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Abstract: The preservation conditions of fresh osteochondral allografts for clinical applications are
critical due their objective: to transplant mature hyaline cartilage containing viable chondrocytes,
maintaining their metabolic activity and also preserving the structural and functional characteristics
of the extracellular matrix. The aim of the present study was to compare fluorescence confocal
microscopy and flow cytometry techniques to evaluate the viability of the chondrocytes present in the
osteochondral tissue, in order to determine their effectiveness and thus ensure reproducibility and
robustness of the analysis. To this end, osteochondral allografts from human cadaveric donors were
preserved at 4 ◦C for 3 weeks in a preservation medium supplemented with antibiotic and antifungal
agents. Cell viability of chondrocytes was determined by monitoring the cartilage for 3 weeks of
preservation by confocal fluorescence microscopy and flow cytometry, obtaining cell viabilities of
83.7 ± 2.6% and 55.8 ± 7.8% for week three, respectively. The confocal fluorescence microscopy
approach is more advantageous and accurate, as it correlates better with actual cell viability values
for monitoring osteochondral graft preservation, detecting only the cells that died a natural death
associated with the preservation method.

Keywords: osteoarthritis; osteochondral grafts; chondrocytes cell viability; graft preservation; confocal
fluorescence microscopy; flow cytometry

1. Introduction

Cell viability is the main parameter to be evaluated when fresh osteochondral grafts
are preserved for clinical applications [1–3]. Major studies have used fluorescent confocal
microscopy to analyze the viability of chondrocytes in their natural three-dimensional
arrangement, but only a few have compared different analytical techniques used to quan-
tify this parameter [4,5]. Tetrazolium salt has been used to assess chondrocyte viability in
cartilage preserved in several types of culture medium [6,7]. Other studies have assessed
chondrocyte viability by fluorescent confocal microscopy, establishing it as a better tech-
nique than the use of colorimetric biochemical methods such as lactate dehydrogenase
(LDH), calcein AM-ethidium homodimer-1 or trypan blue [5,8]. Depending on the tech-
nique used to evaluate cell viability, the percentages of living or dead cells will differ due
to the enzymes responsible for the activation of calcein AM or LDH, because biologically,
these molecules have different metabolic pathways. Moreover, the mathematical approxi-
mations used to analyze the experimental data obtained with the various techniques differ:
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a hemocytometer is used to quantify the number of viable cells stained with trypan blue,
while a custom macro is used to quantify histological or confocal fluorescent images. In our
study, we compare flow cytometry and confocal fluorescence microscopy techniques. Flow
cytometry is considered to be an invasive technique, since the method used for sample
preparation involves extracellular matrix enzymatic digestion to isolate the cells in order
to quantify the percentage of live/dead cells. However, other studies have shown that
imaging techniques overestimate the number of viable cells [5]. Furthermore, calcein AM
and 7-AAD viability probes are incubated within the native cartilage by passive transport
from the dye buffer solution to the chondrocytes embedded in the extracellular matrix,
without modifying the native cartilage. Calcein AM produces fluorescence due to the es-
terase activity of viable cells, while 7-AAD is incorporated into nucleic acids of non-viable
cells as a result of plasma membrane compromise.

There is currently no systematic test for assessing cell viability in osteochondral grafts,
nor studies that compare the use of flow cytometry with traditional confocal fluorescent
microscopy. In the present study, femoral condyles were preserved, cell viability was moni-
tored, and the percentage of viable chondrocytes was quantified using semi-quantitative
confocal fluorescence microscopy and quantitative flow cytometry techniques. Establishing
a reference method to assess viability would allow standard assessment of the quality
of osteochondral allografts, facilitating the safe distribution of tissues for transplantation
in young patients with large osteochondral defects who currently do not have effective
alternative treatment to recover functionality of the affected joints.

The aim of our study was to compare these two analytical techniques for quantitative
determination of cell viability of cartilage chondrocytes present in osteochondral allografts
for clinical use. We hypothesize that flow cytometry analysis will allow, using a simpler
technology, a higher degree of system characterization for the detection of live, dead and
early apoptotic cells compared with confocal fluorescence microscopy, which is unable to
distinguish between the double staining that occurs between live and early apoptotic cells.

2. Materials and Methods
2.1. Ethical Considerations

Human samples were obtained, processed, and analyzed according to current guide-
lines in relation to the collection and preservation of human tissues for clinical use (EEC
regulations 2004/23/CE and 2006/17/CE) and in accordance with the protocol and legal re-
quirements for the use of biological samples and biomedical research in Spain (Law 14/2007
and RD 1716/2011). In addition, the acquisition, processing, and preservation of the tissues
used in this study were carried out in accordance with Spanish law on the development
and applications of organ transplants (RD 9/2014). All the information provided before
donation, together with informed consent, guaranteed that the samples obtained were to be
used for clinical applications and/or applied research. The use, protection, communication,
and transfer of personal data complied with local regulations (Law 15/1999).

