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Abstract: A focal advantage of cell sheet technology has been as a scaffold-free three-dimensional
(3D) cell delivery platform capable of sustained cell engraftment, survival, and reparative function.
Recent evidence demonstrates that the intrinsic cell sheet 3D tissue-like microenvironment stimulates
mesenchymal stem cell (MSC) paracrine factor production. In this capacity, cell sheets not only
function as 3D cell delivery platforms, but also prime MSC therapeutic paracrine capacity. This
study introduces a “cell sheet multilayering by centrifugation” strategy to non-invasively augment
MSC paracrine factor production. Cell sheets fabricated by temperature-mediated harvest were first
centrifuged as single layers using optimized conditions of rotational speed and time. Centrifugation
enhanced cell physical and biochemical interactions related to intercellular communication and matrix
interactions within the single cell sheet, upregulating MSC gene expression of connexin 43, integrin
β1, and laminin α5. Single cell sheet centrifugation triggered MSC functional enhancement, secreting
higher concentrations of pro-regenerative cytokines vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF), and interleukin-10 (IL-10). Subsequent cell sheet stacking, and
centrifugation generated cohesive, bilayer MSC sheets within 2 h, which could not be accomplished
within 24 h by conventional layering methods. Conventional layering led to H1F-1α upregulation
and increased cell death, indicating a hypoxic thickness limitation to this approach. Comparing
centrifuged single and bilayer cell sheets revealed that layering increased VEGF production 10-fold,
attributed to intercellular interactions at the layered sheet interface. The “MSC sheet multilayering
by centrifugation” strategy described herein generates a 3D MSC-delivery platform with boosted
therapeutic factor production capacity.

Keywords: three-dimensional tissue; scaffold-free tissue; cell therapy; tissue engineering;
regenerative medicine

1. Introduction

Clinical efforts have increasingly shifted toward exploiting mesenchymal stem cells
(MSCs) for their paracrine-centric therapeutic mechanism, whereby MSCs secrete a broad
range of bioactive cytokines and growth factors that can stimulate nearby cells via paracrine
signaling [1–3]. This MSC paracrine effect guides tissue regeneration by exerting im-
munomodulation and stimulating progenitor cell angiogenesis, proliferation, and differen-
tiation in the target tissue [4–6], and has been therapeutically utilized for applications in
wound healing [7,8], myocardial repair [9,10], and liver fibrosis mitigation [11]. MSC thera-
peutic applications are inherently improved by engineering MSCs as 3D constructs, such
as cell-seeded scaffolds or hydrogels and self-aggregated spheroids, that can be directly
engrafted to injured tissue and resolve spatial and temporal cell retention, graft survival,
and localized maintenance of secreted factors [12–15]. More recently, numerous cell–matrix
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and cell–cell interaction proteins were reported to be preserved in 3D MSC culture, in
addition to promoting physiologic phenotypes, are responsible for measured augmentation
of MSC paracrine function [16–18].

Cell sheet tissues are engineered using commercial, temperature-responsive polymer-
grafted cell culture dishes (TRCD), on which cells are grown to confluence under adherent
conditions, endogenously depositing ECM and forming adhesion interactions and junc-
tions with the ECM and with adjacent cells. Aqueous temperature reduction from 37 ◦C to
20 ◦C prompts a surface property change from hydrophobic to hydrophilic that releases
the confluent cell layer from the culture surface [19,20], inducing spontaneous contraction
of the released cell layer that reorganizes the interconnected cell sheet into a 3D tissue
comprised entirely of cells and endogenous matrix [21,22]. The focal advantage of cell sheet
technology has been superiority as a 3D cell-delivery platform: being stably biologically
adhesive without requiring suturing [23–27], absent any interruption of transplanted cells
and host tissue communication commonly caused by biomaterial scaffolds or encapsu-
lations [28–30], and supportive of sustained cell engraftment, survival, and reparative
function [31]. Recently, it has been demonstrated that the intrinsic cell sheet 3D tissue-like
microenvironment conditions the constituent MSCs, stimulating pro-regenerative cytokine
gene expression and production in response to 3D organization that increases cell–cell and
cell–matrix interactions relative to MSCs cultured as 2D adherent monolayers [21].

Building on previous assessments of cellular interactions in 2D and 3D cell sheets
and their role in boosting MSC cytokine production potency compared to single cell
formulations [21,32], and findings that bone marrow MSC sheet layering facilitated matured
cartilage formation [33], this study hypothesized that MSC sheet paracrine properties could
be further enhanced by sheet multilayering using centrifugation to non-invasively increase
cellular interactions related to MSC paracrine function. Centrifugal force has previously
been applied to myocardial sheets to facilitate immediate adherence between layers and
stimulate cellular communications related to cardiac function, and, similarly, centrifugal
force is commonly used for MSC scaffold-free chondrogenesis to imitate the condensation
process and promote critical cellular and matrix interactions [34–37]. While cell sheet
centrifugation has been extensively employed to construct multilayered functional tissues
in vitro to replace diseased tissue in vivo [38–42], centrifuge manipulation of 3D cellular
interactions to stimulate intrinsic MSC cytokine production in cell sheets has not been
previously investigated. This study presents a comparison of centrifuged and conventional
MSC sheets, both as single- and multi-layer 3D MSC sheets, to distinguish impact on 3D
structure relationships to cell physical and biochemical interactions. MSC sheet paracrine
cytokine signal production in response to centrifugation and multilayering is assessed over
time in vitro.

2. Materials and Methods
2.1. Human Umbilical Cord Mesenchymal Stem Cell (hUC-MSC) Culture

Banked hUC-MSCs (Jadi Cell LLC, Miami, FL, USA) were thawed and seeded at
a density of 4500 cells/cm2 and expanded in growth medium containing Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Life Technologies, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA), 1.0% peni-
cillin streptomycin (PS) (Gibco, Grand Island, NY, USA), 1.0% Glutamax (Life Technologies),
and 1.0% non-essential amino acids (Life Technologies) and incubated in a humidified
environment (37 ◦C, 5.0% CO2). Growth medium was exchanged after 24 h of initiating
culture and every 2 days subsequently. hUC-MSCs were sub-cultured upon reaching 85%
confluence.

2.2. hUC-MSC Sheet Fabrication

Passage 5 hUC-MSCs were sub-cultured using 0.05% Trypsin-EDTA (Gibco) and the
cell suspension density was measured by a trypan blue exclusion assay. The resultant
passage 6 hUC-MSCs were resuspended in growth medium supplemented with 20%
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FBS and 50 µg/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO, USA).
P6 hUC-MSCs were seeded at 41,580 cells/cm2 onto 35 mm diameter UpCell™ temperature-
responsive culture dishes (TRCDs) (CellSeed, Tokyo, Japan) and cultured for 4 days in
a humidified environment without exchanging medium. At 4 days, confluent hUC-MSCs
on TRCDs were moved to 20 ◦C and spontaneously detached from TRCD surfaces within
30 min, generating cell sheets.

2.3. Cell Sheet Tilting Optimization to Remove Excess Culture Media

Excess medium at the cell sheet-to-surface interface could inhibit stable cell sheet
adherence upon centrifugation (Figure S1). Therefore, cell sheet tilting was optimized
to remove excess culture medium at the cell sheet and culture surface interface without
cell dehydration. Immediately following detachment, cell sheets were transferred onto
pre-coated (100% FBS overnight), 1.0 µm-diameter pore size 6-well cell culture insert
membranes (Falcon, Corning, NY, USA). Excised from the insert wells, cell sheets on
insert membranes were transferred to the centers of 35-mm tissue culture plastic (TCP)
dishes (CELLTREAT, Pepperell, MA, USA). Cell sheets on the insert membrane/TCP
dish were tilted upright at an approximate 45 angle for 1, 5 or 10 min to remove excess
culture medium. Afterward, PBS dyed with 0.4% trypan blue solution (Cell Culture
Tested Trypan Blue Solution, Sigma Aldrich) was added to the center of the cell sheet and
assessed for excess media presence (i.e., presence of blue solution beyond the cell sheet
perimeter) or cell sheet dehydration (i.e., blue solution concentrated on the cell sheet surface)
(n = 3 sheets per condition).

2.4. Single Layer Cell Sheet Centrifugation

Cell sheets detached from TRCD by temperature reduction were transferred to 16-h
FBS-coated insert membranes on TCPs and tilted for 5 min. TCPs containing cell sheets
were then placed into a polydimethylsiloxane (PDMS) mold designed to secure the TCP in
the center of a 6-well plate lid [38–40], and this lid was loaded, with balance, into a swing-
type plate centrifuge with 16 cm rotor radius (Eppendorf) set to 37 ◦C internal temperature.
The 1-layer cell sheets were centrifuged at 114× g (g-force, or relative centrifugal force)
for 2 min (see Supplementary Material and Data for rationale). For comparison, 1-layer
cell sheets were generated without centrifugation (i.e., conventional method [39]).Briefly,
single cell sheets were transferred to 16-h FBS-coated insert membranes on TCPs and tilted
for 5 min, then incubated for 1 h (37 ◦C, 5.0% CO2) to achieve adherence with the culture
surface. For further analysis, centrifuged and conventional 1-layer cell sheets were cultured
in 10% FBS medium for 1 h or 24 h after fabrication.

