative animal
OA models and larger numbers of human specimens are needed
to correlate more rigorously our findings with human OA disease.
In this study, we were limited to assessments of cryosections,
instead of in vivo metabolic and matrix remodeling analysis. Such
measurements would require a probe, since two-photon imaging
is limited to penetration depths that extend typically a few hun-
dred microns from the tissue surface. However, recent develop-
ments of multi-photon microendoscopes may enable translation
of such studies in vivo via minimally invasive procedures83. Such

measurements will offer a unique potential to monitor OA
development and the impact of novel treatments that aim to
interfere with disease onset and progression instead of symptom
relief.

Methods
Articular cartilage tissue preparation. A widely used OA-induction surgery,
DMM, was performed on 8-week-old male BALB/c mice (Taconic, NY, USA)
according to an established protocol84,85. Specifically, the right knee joint was
opened along the medial border of the patellar ligament and the medial menis-
cotibial ligament was severed. The left knee joint received a sham surgery, in which
the ligament was exposed, while not severed. The knee joints from mice under-
going no surgery served as non-surgery controls. We collected knee joints at 1, 2, 3,
7, and 10 weeks post-surgery, from four mice at each time point. These time points
represented early pathological OA changes using this DMM model, in which pain
typically developed at 10 weeks post-surgery. Since both metabolic functions and
collagen organization would be compared between DMM and sham specimens, we
pre-processed these samples by cryosectioning to guarantee the same thickness of
all the samples to minimize the artifacts originating from different sample sizes.
Specifically, instead of paraformaldehyde fixation, knee joint samples were equili-
brated in a 30% sucrose solution for 3 days at 4 °C before being embedded in
optimal cutting temperature (OCT) compound. Sucrose was a common cryopro-
tectant for cryopreserving, used to prevent the formation of ice crystals, which may
compromise the integrity of the cell membrane, produce holes within cells and
loosen the ECM86. OCT-embedded joints were cryosectioned sagittally at 40 µm
thickness. Mouse joint slices mainly included superficial, transitional, and radial
zones of cartilage from the tibia, but also some other regions from the tibia and/or
the femur. Only the tibia regions were considered for our study. All animal pro-
cedures were approved by the Tufts University Institutional Animal Care and Use
Committee (IACUC), and we complied with all relevant ethical regulations for
animal testing and research.

The segmentation of different zones was validated by picrosirius red staining
and polarization-sensitive imaging. Specifically, picrosirius red staining was
performed on mouse cartilage samples at 10 weeks post-surgery following a
standard protocol, in which sections were stained by 0.1% Sirius Red in saturated
picric acid for 1 hour at room temperature, followed by washing with deionized
water87.

To compare our OA-associated readouts with established ones, knee joints were
fixed in 4% paraformaldehyde overnight and then decalcified in 10% EDTA.
Specimens were embedded in paraffin and sagittally sectioned at 5 μm thickness,
followed by staining with 0.1% Safranin O to assess glycosaminoglycan (GAG)
content and counterstaining with Gill’s hematoxylin and 0.02% Fast Green.

In addition, we performed limited optical assessments of an alternative OA
model, i.e., a spontaneous chemically induced model using monosodium
iodoacetate (MIA) treatment29,88, which has been well-established for
recapitulating joint destruction and pain89–92. Compared with the DMM model,
the MIA model induced histologically identifiable joint destruction at an earlier
time, usually within 10 days. Upon MIA injection, there was a surge of
inflammation, which subsequently subsided, as in the case of injury-induced
OA89–92. To establish the MIA model, MIA (5 µg in 5 µL PBS) was directly injected
into the knee joint of male C57B/L6 mice (18 weeks old)29. PBS injection served as
a control. Injections took place daily for 7 days, when the knee joint was harvested,
paraffin embedded, and sectioned for collagen organization analysis93.

We also collected human articular cartilage samples from the tibial plateaus of
patients undergoing total knee replacement surgery for OA at Tufts Medical
Center. The age, sex, and the Mankin scores of these donors were 63 (female, score:
7), 65 (female, score: 9), and 85 (male, score: 8), respectively. Unaffected regions
(Mankin scores below 3) served as normal controls. Human specimens were
processed in the same manner as for mouse ones, but were cryosectioned laterally
at 40 µm thickness along the plane of the articular surface. Since the specimens
were obtained from discarded joint pieces from knee replacement surgery, we were
not able to obtain intact cartilage pieces as in early OA with transitional and radial
zones consistently. Thus, samples were sectioned in parallel to the articular surface.
Due to the more advanced age of the human subjects, the surface zone tended to be
thinner and some cells imaged might be situated in the transitional zone. Human
specimen acquisition protocols were reviewed by Tufts Institutional Review Board
(IRB) and classified as exempt (IRB exempt number: STUDY00003258) because
the samples were deidentified. All relevant ethical regulations were followed.

