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a b s t r a c t

Advanced tissue engineering approaches for direct articular cartilage replacement in vivo employ
mesenchymal stem cell (MSC) sources, exploiting innate chondrogenic potential to fabricate hyaline-like
constructs in vitro within three-dimensional (3D) culture conditions. Cell sheet technology represents
one such advanced 3D scaffold-free cell culture platform, and previous work has shown that 3D MSC
sheets are capable of in vitro hyaline-like chondrogenic differentiation. The present study aims to build
upon this understanding and elucidate the effects of an established cell sheet manipulation technique,
cell sheet multilayering, on fabrication of MSC-derived hyaline-like cartilage 3D layered constructs
in vitro. To achieve this goal, multilayered MSC sheets are prepared and assessed for structural and
biochemical transitions throughout chondrogenesis. Results support MSC multilayering as a means of
increasing construct thickness and 3D cellular interactions related to in vitro chondrogenesis, including
N-cadherin, connexin 43, and integrin b-1. Data indicate that increasing construct thickness from 14 mm
(1-layer construct) to 25 mm (2-layer construct) increases these cellular interactions and subsequent
in vitro MSC chondrogenesis. However, a clear initial thickness threshold (33 mm - 3-layer construct) is
evident that decreases the rate and extent of in vitro chondrogenesis, specifically chondrogenic gene
expressions (Sox9, aggrecan, type II collagen) and sulfated proteoglycan accumulation in deposited
extracellular matrix (ECM). Together, these data support the utility of cell sheet multilayering as a
platform for tailoring construct thickness and subsequent MSC chondrogenesis for future articular
cartilage regeneration applications.
© 2021, 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

Articular cartilage is an avascular and aneural tissue exhibiting
minimal intrinsic ability to regenerate without intervention [1,2].
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Due to this limited healing ability, articular cartilage defects are
common precursors for developing or accelerating onset of osteo-
arthritis (OA), which is challenging to treat successfully once
degeneration has begun [3,4]. As healthy articular cartilage exhibits
hyaline structure and characteristics, therapies that immediately
replace this hyaline cartilage at the site of chondral defects are
increasingly being developed [1,5e7].

Tissue engineering attempts to recreate or regenerate tissues
mimicking native host tissue and is a common platform for devel-
oping this type of hyaline cartilage replacement therapy [8e10].
Growing efforts within tissue engineering aim to employ mesen-
chymal stem cells (MSC) as an allogeneic cell source offering well-
documented regenerative properties, standards for preparing cells
with specific phenotypes, and multipotency, including
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chondrogenic lineages [11e14]. To achieve MSC chondrogenic dif-
ferentiation, three-dimensional (3D) culture conditions and 3D
cellular interactions are known tobe essential [15e19]. Compared to
traditional two-dimensional (2D) adherent cell culture, 3D culture
platforms allow cells to assume rounded morphologies and pro-
mote increased pro-chondrogenic cellular interactions [16,17,20].
Extensive work has been reported for tailoring 3D scaffold-based
and scaffold-free platforms for in vitro MSC chondrogenesis to
fabricate transplantable hyaline-like cartilage. However, to date,
none have achieved reliable clinical translation, due in part to dif-
ficulties in reliably differentiating to phenotypically and function-
ally desirable hyaline cartilage in vitro or in vivo [1,6,21].

As a unique scaffold-free platform, cell sheet tissue engineering,
pioneered byOkano et al. uses temperature-responsive cultureware
to produce 3D cell sheet constructs that retain endogenous cellular
environments, cell matrix, receptors, and adhesive proteins,
permitting spontaneous sheet adhesion to biologic surfaceswithout
supporting materials [22e27]. Previous work from our group has
shown that 3D MSC sheets are capable of producing hyaline-like
cartilage in vitro that directly adheres to cartilage surfaces [28].
These 3D MSC sheets were able to strongly adhere directly to
cartilage surfaces after achieving chondrogenic differentiation,
determined via immunohistochemical staining and qualitative as-
sessments [26]. Relative to 2D culture conditions, 3D MSC sheets
exhibited increased expression of pro-chondrogenic extracellular
matrix (ECM)markers and cellular interactions prior to induction, in
turn promoting enhanced hyaline-like chondrogenesis in vitro [28].
Current cell sheet applications seek to build upon these previous
chondrogenic differentiation successes by further enhancing 3D
cellular interactions via cell sheet manipulation.