2.5. Preparation of Layered Cell Sheets by Conventional and Centrifugation Methods

A flow chart of the cell sheet-layering protocols utilized in this study is summarized
in Figure 1. Immediately following detachment from TRCDs by temperature reduction,
the first-layer cell sheets were transferred to 16-h FBS-coated insert membranes on TCPs
and tilted for 5 min. Using the conventional layering method, described previously by
Haraguchi and colleagues [38–40], sheets were then incubated for 1 h (37 ◦C, 5.0% CO2) to
adhere with the culture surface. A second detached cell sheet was moved onto the first layer
cell sheet using warmed growth medium, spread over the first layer surface by medium
aspiration, and tilted for 5 min. The resulting 2-layer cell sheet was incubated at 37 ◦C for
1 h to achieve adherence between the layered cell sheets.

The centrifugation layering method implemented herein is adapted from previously
developed protocols by Haraguchi, Shimizu, and colleagues [38–40,42,43]. By the centrifu-
gation method, the first-layer cell sheets were transferred to FBS-coated insert membranes
on TCPs, tilted for 5 min, and centrifuged, per the above protocol described for single
layer sheet centrifugation, (37 ◦C) at 114× g for 2 min. Afterward, the second-layer cell
sheet was spread over the first-layer cell sheet by medium aspiration, tilted for 5 min, and
incubated at 37 ◦C for 30 min before centrifuging the 2-layer sheets at 114× g for 2 min
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at 37 ◦C. The total time required for 2-layer cell sheet fabrication was 130 min or 44 min
using the conventional or centrifugation method, respectively. For further analysis, 2-layer
cell sheets were cultured in 10% FBS medium for 1 h or 24 h after layering. To control
for the influence of cell sheet tissue-like structure and interactions on MSCs, single MSCs
as cell suspensions were prepared for comparison. Passage 6 hUC-MSCs were seeded
with the same density as cell sheets onto 60-mm diameter TCP dishes for 24 h. Prior to
cell-to-cell contact, single MSCs were harvested as cell suspensions from the dish using
TRIzol (Ambion, Life Technologies, Carlsbad, CA, USA).
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Figure 1. Flow chart illustrating the MSC sheet layering protocol with centrifugation (centrifugation
method) and without centrifugation (conventional method).

2.6. Histological Analysis

To analyze the structure of layered cell sheets, 1-layer and 2-layer cell sheets fabricated
by conventional, or centrifugation methods were fixed with 4.0% paraformaldehyde (PFA)
(Thermo Fisher Scientific) for 30 min and paraffin embedded. Embedded samples were
sectioned at 4.0 µm and stained with Mayer’s Hematoxylin (Sigma-Aldrich) and Eosin
(Thermo Fisher Scientific) (H&E) to visualize the cell sheet dimensions in cross-section.
Stained cell sheet sections were dried overnight and imaged with a BX41 widefield micro-
scope (Olympus, Tokyo, Japan) using AmScope Software (AmScope v4.8.15934, Irvine, CA,
USA). To calculate 1- or 2-layer cell sheet thicknesses, 5 H&E-stained images were captured
along the length of 24 h cultured samples (n = 3 per group), and 5 linear measurements
from the apical to basal plane were made per image using AmScope Software (AmScope
v4.8.15934); these 75 linear measurements of thickness were averaged per group.

2.7. Cell Proliferation Rate

The absolute cell number in 1- and 2-layer cell sheet samples was quantified 24 h after
layering using a tissue destructive method modified from previous reports [44]. Briefly,
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culture medium was removed, and each sample was rinsed twice with PBS. Trypsin-EDTA
(0.25%, 2 mL) (Gibco) was added directly to the samples and incubated at 37 ◦C first for
10 min in a humidified incubator, then for 15 min in a 37 ◦C water bath. Afterwards, trypsin
was removed from the cells by centrifugation (258× g, 5 min) and supernatant aspiration.
Cell pellets were dispersed with 0.5 mL collagenase P (0.25 mg/mL, Roche, IN, USA) and
incubated for 10 min in a 37 ◦C water bath. At this point, cell sheets were fully digested
into single cell suspensions. An additional 0.5 mL of cell growth medium was added to
each cell suspension to total 1.0 mL, and exact cell numbers and population viability were
measured using a trypan blue exclusion assay (n = 3 sheets per group). Table 2 reports
live cell numbers as 1×104 cells. Viable cell numbers were not measurable in the 2-layer
conventional cell sheet group due to early cell death that resulted in cell sheet detachment
prior to day 4 in culture. The proliferation rate over 24 h was measured as the fold increase
in live cell number from 1 h to 24 h in 1-layer conventional and centrifuged cell sheet
layered groups.

2.8. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated from cell sheet samples (n = 3 sheets per group) 1, 2 or
4 days after layering, and from single MSC cell suspension samples (n = 4) at 1 day after
seeding, using TRIzol (Ambion, Life Technologies) with the PureLink 18 RNA Mini Kit
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer
instructions. Isolated RNA was quantified with a NanoDrop Spectrophotometer (Thermo
Fisher Scientific) and all cDNA samples were prepared from 1.0 µg of RNA/sample using
a high-capacity cDNA reverse transcription kit (Life Technologies). Genes were quantified
using quantitative PCR with commercially available Applied Biosystems primers (glycer-
aldehyde 3-phosphate dehydrogenase [GAPDH, Hs99999905_m1] as a housekeeping gene,
β-catenin [Hs00355049_m1], integrin β1 [Hs01127536_m1], connexin 43 [Hs04259536_g1],
laminin α5 [Hs00966585_m1], VEGFA [Hs99999070_m1], HGF [Hs00379140_m1], IL-10
[Hs00961622_m1], β-actin [Hs99999903_m1], and hypoxia inducible factor 1 alpha [HIF-1α,
Hs00153153_m1]), and was performed on Step One Plus (Applied Biosystems, Foster City,
CA, USA). Relative gene expression was determined using the comparative threshold cycle
(CT) change algorithm.

2.9. Soluble Cytokine Secretion Quantification

First, 1-layer and 2-layer cell sheets fabricated by conventional or centrifugation
methods were transferred to 6-well cell culture inserts and cultured with 5 mL of fresh
growth medium for 4 days (n = 3 sheets per group). During the culture, the media were
changed every 24 h and the supernatants were collected at each medium change. At the end
of culture, the cell sheets were digested, and live cell numbers were counted in the same
manner as previously described (vide supra). Concentrations of soluble VEGF, HGF, and
IL-10 were quantified in the collected supernatants using human VEGF, human HGF, and
human IL-10 Quantikine ELISA kits (R&D Systems, Minneapolis, MN, USA), respectively,
according to manufacturer’s instructions. To determine the concentration of cytokines
secreted per cell, concentration values at each time point were normalized by the average
live cell number counted at Day 1 (Table 2).

2.10. Statistical Analysis

All statistical analysis was conducted on data sets of n ≥ 3 biological replicates,
with quantitative values expressed as a mean ± standard error (SE). All data sets were
evaluated for normality using a Shapiro–Wilk test (GraphPad Prism 9 software: Prism 9.0.0,
https://www.graphpad.com/scientific-software/prism/, accessed on 30 July 2022, San
Diego, CA, USA). Comparisons of two groups were tested using a two-tailed, unpaired
Student’s t-test. Statistical significance between three or more groups was tested using a one-
way analysis of variance (ANOVA) with a Tukey test correction for multiple comparisons.
Statistical significance was defined as * p < 0.05, ** p < 0.01, and *** p < 0.001. No statistical
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significance was defined as p ≥ 0.05. Statistical analysis was conducted using GraphPad
Prism 9 software (Prism 9.0.0).

3. Results
3.1. Optimization of Cell Sheet-to-Surface Interactions

Excess medium at the cell sheet–insert membrane interface could inhibit stable cell
sheet adhesion to the culture surface following centrifugation. The duration of passive,
cell sheet tilting (Figure 2a) was therefore optimized to remove excess interfacial medium
without dehydrating the cells. In the case of 1 min tilting, the trypan blue-dyed solution
seeped past the cell sheet perimeter, indicating medium still existed at the cell sheet–
insert membrane interface (Figure 2b). For 10-min tilting, the trypan blue-dyed solution
concentrated on the cell sheet surface, indicating that the cell sheet had drained this excess
medium from the culture-ware and was visually dehydrated (Figure 2d). After 5-min
tilting, the trypan blue-dyed solution spread to the cell sheet perimeter, indicating that
excess interfacial medium had been cleared without drying the cell sheet (Figure 2c). From
these findings, 5-min tilting was implemented for the centrifugation protocol.
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Figure 2. Single layer cell sheet surface interaction optimization. To remove excess interfacial culture
medium without drying cell sheets, (a) cell sheets on insert membranes/TCP dishes were tilted
upright at an approximate 45 angle for (b) 1 min, (c) 5 min or (d) 10 min. Scale bars = 1.0 cm.

