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a b s t r a c t

Introduction: Mesenchymal stem cells (MSCs) are increasingly used for intra-articular injections in the
treatment of knee osteoarthritis. The aim of this study was to use scanning electron microscopy (SEM) to
compare the morphological characteristics of synovial and adipose MSCs.
Methods: Synovium and adipose tissues were concurrently harvested from eight patients with knee
osteoarthritis. Suspensions of both synovial and adipose MSCs were examined to identify the presence of
microspikes. In addition to this study, the MSC suspensions in four patients were applied to abraded
porcine cartilage discs and observed 10 s, 10 min, and 1 h later.
Results: The median percentage of cells exhibiting microspikes was 14% for synovial MSC suspensions
and 13% for adipose MSC suspensions; this difference was not statistically significant (n ¼ 8). No notable
differences were detected in the number of adherent cells or in the proportion of cells displaying
microspikes or pseudopodia. Strong correlations were found between the proportion of cells with
pseudopodia and the number of attached cells for both synovial (r ¼ 0.92, n ¼ 12) and adipose (r ¼ 0.86,
n ¼ 12) MSCs, with no significant difference in the correlation coefficients between the two groups.
Conclusion: SEM analysis revealed no obvious differences in morphological characteristics during MSC
adhesion to cartilage for either synovial or adipose MSCs.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction medications, and intra-articular injections of hyaluronic acid or
Osteoarthritis of the knee is a degenerative disease that occurs
mainly with aging. Its main features are knee pain and impairment
of walking function due to the loss of the cartilage matrix [1].
Conservative treatment includes exercise therapy, analgesic
M, scanning electron micro-
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steroids [2]. Recently, interest has been growing in intra-articular
injection of mesenchymal stem cells (MSCs) as a treatment for
knee osteoarthritis [3]. One source of these MSCs is the knee
synovium [4].

The intra-articular injection of synovial MSCs has been shown to
refurbish the knee cartilage, as analyzed by three-dimensional MRI
[5], with a resulting improvement in patient-oriented assessments
of pain and other symptoms. In a rat model of osteoarthritis, the
majority of the injected synovial MSCs adhered to the synovium,
resulting in increased gene expression related to lubrication,
cartilage matrix production, and anti-inflammation [6,7]. This
response suggests that these cells are involved in the generation of
medicinal signaling [8].

Scanning electron microscopy (SEM) observation of synovial
MSCs reveals characteristic structures, such as microspikes, blebs,
and pseudopodia. Each of these structures has a general biological
role. Microspikes have a reported involvement in migration,
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Morphology of synovial MSCs and adipose MSCs in suspension. (A) Represen-
tative SEM images showing human synovial MSCs and adipose MSCs with microspikes,
blebs, or neither microspikes nor blebs. (B) Proportion of cells with microspikes or
blebs in suspensions of synovial MSCs and adipose MSCs. MSCs were isolated from
synovium and adipose tissue collected from the same donor. Synovial MSCs and adi-
pose MSCs in suspension were observed by SEM across a sample of 50 cells, and the
proportion of cells with microspikes or blebs was calculated. Results from eight
different donors are presented individually. N.S. indicates no significant difference as
determined by the sign test (n ¼ 8).
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sensing, and cellecell adhesion [9]. Blebs are associated with cell
movement, cell division, and programmed cell death [10,11].
Pseudopodia play roles in cell motility [12] and particle capture
[13]. We previously reported that synovial MSCs possess micro-
spikes that interact with collagen fibers on the surface of degen-
erated cartilage to aid in adhesion to early-phase cartilage.
Pseudopodia subsequently play a role in this adhesion process [14].
These findings suggest a possible mechanism whereby injected
MSCs directly adhere to and restore degenerated cartilage.

MSCsderived fromadipose tissues are increasingly used for intra-
articular injections in the treatment of knee osteoarthritis [15], pri-
marily because adipose tissues can be harvested from subcutaneous
fat and are readily obtainable from elderly patients. However, the
ultrastructure of adiposeMSCs and their role in adhesion to cartilage
tissue remain unclear. The purpose of this study was to use SEM to
compare the ultrastructure of adipose MSCs and synovial MSCs, as
the latter have undergone more extensive analysis. By focusing on
microspikes and pseudopodia, we hope to gain insight into how
effectively adipose MSCs adhere to degenerated knee cartilage and
their potential for repairing knee cartilage degeneration.