To validate the affected areas of human cartilage specimens, we collected
samples from human cartilage donors from National Disease Research Interchange
(NDRI) and performed Safranin O/Fast Green staining. OA affected and
unaffected regions were first determined visually based on the smoothness of
cartilage surface, as OA regions typically had fibrillated surface. Then neighboring
areas were sectioned and subject to histological analysis with safranin O to confirm
cartilage integrity and matrix levels, using the same staining protocols as the ones
for mouse cartilage samples as mentioned above.

The impact of sucrose equilibration and cryosectioning of cartilage tissues on
extracellular matrix was evaluated by comparing the collagen-associated
fluorescence and SHG readouts from frozen and cryosectioned control or trypsin-
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treated porcine cartilage tissues. Porcine articular cartilage samples were obtained
frozen from the local market. They were sliced to be 1 cm long and 0.5 cm wide
and maintained at −20 °C prior to usage. To mimic cartilage degradation, porcine
cartilage pieces were treated with trypsin-EDTA at 0.25% (Gibco, ThermoFisher)
overnight, and then washed with medium to stop the reaction and stored in PBS
until use. The porcine cartilage tissues were then processed in a similar way to the
human cartilage tissues, i.e., equilibrated in a 30% sucrose solution for 3 days at
4 °C. Subsequently, the tissues were embedded in an OCT compound and
cryosectioned laterally at 40 μm thickness. In addition, the impact of sucrose
equilibration and cryosectioning of cartilage tissues on metabolic metrics was
evaluated relying on comparisons between frozen and cryosectioned rodent
epithelial tissue layers. The rodent epithelial tissues were processed in a similar way
to mouse cartilage tissues. Specifically, they were excised immediately following
euthanasia, snap frozen in liquid nitrogen, and kept at a −20 °C freezer until
further use. For these experiments, they were removed from the freezer, imaged,
and then equilibrated in a 30% sucrose solution for 3 days at 4 °C. Subsequently,
they were embedded in an OCT compound and cryosectioned sagittally at 40 μm
thickness.

Before multi-photon imaging, knee-joint slices were re-hydrated for 15 min in
PBS and affixed on a glass slide using small drops of 50% glycerol solution and
sealed with a coverslip secured in place with clear nail polish. During the optical
imaging process, we focused on the cartilage of the tibia.