Cell sheet manipulation techniques, such as multilayering, have
been shown to increase construct thickness and cellular in-
teractions for a variety of cell types and therapeutic applications
[29e33]. Specifically, for cartilage regeneration applications,
multilayered chondrocyte sheets expressed enhanced cellular in-
teractions and type II collagen accumulation in the ECM relative to
single-layer sheets [34e36]. In vitro multilayering of endometrial
cell sheets likewise showed increased glycosaminoglycan (GAG)
and collagen expressions relative to non-layered sheets [37]. Based
on the chosen cell source and desired final construct characteristics,
a range of multilayering techniques have been developed, including
non-assisted, weighted, centrifugation, and gelatin stamp manip-
ulations [29,32,38e40]. Cell sheet multilayering techniques applied
to chondrogenic MSC sheets should therefore enhance requisite 3D
cellular interactions to increase in vitro MSC chondrogenic capacity
and hyaline-like phenotypes in multilayered constructs.

This study investigates the effects of cell sheet multilayering on
fabrication of hyaline-like cartilage constructs from MSCs in vitro.
Based on previous cell sheet studies, we hypothesize that multi-
layering will increase cellular interactions within resultant thick-
tissue MSC constructs, in turn influencing in vitro chondrogenic
differentiation. Therefore, we evaluated changes in structure and
cellular interaction within MSC sheets following multilayering, as
well as assessed the subsequent hyaline-like transitions throughout
in vitro chondrogenic differentiation. The present study verifies the
utility of this cell sheet manipulation technique to further develop
MSC-derived hyaline-like scaffold-free cartilage transplants for
future articular cartilage regeneration therapies.

2. Materials and methods

2.1. Cell culture and cell sheet fabrication

Human whole bone marrow-derived mesenchymal stem cells
(hBMSCs) were isolated from human bone marrow aspirate
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purchased from Lonza (product number: PT2501) according to
previously verified methods [41]. Briefly, bone marrow aspirates
were suspended in growthmedia containing High-Glucose (4.5 g/L)
Dulbecco's Modified Eagle's Medium (HG-DMEM) (Life Technolo-
gies, USA) supplemented with 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific, USA), 0.1 mм nonessential amino acids
(NEAA) (Life Technologies, USA), 1% penicillin streptomycin (PS)
(Gibco, USA), and 1 ng/mL basic fibroblast growth factor (bFGF)
(PeproTech, USA). Suspended aspirates were plated at 5� 103 cells/
cm2 on tissue culture plastic and incubated in a humidified envi-
ronment (37 �C, 5% CO2). hBMSCs were selected based on adher-
ence to the tissue culture plastic and non-adherent cells were
washed away during media changes. Tissue culture flasks were
rocked gently every day to ensure only adherent cells were
attaching to culture surfaces and media was changed twice per
week. Once the hBMSCs were ~90% confluent, approximately 2
weeks, they were harvested using 0.05% TrypsineEDTA (Gibco),
counted using a hemocytometer, and frozen or plated for continued
culture.

For culture, hBMSCs were plated at 3000 cells/cm2 in growth
media containing HG-DMEM supplemented with 10% FBS, 1% PS,
and 1 ng/mL bFGF and incubated in a humidified environment
(37 �C, 5% CO2). Media was changed at day 1 and day 3, and cells
were cultured until 90% confluent, approximately 5 days. Cells were
passaged using 0.05% TrypsineEDTA and the cell suspensions were
counted using a hemocytometer. Cells were expanded and banked
at Passage 2 and 4 and used for experimentation at Passage 6. For
cell sheet fabrication, Passage 6 cells were plated onto 35 mm
diameter UpCell temperature-responsive cell culture dishes (TRCD)
(CellSeed, Tokyo, Japan) in 10% FBS growth media additionally
supplemented with 50 mg/mL ascorbic acid at a seeding density of
6 � 105 cells/sheet. Cell sheets were cultured for 5 days, with no
media changes, until cells reached confluence. At 5 days, cell sheets
were moved to 20 �C (room temperature (RT)) for 20 min, then
detached with forceps.

2.2. Cell sheet layering

Before re-plating and/or layering cell sheets, 1.0 mm-diameter
pore, 6-well cell culture inserts (Falcon, USA) were conditioned
with FBS overnight to aid in adhesion. Inserts were washed twice
with 1 � phosphate buffered saline (PBS) (Gibco) to remove re-
sidual FBS before sheet transfer.

To layer sheets without centrifugation, detached cell sheets
were transferred to the conditioned cell culture inserts using
overhead projector polyester film (Apollo, NY, USA) to ensure basal
contact with insert well culture surfaces. Growth media volume
was adjusted to 5 mL and sheets were incubated in a humidified
environment (37 �C, 5% CO2) for 1 h. After 1 h, the second cell sheet
was detached from the TRCD, manually transferred onto the bot-
tom cell sheet using the overhead projector polyester film, and
aligned with the bottom sheet by pipetting. Media volume was
adjusted to 5 mL and 2-layer constructs were incubated in a hu-
midified environment (37 �C, 5% CO2) for 1 h before fresh media
was added. Layered constructs in fresh media were incubated for 3
days to promote attachment.