2. Methods

2.1. Isolation of human synovial and adipose MSCs

The procedures involving human cells were performed in
accordance with the standards of the Declaration of Helsinki (1989)
and were approved by the Medical Research Ethics Committee of
Tokyo Medical and Dental University. Written informed consent
was obtained from all the study subjects.

Human synovium and adipose tissue were harvested from the
knees of eight osteoarthritis patients (4 males and 4 females, aged
60e80 years, with a median age of 70 years) during total knee
arthroplasty operations. The synovium was harvested from the
femoral side at the suprapatellar pouch, and adipose tissue was ob-
tained from the subcutaneous layer under the knee skin incision [16].

The synovium and adipose tissue were minced and digested in a
solution of 3 mg/mL collagenase (Sigma-Aldrich, St Louis, MO, USA)
for 3 h at 37 �C, and the digest was filtered through a 70 mm cell
strainer (Greiner Bio-One GmbH, Frickenhausen, Germany). The ob-
tained nucleated cells were cultured in a growth medium consisting
of a-MEM (Thermo Fisher Scientific, Rockford, IL, USA), 1%
antibioticeantimycotic (Thermo Fisher Scientific), and 10% fetal
bovine serum(ThermoFisher Scientific) for14days at37 �C in5%CO2.
The resulting human synovial MSCs were harvested at passage 0 and
stocked in 95% growth medium and 5% dimethyl sulfoxide (Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan). Stocked MSCs at
passage 0were thawed and cultured for 14days in growthmedium in
a 145 cm2 dish at a cell density of 500 MSCs/cm2. The MSCs were
detached with trypsineEDTA (Thermo Fisher Scientific), and sus-
pended in phosphate buffered saline (PBS) for use in the analyses.

2.2. Scanning electron microscopy (SEM)

The floating cells were fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer for 2 h and washed overnight at 4 �C in the same
buffer. The cells were then adhered onto MAS-coated slide glass
(Matsunami Glass Ind., Ltd., Osaka, Japan). The cells that adhered to
cartilage were also fixed and washed in the same manner. The cells
were post-fixed with 1% OsO4 buffered with 0.1 M phosphate
buffer for 2 h, dehydrated in a graded series of ethanol, and then
dried in a critical point drying apparatus (HCP-2; Hitachi, Tokyo,
Japan) with liquid CO2. The specimens were spatter-coated with
platinum and examined using scanning electron microscopy (S-
4500; Hitachi, Tokyo, Japan) [17,18].
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2.3. Morphological analysis of human MSCs in suspension

Separate cultures of MSCs were prepared from the synovium
and adipose tissue collected from each donor. Synovial MSCs and
adipose MSCs in suspensionwere observed by SEM across a sample
of 50 cells, and the proportion of cells with microspikes or blebs
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was calculated. The results from the eight different donors were
presented individually.

The surfaces of MSCs were characterized according to previous
reports by Adams et al. [19] and Rajaraman et al. [20]. Microspike-
positive cells were defined as cells that contained at least three
microspikes. Bleb-positive cells were defined as cells that showed
the largest area of blebs.

2.4. Abraded porcine cartilage

Fresh porcine knees from 6-month-old animals were purchased
from Shibaura Zoki Co., Ltd. (Tokyo, Japan), and the femoral bones
were excised. The femoral groove cartilage with subchondral bone
Fig. 2. Adhesion of synovial MSCs and adipose MSCs onto cartilage. (A) Non-abraded porc
MSCs and adipose MSCs during adhesion evaluations onto abraded porcine cartilage. (C) Nu
MSCs or adipose MSCs. For each donor, three pieces of cartilage were observed at each time
cartilage, nine fields of view were observed at 10 s and 10 min, and five fields of view at 1
presented for each of the four donors individually.
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was hollowed out into a cylindrical shape (diameter: 8 mm, height:
5 mm) with a hole saw. The surface of the cartilage was abraded
with an air drill to reproduce a 50% partial-thickness injury [14].