Data acquisition. TPEF and SHG images were obtained using a Leica TCS SP8
confocal microscope equipped with a tunable (680–1300 nm) fs laser (InSight Deep
See; Spectra Physics; Mountain View, CA). Images were acquired using a water-
immersion 25× objective (NA 0.95; 2.4 mm working distance), with simultaneous
collection by two non-descanned hybrid detectors (HyDs) using a filter cube
containing filters from Chroma (Bellows Falls, VT), including a 700 nm short pass
filter (ET700SP-2P) and a 495 nm dichroic mirror (495DCXR). To isolate NAD(P)
H fluorescence, a 460 ± 20 nm emission filter (ET460/40M-2P), was placed before
one of the non-descanned detectors. NAD(P)H fluorescence images were acquired
using 755 nm excitation. Although NAD(P)H had a higher two-photon excitation
action cross-section at shorter wavelengths94, this was the excitation-emission
setting (755 nm ex./460 nm em.) that was used in our previous studies that vali-
dated optical redox ratio estimates to corresponding mass spectrometry ones13,14.
At the time, this was the lowest wavelength provided by commercial Ti:sapphire
lasers yielding sufficient illumination powers for cellular NAD(P)H signal detec-
tion. With current laser systems, lower excitation wavelengths are accessible and
could enhance NAD(P)H signals and possibly our ability to detect optical redox
ratio differences. FAD fluorescence was excited at 860 nm and isolated using a
525 ± 25 nm emission filter (ET525/50M-2P) placed in front of the other non-
descanned detector. The two-photon action cross section of NAD(P)H decreased
by several orders of magnitude between 755 nm and 860 nm excitation, enabling an
efficient isolation of FAD at longer wavelengths. Endogenous fluorescence from
collagen cross-links was collected by the 525 nm channel using 755 nm excitation,
as in our previous study30. In addition to TPEF intensity, we also recorded the
fluorescence lifetime (FLIM) of NAD(P)H and collagen cross-links using a time
correlated single photon counting (TCSPC) system (Pico Harp 300) and SymPho
software. SHG images were acquired using the 460 nm channel at 920 nm exci-
tation. Detector gain was kept the same for the two HyDs and throughout all the
experiments. The image intensity was normalized by the square of the incident
laser power, as measured at the sample plane prior to each experiment. Picrosirius
red-stained images of mouse cartilage samples were viewed using polarized light on
a Zeiss Axioskop2 microscope. Except rodent epithelial tissues, 3D images of all the
other tissue samples were acquired at a resolution of 512 × 512 pixels/386 × 386
µm, recorded for 40 μm depth with a step size of 1 μm. Frozen rodent epithelial
tissues were imaged with a resolution of 512 × 512 pixels/232 × 232 µm, and
cryosectioned ones were imaged with a resolution of 512 × 512 pixels/93 × 93 µm.
For mouse DMM sample imaging, 4 tissue sections per group were prepared from
each mouse (n = 4 mice), and 16 fields were imaged per mouse (4 fields per tissue
section), yielding 64 image fields for each group at each of the five distinct time
points (5 time points × 4 mice/group × 4 tissue sections/mouse × 4 fields/tissue
section = 320 fields for full experiment). For human specimen imaging, 4 tissue
sections per group were prepared from each patient (n = 3 patients), and at least 20
fields were imaged per patient (at least 5 fields per tissue section), which led to no
less than 60 image fields for each of the control and OA groups (3 patients × 4
tissue sections/patient × 5 fields/tissue section). For mouse MIA sample imaging, 3
different samples per group were used and SHG images were acquired from 6 ROIs
of control and 9 ROIs of MIA-treated mouse joints. For both porcine cartilage and
rodent epithelial tissues, 3 different samples per group were used for the study and
images were acquired from 3 ROIs per sample. Regarding the rodent epithelial
tissues, images within 0–10 μm depth were considered from superficial tissues and
images within 30–40 μm were considered from deeper tissues.

Image pre-processing and segmentation between cells and extracellular
matrix. For mouse cartilage analysis, we first rotated each image such that the
articular surface was horizontally aligned, as described previously27. We then
divided the cartilage region into four different zones based on the collagen fiber
alignment. Collagen fibers aligned parallel to the articular surface in the superficial

zone, but perpendicular to the surface in the radial zone. In the transitional zone,
fibers were sinusoidal. The separation between the radial and the calcified zone was
determined by the presence of the endplate, which presented itself as a dark line in
SHG images. All the optical biomarkers proposed in this study were calculated in
the superficial, transitional, and radial zones to provide zonal characteristics within
cartilage. Within the cartilage region, collagen fibers demonstrated relatively strong
signals under SHG imaging, while cells exhibited weak to dark SHG signals.
Therefore, by intensity thresholding within the cartilage region of SHG images, we
were able to separate matrix from cells, and perform quantitative analysis of matrix
organization and cross-linking and cellular metabolism within the corresponding
regions. Moreover, since the nucleus typically showed dark or weak signals in the
NAD(P)H images and lipofuscin was intensely fluorescent, we performed intensity
thresholding to identify the cytoplasm-only region (without the nucleus) and
eliminate signals from lipofuscin for metabolic function analysis. For human and
porcine cartilage specimen analysis, we performed the same pre-processing pro-
cedures except that we did not need to rotate the image nor perform the zonal
segmentation since images were acquired parallel to the surface. For rodent epi-
thelial tissues, intensity thresholding was employed to identify the cytoplasm-only
region for cell metabolic analysis.

3D directional variance assessments. We have previously described in detail the
methods we developed to assess 3D orientation and 3D organization for fiber-like
structures27,95. The 3D orientation algorithm was based on an extension of a
previously established 2D weighted vector summation technique96, and yielded
values of the azimuthal angle θ and the polar angle φ for each voxel using a user-
specified window size (Supplementary Fig. 1a, b). The 3D directional variance
(Supplementary Fig. 1c, d) was generated based on the 3D fiber orientations27, and
its value varied between 0 and 1, with 0 indicating perfectly parallel fiber alignment,
while 1 corresponding to completely random organization. The custom code used
for assessing 3D orientation and organization of fiber-like structures was developed
in MATLAB and available for download at: https://engineering.tufts.edu/bme/
georgakoudi/publications.