2.2. Reagents

The following reagents were used in the study: Ringer’s lactate (Fresenius Kabi, IL,
USA, cat # 628339.4), calcein AM (Fisher Scientific SL, MA, USA, cat # 10462052), 7-AAD (BD
Biosciences, NJ, USA, cat # 559925 ), Annexin V (Annexin V–APC, BD Biosciences, NJ, USA,
cat # 550474), Vybrant®® DyeCycleTM Ruby Stain (Invitrogen, MA, USA, cat # V10273),
0.9% NaCl (Braun, Kronberg, Germany, cat # 3570470), PBS (Gibco, MA, USA, cat # 14190-
094), tobramycin (Medicon HealthCare, Maharashtra, India, cat # 672722.5), vancomycin
(Laboratorios Reig Jofré, Barcelona, Spain, cat # 606390.3), amphotericin A (Xalabarder-
Farma, Barcelona, Spain, cat # 820152268), cotrimoxazole (Almirall, Barcelona, Spain,
cat # 656754.8), pronase (Merck Life Science, Darmstadt, Germany, cat # 10165921001), type
II collagenase (Sigma-Aldrich, Darmstadt, Germany, cat # C1764-50MG), DMEM (Gibco,
cat # 619965059), FBS (Biowest, Nuaillé, France, cat # S1860-500), HEPES (Sigma-Aldrich,
cat # H0887-20ML), Glutamine (Biowest, cat # X0550-100), and a penicillin/streptomycin/
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amphotericin cocktail (Antibiotic Antimycotic Solution, Merck, Darmstadt, Germany,
cat # A5955-20ML).

2.3. Osteochondral Tissue Processing

Osteochondral grafts were harvested from deceased donors within 24 h after death
and stored at 4 ◦C. The study used 12 femoral condyles from three human cadaveric
donors, obtained after consent to be used for scientific purposes. Femoral condyles were
processed in class B cleanrooms under a class A laminar flow cabinet in our classified
facilities (Barcelona Tissue Bank (BTB)—Banc de Sang i Teixits (BST); www.bancsang.net
(accessed on 27 August 2022). Soft tissues adjacent to the joint area were removed and the
bone area of the graft was washed with 0.9% NaCl to remove any remaining blood and fat
residues. Condyles were stored for three weeks in physiological medium (Ringer’s lactate)
supplemented with an antibiotic cocktail (tobramycin, vancomycin, cotrimoxazole) and
anti-fungal agent (amphotericin A).

2.4. Cell Viability by Flow Cytometry

For the flow cytometry analysis, cartilage samples were obtained by sagittal cut-
ting (400 mg) and chopped into small fragments. Pre-digestion was carried out with
1 mg/mL pronase dissolved in culture medium (DMEM, 1% HEPES, 1% Glutamine, 1%
penicillin/streptomycin/amphotericin supplement). Cartilage fragments were incubated
for 1h at 37 ◦C with gentle agitation. A second digestion was subsequently performed by
adding 3 mg/mL type II collagenase dissolved in complete culture medium (DMEM, 10%
FBS, 1% HEPES, 1% glutamine, 1% penicillin/streptomycin/amphotericin supplement),
and incubated for 3 h at 37 ◦C with gentle agitation. After digestion, the cell suspen-
sion was filtered through a 70-µm pore membrane filter to remove undigested cartilage
fragments. The cell suspension was then centrifuged at 2400 rpm for 5 min and the pel-
let was resuspended in PBS and divided equally into 6 aliquots. These were incubated
at room temperature (RT) in darkness with the following probes: (i) calcein AM (4 µM
for 30 min), (ii) 7-AAD (0.5 µg/mL for 10 min), (iii) Annexin V (0.5 µg/mL for 10 min),
and (iv) Vybrant®® DyeCycleTM Ruby Stain (5 µM for 15 min). The cell fluorescence
signal (5 × 105 cells/mL and 5000 events per measurement) was acquired using a BD LSR
Fortessa cytometer (Becton Dickinson, San José, CA, USA) using the following lasers and
detectors: (i) Blu-ray/violet, 405 nm and 50 mW; (ii) Pacific blue, 488 nm and 50 mW;
(iii) FITC, 640 nm and 40 mW; and (iv) Alexa Fluor, 647 nm and 50 mW. The data obtained
were analyzed using FACS Diva software (Becton Dickinson).