To layer sheets with centrifugation, detached cell sheets were
transferred to the conditioned cell culture inserts using overhead
projector polyester film (Apollo). The insert well membranes were
then trimmed around the attached cell sheet and transferred to 35-
mm cell culture dishes (CELLTREAT, USA) with forceps. Media vol-
ume was adjusted to 5 mL and cell sheet dishes were centrifuged
(Eppendorf 5810R fitted with a A-4-81 rotor) for 5 min at 38 �C,
800 rpm (114 rcf), with ramped acceleration/deceleration. For 2-
layer constructs, a second cell sheet was transferred onto the
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centrifuged sheet using overhead projector polyester film and
aligned by pipetting. Layered constructs were incubated in a small
volume of media (10e20 mL) for 30 min in a humidified environ-
ment (37 �C, 5% CO2). After 30 min, 2-layer constructs were
centrifuged for 5 min at 38 �C, 800 rpm (114 rcf), with ramped
acceleration/deceleration. For 3-layer sheets, a third cell sheet was
transferred onto the centrifuged 2-layer sheets using overhead
projector polyester film and aligned by pipetting. Layered con-
structs were incubated in a small volume of media for 30 min in a
humidified environment (37 �C, 5% CO2), then centrifuged for 5 min
at 38 �C, 800 rpm (114 rcf), with ramped acceleration/deceleration.
After centrifugation, layered cell sheet constructs on insert mem-
branes were transferred to fresh 1.0 mm-diameter pore, 6-well cell
culture inserts, fresh cell growth media was added, and constructs
were incubated (37 �C, 5% CO2) for an additional 3 days to ensure
attachment. All cell sheet constructs were imaged macroscopically
with a handheld camera (Canon sX280 HS) immediately after
layering and after 3-day incubation to visually assess quality of
layered sheets (i.e. no holes, non-attached sections, or shifting had
occurred during processing).

2.3. Cell sheet chondrogenic differentiation

After the 3-day incubation, chondrogenic samples were induced
with chondrogenic medium and transferred to a hypoxia incubator
(37 �C, 5% CO2, 5% O2). Chondrogenicmedium contained HG-DMEM
supplemented with 10 ng/mL transforming growth factor beta-3
(TGFb3) (Thermo Fisher Scientific), 200 ng/mL bone morphoge-
netic protein-6 (BMP6) (PeproTech), 1% Insulin-Transferrin-
Selenium (ITS-G) (Thermo Fisher Scientific), 1% PS (Life Technolo-
gies), 1% NEAA (Thermo Fisher Scientific), 100 nм dexamethasone
(MP Biomedicals, OH, USA), 1.25 mg/mL bovine serum albumin
(BSA) (SigmaeAldrich, MO, USA), 50 mg/mL L-ascorbic acid 2-
phosphate (SigmaeAldrich), 40 mg/mL L-proline (SigmaeAldrich),
and 5.35 mg/mL linoleic acid (SigmaeAldrich). Media composition
was based on previously reported components and concentrations
[28], and media was changed twice a week for the duration of
differentiation (day-0 e 3-weeks).

2.4. Histological analysis

For histological analysis, samples were fixed with 4% para-
formaldehyde (PFA) (Thermo Scientific) for 15 min, paraffin
embedded, and sectioned at 4 mm thicknesses. For all staining and
cell counting, at least 2 slides were stained per replicate (n � 3
biological replicates via at least 2 experimental repetitions) to
provide suitable sample sizes. To identify cell morphology, Hema-
toxylin and Eosin (H&E) staining was conducted according to
standardmethods [42]. Briefly, samples were stained for 4minwith
Mayer's Hematoxylin (SigmaeAldrich), then 4 min with Eosin
(Thermo Scientific). To detect mature chondrogenesis via sulfated
proteoglycan content in the ECM, Safranin-O staining was con-
ducted according to standard methods [42]. Briefly, samples were
stained for 4 min with Wiegert's Iron Hematoxylin, 5 min with
0.5 g/L Fast Green, and 5 min with 0.1% Safranin-O (all Sigma-
eAldrich). All samples were affixed with a coverslip and dried
overnight before being imaged with a BX 41 widefield microscope
(Olympus, Japan) using AmScope Software (v4.8.15934, USA). H&E-
stained cross sections were used to calculate cell sheet thicknesses
and nuclei densities. For each cell sheet slide, three pictures were
taken along the length of the cell sheet. Using the measurement
tools built into the AmScope software, five measurements from the
apical to basal edge of the sheet were made per picture, and these
measurements were evenly spaced out along the sheet. Nuclei
counting was performed using the same 3 pictures/sheet. Using the
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measurement tools built into the AmScope software, a 500 mm
length of the cell sheet was marked and the number of nuclei were
counted within the marked section using ImageJ software (v.1.51, U.
S. National Institutes of Health, MD, USA). Nuclei density was
calculated as average number of nuclei per average area
(thicknesses � 500 mm length) for corresponding images.

