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Detachment of cell sheets from
clinically ubiquitous cell culture
vessels by ultrasonic vibration

Chikahiro Imashiro'2, Makoto Hirano3, Takashi Morikura*, Yuki Fukuma*, Kiyoshi Ohnuma®,
Yuta Kurashina’%, Shogo Miyata® & Kenjiro Takemura >

Proteinases that digest the extracellular matrix are usually used to harvest cells from culture vessels

in a general culture process, which lowers the initial adhesion rate in regenerative medicine. Cell sheet
engineering is one of the most important technologies in this field, especially for transplantation,
because fabricated cell sheets have rich extracellular matrixes providing strong initial adhesion. Current
cell sheet fabrication relies on temperature-responsive polymer-coated dishes. Cells are cultured on
such specialized dishes and subjected to low temperature. Thus, we developed a simple but versatile
cell sheet fabrication method using ubiquitous culture dishes/flasks without any coating or temperature
modulation. Confluent mouse myoblasts (C2C12 cell line) were exposed to ultrasonic vibration from
underneath and detached as cell sheets from entire culture surfaces. Because of the absence of low
temperature, cell metabolism was statically increased compared with the conventional method.
Furthermore, viability, morphology, protein expression, and mRNA expression were normal. These
analyses indicated no side effects of ultrasonic vibration exposure. Therefore, this novel method may
become the standard for cell sheet fabrication. Our method can be easily conducted following a general
culture procedure with a typical dish/flask, making cell sheets more accessible to medical experts.

Tissue engineering and regenerative medicine have been developed, in which cell sheet development is one of the
major challenges'?. It has been reported that cell sheet implantation improves therapeutic effects compared with
implantation of dissociated cells**. For example, a myocardial cell sheet is an appropriate graft for regenerative
medicine of the myocardium®®. In addition, there are many possible treatments of any organ such as the cornea,
cartilage, and esophagus’™. However, in the field of tissue engineering, accumulated cell sheets are used to gen-
erate a 3-D tissue in vitro'.

Current cell sheet fabrication for practical use exclusively relies on a temperature-responsive culture dish
with poly-N-isopropylacrylamide (pPNIPAAm) coated on its culture surface. After reaching confluency on the
pNIPAAm-coated dish surface, cells are subjected to a low temperature of 20 °C. The surface-bound pNIPAAm
undergoes a reversible change from hydrophobic to hydrophilic upon lowering the temperature. As a result,
the cell sheet detaches!'"!2. Because this cell sheet fabrication procedure does not use any proteinases that might
degrade surface proteins, the fabricated cell sheet has a rich extracellular matrix (ECM) providing strong initial
adhesion. In addition to the simplicity of handling a cell sheet compared with dissociated cells, this ECM-rich
feature is highly effective for transplanting cultured cells.

However, the use of temperature-responsive polymer-coated culture dishes has two main problems. First,
it requires a reduction in temperature to detach a cell sheet from a dish, resulting in a decrease of cell viability
and variation of the functions of some delicate cells'*~**. Second, pPNIPAAm coating is indispensable. To coat
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pNIPAAm on a culture surface, electron beam or vapour phase polymerization equipment and facilities are
needed'®, which is technically difficult and costly. Although UpCell®-precoated temperature-responsive cul-
ture dishes are commercially available, this specialized cell culture dish is much more expensive than a general
culture dish. In addition to using temperature-responsive culture dishes, ECM-rich cell sheets have been fabri-
cated by other techniques such as using electro- and photo-responsive materials, modulation of medium, and
infusing polymers®!7-2°. These alternatives for detaching a cell sheet may overcome the two major problems of
pNIPAAm-coated dishes. However, they still require specialized processing of a cell culture surface or chemicals
that could be harmful to cells. Consequently, a pNIPAAm-coated dish is the only method to generate a clinically
applicable cell sheet. Thus, a simple cell sheet fabrication method capable of generating an active and ECM-rich
cell sheet is highly desired for the advancement of regenerative medicine.