2.5. Analysis of adhesion of human MSCs onto abraded porcine
cartilage

A cell suspension containing 1 � 106 synovial MSCs or adipose
MSCs in 50 mL PBS was placed on the disc-shaped porcine cartilage.
MSCs on the cartilage were viewed immediately after placement
and at 10 s, 10 min, 1 h, and 24 h after the placement after dipping
the cartilage 10 times in 950 mL PBS. For each donor, three pieces of
cartilage were observed by SEM at each time point, with a field of
ine cartilage and abraded cartilage. (B) Representative SEM images of human synovial
mbers of cells attached onto an abraded porcine cartilage after placement of synovial
point. The field of view for each observation was 320 mm by 380 mm. For each piece of
h. The average per field of view was calculated for each donor, and the results were
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view for each observation of 320 mm by 380 mm. For each piece of
cartilage, nine fields of view were observed at 10 s and 10 min, and
five fields of view were observed at 1 h. The average cell number
per field of viewwas calculated for each donor, and the results were
presented for each of the four donors individually [14].
2.6. Evaluation of microspikes and pseudopodia

MSCs containing microspikes and pseudopodia were quantified
from the SEM images of 50 randomly selected MSCs from each
donor. For each donor, three pieces of cartilage were observed at
each time point. The field of view for each observation was
320 mm � 380 mm. For each piece of cartilage, nine fields of view
were observed at 10 s and 10 min, and five fields of view were
observed at 1 h. Initially, the center of the cartilage was observed.
Subsequently, a field of view was moved up, down, left, or right at
Fig. 3. Analysis of microspikes present in adhered synovial and adipose MSCs. (A) Repres
cartilage. (B) Proportions of cells with microspikes. For each donor, three pieces of cartilage w
380 mm. For each piece of cartilage, nine fields of view were observed at 10 s and 10 min, an
and the results were presented for each of the four donors individually.
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regular intervals according to the SEM scale. The average number of
cells with microspikes or pseudopodia per field of view was
calculated for each donor, and the results were presented for each
of the four donors individually [14].”
2.7. Statistical analysis

To compare the proportion of cells with microspikes or blebs
between the synovial MSC and adiposeMSC suspensions, a test was
performed with a significance level set at 0.05 using the BellCurve
software for Excel (Social Survey Research Information Co., Ltd.,
Tokyo, Japan). The correlation between the proportion of cells with
pseudopodia and the attached cell numbers was analyzed, and
correlation coefficients of 0.00e0.19 were considered “very weak,”
0.20e0.39 as “weak,” 0.40e0.59 as “moderate,” 0.60e0.79 as
“strong,” and 0.80e1.0 as “very strong” [17]. The correlation
entative images of cells with/without microspikes adhered onto an abraded porcine
ere observed at each time point. The field of view for each observation was 320 mm by
d five fields of view at 1 h. The average per field of view was calculated for each donor,
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coefficients of synovial and adipose MSCs were compared by
assessing the 95% confidence intervals for both sets of coefficients.
Graphs were created using GraphPad Prism 10 (GraphPad Software,
Boston, MA, USA), and the results for each individual donor were
plotted in the same color. Comparisons between the synovial and
adipose MSCs regarding adhesion of MSCs, microspikes in the
adhered MSCs, and pseudopodia in the adhered MSCs were
analyzed using three cartilage discs per donor. However, statistical
tests were not performed because the number of donors was
limited to four.

3. Results

3.1. Morphology of synovial MSCs and adipose MSCs in suspension

Both human synovial MSCs and adipose MSCs in suspension
displayed cells with microspikes, cells with blebs, and cells with
neither feature (Fig. 1A). The median percentage of cells with
microspikes was 14% in synovial MSCs and 13% in adipose MSCs,
and this difference was not statistically significant (n ¼ 8) (Fig. 1A).
Similarly, the median percentage of cells with blebs was 44% for
synovial MSCs and 39% for adipose MSCs, and again, the difference
was not statistically significant (n ¼ 8).