2.5. Cell Viability by Confocal Fluorescence Microscopy

For the confocal fluorescence microscopy assay, fragments of cartilage were obtained
by sagittal cutting of the cartilage into 2 × 2 mm pieces. Samples were first incubated
with 1 mL of 4 µM calcein AM dissolved in PBS for 30 min at RT in darkness with soft
stirring. They were then washed twice with PBS and incubated with 1 mL of 0.5 µg/mL
7-AAD for 10 min at RT in darkness with soft stirring. They were then washed twice
with PBS. The cell fluorescence signal was acquired by a Leica TCS SP5 confocal inverted
microscope (Leica Microsystems, Mannheim, Germany) on a DMI6000 stand, with the
Leica Application Suite Advanced Fluorescence software (Leica LAS AF, version 2.6.3.8173),
using a 10×/0.4 NA HC PL APO objective. Calcein images were taken with the 488 nm
laser line and emission detection between 495 and 550 nm, taking two averages. Images
of the 7-AAD were taken with the 561 nm laser line and emission detection between
574 and 666 nm, taking two averages. The transmitted light channel was used to set the
limits of the tissue block in the tile scan area, but not for image acquisition. The channels
of 3D stacks were taken sequentially in stack-by-stack acquisition mode. Scanner speed
was set at 600 Hz in bidirectional mode. The cartilage fragment was scanned from the
surface to the deepest area adjacent to the bone, and cartilage images of the superficial,
middle, and deep cartilage area were acquired. The images were bidirectional, captured
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with a 10× magnification objective, at 1024 × 1024-pixel resolution (speed of 600 Hz) using
digital capture software. Images were analyzed using ImageJ Fiji software (1.52p version;
https://imagej.net (accessed on 27 August 2022) through hand-made custom macros that
quantified live and dead cells individually. Projection of an image of all z-stack planes
together was split into 2 channels, to analyze the calcein and 7-AAD signals, respectively.
A threshold value was selected in the histogram to define the value from which the signal
would be counted as a particle. The segmentation tool was then applied to separate all sets
of cells and differentiate them as a single unit. Finally, the particle analysis tool was applied
to count the particles collected in the green and red channels, corresponding to the living
and dead cells, respectively.

2.6. Statistical Analysis

Experiments were performed with cartilage from femoral condyles of at least three
different donors, and each assay was performed with three technical replicates. The percent-
age of cell viability is presented as the mean ± standard error of the mean (MD ± SEM) for:
number of living cells, dead cells, and apoptotic cells, referring in all cases to the total cell
numbers. ANOVA analysis followed by Dunnett’s post hoc test was used for comparisons;
p values less than 0.05 were considered statistically significant. The statistics were determined
using commercial software (GraphPad Prism version 5.00 Windows, GraphPad Software, San
Diego, CA, USA, www.graphpad.com (accessed on 27 August 2022).

3. Results
3.1. Cell Characterization by Flow Cytometry

Cartilage digested and analyzed by flow cytometry showed cells of different sizes,
each incorporating a different amount of calcein AM, as well as small artefacts that also
incorporated it. To ensure that the detected calcein signal corresponded to a cell or artefact,
cell characterization was carried out by flow cytometry. Calcein AM and 7-AAD were used
to assess the percentage of viable and non-viable chondrocytes, respectively, following
enzymatic digestion of cartilage (Figure 1).

Four cell subpopulations were obtained (Figure 1B; P1, P2, P3, P4) with different
patterns of emission for calcein and 7-AAD. Subpopulations P1, P2 and P3 were cal-
cein positive, while P4 was not. The Forward SCatter/Side SCatter (FSC/SSC) pattern
(Figure 1A) provides information about cell size and granularity, respectively. FSC/SSC
was able to identify calcein-positive subpopulations P1 and P3, corresponding to viable cells
(Figure 1C,D, respectively) and calcein-negative subpopulations P2 and P4, corresponding
to cellular debris and non-viable cells (Figure 1E,F, respectively).