3.2. Centrifugation Alters Cellular Structures

Cell sheet adherence to the culture surface under a range of centrifugation speeds and
durations was evaluated quantitatively by a mechanical rotation test. Centrifugation at
29× g and 114× g required 120 s to maintain sheet adherence in all three trials, failing to
achieve 100% adherence at 60, 30, 15, or 5 s (Table 1 and Figure S2). Increasing centrifugation
speed to 458× g and 1030× g consistently maintained cell sheet surface adherence for 60
and 30 s, with successful adherence for 15 and 5 s in all three trials at 1030× g (Table 1 and
Figure S2). Centrifugation at 1832× g displayed visible deformation due to sheet sliding
within 5 s, considered a failure for stable cell sheet centrifugation (Table 1 and Figure S2).

Table 1. Single layer cell sheet attachment rate following medium addition and mechanical
rotation test.

×g

Time
5 s 15 s 30 s 60 s 120 s

29 0%
(0/3 trials)

0%
(0/3 trials)

0%
(0/3 trials)

66%
(2/3 trials)

100%
(3/3 trials)

114 0%
(0/3 trials)

0%
(0/3 trials)

33%
(1/3 trials)

66%
(2/3 trials)

100%
(3/3 trials)

458 33%
(1/3 trials)

66%
(2/3 trials)

100%
(3/3 trials)

100%
(3/3 trials) –

1030 100%
(3/3 trials)

100%
(3/3 trials)

100%
(3/3 trials) – –

1832 Sheet
deformation – – – –
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Histological images of conventional and centrifuged (114× g, 2 min) one-layer cell
sheet cross-sections stained with H&E are shown in Figure 3. Within 1 h of fabrication,
conventional cell sheets showed a loose cell packing arrangement and an inconsistent
apical tissue surface (Figure 3a). Conversely, centrifuged cell sheets showed a visibly
tight-packed physical arrangement; the apical tissue surface was level and flat, rendering
a consistent thickness across the tissue (Figure 3c). The cross-sectional tissue structure of
centrifuged cell sheets (Figure 3d) was 1.8-fold decreased in thickness (Figure 3e) com-
pared to conventional cell sheets (Figure 3b) (22 ± 3.2 µm and 41 ± 7.3 µm, respectively
(p < 0.0001)) 24 h after fabrication. No significant difference in cell proliferation over
24 h was measured between one-layer conventional and centrifuged cell sheet groups
(Figure 3f). Potential hypoxic tissue conditions were evaluated by relative gene expression
of HIF-1α per MSC at 24 h. No significant upregulation of HIF-1α in centrifuged cell sheets
was measured (Figure 3g). Additionally, the population percentage of dead cells was not
significantly different between conventional and centrifuged cell sheets at 24 h (Figure 3h).
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Figure 3. Centrifugation compacts cell sheet tissue structure. Histological cross-sections of con-
ventional and centrifuged 1-layer cell sheets stained with H&E at (a,c) 1 h and (b,d) 24 h after
fabrication, with quantified comparisons for 1-layer conventional and 1-layer centrifuged cell sheets
(e) tissue thickness, (f) cell proliferation rate, (g) HIF-1α gene expression, (h) non-viable cell ratio, and
(i) β-actin gene expression in 24-h samples. Gene expression is normalized to GAPDH and compared
to the 1-layer conventional cell sheet. Scale bars = 200 µm. Values are means ± SE (*** p < 0.001).
NS = not significant (p > 0.05).
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3.3. Centrifugation Enhances Gene Expression Related to Cellular Interactions in One-Layer
Cell Sheets

To demonstrate the cell sheet “tissue effect” [21] and impact of centrifugation, relative
gene expression of cell–cell and cell–matrix interaction proteins was compared among
single cell suspension, conventional, and centrifuged one-layer sheets 24 h after fabri-
cation. Gene expression for β-catenin, that intracellularly binds extracellular cadherin
to mediate cell adhesion between adjacent cells [45,46], was significantly decreased by
centrifugation relative to conventional cell sheets (p = 0.023), though conventional sheet
fabrication alone significantly upregulated β-catenin relative to the single cell control
(Figure 4a). Gene expression for connexin 43, a cross-membranal gap junction protein
that forms between physically adjacent cells and facilitates direct intracellular molecular
signaling exchange [47], was significantly upregulated in centrifuged cell sheets relative to
conventional cell sheets (p = 0.020) and single cells (Figure 4b). Gene expression for integrin
β1, a cell surface receptor that extracellularly binds ECM ligands [48], and, concomitantly,
laminin α5, a cell-adhering ECM glycoprotein [49], was significantly upregulated by cell
sheet centrifugation (p = 0.0011 and p = 0.011, respectively) relative to the single cell control
(Figure 4c and 4d, respectively). These data suggest that one-layer cell sheet centrifuga-
tion promotes biochemical interactions related to cell–cell and cell–matrix adhesion per
MSC, corresponding with increased physical interactions due to the observed tight-packed
tissue structure.
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Figure 4. Cell sheet centrifugation enhances MSC pro-regenerative cytokine production related
to cellular interactions. Quantitative gene expression of proteins related to cellular interactions,
including (a) β-catenin (cell–cell interaction), (b) connexin 43 (gap junction), (c) integrin β1 (cell–ECM
interaction), and (d) laminin α5 (ECM), and to cytokine production, including (e) VEGF, (f) HGF,
and (g) IL-10, in conventional and centrifuged cell sheets at 24 h relative to the single cell suspension
control. Analysis of cell sheet supernatants in static culture quantified (h) VEGF, (i) HGF, and (j) IL-10
secretion per sheet over 4 days, normalized to day 1 average viable cell number. Gene expression is
normalized to GAPDH and compared to the single cell formulation of MSCs. Values are means ± SE
(* p < 0.05, ** p < 0.01, and *** p < 0.001). NS = not significant (p > 0.05).
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3.4. Enhanced Tissue Interactions Due to Centrifugation Increases MSC Pro-Regenerative
Cytokine Production

The impact of centrifuge-induced physical and biochemical interactions on MSC
function was evaluated by comparing one-layer cell sheet cytokine production. Vascular
endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and interleukin-10
(IL-10) gene expression per MSC are significantly upregulated in one-layer centrifuged cell
sheets relative to conventional cell sheets 24 h after fabrication (p = 0.018, p = 0.036, and
p = 0.0047, respectively) and the single cell control (Figure 4e–g, respectively). In the analysis
of culture supernatants, MSCs in one-layer centrifuged cell sheets secreted significantly
more VEGF, HGF, and IL-10 per viable cell at each time point in culture (IL-10 increased on
average at 3 days) (Figure 4h–j, respectively) compared to MSCs in one-layer conventional
cell sheets. Average viable cell number at 4 days was not significantly changed from
that measured at 1 day in conventional or centrifuged one-layer cell sheets (p = 0.77 and
p = 0.22, respectively), tested using a two-tailed, unpaired Student’s t-test (Table 2). These
data show that individual MSC cytokine production function is augmented by cell sheet
centrifugation.

Table 2. Cell sheet viable cell numbers in static culture.

1 Day 4 Days

1-layer conventional cell sheet (1 × 104 cells) 75 ± 9.5 77 ± 8.5
1-layer centrifuged cell sheet (1 × 104 cells) 61 ± 6.6 72 ± 11

2-layer conventional cell sheet (1 × 104 cells) 126 ± 7.0 Not measurable
2-layer centrifuged cell sheet (1 × 104 cells) 123 ± 5.1 128 ± 15

3.5. Comparative Assessment of Two-Layer Cell Sheet Structure and Viability Fabricated by
Conventional and Centrifugation Layering Methods

Histological assessment of two-layer cell sheets fabricated by the conventional method
(H&E stained, visualized as cross-sections) revealed that, although adhered in medium,
layered sheets did not interface within 1 h following layering (Figure 5a), but the sheet–
sheet interfacing was achieved in 24 h of culture (Figure 5b). Conversely, centrifugation
immediately interfaced layered cell sheets (Figure 5c) to generate a compacted, homogenous
tissue structure by 24 h (Figure 5d). Analysis of cross-sectional tissue structure in 1-h
samples found conventionally layered sheets significantly thicker than those layered by
centrifugation (84 ± 6.8 µm and 50 ± 1.8 µm, respectively (p < 0.0001)) (Figure 5e). The
population percentage of dead cells in two-layer conventional cell sheets was higher than
that in two-layer centrifuged cell sheets (Figure 5f). HIF-1α was significantly upregulated
at 24 h relative to two-layer centrifuged sheets (p = 0.0001) (Figure 5g).