2.5. Real-time quantitative PCR analysis

RNA from samples was extracted using 1 mL TRIzol/sample
(Ambion, Life Technologies, CA, USA)with a pestlemotormixer. Total
RNA was isolated with the PureLink RNA Mini Kit (Invitrogen,
ThermoFisher Scientific) according tomanufacturer instructions. For
cDNA synthesis, all comparative samples were synthesized at the
same time. Before synthesizing cDNA, the RNAwas quantifiedwith a
NanoDrop spectrophotometer (ThermoScientific,USA), andall cDNA
samples were prepared from 1 mg of RNA/sample. All samples with a
purity (A260/A280) greater than 1.8were deemed pure enough to use.
cDNA synthesis was conducted using a High-Capacity cDNA Reverse
Transcriptase Kit (Applied Biosystems, Thermo Fisher Scientific, MA,
USA) as per manufacturer instructions. Real-time quantitative PCR
analysis was conducted with TaqMan Universal PCR Master Mix
(Applied Biosystems, Thermo Fisher Scientific) using an Applied
Biosystems Step-OnePlus instrument. Gene expression levels were
analyzed for the following genes: glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH, Hs99999905_m1) as a housekeeping gene, b-
catenin (Hs00355049_m1), N-cadherin (Hs00983056_m1), integrin
b1 (Hs01127536_m1), connexin 43 (Hs04259536_g1), SRY-box
9 (SOX9, Hs01001343_g1), collagen type II alpha 1 chain (COL2,
Hs00264051_m1), collagen type I alpha 1 chain (COL1,
Hs00164004_m1). All primers were manufactured by Applied Bio-
systems. Relative gene expressionwas calculated by the quantitative
comparative CT method [43]. Gene expressions were normalized to
GAPDH expression levels and relative to the 0-day single-layer cell
sheet group.

2.6. Statistical analysis

All statistical analysis was completed using GraphPad Prism
software (v.9, https://www.graphpad.com/scientific-software/
prism/) with data sets of n � 3 biological replicates via at least 2
experimental repetitions and incorporating technical replicates to
ensure consistency of results [43]. All quantitative values are
expressed as mean ± standard deviation (SD). All data sets were
checked for normality using a ShapiroeWilk test. Data sets
comparing 3 or more groups were analyzed using a one-way
analysis of variance (ANOVA) and either Bonferroni or Tukey's
testing depending on normality results (Figs. 2 and 3). Statistical
significance was determined for time comparison data using a se-
ries of one-way ANOVA (Figs. 4B and 5). To evaluate significance in
single variable comparison data sets, two-tailed, unpaired student
t-tests were used after confirming normality of data using the
ShapiroeWilk test (Fig. 4C). Statistical significance was defined as
not significant (ns) p � 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results

3.1. Cell sheet layering methods create cohesive interfaces

Cultured human whole bone marrow-derived mesenchymal
stem cell (hBMSC) sheets were successfully layered both with and
without centrifugation, but were unable to create an immediate
cohesive sheetesheet interface without centrifugation (Fig. 1).
Macroscopic top-down images of centrifuged and non-centrifuged
2-layer constructs showed no significant differences in size or
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shape (Fig. 1A and B), with both layered constructs remaining
physically intact for 3 days post-layering and during fixation and
paraffin block preparation. Cross-sectional Hematoxylin & Eosin
(H&E) histological analysis revealed that the non-centrifuged 2-
layer constructs exhibited significant gaps between the apical and
basal sheets, indicating weak interfacing (Fig. 1C). The centrifuged
2-layer constructs showed few to no gaps between the sheets,
creating a complete and cohesive interface (Fig. 1D). Therefore, all
further layering experimentation for chondrogenesis utilized the
centrifugation layering technique.

3.2. Post-layering changes in cell sheet thickness and cellular
density

Cultured hBMSC sheets were successfully layered with centri-
fugation to form 1-layer (1L), 2-layer (2L), and 3-layer (3L) con-
structs (Fig. 2AeC). Multilayered hBMSC constructs 3 days post-
layering showed increases in construct thickness with increasing
layer numbers: 1-layer (14.46 ± 3.69 mm), 2-layer (25.59 ±
5.22 mm), 3-layer (32.83 ± 5.71 mm) (Fig. 2D). Each additional cell
sheet layer significantly increased construct thickness (p ¼ 0.0003
(1L:2L); 0.0093 (2L:3L); <0.0001 (1L:3L)). 2-layer and 3-layer
constructs showed 1.77-fold and 2.27-fold increases in thickness
compared to 1-layer, respectively. Nuclei density increased with
additional layers, but density differences were only significantly
increased in 3-layer compared to 1-layer constructs (Fig. 2E)
(p ¼ 0.3584 (1L:2L); 0.5689 (2L:3L); 0.0419 (1L:3L)). Number of
cells within a 500 mm cross-section also increased significantly,
although not linearly, with each additional cell sheet layer (Fig. 2F)
(p ¼ 0.0003 (1L:2L); 0.0097 (2L:3L); <0.0001 (1L:3L)).