The cell cycle study with the Vybrant®® DyeCycleTM Ruby Stain (Ruby), without
calcein, shows the DNA concentration, which allows the chondrocyte cell cycle pattern to
be described, versus the FSC/SSC pattern, which is used to describe the cell morphology
(Figure 2). The Ruby plot showed Ruby-positive (orange) and Ruby-negative (yellow)
populations (Figure 2A). The Ruby-negative population corresponds to dead cells with
highly degraded DNA and cellular debris (Figure 2B; yellow), with a pattern consistent
with background in FSC/SSC and therefore with P2 and P4 populations (Figure 1E,F).
The Ruby-positive population corresponds to those cells with intact DNA (Figure 2C;
orange) with a size/cellular complexity pattern consistent with a living cell in FSC/SSC
and therefore P1 and P3 populations (Figure 1C,D). Cellular debris of apoptotic and/or
necrotic cells has highly fragmented DNA (Figure 1D) and an FSC/SSC pattern typical of
non-viable cells (Figure 1E,F). The Ruby histogram showed two populations: (i) a double
peak, corresponding to those cells that are within the cell cycle (Figure 2D; orange); and
(ii) a broad band, corresponding to apoptotic or necrotic cells (Figure 2D; yellow).

https://imagej.net
www.graphpad.com
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Figure 1. Flow cytometry analysis of cell viability of digested cartilage. Cell size (FSC) vs. cellular
complexity (SSC) signals of the total population of: total cartilage digested (A); sub-population P1 of
viable cells, calcein+ (C); sub-population P3 of viable cells, calcein+ (D); sub-population P2, calcein-
(E); sub-population P4, calcein- (F). Calcein and 7-AAD signal of the total population (B).

P1 and P3 populations (Figure 2C) are thus considered living cells, because (i) both
FSC/SSC plots show a cell size pattern, although P3 has a smaller cell size than P1; (ii) the
positive staining for Ruby indicates that they are within the cell cycle; and (iii) both
populations are calcein positive, although P3 incorporates less calcein than P1. However,
the P2 and P4 populations (Figure 2B) are not considered living cells, since for both
populations, the FSC/SSC plot shows small particles that are not within the cell cycle, as
indicated by their negative Ruby signal.
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complexity (SSC) of P1 + P3 populations (C); Histogram of Ruby fluorescence signal (D).

3.2. Cell Viability Calculation and Apoptosis

Flow cytometry analysis was performed to quantify, from P1 and P3 populations, the
chondrocytes from cartilage preserved at day 0, and 1, 2 and 3 weeks. Flow cytometry plots
show living, early apoptotic and dead cells after labeling with calcein AM, Annexin V and
7-AAD (Figure 3).
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Figure 3. Flow cytometry analysis of cell viability of cartilage preserved at day 0, and at weeks 1, 2
and 3. Channels shown: calcein (B530-A), 7-AAD (B695-A) and Annexin V (R660-A). Plots shown:
day 0 (A,B), week 1 (C,D), week 2 (E,F), and week 3 (G,H).

As stated by the percentages viability over time presented in Figure 4, cell viability
showed a very low ratio of early apoptotic cells with respect to the total number of cells
(Figure 4B). The number of early apoptotic cells was negligible with respect to the total
number of living cells (Figure 4A). Cell viability only remained above 80% during week
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1, since at weeks 2 and 3, it decreased to around 55.8 ± 7.8%, which corresponds to the
increase in the number of late apoptotic cells in the last two weeks of graft preservation
(Figure 4C).
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Figure 4. Cell viability of cartilage preserved at day 0 and at weeks 1, 2 and 3. Plotted from
data obtained from flow cytometry analysis (Figure 3). Living cells (calcein+) (A); early apoptotic
cells (Annexin V + 0 (B); late apoptotic cells (7-AAD+) (C). Statistical test: results are shown as
mean ± SEM (n = 3) after performing non-parametric ANOVA followed by Dunnett’s post test.
Differences between results are considered statically significant at a value of p < 0.05: * p < 0.05,
** p < 0.01. Differences between results considered non-statistically significant are indicated as ns.

3.3. Cell Viability by Confocal Fluorescence Microscopy

Cell viability was determined by confocal fluorescence microscopy of chondrocytes
embedded in a slice of human articular cartilage scanned from the surface to the deepest
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area adjacent to the bone. Fluorescent images of chondrocytes in the superficial, inter-
mediate, and deep area of the cartilage were acquired. The same flow cytometry donors
were assessed and their cell viability monitored at day 0, and at 1, 2 and 3 weeks of graft
preservation. Fluorescent cell viability images showed the cartilage stained with calcein
AM and 7-AAD, to detect live and dead cells, respectively (Figure 5A–H). Plotted data was
obtained from the cell viability confocal fluorescence images thorough cell counting with
ImageJ software. Cell viability was 92.3 ± 5.5%, 90.3 ± 7.6%, 88.3 ± 5.8% and 83.7 ± 2.6%
for day 0, and weeks 1, 2 and 3, respectively (Figure 5I).
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4. Discussion

Our study compared two methods for assessing cell viability in osteochondral grafts.
As a result, the cell viability of chondrocytes measured by confocal fluorescence microscopy
and flow cytometry was 83.7 ± 2.6% and 55.8 ± 7.8% for week three, respectively. Contrary
to our hypothesis, confocal fluorescence microscopy approach is more advantageous and
accurate, as it correlates better with actual cell viability values for monitoring osteochondral
graft preservation, detecting only the cells that died a natural death associated with the
preservation method.