3.6. Centrifugation Enhances Cellular Function of Layered Cell Sheets

To investigate two-layer sheet cellular function, gene expression levels related to
cell–cell interaction, cell–ECM interaction, and regenerative cytokine production were
measured. MSC gene expression for β-catenin was significantly upregulated in two-layer
conventional cell sheets (p = 0.018) (Figure 6a). Sheets fabricated by centrifugation layering
demonstrated significantly increased MSC gene expression for a gap junction protein,
connexin 43 (p = 0.0067), as well as for cell–ECM interaction-related proteins, integrin β1
(p = 0.0048) and laminin α5 (p = 0.0003) (Figure 6b–d, respectively), relative to MSCs in
two-layer conventional cell sheets. VEGF, HGF, and IL-10 gene expression per MSC are
significantly upregulated in two-layer centrifuged cell sheets 24 h after fabrication (p = 0.037,
p = 0.015, and p = 0.021, respectively) (Figure 6e–g, respectively). Additionally, secreted
VEGF, HGF, and IL-10 concentrations in culture supernatants were 1.3-fold, 1.8-fold, and
2.0-fold increased per cell (p = 0.011, p = 0.0001, and p = 0.0003, respectively) from two-layer
centrifuged sheets relative to conventional sheets (Figure 6h–j). Live cell numbers were
similar in two-layer conventional (126 × 104 ± 7.0 × 104 cells) and centrifuged sheets
(123 ± 5.1 × 104 cells) at 1 day in static culture.
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Figure 6. Centrifugation layering enhances MSC pro-regenerative cytokine production related
to cellular interactions. Quantitative gene expression of cell interaction proteins (a) β-catenin,
(b) connexin 43, (c) integrin β1, and (d) laminin α5 (ECM), and cytokines (e) VEGF, (f) HGF, and
(g) IL-10 in 2-layer conventional and centrifuged cell sheets at 24 h. Analysis of cell sheet supernatants
in static culture quantified (h) VEGF, (i) HGF, and (j) IL-10 secretion per 2-layer sheet over 24 h,
normalized for average viable cell number. Gene expression is normalized to GAPDH and compared
to the 2-layer conventional cell sheet. Values are means ± SE (* p < 0.05, ** p < 0.01, and *** p < 0.001).
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3.7. Cell Sheet Layering Augments MSC Cytokine Production

Cell sheet layering introduces an interface of cross-sheet interactions. Although
relative gene expression for β-catenin (Figure 7a), integrin β1 (Figure 7b), and laminin
α5 (Figure 7c) were mostly similar over time, apart from β-catenin at day 4 (p = 0.0069),
MSC gene expression for gap junction protein, connexin 43, was significantly upregulated
in two-layer centrifuged cell sheets at 2 (p = 0.042) and 4 days (p = 0.042) after layering
relative to one-layer centrifuged cell sheets (Figure 7d). To measure the impact of cell sheet
layering on MSC cytokine production, culture supernatants from one-layer and two-layer
centrifuged cell sheets were analyzed over 4 days. Normalized for viable cell number at
day 1, MSCs in two-layer centrifuged cell sheets secreted 2.0-fold, 5.3-fold, 6.3-fold, and
2.9-fold more VEGF than one-layer centrifuged cell sheets at 1, 2, 3, and 4 days, respectively
(1 day: p = 0.0003, 2 days: p = 0.0002, 3 days: p = 0.0132, and 4 days: p = 0.0041) (Figure 7e).
HGF and IL-10 secretions per MSC in two-layer centrifuged sheets remained similar to
MSCs in the one-layer condition over 4 days (Figure 7f,g).
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Figure 7. Cellular interactions introduced by cell sheet centrifugation layering augment MSC pro-
regenerative cytokine production. Relative gene expression levels of (a) β-catenin, (b) integrin β1,
(c) laminin α5, and (d) connexin 43 in 1-layer and 2-layer centrifuged cell sheets at 1, 2, and 4 days in
culture. Analysis of 1-layer and 2-layer centrifuged cell sheet supernatants in static culture quantified
concentrations of (e) VEGF, (f) HGF, and (g) IL-10 secreted per viable MSC over 4 days. Gene
expression is normalized to GAPDH and compared to the 1-layer centrifuged cell sheet at 1 day.
Values are means ± SE (* p < 0.05, ** p < 0.01, and *** p < 0.001). NS = not significant (p > 0.05).

4. Discussion

The aim of this study was to stimulate intrinsic MSC cytokine production potency
through cell sheet engineering to enhance clinically useful MSC paracrine effects for applica-
tions in regenerative medicine. A previous study demonstrated the importance of physical,
and cellular communications interactions in a 2D cell sheet monolayer on upregulating
MSC paracrine capacity relative to a dissociated MSC formulation [32], and, further, an
additional study found that upon spontaneous cell sheet contraction into a 3D tissue with
higher abundance cellular interactions, MSC paracrine capacity was similarly increased,
measured as in vitro pro-regenerative cytokine production per cell [21]. The present study
explores for the first time the feasibility of centrifugation as a tool to non-invasively in-
crease cell–cell physical encounters and biochemical cellular interactions related to cytokine
secretion within MSC sheets.

Serum containing cell attachment factors was used to pre-coat insert membranes and
support cell sheet adhesion by binding intact matrix receptors [50,51], demonstrating that
16-h precoating prevented tissue deformation under centrifugal force. Additionally, cell
sheet-to-surface adhesion requires direct interfacing, yet sheets were cultured, harvested,
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and manipulated onto the culture surface in aqueous conditions, interstitially trapping
residual medium that buffers direct contact. Higher g-forces could expel interfacial medium,
but risk cell damage and sheet deformation. Therefore, prior to centrifugation, cell sheets
on dishes were tilted upright (approximately 45◦) to passively expel medium from the
sheet–surface interface (Figure 2a) [52]. Tilting for 5 min was sufficient for media expulsion
while maintaining sheet hydration (Figure 2c). Additionally, sheet centrifugation at 114× g
for 120 s (2 min) was selected for consistent and sufficient cell sheet adhesion to the culture
surface in media, withstanding displacement under mechanical rotation testing (Table 1
and Figure S2).

Centrifugation of single layer cell sheets has previously been implemented to compact
cell sheets into a more ordered structure with greater cell–cell physical contact that, in
turn, could better propagate molecular signaling throughout cell sheets [38–40]. Enhanced
MSC regenerative potential using cell sheet centrifugation was hypothesized to result from
higher abundance cell-to-cell physical and biochemical interactions, boosting MSC cytokine
production important to tissue repair and regeneration. Indeed, centrifugation increased
physical cell contact: histological analysis of one-layer centrifuged cell sheets revealed
a denser cell packing arrangement relative to one-layer conventional cell sheets 1 h after
fabrication (Figure 3a,c), consistent with a measured 1.8-fold relative reduction in sheet
thickness due to centrifugation by 24 h (Figure 3b,d,e). No differences in gene expression
of HIF-1α, a transcriptional regulator of the adaptive response to hypoxia [53], or in cell
death at 24 h confirmed that this near halving in centrifuged tissue thickness was not
due to hypoxic limitations or cell loss due to cell death (Figure 3g,h). Cell shape change,
regulated by the actin cytoskeleton [54], did not appear to be a major contributing factor
in centrifuged tissue compaction (Figure 3i). β-catenin regulates cadherin-mediated cell
adhesion and the migratory ability of cells [45,46]; the measured decrease in centrifuged
sheet β-catenin gene expression further evidence inhibited cell migratory potential in the
tight-packed tissue structure with high intercellular adhesive tension (Figure 4a). Impor-
tantly, gene expression for proteins that mediate the biochemical interaction of neighboring
cells, namely connexin 43, a cross-membranal gap junction protein [47], integrin β1, an ex-
tracellular ECM binding protein [48], and laminin α5, an integrin-receptor ligand [49], were
significantly upregulated due to one-layer sheet centrifugation (Figure 4b–d). Conceivably,
increased physical cell contacts within the centrifuged sheet triggered subsequent molecular
interactions, as has similarly been observed with centrifuged cardiac cell sheets [38].

Enhanced cellular interactions within 3D tissues regulate MSC cytokine production
potency. For instance, MSC upregulation of gap junction protein formation has previously
been attributed to boosting MSC VEGF production, promoting angiogenesis [55]. MSC
HGF production is significantly increased with facilitated cell–cell interactions [16]. More-
over, tissue-like 3D culture that enabled cell–ECM interactions upregulated MSC IL-10
production relative to non-matrix-interacting MSCs [56]. Therefore, MSC production of
VEGF, HGF, and IL-10, cytokines with specific implications in vascularization [57], fibrosis
mitigation [11], and inflammation mediation [58], respectively, by conventional and cen-
trifuged cell sheets was assessed. Centrifugation significantly increased gene expression of
VEGF, HGF, and IL-10 per cell relative to conventional sheets in 24-h samples (Figure 4e–g).
Concomitantly, centrifuged sheets secreted significantly higher concentrations of VEGF,
HGF, and IL-10 per viable MSC (Table 2) over 4 days in static culture (Figure 4h–j). Cen-
trifugation, therefore, provides an external tool to promote and upregulate physical, and
cell–cell communication interactions related to MSC cytokine production capacity within
a cell sheet.