3.3. Post-layering changes in cell sheet cellular interactions

In addition to structural changes during cell sheet layering,
changes in gene expression associated with cellular interactions
were seen before chondrogenic induction (Fig. 3). Relative gene
expressions of cell-ECM interaction marker integrin b-1 (Fig. 3C)
Fig. 1. Cell sheet multi-layering with and without centrifugation observed macroscopica
without centrifugation and (B) with centrifugation. Dotted orange line denotes the peripher
(C) without centrifugation and (D) with centrifugation, 3 days post-layering. Scale bars: (A

490
and gap junction marker connexin 43 (Fig. 3D) significantly
increased in 2-layer and 3-layer constructs compared to 1-layer
(Integrin b-1: p ¼ 0.0024 (1L:2L); 0.0003 (2L:3L); <0.0001
(1L:3L); Connexin-43: p ¼ 0.0151 (1L:2L); 0.0001 (2L:3L); <0.0001
(1L:3L)). Layered constructs (2-layer and 3-layer) showed signifi-
cantly increased N-cadherin expression relative to 1-layer con-
structs (p ¼ 0.0003 (1L:2L); 0.0012 (1L:3L)), but expressionwas not
significantly different between the 2-layer and 3-layer constructs
(Fig. 3B) (p ¼ 0.2444 (2L:3L)). Additionally, no significant differ-
ences were seen among the relative gene expression for b-catenin
in all groups (1-, 2-, and 3-layer) (Fig. 3C).
3.4. Histological changes in chondrogenic multilayered hBMSC
sheets

hBMSCs were chosen as an MSC source with documented
chondrogenic potential [13,28], and 3-week chondrogenic differ-
entiation of hBMSCs prepared as 1-layer cell sheets resulted in
positive hyaline-like chondrogenesis (Fig. 4A) similar to previously
reported results [28]. Positive Safranin-O staining was not identi-
fied in 1-, 2-, or 3- layered constructs before chondrogenic induc-
tion (Figs. 4Ae0 day). Safranin-O stains sulfated proteoglycans red
(depth of red color relative to GAG content) with Fast Green
counterstaining other ECM blue-green. Accumulation of sulfated
proteoglycans in the ECM increased for all layered constructs over
the course of 3-week differentiation. Expression of slightly positive
Safranin-O staining was observed by 1-week post-induction for 1-
layer and 2-layer constructs, but not until 2-weeks post-induction
for 3-layer constructs. Similarly high levels of sulfated proteogly-
can staining and lacunae structures were expressed in 3-week
differentiated 1-layer and 2-layer constructs, whereas the 3-week
differentiated 3-layer constructs remained weakly positive for
hyaline-like phenotypes (Fig. 4A). The thickness of all layered
constructs (1-, 2-, and 3-layers) increased during differentiation (3-
week compared to 0-day) (Fig. 4B). Relative thickness increases
between 0-day and 3-weeks for 1-layer, 2-layer, and 3-layer con-
structs showed 18.89-fold, 11.41-fold, and 7.87-fold increases,
lly and histologically. Representative macroscopic images of 2-layer hBMSC sheets (A)
y of the cell sheets. Representative cross-sectional H&E histology for 2-layer cell sheets
,B) 5 mm, (C,D) 200 mm.



Fig. 2. Effects of cell sheet multi-layering on construct thickness and nuclear density. Representative cross-sectional H&E histology for (A) 1-layer, (B) 2-layer, and (C) 3-layer
cell sheets 3 days post-layering. Scale bars: 250 mm. Cell construct (D) thickness, (E) cellular density, and (F) cell numbers (per 500 mm cross-section) for 1-, 2-, and 3-layer cell
sheets 3 days post-layering, prior to chondrogenic induction. Error bars represent means ± SD (ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).