3.2. Adhesion of synovial MSCs and adipose MSCs onto cartilage

SEM images of non-abraded porcine cartilage showed a smooth
surface, whereas the surface of the abraded cartilage was undu-
lating, with a periodicity of approximately 50 mm (Fig. 2A). Human
synovial MSCs and adipose MSCs placed on abraded porcine
cartilage began to adhere as early as 10 s, and the numbers of
Fig. 4. Representative higher magnification images of synovial and adipose MSCs with/wit
formed at 10 min.
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adherent cells increased with time, according to assessments at
10 min, 1 h, and 24 h (Fig. 2B). The median number of cells per field
was 4 for both synovial and adipose MSCs after 10 s, 15 cells for
synovial MSCs and 13 cells for adipose MSCs after 10 min, and
175 cells for synovial MSCs and 143 cells for adipose MSCs after 1 h,
indicating no obvious differences in the capacity for adhesion be-
tween the two MSC types (Fig. 2C). After 24 h, the cells adhering to
the cartilage overlapped to such an extent that counting individual
adherent cells was not feasible.

3.3. Microspikes in adhered synovial and adipose MSCs

Synovial MSCs and adipose MSCs with microspikes were
observed at 10 s, 10min, and 1 h after placing the suspension on the
abraded porcine cartilage (Fig. 3A). Cells without microspikes were
also observed at these time points. The median percentages of cells
with microspikes were 74% for synovial MSCs and 71% for adipose
MSCs after 10 s, 55% for synovial MSCs and 56% for adipose MSCs
after 10 min, and 55% for synovial MSCs and 50% for adipose MSCs
after 1 h, with no statistically significant differences between the
two types (Fig. 3B). Further magnified images of synovial and adi-
pose MSCs attached to porcine cartilage at 10 min revealed that, in
cells with microspikes, the microspikes were caught on the
collagen fibers. By contrast, in cells without microspikes, their
round projections (blebs) were caught on the collagen fibers
(Fig. 4).

3.4. Pseudopodia in adhered synovial and adipose MSCs

No synovial MSCs or adipose MSCs with pseudopodia were
observed at 10 s, but pseudopodiawere observed in bothMSC types
hout microspikes adhered onto an abraded porcine cartilage. Observations were per-
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at 10 min and 1 h after placing the suspensions on abraded porcine
cartilage (Fig. 5A). MSCs without pseudopodia were also observed
at all three time points. The median percentages of cells with
pseudopodiawere 0% for both synovial and adiposeMSCs after 10 s,
7% for both MSC types after 10 min, and 51% for synovial MSCs and
50% for adipose MSCs after 1 h, with no statistically significant
differences evident between the two MSC types (Fig. 5B). The
proportion of cells with pseudopodia and the number of attached
cells showed very strong correlations for both the synovial MSCs
(r ¼ 0.92, p < 0.001, n ¼ 12) and the adipose MSCs (r ¼ 0.86,
p < 0.001, n ¼ 12) (Fig. 5C). The 95% confidence intervals for the
correlation coefficients were 0.73e0.98 for synovial MSCs and
0.56e0.96 for adipose MSCs, but the differences between the two
cell types were not statistically significant.
Fig. 5. Analysis of pseudopodia present in adhered synovial and adipose MSCs. (A) Repres
cartilage. (B) Proportions of cells with pseudopodia. For each donor, three pieces of cartilage
380 mm. For each piece of cartilage, nine fields of view were observed at 10 s and 10 min, an
and the results were presented for each of the four donors individually. (C) Relationship b
synovial MSCs and adipose MSCs. The correlation coefficient (r) and p values are shown (n
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4. Discussion

We used SEM to compare the changes in the morphological
characteristics of synovial and adipose MSCs during their adhesion
to cartilage.

We found no significant differences in the percentage of cells
exhibiting microspikes and blebs between the two types of MSCs,
nor did we find any notable differences in the numbers of adherent
cells or in the proportions of adherent cells displaying microspikes
and pseudopodia. The SEM analysis revealed no obvious differences
in the changes in the morphological characteristics of synovial or
adipose MSCs during their adhesion to cartilage.

Microspikes are slender cytoplasmic projections that play roles
in migration, sensing, and cellecell adhesion [9]. We previously
entative images of cells with/without pseudopodia adhered onto an abraded porcine
were observed at each time point. The field of view for each observation was 320 mm by
d five fields of view at 1 h. The average per field of view was calculated for each donor,
etween the proportion of MSCs with pseudopodia and the attached cell number for
¼ 12).
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demonstrated that microspikes can catch onto collagen fibers on
the surfaces of degenerated cartilage [14] andmenisci [21], and this
entrapment aids in the initial cell adhesion. Our current study
showed that suspensions of synovial MSCs and adipose MSCs had
an equal proportion of cells with microspikes, and that these pro-
portions remained similar for both cell types during their attach-
ment to cartilage. This suggests that the number of cells capable of
attaching was the same for both cell types, and that the attachment
results over time were similarly consistent.