The comparative analysis of single cells against single-layered conventional and
centrifuged cell sheets in Figure 4 highlights an apparent tissue effect on MSC function,
whereby externally applied physical force induced by centrifugation enhanced 3D in-
terfacial contact between cell–cell and cell–matrices, facilitating biochemical interactions
that promote individual MSC cytokine production. Enzymatically dissociated MSCs are
stripped of physical and protein-mediated contacts between neighboring cells and matrix
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(i.e., single cells) [32], while cell sheet engineering preserves confluent cellular interac-
tions and endogenous MSC-derived ECM within a 3D tissue-like structure [21,32,59].
Figure 4a–g demonstrates enhanced MSC cytokine production capacity due not only to cell
sheet tissue-like structure, but also to augmented tissue interactions by sheet centrifugation,
relative to single MSCs as cell suspensions.

Operating from the hypothesis that the 3D tissue structure of centrifuged sheets,
characterized by increased cell–cell and cell–matrix interactions, improves MSC cytokine-
production potency, cell sheet layering was subsequently explored as a well-documented
mechanism for controlling cellular interaction dynamics within cell sheet tissue [38–42,52].
Building from conditions for first-layer cell sheet adhesion, layering protocols using cen-
trifugation (centrifugation method) or using passive incubation (conventional method [39])
were developed to support sheet-to-sheet attachment (Figure 1). Data in Figure 5 show that
the centrifugation method generated a cohesively interfaced, layered cell sheet within 1 h
that is not achieved by the conventional method, though both methods produced interfaced
tissue by 24 h (Figure 5a–d). Although it has been well documented that hypoxic conditions
are not directly related to cell survival [60,61], in this study, MSC viability declined in
two-layer cell sheets fabricated by the conventional method, corresponding with significant
upregulation of HIF-1α gene expression by 24 h (Figure 5e–g). These findings suggest
that an oxygen diffusion threshold had been exceeded by conventional layering, which
measured around 84 µm within 1 h of fabrication, thereby limiting the construct thickness
to approximately 55 µm after 24 h. Thickness limitations have previously been reported
in studies using multilayered cell sheets: human endometrial-derived mesenchymal cell
sheets in static culture experienced a thickness limitation around 40 µm [62]. Five-layer
human skeletal muscle myoblast sheets (approximately 70–80 µm thick) showed signs of
hypoxia that three-layer HSMM sheets (approximately 40–50 µm thick) did not [52]. In
the present study, centrifugation circumvented this limitation, generating a two-layered
tissue with overall thickness averaging 50 µm at 1 h and 44 µm at 24 h after centrifugation
layering.

Consistent with the centrifugation effect observed in one-layer cell sheets, MSCs in two-
layer centrifuged sheets demonstrated significantly higher gene expression for gap junction
protein, cell–matrix interaction-related proteins, and pro-regenerative cytokines relative to
MSCs in two-layer conventional cell sheets (Figure 6b–g). Moreover, two-layer centrifuged
cell sheet MSCs secreted significantly higher concentrations of therapeutic factors, VEGF,
HGF, and IL-10, within 24 h of fabrication than MSCs in two-layer conventional cell sheets
(Figure 6h–j). Certainly, gene expression and cytokine production could be impaired
due to hypoxic conditions impacting cell viability in two-layer conventional cell sheets.
However, given the incremental increase in thickness and cell density (Table 2) due to
sheet multilayering with centrifugation, we expect that the centrifugation effect observed
in one-layer cell sheets is conserved in two-layer cell sheets, contributing to the higher
reported MSC secretory function relative to two-layer conventional sheets.

Figure 7 data demonstrate an apparent tissue effect related to cell sheet layering.
Though HGF and IL-10 production was proportional to the cell number per sheet layer,
VEGF secretions by two-layer centrifuged sheets were on the order of 3.2-fold, 8.7-fold,
10-fold, and 4.8-fold higher than the one-layer centrifuged sheets at 1, 2, 3 and 4 days,
respectively (Figure 7e–g). This demonstrates that cell sheet layering can be modulated
to stimulate MSC cytokine production potency. Indeed, this is consistent with previous
findings that cell sheet layering improved the functional capacity of the constituent cells,
for applications of gap junction formation and electrical signal transmittance in cardiac
cells sheets [38,40,41] as well as chondrogenic differentiation and cartilage maturation in
MSC sheets [33].

The results of this study highlight several key features of cell sheet centrifugation
and layering that collectively generate highly cytokine-secretory MSC tissue: (1) MSC
sheets are compacted by centrifugal force, contributing a tight cell packing arrangement
that increases physical cellular interactions, leading to (2) higher abundance cell–cell and
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cell–matrix interactions that enhance MSC pro-regenerative potency. Additionally, (3) tissue
compaction due to centrifugation enables MSC sheet layering without exceeding oxygen
diffusion thresholds in static culture, supporting (4) inter-sheet cellular interactions that
significantly augment MSC angiogenic factor secretion. These findings illustrate an evident
tissue effect, whereby 3D tissue culture that promotes cell–cell interactions enhances MSC
paracrine potency, and that can be efficiently modulated using the centrifugation-based cell
sheet layering platform.

5. Conclusions

This study demonstrated that cell sheet centrifugation increases cell-experienced 3D
interactions in culture, augmenting individual MSC cytokine production relative to non-
centrifuged sheets and suspended MSCs. Enhanced MSC phenotypic properties relevant
to their utility in possible cell therapy and regenerative medicine (e.g., increased cytokine
production in culture) result from both cell–cell engagement within individual MSC sheets,
and cell sheet–cell sheet interfacial forces in MSC layered constructs, both enforced by
centrifugation. A tissue effect operative in this 3D layered, dense layered cell sheet system
emulates cell phenotypic changes seen in other 3D cultures, but without any introduced
3D scaffolding or supporting biomaterial matrix beyond the endogenous ECM produced
by MSC sheets. Layered MSC sheets with increased physical and biochemical engagement
therefore represent a new living cell therapy system with considerable performance advan-
tages over conventional MSC cell cultures and MSCs delivered in biomaterials devices.

Based on these findings, future work will consider multi-layering cell sheets beyond
two-layers as a means of introducing additional interfaces of cellular interactions to further
enhance MSC paracrine function. The addition of layers must consider oxygen diffusion
thresholds that limit tissue thickness in static in vitro culture. To navigate this limitation,
further studies could implement cell sheets with smaller initial seeding densities (thinner
tissues) to maximize the number of layers achieved before a hypoxic threshold is reached, or
co-culture with microvasculature-producing endothelial cells [63–65] to provide an avenue
for neovascularization for oxygen distribution throughout thick tissues. Overall, the cell
sheet centrifugation layering platform can be readily implemented to generate scaffold-free,
3D MSC tissue-like constructs with enhanced paracrine-relevant secretory functions for
applications in regenerative medicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
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cell sheet attachment rate following medium addition and mechanical rotation test.

Author Contributions: S.B.-G., K.K. and T.O. conceived the study idea and designed the experiments,
S.B.-G. conducted the experiments, S.B.-G. and K.K. analyzed the results, and K.K. and T.O. supervised
the project. S.B.-G. wrote the main manuscript text and prepared each figure. M.K. prepared the TCP
mount for cell sheet centrifugation. T.O., D.W.G. and M.K. reviewed and edited the manuscript and
suggested technical improvements. 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: The data presented in this study are available from the corresponding
author upon reasonable request.

Acknowledgments: This work was supported by the University of Utah Health Sciences translational
research partnerships, and the University Technology Acceleration Grant from Utah Science, Tech-
nology, and Research (USTAR) program, Utah, USA. hUC-MSCs were kindly provided by Jadi Cell
LLC, Miami, USA. We thank A.N. Patel (University of Miami, USA) for scientific advice regarding
hUC-MSC culture and clinical utility. We recognize the invaluable technical advisory of T. Kikuchi on

https://www.mdpi.com/article/10.3390/cells11182840/s1
https://www.mdpi.com/article/10.3390/cells11182840/s1


Cells 2022, 11, 2840 15 of 17

methods of cell sheet layering by centrifugation. Finally, we acknowledge T. Shimizu and colleagues
at Tokyo Women’s Medical University (Japan) for their information exchange relevant to cell sheet
technology development and implementation.

Conflicts of Interest: T. Okano holds equity in CellSeed, Inc (Japan) and is an inventor/developer
designated on patents for CellSeed’s commercialized temperature-responsive culture surfaces. No
other competing financial interest exists. The other authors declare no competing interests.