Fig. 3. Gene expression comparisons for cellular interactions in 1-, 2-, and 3-layer constructs. Quantitative real-time PCR gene expression in 1-, 2-, and 3-layer sheets 3 days
post-layering for cellecell markers (A) b-catenin and (B) N-cadherin, cell-ECM marker (C) Integrin b1, and gap junction marker (D) Connexin 43. All gene expression normalized to
GAPDH and compared to the 1-layer control sample. Error bars represent means ± SD (ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).
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respectively. Chondrogenic differentiation of 2-layer constructs
result in significantly thicker constructs at 1-week and 2-week
timepoints compared to 1-layer or 3-layer constructs (p ¼
<0.0001 (1L:2L 1W); <0.0001 (2L:3L 1W); 0.0014 (1L:2L 2W);
0.0001 (2L:3L 2W)) (Fig. 4B). However, fold changes in thicknesses
throughout chondrogenesis indicated similar early ECM deposition
abilities in 1-layer and 2-layer constructs (7.69-fold increase (0-
day:1W 1L); 7.04-fold increase (0-day:1W 2L)). Changes in cell
numbers (number of cells per 500 mm cross-sections) between 0-
day and 3-weeks differentiation were not significant for any
491
layered constructs (Fig. 4C) (p ¼ 0.070 (0-day:3W 1L); 0.109 (0-
day:3W 2L); 0.222 (0-day:3W 3L)), indicating that increases in
thickness result from ECM deposition rather than cellular
proliferation.

3.5. Hyaline-like gene expression in chondrogenic multilayered
hBMSC sheets

Gene expression data supported variable hyaline-like charac-
teristics among the layered constructs (Fig. 5). For early



Fig. 4. Structural and phenotypic changes in multi-layered hBMSC constructs throughout chondrogenesis. (A) Representative cross-sectional Safranin-O histology to identify
sulphated proteoglycans for 1-layer, 2-layer, and 3-layer cell sheets in chondrogenic medium for 0 days to 3 weeks (3W). Scale bars: 250 mm. Cell construct (B) thickness for 1-layer
(dotted grey), 2-layer (dashed blue), and 3-layer sheets (solid black) in chondrogenic medium for 0 days to 3 weeks. (C) Comparative cell numbers (per 500 mm cross-section) for 1-
layer, 2-layer, and 3-layer sheets at 0-day (light grey) and 3-weeks (dark grey) differentiation. Error bars represent means ± SD (ns: p > 0.05; **p < 0.01; ***p < 0.001). (B) Statistical
analysis p values are represented as 1-layer vs. 2-layer/2-layer vs. 3-layer.
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chondrogenic marker SRY-Box Transcription Factor 9 (Sox9), rela-
tive gene expression was similarly positive in 1-layer and 2-layer
constructs (p ¼ 0.8855 (1L:2L 1W); 0.091 (1L:2L 2W)); signifi-
cantly higher than in 3-layer constructs at 1-week and 2-week
timepoints (p ¼ 0.0035 (1L:3L 1W); 0.0023 (2L:3L 1W); 0.0016
(1L:3L 2W); 0.0195 (2L:3L 2W)) (Fig. 5A). For mature chondrogenic
marker aggrecan (ACAN), relative gene expressionwas significantly
higher in 1-layer constructs at 1-week and 2-weeks relative to 2-
and 3-layer constructs (Fig. 5B) (p ¼ 0.0073 (1L:2L 1W); <0.0001
(1L:3L 1W); 0.0013 (1L:2L 2W); <0.0001 (1L:3L 2W)). At 1- and 2-
weeks differentiation, aggrecan expressionwas significantly higher
in 2-layer relative to 3-layer constructs (Fig. 5B) (p ¼ 0.0019 (2L:3L
1W); 0.0049 (2L:3L 2W)). Aggrecan expression at 3 weeks was not
significantly different among all groups (p ¼ 0.9812 (1L:2L); 0.3073
(2L:3L); 0.2449 (1L:3L)). Type II collagen expression was likewise
significantly higher in 1-layer constructs compared to 2-layer or 3-
layer constructs at 1-week and 2-week timepoints (p ¼ <0.0001
(1L:2L 1W); <0.0001 (1L:3L 1W); 0.0475 (1L:2L 2W); 0.0061 (1L:3L
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2W)). Type II collagen expressionwas also significantly higher in 2-
layer constructs compared to 3-layer constructs at 1-week time-
points (Fig. 5C) (p¼ 0.0001). Type II collagen expression at 3 weeks
was not significantly different among all groups (p ¼ 0.8844
(1L:2L); 0.2510 (2L:3L); 0.4394 (1L:3L)). While type II collagen gene
expression was not significantly different between 1-layer and 2-
layer constructs at 3-weeks, the type II to type I collagen gene
expression ratio was significantly higher in the 2-layer constructs,
indicating possibly more hyaline-like phenotypes (Fig. 5D). The
type II-to-type I collagen ratio was significantly higher in the 1-
layer and 2-layer constructs relative to the 3-layer constructs at
1-week. At 2-week differentiation, the collagen ratio for the 2-layer
constructs was significantly higher than the 1-layer constructs,
which was significantly higher than the 3-layer constructs
(p ¼ 0.0287 (1L:2L 2W); 0.0112 (1L:3L 2W)). By 3-weeks differen-
tiation, the collagen ratio for the 2-layer constructs was signifi-
cantly greater than the 1-layer and 3-layer constructs (p ¼ 0.0052
(1L:2L 3W); 0.001 (2L:3L 3W)).