Thus, the purpose of this study was to develop a simple technique to generate an active and ECM-rich cell
sheet with a clinically ubiquitous cell culture dish/flask, which does not require temperature modulation, addi-
tional chemicals, or specialized technical skills. Our previous study showed that cells cultured on an ultrasonic
transducer can be detached by the combination of ultrasonic vibration and temperature modulation without
any enzymes?!. In addition, cells detached by our method have much more intact membrane proteins than those
detached by the conventional trypsin treatment. Moreover, the initial adhesion time of cells to a culture sur-
face is much shorter for cells detached by our method compared with cells detached by trypsin®'. In another
previous report, the detachment trigger was identified as mechanical force generated by acoustic radiation®*.
Therefore, we investigated detachment of an ECM-rich cell sheet from the entire culture surface of clinically
ubiquitous cell cultures vessel by ultrasonic vibration that is capable of detaching cells forcibly. We developed a
cell sheet-detaching system, detached a cell sheet, and estimated the functionality of the cell sheet in this study.
The efficiency of the developed method was demonstrated by comparison with the conventional method using
a pNIPAAm-coated culture dish, which is the only method used practically. Mouse myoblasts (C2C12 cell line)
were used as a model cell line in our study. The C2C12 cell line is widely used in cell engineering experiments,
including cell sheet-detaching studies, because myoblast cell sheet transplantation is a significant regenerative
therapy that has been reported previously*-2°.

Results
Cell sheet detachment. We mainly used a 35-mm culture dish to demonstrate our concept as shown in
Fig. la, although we showed cell sheet detachment from culture dishes and flasks in our study. Mouse myoblasts
(C2C12 cell line) were seeded, cultured for 3 days to reach confluency, and exposed to ultrasonic vibration from
underneath in an incubator as shown in Fig. 1. The ultrasonic vibration was generated by a Langevin transducer
with input voltages of 12.5 or 25 V. Figure 2a, b show cell sheets after ultrasonic exposure for 1h at 12.5 and 25V,
respectively. The cell sheet was successfully detached by ultrasonic vibration excited at 25V, but not completely
detached at 12.5V within 1h of exposure to ultrasonic vibration. As shown in Fig. 2b, the cell sheet had shrunk
after detaching from the dish, which is also typical in the conventional method??”. To detach cell sheets, 1 h is the
standard time required in the conventional method®. Figure 2¢ shows the number of successfully detached cell
sheets (vertical axis) with the corresponding duration of ultrasonic exposure (horizontal axis) at an input voltage
of 25V. The total number of trials was 45. By exposure to ultrasonic vibration from underneath the dish, a cell
sheet could be detached with a probability of 95.6% within 1h. Furthermore, Fig. 2d shows the appearance of a
cell sheet being detached with an input voltage of 25V, demonstrating that the cell sheet was detached from the
circumference.

In addition to the results of cell sheet detachment from a 35-mm culture dish, we detached a cell sheet from a
T25 flask (90025, TPP Techno Plastic Products AG, Trasadingen, Switzerland) to demonstrate the general versa-
tility of our method (See Supplementary Note 1).

Cell viability, ECM, and morphology. Live cells in a cell sheet were stained with calcein-AM to estimate
cell viability. As shown in Fig. 3a, the cell sheet detached by ultrasonic exposure (25V, 1h) was entirely stained
with calcein-AM, indicating that the cell sheet consisted of live cells. To evaluate the ECM on the cell sheet,
fibronectin, a type of ECM protein, was stained on the cell sheet and in the dish on which the cell sheet had been
attached. Figure 3b shows stained fibronectin located only on the cell sheet, indicating that the fibronectin was
intact on the cell sheet and did not remain on the dish surface. Therefore, the developed method could fabricate
a cell sheet with rich fibronectin similar to the conventional method using a pPNIPAAm-coated culture dish?.
Fibronectin is related to cell functions such as adhesion. To observe morphology of the cell sheet, haematoxy-
lin and eosin (HE) staining was performed as shown in Fig. 3¢, and HE staining was performed on a cell sheet
detached by the conventional method in Fig. S2. Cells were observed as attached to each other in the cross section
of the cell sheet. The thickness of the cell sheet was less than 40 um. Furthermore, there were no folded parts,
indicating that the cell sheet had a homogeneous thickness. In short, there was no morphological difference in
either method.

We also compared the viabilities of the cell sheets, as shown in Fig. 4, and found no difference using either
method at each time point.