Although several scientific studies have explored the best method for preserving fresh
osteochondral grafts, no consensus has yet been reached regarding the ideal preservation
media [4,9–17]. Considering these previous studies as a whole, several preservation media
appear to be suitable for maintaining the viability of osteochondral allografts, but it is
unclear which medium facilitates better chondrocyte survival, owing to the heterogeneity
of results among studies. We hypothesize that these different cell viability results are due
to the complexity of analyzing fluorescent confocal microscopy images, since there is no
systematic standardized method to determine the cell count using microscopy images.
Several approaches have been used to determine chondrocyte viability, such as LDH histo-
chemical staining, calcein AM-ethidium homodimer-1 (CaAM-EthH) staining measured
with confocal microscopy and cartilage digestion followed by trypan blue assay [5]. In
relation to the quantification of living and dead cells, the study showed that CaAM-EthH
was the only technique to overestimate the cell numbers; however, it was the most appro-
priate for providing valuable information related with the native cartilage. Furthermore,
when LDH histochemical staining was compared with calcein AM-ethidium homodimer-1
staining, measured with confocal microscopy, it resulted in a greater percentage of viable
cells analyzed with confocal microscopy than with LDH histochemical staining [8]. In
flow cytometry, the cell solution resulting from digested cartilage is mixed with calcein
AM and 7-AAD, which selectively enter living and dead cells, respectively, thus enabling
their quantification. The final percentage of cell viability corresponds to the sum of the
cells that died due to the stress suffered during the digestion process plus the number
of cells that died due to the graft preservation process itself. In contrast, the confocal
fluorescent microscopy technique overcomes these limitations methods used maintain its
original histological architecture. The cell viability results obtained differed depending
on the analysis technique used. Fluorescent confocal microscopy presented 83.7 ± 2.6%
viability compared with 55.8 ± 7.8% viability obtained using flow cytometry, after three
weeks’ tissue preservation. Flow cytometry results were lower, as previous enzymatic
digestion of the cartilage matrix causes cell death inherent to the sample preparation, but
not values determined compared with the real cell viability, due to natural causes associ-
ated with the preservation method used. In contrast, analysis using confocal fluorescence
microscopy allows the preserved osteochondral allografts to maintain their cell viability as
described previously [18–20]. Evaluation of cell viability by confocal fluorescence imaging
enables analysis of cartilage samples in their real state of preservation because cartilage
does not require significant processing steps prior to analysis. Conversely, the post-analysis
methodology used to count living and dead cells is less systematic, producing variations
between studies [4,9–17]. Mathematical treatment of fluorescence images to obtain a live-
dead ratio involves a hand-made design of macro templates that include particle cluster
fragmentation, and it establishes a fluorescence signal threshold from which the signal
is considered a particle (and counted as a cell) or is discarded. Other scientific studies
support this evidence, concluding that overestimation of the total cell count by confocal
fluorescence microscopy can be explained due to random factors derived from inaccurate
calculation of the effective volume of the scanned cartilage fragment, the refractive index
of the cartilaginous tissue, and the water content and the angle of the scans by which
the fluorescence images are acquired [5]. Thus, quantification of cell viability using the
laser scanning confocal microscopy technique can give poorly reproducible results in cell
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detection as a result of the water content, extracellular matrix, and the optical properties of
the cartilage sample.