To calculate the 3D orientation and 3D directional variance of a certain voxel of
the collagen fiber stack image, as represented by the SHG signal, we first created an
n ´ n ´m voxel window surrounding this voxel, and the SHG intensity information
within this window was used to determine its orientation and organization95. Here
the numbers of n and m for the window size were chosen based on the axial-to-
lateral sampling ratio, so as to guarantee an approximately cubic sized window.
According to our previous studies, a window of two to three times the fiber
diameter led to optimized accuracy orientation results95. In this study, to assess the
localized 3D directional variance, we used 5.3 × 5.3 × 5 µm as the window size for
both orientation and 3D directional variance calculations, since the diameter of
collagen fibers was typically 1–2 µm. While distortions introduced by the elongated
point spread function of our images in the direction of light propagation may
impact the absolute accuracy of the 3D variance assessments, such effects impact
imaging and analysis of all specimens and should not affect the nature of the
reported differences between groups of samples.

Cross-link content analysis. TPEF intensity signal acquired at 755 nm excitation
and 525 ± 25 nm emission within the SHG positive pixels was attributed to collagen
cross-links. The TPEF signal was further normalized by SHG signal as a more
robust biomarker of cross-link density. The cross-link density maps were color-
coded in MATLAB for visualization purposes. The mean cross-link density level
was acquired by averaging the pixel-wise values within the collagen-only area.

Phasor-based fluorescence lifetime analysis. We acquired fluorescence lifetime
images at 755 nm excitation, using the 460 nm emission channel corresponding to
cellular NAD(P)H, and the 525 nm emission corresponding to matrix cross-links.
Then, real and imaginary parts of the Fourier transform of the decay curve at each
pixel were used to determine the two coordinates of a phasor, as previously
defined97. For such a transformation the fluorescence lifetime profile characterized
by a mono-exponential decay was mapped onto a point that fell on the universal
semicircle of the phasor plot, while more complicated decay curves were repre-
sented by points within the semicircle (Supplementary Fig. 6a, c). Fluorescence
lifetime increased in the counter-clockwise direction along the reference arc. If a
fluorescence decay curve was well-described by a bi-exponential function, its
phasor fell on a line within the semicircle, and the two points where the line
intersected the semicircle represented the short- (right intersection) and long-
lifetime (left intersection) components (Supplementary Fig. 6a, c). The relative
position of the point along that line can provide an estimate of the fractional
contributions of the short- and long-lifetime components15,19. Throughout this
study, we used the long-lifetime intensity fraction (LLIF), estimated based on the
location of the centroid of corresponding phasor plots, as a quantitative measure to
resolve both cross-link (Supplementary Fig. 6b) and NAD(P)H (Supplementary
Fig. 6d) fluorescence lifetime information. The LLIF can be quantified for each
pixel, yielding color-coded LLIF image maps. The mean LLIF of cross-links or
NAD(P)H was acquired by averaging the values within only the ECM or the
cellular cytoplasm area, respectively.
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Redox ratio calculation. The optical redox ratio was calculated based on the TPEF
image intensity ratio of FAD/(NAD(P)H + FAD) (Supplementary Fig. 7). The
redox ratio maps were color-coded in MATLAB and multiplied by merged
grayscale intensity images of NAD(P)H and FAD for visualization purposes. The
mean redox ratio was acquired by averaging the values within the cellular
cytoplasm area.

Mitochondrial clustering calculation. Assessment of mitochondrial clustering
was performed using our previously established, automated Fourier-based
approach, which relied on the fact that the quantum efficiency of NAD(P)H
fluorescence was enhanced by ten-fold when NAD(P)H was bound within the
mitochondria17,98. Briefly, the NAD(P)H image intensity patterns (Supplementary
Fig. 8a) within the cytoplasm-only regions (Supplementary Fig. 8b) of each field
were selected and used for the subsequent clone-stamping (i.e., randomly posi-
tioning these selected intensity patterns in the portion of the image originally
occupied by nuclei and inter-cellular areas) to create a new one without distinct cell
and nuclear borders and only cell mitochondria patterns (Supplementary
Fig. 8c)98,99. Then, we acquired the power spectral density (PSD) of the 2D Fourier
transform of the clone-stamped image, and fitted an inverse power law expression
to the portion of the spectrum between 0.1 μm−1 and a high-frequency cut-off
eliminating 2% of the signal (this signal was attributed to noise). The value of the
power law exponent, β, was an indicator of the mitochondrial clustering levels
(Supplementary Fig. 8d). Each random clone-stamping operation might generate a
slightly different image, thus yielding a slightly different β value. To address this
issue, we repeated the clone-stamping operation 20 times and used the average β
value as a representative of the mitochondrial clustering for each image.