References
1. Baraniak, P.R.; McDevitt, T.C. Scaffold-free culture of mesenchymal stem cell spheroids in suspension preserves multilineage

potential. Cell Tissue Res. 2011, 347, 701–711. [CrossRef] [PubMed]
2. Pittenger, M.F.; Discher, D.E.; Péault, B.M.; Phinney, D.G.; Hare, J.M.; Caplan, A.I. Mesenchymal stem cell perspective: Cell

biology to clinical progress. NPJ Regen. Med. 2019, 4, 22. [CrossRef] [PubMed]
3. Squillaro, T.; Peluso, G.; Galderisi, U. Clinical Trials with Mesenchymal Stem Cells: An Update. Cell Transplant. 2016, 25, 829–848.

[CrossRef]
4. Caplan, A.I.; Correa, D. The MSC: An Injury Drugstore. Cell Stem Cell 2011, 9, 11–15. [CrossRef] [PubMed]
5. Meirelles, L.D.S.; Fontes, A.M.; Covas, D.T.; Caplan, A.I. Mechanisms involved in the therapeutic properties of mesenchymal

stem cells. Cytokine Growth Factor Rev. 2009, 20, 419–427. [CrossRef] [PubMed]
6. Salgado, A.J.B.O.G.; Reis, R.L.G.; Sousa, N.J.C.; Gimble, J.M. Adipose Tissue Derived Stem Cells Secretome: Soluble Factors and

Their Roles in Regenerative Medicine. Curr. Stem Cell Res. Ther. 2010, 5, 103–110. [CrossRef] [PubMed]
7. Kato, Y.; Iwata, T.; Morikawa, S.; Yamato, M.; Okano, T.; Uchigata, Y. Allogeneic Transplantation of an Adipose-Derived Stem Cell

Sheet Combined With Artificial Skin Accelerates Wound Healing in a Rat Wound Model of Type 2 Diabetes and Obesity. Diabetes
2015, 64, 2723–2734. [CrossRef]

8. Lee, D.E.; Ayoub, N.; Agrawal, D.K. Mesenchymal stem cells and cutaneous wound healing: Novel methods to increase cell
delivery and therapeutic efficacy. Stem Cell Res. Ther. 2016, 7, 1–8. [CrossRef]

9. Miyahara, Y.; Nagaya, N.; Kataoka, M.; Yanagawa, B.; Tanaka, K.; Hao, H.; Ishino, K.; Ishida, H.; Shimizu, T.; Kangawa, K.; et al.
Monolayered mesenchymal stem cells repair scarred myocardium after myocardial infarction. Nat. Med. 2006, 12, 459–465.
[CrossRef]

10. Ranganath, S.H.; Levy, O.; Inamdar, M.S.; Karp, J.M. Harnessing the Mesenchymal Stem Cell Secretome for the Treatment of
Cardiovascular Disease. Cell Stem Cell 2012, 10, 244–258. [CrossRef]

11. Kim, M.-D.; Kim, S.-S.; Cha, H.-Y.; Jang, S.-H.; Chang, D.-Y.; Kim, W.H.; Suh-Kim, H.; Lee, J.-H. Therapeutic effect of hepatocyte
growth factor-secreting mesenchymal stem cells in a rat model of liver fibrosis. Exp. Mol. Med. 2014, 46, e110. [CrossRef]
[PubMed]

12. Chen, X.; Lu, M.; Ma, N.; Yin, G.; Cui, C.; Zhao, S. Dynamic tracking of injected mesenchymal stem cells after myocardial
in-farction in rats: A serial 7T MRI study. Stem Cells Int. 2016, 2016, 4656539. [CrossRef] [PubMed]

13. Karp, J.M.; Teo, G.S.L. Mesenchymal Stem Cell Homing: The Devil Is in the Details. Cell Stem Cell 2009, 4, 206–216. [CrossRef]
[PubMed]

14. Sart, S.; Tsai, A.-C.; Li, Y.; Ma, T. Three-Dimensional Aggregates of Mesenchymal Stem Cells: Cellular Mechanisms, Biological
Properties, and Applications. Tissue Eng. Part B Rev. 2014, 20, 365–380. [CrossRef] [PubMed]

15. Wahl, E.A.; Fierro, F.A.; Peavy, T.R.; Hopfner, U.; Dye, J.F.; Machens, H.-G.; Egaña, J.T.; Schenck, T.L. In Vitro Evaluation of
Scaffolds for the Delivery of Mesenchymal Stem Cells to Wounds. BioMed Res. Int. 2015, 2015, 1–14. [CrossRef] [PubMed]

16. Qazi, T.H.; Mooney, D.J.; Duda, G.N.; Geissler, S. Biomaterials that promote cell-cell interactions enhance the paracrine function
of MSCs. Biomaterials 2017, 140, 103–114. [CrossRef]

17. Thomas, D.; Marsico, G.; Isa, I.L.M.; Thirumaran, A.; Chen, X.; Lukasz, B.; Fontana, G.; Rodriguez, B.; Marchetti-Deschmann, M.;
O’Brien, T.; et al. Temporal changes guided by mesenchymal stem cells on a 3D microgel platform enhance angiogenesis in vivo
at a low-cell dose. Proc. Natl. Acad. Sci. USA 2020, 117, 19033–19044. [CrossRef]

18. Thomas, D.; O’Brien, T.; Pandit, A. Toward customized extracellular niche engineering: Progress in cell-entrapment technologies.
Adv. Mater. 2018, 30, 1703948. [CrossRef]

19. Okano, T.; Yamada, N.; Okuhara, M.; Sakai, H.; Sakurai, Y. Mechanism of cell detachment from temperature-modulated,
hydrophilic-hydrophobic polymer surfaces. Biomaterials 1995, 16, 297–303. [CrossRef]

20. Okano, T.; Yamada, N.; Sakai, H.; Sakurai, Y. A novel recovery system for cultured cells using plasma-treated polystyrene dishes
grafted with poly(N-isopropylacrylamide). J. Biomed. Mater. Res. 1993, 27, 1243–1251. [CrossRef]

21. Bou-Ghannam, S.; Kim, K.; Grainger, D.W.; Okano, T. 3D cell sheet structure augments mesenchymal stem cell cytokine production.
Sci. Rep. 2021, 11, 1–11.

22. Thorp, H.; Kim, K.; Kondo, M.; Grainger, D.W.; Okano, T. Fabrication of hyaline-like cartilage constructs using mesenchymal
stem cell sheets. Sci. Rep. 2020, 10, 1–14. [CrossRef] [PubMed]

23. Iwata, T.; Yamato, M.; Tsuchioka, H.; Takagi, R.; Mukobata, S.; Washio, K.; Okano, T.; Ishikawa, I. Periodontal regeneration with
multi-layered periodontal ligament-derived cell sheets in a canine model. Biomaterials 2009, 30, 2716–2723. [CrossRef] [PubMed]

http://doi.org/10.1007/s00441-011-1215-5
http://www.ncbi.nlm.nih.gov/pubmed/21833761
http://doi.org/10.1038/s41536-019-0083-6
http://www.ncbi.nlm.nih.gov/pubmed/31815001
http://doi.org/10.3727/096368915X689622
http://doi.org/10.1016/j.stem.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21726829
http://doi.org/10.1016/j.cytogfr.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19926330
http://doi.org/10.2174/157488810791268564
http://www.ncbi.nlm.nih.gov/pubmed/19941460
http://doi.org/10.2337/db14-1133
http://doi.org/10.1186/s13287-016-0303-6
http://doi.org/10.1038/nm1391
http://doi.org/10.1016/j.stem.2012.02.005
http://doi.org/10.1038/emm.2014.49
http://www.ncbi.nlm.nih.gov/pubmed/25145391
http://doi.org/10.1155/2016/4656539
http://www.ncbi.nlm.nih.gov/pubmed/27656215
http://doi.org/10.1016/j.stem.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19265660
http://doi.org/10.1089/ten.teb.2013.0537
http://www.ncbi.nlm.nih.gov/pubmed/24168395
http://doi.org/10.1155/2015/108571
http://www.ncbi.nlm.nih.gov/pubmed/26504774
http://doi.org/10.1016/j.biomaterials.2017.06.019
http://doi.org/10.1073/pnas.2008245117
http://doi.org/10.1002/adma.201703948
http://doi.org/10.1016/0142-9612(95)93257-E
http://doi.org/10.1002/jbm.820271005
http://doi.org/10.1038/s41598-020-77842-0
http://www.ncbi.nlm.nih.gov/pubmed/33257787
http://doi.org/10.1016/j.biomaterials.2009.01.032
http://www.ncbi.nlm.nih.gov/pubmed/19201461


Cells 2022, 11, 2840 16 of 17

24. Nishida, K.; Yamato, M.; Hayashida, Y.; Watanabe, K.; Yamamoto, K.; Adachi, E.; Nagai, S.; Kikuchi, A.; Maeda, N.;
Watanabe, H.; et al. Corneal reconstruction with tissue-engineered cell sheets composed of autologous oral mucosal epithelium.
N. Engl. J. Med. 2004, 351, 1187–1196. [CrossRef]