Aside from the method used to perform post analysis, another point that has been
taken into account is the ability of the technique to distinguish between living and apoptotic
cells. Calcein AM is a probe that has the ability to penetrate the plasma membrane of cells.
In contrast, 7-AAD is a large molecular size probe that is able to intercalate to the nucleic
acids of non-viable cells with a compromised extracellular membrane. When intercalated,
the 7-AAD/DNA complex allows the quantification of non-viable cells. Annexin V is a
specific marker of apoptotic cells that binds to the phosphatidylserine protein when it
translocates from the inside to the outside of the plasma membrane. This occurs when
the cell enters in apoptosis, since phosphatidylserine has the function of signaling to the
macrophages that the apoptotic cell must be phagocytized [21]. When intercalated, the
Annexin V/phosphatidylserine complex permits the quantification of apoptotic cells. In
addition, in the flow cytometry technique, chondrocytes can be labeled with a cell cycle
probe as a control for the correct allocation of subpopulations of living or apoptotic cells.
This analysis evaluates the phase of the cell cycle in which the cells are found by staining
them with the Ruby probe because of its ability to penetrate the extracellular membrane of
viable cells and intercalate with their DNA. When viable cells are in one of the different
phases of the cell cycle (G0/G1, S or G2/M), a DNA fluorescence spectrum is obtained
after irradiation. The signal results in a double peak emission pattern of different intensity
depending on the amount of DNA contained in the cells, according to the phase of the cell
cycle in which the cells are found. In contrast, apoptotic cells have their DNA so fragmented
that Ruby staining is negative. Furthermore, necrotic cells appear in the initial broadband,
corresponding to low DNA concentrations. Calcein AM produces double staining as this
probe is incorporated by both living and early apoptotic cells, but the post-analysis method
does not have the ability to differentiate between this double staining. Thus, it counts a
fraction of the cell population that becomes apoptotic really early as a living cell, since the
former also produce stain positive for calcein. In contrast, flow cytometry detects early
apoptotic cells in the Ruby histogram area, delimiting the wide peak of degraded DNA
and the double peak corresponding to the cell cycle. In addition, it is also possible to
differentiate early apoptotic cells, as these stain positive for Annexin V. However, although
flow cytometry makes it possible to distinguish between live and early apoptotic cells, the
cell viability result is lower compared with the real value, since this technique counts dead
and early apoptotic cells produced by the enzymatic digestion of the sample and not by the
viability resulting from the graft preservation method.

Each analytical technique has its advantages and limitations, and it must be assumed
that, depending on the analytical technique used and the parameters fixed by the analyst,
the cell viability threshold value obtained after preserving the allograft will be different.
Confocal fluorescence microscopy is more advantageous or convenient to flow cytometry
in terms of simplicity and required laboratory time, since the sample does not require
pre-treatment. This means that the cell viability results obtained correlate better with the
state of viability of the cells at the time of preservation. In addition, it provides information
on cell distribution and morphology. However, it has two limitations: (1) the inability to
discern apoptotic cells, including them as living cells and therefore overestimating counting
them as living; and (2) the subjectivity of the post-analysis method used is a function of
the hand-made macros used, which produces a deviation between the results found in
different studies. The flow cytometry technique is superior in terms of accuracy, since it
can distinguish between living, dead and apoptotic cells. However, it has more limitations
than confocal fluorescence microscopy. The results obtained using this technique do not
accurately reflect the real cell viability values, as it underestimates the number of living cells
by counting cells affected by enzymatic digestion of the sample, which are not associated
with the natural death due to the cartilage preservation method, as dead or apoptotic.
In addition, it provides no information about cell distribution or morphology. It is less
advantageous in terms of time and simplicity, since it requires a long protocol for digestion
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of the cartilage fragments, as well as incubation of the different fluorescence probes. Both
stages require a total time of approximately 6 h until cytometry measurements can be
performed. In contrast, the confocal fluorescence microscopy technique only requires about
45 min of sample preparation until the images can be acquired.

5. Conclusions

Overall, although the post-analysis method used is complex, the confocal fluorescence
microscopy approach is more advantageous and accurate than flow cytometry. It correlates
better with real cell viability values because it does not require additional digestion steps
that likely alter the osteochondral matrix tissue. Additionally, confocal fluorescence mi-
croscopy is methodologically simpler than flow cytometry in terms of sample preparation,
despite the complexity of the post-analysis needed. Moreover, flow cytometry approach
overestimates the number of dead cells as it is not possible to differentiate between cell
death related to preservation method and the procedure itself. Regardless of the limitations
of each technique, confocal fluorescence microscopy is an effective technique to evaluate
cell viability and to assure sufficient quality of osteochondral grafts for clinical applications.

Author Contributions: P.L.-C. designed and performed experiments, analyzed data, wrote the
manuscript, and expressed final approval of the manuscript for publication. T.R.-T. performed the
experiments and analyzed the data. O.F., P.-E.G., R.-P.C.-M. and A.V. critically revised the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We would like to thank all the donors and their families who, with their altruistic
act of donation, have allowed us to perform this study. We would also like to thank the transplant
coordinators, Donor Center (Hospital Clínic de Barcelona) and recovery teams for their work that
made it possible to obtain the samples used in this study. This study had the support of the Banc de
Sang i Teixits, a governmental public company of Catalonia that pertains to the Departament de Salut
de la Generalitat de Catalunya (Government of Catalonia Ministry of Health).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anderson, Z.N.; Lang, S.D.; Haus, A.; Gilmer, B.B. Osteochondral Allograft Transplantation Of Posterior Femoral Condyle