Metabolic function 3D scatterplot preparation. In order to gain insights into
cellular metabolic function changes during the progression of OA at early stages,
we mapped the relative changes of the three metabolic metrics, i.e., optical redox
ratio, NAD(P)H LLIF, and mitochondrial clustering, into the corresponding 3D
space with our previously validated database of changes in these metrics attributed
to seven important metabolic perturbations, including glycolysis and glutamino-
lysis/oxidative phosphorylation, extrinsic and intrinsic mitochondrial uncoupling,
and fatty acid oxidation (saturated and unsaturated substrates) and synthesis19. To
achieve this, we acquired the mean values of these three metrics for each image,
calculated the changes of each metric caused by DMM relative to the corre-
sponding sham mouse surgery specimens, or OA relative to “normal” human
specimens, and mapped them into the 3D space, with each of the three coordinates
corresponding to one optical metric. These 3D scatterplots provided an intuitive
impression of the possible dynamic metabolic changes attributed to OA develop-
ment, and enabled visualization of field-to-field metabolic heterogeneity.

viSNE for visualization of classification. The viSNE dimensionality reduction
tool was used to visualize the separation between DMM (OA) and sham (normal)
specimens when considering all six optical biomarkers: 3D directional variance,
cross-link density, cross-link LLIF, redox ratio, NAD(P)H LLIF and mitochondrial
clustering. The viSNE method was initially developed for dealing with cellular
heterogeneity issues, but we extended it to a more general application (e.g., field-
based data in this case). These field-based data were analyzed in Cytobank (www.
cytobank.org) to create a viSNE map100,101. viSNE performed t-distributed sto-
chastic neighbor embedding (t-SNE) to minimize the differences between high-
dimensional space and low-dimensional space, and produced a 2D plot in arbitrary
units. Briefly, a pairwise distance matrix was calculated in high-dimensional space,
which was transformed to a low-dimensional similarity matrix. The points were
randomly mapped in low-dimensional space and iteratively rearranged to mini-
mize the divergence between high-dimensional and low-dimensional similarity
matrices101. To demonstrate the ability to identify specific time-dependent changes
in articular cartilage following OA-induction in the DMM mouse model using a
combination of all the six optical biomarkers, we generated a global viSNE map
including all the time points from the mouse DMM data, as well as separate
maps for mouse and human data. Moreover, the distributions of each optical
biomarker across all the data points on the viSNE map were included to indicate
how well a certain biomarker performed in distinguishing DMM (OA) from sham
(normal).

Statistics and reproducibility. An ANOVA with post hoc Tukey HSD test was
performed to assess significant differences for mouse and porcine articular
cartilage tissues and rodent epithelial tissues using JMP 15 (SAS Institute).
Comparisons from human specimens were done using a two-tailed t-test.
Results were considered significant at p < 0.05. The experimental data were
expressed as mean ± SD for four mice (n = 4) from each group at each time
point and three patients (n = 3). To evaluate the separation model using a
combination of optical biomarkers, canonical linear discriminant analysis was
performed. Discrimination accuracies were calculated with the linear dis-
criminant functions determined and applied using the entire data set (corre-
sponding to OCA value) and a leave-one-out cross-validation scheme
(corresponding to CVCA value) via SPSS. To ensure lack of offending variables
and independence of these six variables, multivariate analysis was implemented

to evaluate multicollinearity between these variables for mouse data from dis-
tinct time points and human data using the Pearson product-moment correla-
tion coefficient r. Pearson correlation coefficients between variables were
reported on the basis of the null hypothesis that r = 0.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The source data that make up all graphs in the paper are shown in Supplementary
Data 1. Any further data that support the findings of this study are available from the
corresponding author upon request.

Code availability
The custom code used for assessing 3D orientation and organization of fiber-like
structures was developed in MATLAB and available for download at: https://engineering.
tufts.edu/bme/georgakoudi/publications, as well as the Zenodo platform102.
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