25. Ohki, T.; Yamato, M.; Ota, M.; Takagi, R.; Murakami, D.; Kondo, M.; Sasaki, R.; Namiki, H.; Okano, T.; Yamamoto, M. Prevention
of esophageal stricture after endoscopic submucosal dissection using tissue-engineered cell sheets. Gastroenterology 2012, 143,
582–588.e2. [CrossRef]

26. Yamaguchi, N.; Isomoto, H.; Kobayashi, S.; Kanai, N.; Kanetaka, K.; Sakai, Y.; Kasai, Y.; Takagi, R.; Ohki, T.; Fukuda, H.; et al. Oral
epithelial cell sheets engraftment for esophageal strictures after endoscopic submucosal dissection of squamous cell carcinoma
and airplane transportation. Sci. Rep. 2017, 7, 1–12. [CrossRef]

27. Yamamoto, K.; Yamato, M.; Morino, T.; Sugiyama, H.; Takagi, R.; Yaguchi, Y.; Okano, T.; Kojima, H. Middle ear mucosal
regeneration by tissue-engineered cell sheet transplantation. NPJ Regen. Med. 2017, 2, 1–11. [CrossRef]

28. Kim, K.; Bou-Ghannam, S.; Okano, T. Cell sheet tissue engineering for scaffold-free three-dimensional (3D) tissue reconstruction.
Methods Cell Biol. 2020, 157, 143–167.

29. Takahashi, H.; Itoga, K.; Shimizu, T.; Yamato, M.; Okano, T. Human Neural Tissue Construct Fabrication Based on Scaffold-Free
Tissue Engineering. Adv. Health Mater. 2016, 5, 1931–1938. [CrossRef]

30. Ebihara, G.; Sato, M.; Yamato, M.; Mitani, G.; Kutsuna, T.; Nagai, T.; Ito, S.; Ukai, T.; Kobayashi, M.; Kokubo, M.; et al. Cartilage
repair in transplanted scaffold-free chondrocyte sheets using a minipig model. Biomaterials 2012, 33, 3846–3851. [CrossRef]

31. Sekine, H.; Shimizu, T.; Dobashi, I.; Matsuura, K.; Hagiwara, N.; Takahashi, M.; Kobayashi, E.; Yamato, M.; Okano, T. Cardiac cell
sheet transplantation improves damaged heart function via superior cell survival in comparison with dissociated cell injection.
Tissue Eng. Part A 2011, 17, 2973–2980. [CrossRef]

32. Nakao, M.; Kim, K.; Nagase, K.; Grainger, D.W.; Kanazawa, H.; Okano, T. Phenotypic traits of mesenchymal stem cell sheets
fabricated by temperature-responsive cell culture plate: Structural characteristics of MSC sheets. Stem Cell Res. Ther. 2019, 10,
1–14. [CrossRef] [PubMed]

33. Thorp, H.; Kim, K.; Bou-Ghannam, S.; Kondo, M.; Maak, T.; Grainger, D.W.; Okano, T. Enhancing chondrogenic potential via
mesenchymal stem cell sheet multilayering. Regen. Ther. 2021, 18, 487–496. [CrossRef] [PubMed]

34. Huang, A.H.; Motlekar, N.A.; Stein, A.; Diamond, S.L.; Shore, E.M.; Mauck, R.L. High-Throughput Screening for Modulators of
Mesenchymal Stem Cell Chondrogenesis. Ann. Biomed. Eng. 2008, 36, 1909–1921. [CrossRef] [PubMed]

35. Johnstone, B.; Hering, T.M.; Caplan, A.I.; Goldberg, V.M.; Yoo, J.U. In vitro chondrogenesis of bone marrow-derived mesenchymal
progenitor cells. Exp. Cell Res. 1998, 238, 265–272. [CrossRef]

36. Kouroupis, D.; Correa, D. Increased Mesenchymal Stem Cell Functionalization in Three-Dimensional Manufacturing Settings for
Enhanced Therapeutic Applications. Front. Bioeng. Biotechnol. 2021, 9, 621748. [CrossRef]

37. Markway, B.; Tan, G.-K.; Brooke, G.; Hudson, J.E.; Cooper-White, J.J.; Doran, M.R. Enhanced Chondrogenic Differentiation
of Human Bone Marrow-Derived Mesenchymal Stem Cells in Low Oxygen Environment Micropellet Cultures. Cell Transpl.
2010, 19, 29–42. [CrossRef]

38. Haraguchi, Y.; Hasegawa, A.; Matsuura, K.; Kobayashi, M.; Iwana, S.-I.; Kabetani, Y.; Shimizu, T. Three-Dimensional Human
Cardiac Tissue Engineered by Centrifugation of Stacked Cell Sheets and Cross-Sectional Observation of Its Synchronous Beatings
by Optical Coherence Tomography. BioMed Res. Int. 2017, 2017, 1–8. [CrossRef]

39. Haraguchi, Y.; Kagawa, Y.; Hasegawa, A.; Kubo, H.; Shimizu, T. Rapid fabrication of detachable three-dimensional tissues by
layering of cell sheets with heating centrifuge. Biotechnol. Prog. 2018, 34, 692–701. [CrossRef]

40. Haraguchi, Y.; Matsuura, K.; Kagawa, Y.; Hasegawa, A.; Kubo, H.; Shimizu, T. Rapid creation system of morphologically
and functionally communicative three-dimensional cell-dense tissue by centrifugation. Biotechnol. Prog. 2018, 34, 1447–1453.
[CrossRef]

41. Haraguchi, Y.; Shimizu, T.; Sasagawa, T.; Sekine, H.; Sakaguchi, K.; Kikuchi, T.; Sekine, W.; Sekiya, S.; Yamato, M.; Umezu, M.; et al.
Fabrication of functional three-dimensional tissues by stacking cell sheets in vitro. Nat. Protoc. 2012, 7, 850–858. [CrossRef]
[PubMed]

42. Hasegawa, A.; Haraguchi, Y.; Shimizu, T.; Okano, T. Rapid fabrication system for three-dimensional tissues using cell sheet
engineering and centrifugation. J. Biomed. Mater. Res. Part A 2015, 103, 3825–3833. [CrossRef] [PubMed]

43. Haraguchi, Y.; Kagawa, Y.; Kubo, H.; Shimizu, T. Analysis of force vector field during centrifugation for optimizing cell sheet
adhesion. Biotechnol. Prog. 2019, 35, e2857. [CrossRef] [PubMed]

44. Kondo, M.; Kameishi, S.; Kim, K.; Metzler, N.F.; Maak, T.G.; Hutchinson, D.T.; Wang, A.A.; Maehara, M.; Sato, M.;
Grainger, D.W.; et al. Safety and efficacy of human juvenile chondrocyte-derived cell sheets for osteochondral defect treatment.
NPJ Regen. Med. 2021, 6, 1–11. [CrossRef]

45. Baczynska, D.; Bombik, I.; Malicka-Błaszkiewicz, M. β-Catenin expression regulates cell migration of human colonic adenocarci-
noma cells through gelsolin. Anticancer Res. 2016, 36, 5249–5256. [CrossRef]

46. Cai, S.X.; Liu, A.R.; Chen, S.; He, H.L.; Chen, Q.H.; Xu, J.Y.; Pan, C.; Yang, Y.; Guo, F.; Huang, Y.; et al. Activation of Wnt/β-
catenin signalling promotes mesenchymal stem cells to repair injured alveolar epithelium induced by lipopolysaccharide in mice.
Stem Cell Res. Ther. 2015, 6, 1–11.