Lesions Utilizing An Open Posterior Approach To The Knee. Arthrosc. Tech. 2022, 11, e1487–e1492. [CrossRef] [PubMed]
2. Swindell, H.W.; Kerzner, B.; Obioha, O.A.; Fortier, L.M.; Khan, Z.A.; Dasari, S.P.; Mameri, E.S.; Gelber, P.E.; Chahla, J. Os-

teochondral Allograft Transplantation of the Lateral Femoral Condyle and Distal Femoral Osteotomy in the Setting of Failed
Osteochondritis Dissecans Fixation. Arthrosc. Tech. 2022, 11, e1301–e1310. [CrossRef] [PubMed]

3. Lai, W.C.; Bohlen, H.L.; Fackler, N.P.; Wang, D. Osteochondral Allografts in Knee Surgery: Narrative Review of Evidence to Date.
Orthop. Res. Rev. 2022, 14, 263–274. [CrossRef] [PubMed]

4. Onuma, K.; Urabe, K.; Naruse, K.; Uchida, K.; Itoman, M. Allogenic serum improves cold preservation of osteochondral allografts
hand. Clin. Orthop. Relat. Res. 2012, 470, 2905–2914. [CrossRef] [PubMed]

5. Gantenbein-Ritter, B.; Potier, E.; Zeiter, S.; van der Werf, M.; Sprecher, C.M.; Ito, K. Accuracy of three techniques to determine cell
viability in 3D tissues or scaffolds. Tissue Eng. Part C Methods 2008, 14, 353–358. [CrossRef] [PubMed]

6. Stoker, A.M.; Stannard, J.P.; Kuroki, K.; Bozynski, C.C.; Pfeiffer, F.M.; Cook, J.L. Validation of the Missouri Osteochondral Allograft
Preservation System for the Maintenance of Osteochondral Allograft Quality During Prolonged Storage. Am. J. Sports Med. 2018,
46, 58–65. [CrossRef]

7. Denbeigh, J.M.; Hevesi, M.; Paggi, C.A.; Resch, Z.T.; Bagheri, L.; Mara, K.; Arani, A.; Zhang, C.; Larson, A.N.; Saris, D.B.; et al.
Modernizing Storage Conditions for Fresh Osteochondral Allografts by Optimizing Viability at Physiologic Temperatures and
Conditions. Cartilage 2021, 13, 280S–292S. [CrossRef]

8. Rauch, B.; Edwards, R.B.; Lu, Y.; Hao, Z.; Muir, P.; Markel, M.D. Comparison of techniques for determination of chondrocyte
viability after thermal injury. Am. J. Vet. Res. 2006, 67, 1280–1285. [CrossRef]

http://doi.org/10.1016/j.eats.2022.03.040
http://www.ncbi.nlm.nih.gov/pubmed/36061460
http://doi.org/10.1016/j.eats.2022.03.014
http://www.ncbi.nlm.nih.gov/pubmed/35936851
http://doi.org/10.2147/ORR.S253761
http://www.ncbi.nlm.nih.gov/pubmed/35979427
http://doi.org/10.1007/s11999-011-2182-6
http://www.ncbi.nlm.nih.gov/pubmed/22095130
http://doi.org/10.1089/ten.tec.2008.0313
http://www.ncbi.nlm.nih.gov/pubmed/18800876
http://doi.org/10.1177/0363546517727516
http://doi.org/10.1177/1947603519888798
http://doi.org/10.2460/ajvr.67.8.1280


Bioengineering 2022, 9, 515 13 of 13

9. Allen, R.T.; Robertson, C.M.; Pennock, A.T.; Bugbee, W.D.; Harwood, F.L.; Van, W.W.; Chen, A.C.; Sah, R.L.; Amiel, D. Analysis of
stored osteochondral allografts at the time of surgical implantation. Am. J. Sports Med. 2005, 33, 1479–1484. [CrossRef]

10. Williams, R.J.; Dreese, J.C.; Chen, C.T. Chondrocyte Survival and Material Properties of Hypothermically Stored Cartilage: An
Evaluation of Tissue Used for Osteochondral Allograft Transplantation. Am. J. Sports Med. 2004, 32, 132–139. [CrossRef]

11. Mickevicius, T.; Pockevicius, A.; Kucinskas, A.; Gudas, R.; Maciulaitis, J.; Noreikaite, A.; Usas, A. Impact of storage conditions on
electromechanical, histological and histochemical properties of osteochondral allografts. BMC Musculoskelet. Disord. 2015, 16,
1–12. [CrossRef] [PubMed]