Fig. 5. Gene expression comparisons for chondrogenic potential in 1-, 2-, and 3-layer constructs. Quantitative real-time PCR of 1-layer (dotted grey), 2-layer (dashed blue), and
3-layer sheets (solid black) for chondrogenic gene expression: (A) Sox9, (B) aggrecan (ACAN), and (C) type II collagen (Col2) from 0-day to 3-weeks chondrogenesis. (D) Ratios of
type II to type I collagen (Col2/Col1) for 1-, 2-, and 3-layer sheets shown as ratios of relative gene expression from 0-day to 3-weeks chondrogenesis. All gene expression normalized
to GAPDH and compared to the 1-layer 0-day control samples. Error bars represent means ± SD (ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001). Statistical analysis p values are
represented as 1-layer vs. 2-layer/2-layer vs. 3-layer.
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4. Discussion

3D culture conditions are known to influence induction and
maintenance of MSC hyaline-like chondrogenic differentiation
in vitro [15,16,44,45]. Within 3D culture conditions, cells are able to
take on more rounded morphologies compared to 2D conditions,
establishing more direct cellular interactions with surrounding and
immediately adjacent cells required for chondrogenesis
[16,20,46,47]. Specifically within cell sheet tissue engineering,
cellular interactions have been shown to increase following cell
sheet transitions from 2D to 3D conditions, suggesting that
enhanced cellular interactions may be associated with increases in
thicknesses or cellular densities of the resultant 3D tissue [28,48].
In the present study, multilayered MSC sheets show similar sig-
nificant increases in expression of cellular interaction molecules
(Fig. 3BeD). This significant upregulation of cellular interactions in
layered constructs is most likely attributed to cellular distribution
within the thicker 3D layered constructs. Within these detached,
contracted, 3D constructs, the flattened cells at the construct pe-
riphery interact with ECM and adjacent cells only in some di-
rections (towards the middle of the cell sheet), compared to the
more rounded internal cells fully surrounded and in direct contact
in all directions. The construct's thickness increases with additional
cell sheet layers (Fig. 2D), without detectably altering the diameters
of the cell sheets. As such, the peripheral cell populations are ex-
pected to remain similar, with increasing proportions of internal
relative to peripheral cells as the contrast thickness increases,
resulting in an increased overall population of cells establishing
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enhanced cell-ECM and cellecell interactions. From these results,
we can reaffirm that cell sheet multilayering is a valuable tool for
controlling construct thickness and increasing 3D cellular in-
teractions prior to chondrogenic induction, without necessitating
increased cellular densities.

Proposed relationships between cellular interactions and
in vitro MSC chondrogenesis have been extensively published
previously [16,17,49e52]. Notably, certain cellular interactions are
modulated via b-catenin, N-cadherin, integrin b1, and connexin 43,
playing essential roles during early chondrogenesis, primarily in
regulating cellular condensation and early chondrogenic commit-
ment [49e52]. Cell sheet technology has similarly shown that
increased cellular interactions prior to chondrogenic induction,
most likely stimulated by spontaneous post-detachment cell sheet
contraction, facilitate in vitro hyaline-like chondrogenesis in 3D
MSC sheets [28]. In those 3D cell sheets, compared to 2D cell cul-
tures, transitions to three-dimensionality and increases in 3D
cellular interactions prior to chondrogenic inductionwere linked to
increases in ECM deposition and accumulation of type II collagen
and sulfated proteoglycans in the deposited ECM; common hall-
marks of hyaline-like chondrogenesis [5,9,28]. In the present study,
MSC sheet multilayering further increases pro-chondrogenic 3D
cellular interactions with additional cell sheet layers (Fig. 3).
Compared to the previously reported single-layer 3D cell sheets,
multilayered constructs presented here allow more tailored in-
creases in construct thickness, subsequently affording more control
over requisite pro-chondrogenic cellular interactions. Specifically,
increased gene expressions of connexin 43, a gapejunction
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precursor, and integrin b1, a cell-ECM interaction marker, suggest
more direct pathways for cellular communication and transduction
of chondrogenic cues among adjacent cells in multilayered con-
structs [49,50,53]. Gene expression of b-catenin, a cellecell and cell
migration marker, was not significantly increased in layered
structures, most likely because of limited changes in cellular
migration potential in the cell-dense, ECM-rich cell sheets
following multilayering [54,55]. Additionally, b-catenin localizes to
the nucleus when activated via canonical Wingless/Int (Wnt)/b-
catenin signaling cascades, or the cell membrane when inactivated
[56,57]. Gene expression analysis does not selectively differentiate
between nuclear- and membrane-localized b-catenin; therefore,
the similar gene expressions in layered constructs may still result in
variable activation of Wnt/b-catenin signaling cascades during
chondrogenic induction based on b-catenin localization. Taken
together, these data suggest that MSC constructs comprising
more cell sheet layers, with increased 3D cellular interactions,
should induce more rapid or more hyaline-like subsequent
chondrogenesis.