47. Mills, W.R.; Mal, N.; Kiedrowski, M.J.; Unger, R.; Forudi, F.; Popovic, Z.B.; Penn, M.S.; Laurita, K.R. Stem cell therapy enhances
electrical viability in myocardial infarction. J. Mol. Cell. Cardiol. 2007, 42, 304–314. [CrossRef]

http://doi.org/10.1056/NEJMoa040455
http://doi.org/10.1053/j.gastro.2012.04.050
http://doi.org/10.1038/s41598-017-17663-w
http://doi.org/10.1038/s41536-017-0010-7
http://doi.org/10.1002/adhm.201600197
http://doi.org/10.1016/j.biomaterials.2012.01.056
http://doi.org/10.1089/ten.tea.2010.0659
http://doi.org/10.1186/s13287-019-1431-6
http://www.ncbi.nlm.nih.gov/pubmed/31779694
http://doi.org/10.1016/j.reth.2021.11.004
http://www.ncbi.nlm.nih.gov/pubmed/34926734
http://doi.org/10.1007/s10439-008-9562-4
http://www.ncbi.nlm.nih.gov/pubmed/18791827
http://doi.org/10.1006/excr.1997.3858
http://doi.org/10.3389/fbioe.2021.621748
http://doi.org/10.3727/096368909X478560
http://doi.org/10.1155/2017/5341702
http://doi.org/10.1002/btpr.2612
http://doi.org/10.1002/btpr.2691
http://doi.org/10.1038/nprot.2012.027
http://www.ncbi.nlm.nih.gov/pubmed/22481530
http://doi.org/10.1002/jbm.a.35526
http://www.ncbi.nlm.nih.gov/pubmed/26097136
http://doi.org/10.1002/btpr.2857
http://www.ncbi.nlm.nih.gov/pubmed/31148395
http://doi.org/10.1038/s41536-021-00173-9
http://doi.org/10.21873/anticanres.11095
http://doi.org/10.1016/j.yjmcc.2006.09.011


Cells 2022, 11, 2840 17 of 17

48. Galbraith, C.G.; Davidson, M.W.; Galbraith, J.A. Coupling integrin dynamics to cellular adhesion behaviors. Biol. Open 2018, 7,
bio036806. [CrossRef]

49. Docheva, D.; Popov, C.; Mutschler, W.; Schieker, M. Human mesenchymal stem cells in contact with their environment: Surface
characteristics and the integrin system. J. Cell. Mol. Med. 2007, 11, 21–38. [CrossRef]

50. Kim, J.H.; Jekarl, D.W.; Kim, M.; Oh, E.J.; Kim, Y.; Park, I.Y.; Shin, J.C. Effects of ECM protein mimetics on adhesion and
proliferation of chorion derived mesenchymal stem cells. Int. J. Med. Sci. 2014, 11, 298. [CrossRef]

51. Sawyer, A.A.; Hennessy, K.M.; Bellis, S.L. The effect of adsorbed serum proteins, RGD and proteoglycan-binding peptides on the
adhesion of mesenchymal stem cells to hydroxyapatite. Biomaterials 2007, 28, 383–392. [CrossRef] [PubMed]

52. Kikuchi, T.; Shimizu, T.; Wada, M.; Yamato, M.; Okano, T. Automatic fabrication of 3-dimensional tissues using cell sheet
manipulator technique. Biomaterials 2014, 35, 2428–2435. [CrossRef] [PubMed]

53. Lv, B.; Li, F.; Fang, J.; Xu, L.; Sun, C.; Han, J.; Hua, T.; Zhang, Z.; Feng, Z.; Jiang, X. Hypoxia inducible factor 1α promotes survival
of mesenchymal stem cells under hypoxia. Am. J. Transl. Res. 2017, 9, 1521–1529. [PubMed]

54. Mathieu, P.S.; Loboa, E.G. Cytoskeletal and Focal Adhesion Influences on Mesenchymal Stem Cell Shape, Mechanical Properties,
and Differentiation Down Osteogenic, Adipogenic, and Chondrogenic Pathways. Tissue Eng. Part B Rev. 2012, 18, 436–444.
[CrossRef]

55. Wang, D.-G.; Zhang, F.-X.; Chen, M.-L.; Zhu, H.-J.; Yang, B.; Cao, K.-J. Cx43 in mesenchymal stem cells promotes angiogenesis of
the infarcted heart independent of gap junctions. Mol. Med. Rep. 2014, 9, 1095–1102. [CrossRef]

56. Miranda, J.P.; Camões, S.P.; Gaspar, M.M.; Rodrigues, J.; Carvalheiro, M.; Bárcia, R.N.; da Cruz, P.E.; Cruz, H.; Simões, S.; Santos,
J.M. The Secretome Derived From 3D-Cultured Umbilical Cord Tissue MSCs Counteracts Manifestations Typifying Rheumatoid
Arthritis. Front. Immunol. 2019, 10, 18. [CrossRef]

57. Ball, S.G.; Shuttleworth, C.A.; Kielty, C.M. Mesenchymal stem cells and neovascularization: Role of platelet-derived growth factor
receptors. J. Cell. Mol. Med. 2007, 11, 1012–1030. [CrossRef]

58. Weiss, A.R.R.; Dahlke, M.H. Immunomodulation by Mesenchymal Stem Cells (MSCs): Mechanisms of Action of Living, Apoptotic,
and Dead MSCs. Front. Immunol. 2019, 10, 1191. [CrossRef]

59. Kim, K.; Bou-Ghannam, S.; Thorp, H.; Grainger, D.W.; Okano, T. Human mesenchymal stem cell sheets in xeno-free media for
possible allogenic applications. Sci. Rep. 2019, 9, 1–12. [CrossRef]

60. Grayson, W.L.; Zhao, F.; Izadpanah, R.; Bunnell, B.; Ma, T. Effects of hypoxia on human mesenchymal stem cell expansion and
plasticity in 3D constructs. J. Cell. Physiol. 2005, 207, 331–339. [CrossRef]

61. Jin, Y.; Kato, T.; Furu, M.; Nasu, A.; Kajita, Y.; Mitsui, H.; Ueda, M.; Aoyama, T.; Nakayama, T.; Nakamura, T.; et al. Mesenchymal
stem cells cultured under hypoxia escape from senescence via down-regulation of p16 and extracellular signal regulated kinase.
Biochem. Biophys. Res. Commun. 2010, 391, 1471–1476. [CrossRef] [PubMed]

62. Sekine, W.; Haraguchi, Y.; Shimizu, T.; Umezawa, A.; Okano, T. Thickness limitation and cell viability of multi-layered cell sheets
and overcoming the diffusion limit by a porous-membrane culture insert. J. Biochip Tissue Chip. S. 2011, 1, 2153-0777. [CrossRef]

63. Harimoto, M.; Yamato, M.; Hirose, M.; Takahashi, C.; Isoi, Y.; Kikuchi, A.; Okano, T. Novel approach for achieving double-layered
cell sheets co-culture: Overlaying endothelial cell sheets onto monolayer hepatocytes utilizing temperature-responsive culture
dishes. J. Biomed. Mater. Res. 2002, 62, 464–470. [CrossRef] [PubMed]

64. Kim, K.; Utoh, R.; Ohashi, K.; Kikuchi, T.; Okano, T. Fabrication of functional 3D hepatic tissues with polarized hepatocytes by
stacking endothelial cell sheets in vitro. J. Tissue Eng. Regen. Med. 2017, 11, 2071–2080. [CrossRef]

65. Muraoka, M.; Shimizu, T.; Itoga, K.; Takahashi, H.; Okano, T. Control of the formation of vascular networks in 3D tissue
engineered constructs. Biomaterials 2013, 34, 696–703. [CrossRef]

http://doi.org/10.1242/bio.036806
http://doi.org/10.1111/j.1582-4934.2007.00001.x
http://doi.org/10.7150/ijms.6672
http://doi.org/10.1016/j.biomaterials.2006.08.031
http://www.ncbi.nlm.nih.gov/pubmed/16952395
http://doi.org/10.1016/j.biomaterials.2013.12.014
http://www.ncbi.nlm.nih.gov/pubmed/24370007
http://www.ncbi.nlm.nih.gov/pubmed/28386377
http://doi.org/10.1089/ten.teb.2012.0014
http://doi.org/10.3892/mmr.2014.1923
http://doi.org/10.3389/fimmu.2019.00018
http://doi.org/10.1111/j.1582-4934.2007.00120.x
http://doi.org/10.3389/fimmu.2019.01191
http://doi.org/10.1038/s41598-019-50430-7
http://doi.org/10.1002/jcp.20571
http://doi.org/10.1016/j.bbrc.2009.12.096
http://www.ncbi.nlm.nih.gov/pubmed/20034468
http://doi.org/10.4172/2153-0777.S1-007
http://doi.org/10.1002/jbm.10228
http://www.ncbi.nlm.nih.gov/pubmed/12209933
http://doi.org/10.1002/term.2102
http://doi.org/10.1016/j.biomaterials.2012.10.009

	Introduction 
	Materials and Methods 
	Human Umbilical Cord Mesenchymal Stem Cell (hUC-MSC) Culture 
	hUC-MSC Sheet Fabrication 
	Cell Sheet Tilting Optimization to Remove Excess Culture Media 
	Single Layer Cell Sheet Centrifugation 
	Preparation of Layered Cell Sheets by Conventional and Centrifugation Methods 
	Histological Analysis 
	Cell Proliferation Rate 
	Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 
	Soluble Cytokine Secretion Quantification 
	Statistical Analysis 

	Results 
	Optimization of Cell Sheet-to-Surface Interactions 
	Centrifugation Alters Cellular Structures 
	Centrifugation Enhances Gene Expression Related to Cellular Interactions in One-Layer Cell Sheets 
	Enhanced Tissue Interactions Due to Centrifugation Increases MSC Pro-Regenerative Cytokine Production 
	Comparative Assessment of Two-Layer Cell Sheet Structure and Viability Fabricated by Conventional and Centrifugation Layering Methods 
	Centrifugation Enhances Cellular Function of Layered Cell Sheets 
	Cell Sheet Layering Augments MSC Cytokine Production 

	Discussion 
	Conclusions 
	References