Blebs are small, irregular bulges on the cell membrane that arise
due to cytoskeleton detachment [22]. Blebs are involved in several
processes, including cell movement, cell division, and programmed
cell death [10,11]. The presence of blebs in MSCs has been previ-
ously reported following transmission electron microscopy obser-
vations of bone marrow MSCs [23], and light microscopy
observations have revealed ruffling [24]. In the present study, we
found an equal proportion of cells with blebs in suspensions of both
synovial and adipose MSCs. This uniformity in bleb presence across
different MSC types suggests a shared mechanism in their physio-
logical behaviors, irrespective of their tissue origin.

Pseudopodia are temporary arm-like extensions of a cell's
cytoplasm and plasmamembrane and are primarily involved in cell
motility [12]. They also play a significant role in the capture of
particles, a function highlighted in macrophage research [13]. Here,
we observed that both synovial and adipose MSC showed strong
correlations between the presence of pseudopodia and the
numbers of cells that adhered to cartilage. This observation in-
dicates that pseudopodia can facilitate the attachment of MSCs to
cartilage, indicating a potential mechanism for their adherence.

SEMwas chosen as the imaging method for this study because it
has a unique ability to visualize cell surface morphology. Compared
to confocal microscopy, SEM offers a much larger depth of field,
allowing us to observe and compare the adhesion of synovial and
adipose MSCs across a broad area of the cartilage surface. SEM also
excels at capturing intricate details of cellular protrusions, such as
microspikes and blebs, thereby providing valuable insights into
how these MSCs interact with the underlying collagen fibers.

The mode of action of synovial MSCs in relation to cartilage
regeneration was previously examined in our rat OA model study
[6]. Cell tracking assays showed that the majority of the injected
MSCs migrated to the synovium and that the cells maintained their
MSC properties without differentiating into other lineages. Species-
specific gene analysis of the gene expression changes in the human
synovial MSCs that migrated to the rat synovium indicated that
exogenous synovial MSCs acted as anti-inflammatory agents
through TSG-6 expression [25], as lubrication agents by PRG-4
expression [26], and as facilitators of cartilage matrix synthesis by
BMP expression [27]. Our SEM studies also revealed that synovial
MSCs adhered to degenerated cartilage by interactions occurring
between the microspikes/pseudopodia and collagen fibers of the
cartilage surface. These findings suggest that injected MSCs directly
adhere to and restore degenerated cartilage by a similar mode of
action to that observed in the synovium. However, although our
current SEM study shows a similar morphology for adipose MSCs
adhering to degenerated cartilage, the mode of action of adipose
MSCs for treatment via intraarticular injection into OA knees will
likely differ from that of synovial MSCs at the molecular biological
level, as the gene expression profile and properties, including
chondrogenesis potential, differ between synovial and adipose
MSCs [4,28].

We propose three limitations for the present study. First, we
sourced adipose MSCs from subcutaneous fat in the knee rather
than from the abdomen. Adipose MSCs are typically derived from
abdominal fat, and differences inMSC characteristics between knee
and abdominal subcutaneous fat [29,30] might lead to variations in
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MSC properties. Second, the method of placing the MSC suspension
on porcine abraded cartilage does not entirely replicate the process
of injecting MSCs into osteoarthritic knees due to differences in the
surface properties of human osteoarthritis cartilage and experi-
mentally abraded porcine cartilage. Key factors, such as the pres-
ence of joint fluid containing hyaluronic acid and joint movement,
are also not replicated in ex vivo abraded cartilage experiments.
Third, the study's small sample size of four limits the generaliz-
ability of our findings regarding the number of adherent cells and
the proportion of cells with microspikes and pseudopodia.
Although our initial hypothesis was that the synovial and adipose
MSC suspensions would differ in their proportions of cells with
microspikes, our results (n¼ 8) did not support this hypothesis and
instead supported that both MSC types shared similar adherence
characteristics. For this reason, the study was concluded after
confirming the equivalence in these aspects with the given sample
size.
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