12. LaPrade, R.F.; Botker, J.; Herzog, M.; Agel, J. Refrigerated osteoarticular allografts to treat articular cartilage defects of the femoral
condyles: A prospective outcomes study. J. Bone Jt. Surg. Ser. A 2009, 91, 805–811. [CrossRef] [PubMed]

13. Bugbee, W.D.; Pallante-Kichura, A.L.; Görtz, S.; Amiel, D.; Sah, R. Osteochondral allograft transplantation in cartilage repair:
Graft storage paradigm, translational models, and clinical applications. J. Orthop. Res. 2016, 34, 31–38. [CrossRef] [PubMed]

14. Qi, J.; Hu, Z.; Song, H.; Chen, B.; Xie, D.; Zhou, L.; Zhang, Y. Cartilage storage at 4 ◦C with regular culture medium replacement
benefits chondrocyte viability of osteochondral grafts in vitro. Cell Tissue Bank. 2016, 17, 473–479. [CrossRef]

15. Pallante, A.L.; Bae, W.C.; Chen, A.C.; Görtz, S.; Bugbee, W.D.; Sah, R.L. Chondrocyte Viability is Higher after Prolonged Storage
at 37 ◦C Than at 4 C for Osteochondral Grafts. Am. J. Sports Med. 2009, 37, 24S–32S. [CrossRef]

16. Cook, J.L.; Stoker, A.; Stannard, J.P.; Kuroki, K.; Cook, C.R.; Pfeiffer, F.; Bozynski, C.; Hung, C.T. A Novel System Improves
Preservation of Osteochondral Allografts. Clin. Orthop. Relat. Res. 2014, 472, 3404–3414. [CrossRef]

17. Garrity, J.T.; Stoker, A.M.; Sims, H.J.; Cook, J.L. Improved osteochondral allograft preservation using serum-free media at body
temperature. Am. J. Sports Med. 2012, 40, 2542–2548. [CrossRef]

18. Buckwalter, J.A.M.H. Articular Cartilage. Part II: Degeneration and Osteoarthrosis, Repair, Regeneration, and Transplantation. J.
Bone Jt. Surg. Am. 1997, 79, 612–632. [CrossRef]

19. Vallier, H.A.; Nork, S.E.; Benirschke, S.K.; Sangeorzan, B.J. Surgical treatment of talar body fractures. J. Bone Joint. Surg. Am. 2004,
86, 180–192. [CrossRef]

20. Williams, J.M.; Virdi, A.S.; Pylawka, T.K.; Edwards, R.B.; Markel, M.D.; Cole, B.J. Prolonged-fresh preservation of intact whole
canine femoral condyles for the potential use as osteochondral allografts. J. Orthop. Res. 2005, 23, 831–837. [CrossRef]

21. van Engeland, M.; Nieland, L.J.W.; Ramaekers, F.C.S.; Schutte, B.; Reutelingsperger, C.P.M. Annexin V-affinity assay: A review on
an apoptosis detection system based on phosphatidylserine exposure. Cytometry 1998, 31, 1–9. [CrossRef]

http://doi.org/10.1177/0363546505275010
http://doi.org/10.1177/0095399703258733
http://doi.org/10.1186/s12891-015-0776-y
http://www.ncbi.nlm.nih.gov/pubmed/26497227
http://doi.org/10.2106/JBJS.H.00703
http://www.ncbi.nlm.nih.gov/pubmed/19339564
http://doi.org/10.1002/jor.22998
http://www.ncbi.nlm.nih.gov/pubmed/26234194
http://doi.org/10.1007/s10561-016-9556-7
http://doi.org/10.1177/0363546509351496
http://doi.org/10.1007/s11999-014-3773-9
http://doi.org/10.1177/0363546512458575
http://doi.org/10.2106/00004623-199704000-00022
http://doi.org/10.2106/00004623-200409001-00008
http://doi.org/10.1016/j.orthres.2004.07.007
http://doi.org/10.1002/(SICI)1097-0320(19980101)31:1&lt;1::AID-CYTO1&gt;3.0.CO;2-R

	Introduction 
	Materials and Methods 
	Ethical Considerations 
	Reagents 
	Osteochondral Tissue Processing 
	Cell Viability by Flow Cytometry 
	Cell Viability by Confocal Fluorescence Microscopy 
	Statistical Analysis 

	Results 
	Cell Characterization by Flow Cytometry 
	Cell Viability Calculation and Apoptosis 
	Cell Viability by Confocal Fluorescence Microscopy 

	Discussion 
	Conclusions 
	References