Data shown in Figs. 4 and 5 support this hypothesis and identify
an optimal thickness for the hyaline-like chondrogenic differenti-
ation of hBMSC sheets. The extent of hyaline-like differentiation
increased from 1-layer (~14 mm thickness) to 2-layer constructs
(~25 mm thickness), evidenced by chondrogenic ECM deposition
(Fig. 4) and resultant type II/type I collagen gene expressions
(Fig. 5D) seen in 3-week differentiated 2-layer constructs. A clear
MSC layered construct thickness threshold also emerged, where
thicker structures (3-layered constructs (~33 mm thickness))
dramatically decreased the rate and extent of hyaline-like differ-
entiation compare to 1- and 2-layer constructs (Figs. 4 and 5). This
notable decrease in chondrogenic potential suggests that relative
chondrogenic capacity of 3D MSC sheets is directly related to the
initial construct thickness.

A primary limitation hindering the hyaline-like differentiation
of the 3-layer constructs, relative to the 1- and 2-layer constructs,
may be oxygen and nutrient diffusion through the thicker tissue.
Other studies have found that in thicker tissues, increased oxygen
and nutrient diffusion gradients significantly diminish chondro-
genic differentiation, cellular viability, and cellular functionality
[58e61]. For chondrogenic cell sheet applications, future work may
therefore choose to adjust cell sheet diameters to decrease diffu-
sion distance, or employ bioreactors to increase convective trans-
port via forced diffusion, to confirm the influence of construct
thickness on diffusion-related chondrogenesis, and increase the
thickness thresholds to produce thicker-tissue hyaline-like carti-
lage constructs [59,60,62]. Additionally, the number of cells within
the layered constructs increases with additional cell sheet layers
(Fig. 2F), which may also impact the nutrient diffusion through the
thicker constructs as there are more cells consuming the same
amount of availablemedia. Furthermore, although cell numbers did
not significantly change during differentiation, the number of cells
in 3-layer sheets did slightly decrease (Fig. 4C); therefore, it is
possible that diminished chondrogenic potential of the 3-layer
constructs could also be related to cell loss during fabrication
and/or differentiation. Although there is a clear initial thickness
threshold for producing hyaline-like cartilage constructs from the
presented hBMSC sheets, increased hyaline-like characteristics,
specifically type II/type I collagen gene expressions and sulfated
proteoglycan-rich ECM in the 2-layer constructs, ultimately indi-
cate that cell sheet multilayering within certain initial thickness
constraints can be used to enhance hyaline-like differentiation of
MSCs in vitro.

Cell sheet layering techniques allow variable control over
construct thickness and cellular densities [29,31e33,38], which
were hypothesized to influence in vitro MSC chondrogenesis.
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Confirming this hypothesis, this study demonstrates that 1) MSC
sheet layering increases 3D cellular interactions within the resul-
tant thick-tissue constructs, and 2) initial construct thickness
thresholds affect rate and extent of MSC chondrogenic potential.
Based on these findings, we assert that cell sheet technology and
multilayering techniques present a valuable platform for tailoring
construct thickness and subsequent MSC chondrogenesis to further
develop optimized in vitro hyaline-like scaffold-free cartilage
transplants for future focal chondral defect regeneration.

5. Conclusion

Cell sheet multilayering presented in this study represents an
important strategy for specifically increasing construct thickness
and enhancing 3D cellular interactions related to in vitro MSC
chondrogenesis. We have shown that 2-layer cell sheet constructs
develop the most hyaline-like structures in the presence of differ-
entiation media in vitro, due in part to suitable initial construct
thicknesses and enhanced cellular interactions. These data high-
light the importance of closely regulating initial construct thick-
ness, which influences oxygen and nutrient diffusion, to more
directly tailor subsequent MSC hyaline-like differentiation in vitro.
Overall, this cell sheet multilayering technique presents a further
platform for continued development of optimized in vitro hyaline-
like scaffold-free cartilage transplants and for replacing damaged
hyaline articular cartilage rapidly and directly, compared to the
current chondrocyte sheet technology. For the future study, we
plan to transplant the multi-layered cartilage tissue covering the
articular cartilage defect in vivo to verify treatment effects for
articular cartilage defect.
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