Cell sheet metabolism. For therapy using cell sheets, paracrine effects are important®?. Cells are expected
to secrete cytokine after transplantation. Therefore, cell activity should be maintained®. Estimation of cell sheet
activity was conducted at 24 h of culture after detachment. Metabolic activity of the cell sheet detached by the
developed method was evaluated by comparison with a cell sheet detached by the conventional method (control).
Except for the culture dish, all culture conditions before detachment were the same as the developed method.
Figure 5 shows the comparisons of glucose consumption and lactate production between the cell sheets detached
by the developed and conventional methods at 24 h of culture after detachment. Both indexes of the cell sheet
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Figure 1. Cell sheet-detaching process using ultrasonic vibration. (a) Conceptual image of cell sheet
detachment. (b) Ultrasonic vibration is applied to cells to detach them from the bottom of the dish. (c) Cell
sheet-detaching system in an incubator.

fabricated by the developed method were statistically higher than those of the cell sheet fabricated by the con-
ventional method. These results suggest that the developed method generates cell sheets with higher metabolism
compared with the conventional method.

Protein assays of cell sheets. Seven kinds of proteins were quantified by western blotting in cell sheets
fabricated by the developed and conventional methods, including myosin heavy chain (MHC), leukaemia inhib-
itory factor receptor (LIFR), integrin a5, fibronectin, stromal cell-derived factor 1 (SDF-1), vascular endothelial
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Figure 2. Cell sheet detachment by ultrasonic vibration. Cell sheets after ultrasonic exposure for 1 h at input
voltages of (a) 12.5V or (b) 25 V. (¢) Number of cell sheets successfully detached with the corresponding
duration of ultrasonic exposure and input voltage of 25 V. The total number of trials was 45. “Number of cell
sheets” indicates how many cell sheets were detached at each 10 min of ultrasonic exposure. (d) Appearance of
cell sheets detached at an input voltage of 25 V.

F

Figure 3. Cell sheet evaluation immediately after detachment. (a) Entire calcein-stained cell sheet and (b) the
edge of a fibronectin-stained cell sheet observed by fluorescence microscopy. (c) Cross-section view of a HE-
stained cell sheet observed by phase-contrast microscopy.

growth factor (VEGF), and 3-actin. MHC, LIFR, integrin a5, and (3-actin are cellular proteins, whereas fibronec-
tin is an ECM protein, and SDF-1 and VEGF are cytokines?**!. MHC and (-actin are located in the cytoplasm,
while LIFR and integrin o5 are located on the cell membrane. MHC and LIFR were quantified as differentiation
indexes. Integrin o5 and fibronectin are related to cell adhesion. SDF-1 recruits several kinds of stem/progenitor
cells, and VEGF induces angiogenesis®. After transferring the cell sheets to 35-mm culture dishes, they were
cultured for 24h in 2 mL growth medium, and then protein assays were conducted. The results of western blotting
are shown in Fig. 6. The band density was normalized to the 3-actin band and expressed as the relative quantity
to the data obtained from cells detached by the conventional method. The results indicated that expression of the
abovementioned proteins was not altered by the developed method.
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Figure 4. Results of cell sheet viability assays. Evaluation was performed (a) immediately before detachment,
(b) immediately after detachment, and after 24 h of culture (mean £ SD, n = 3). Note that Md and Mc represent
the proposed and conventional methods, respectively.
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Figure 5. Results of cell sheet metabolism assays. (a) Glucose consumption and (b) lactate production after
24-h of culture (mean £ SD, n =4, *p < 0.05; **p < 0.01). My and M, represent the jeveloped and conventional
methods, respectively. These assays were conducted after culturing cell sheets detached by each method for 24 h.
Detached cell sheets were transferred to another culture dish and cultured with 2 mL culture medium. Finally,
the supernatant was collected and monitored after 24 h of culture.

MRNA expression assays of cell sheets. Expression of seven mRNAs was quantified by reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) in cell sheets fabricated by the developed and
conventional methods, including myosin heavy polypeptide 2 (Myh2), leukaemia inhibitory factor receptor o
(Lifr), integrin o5 (Itga5), fibronectin 1 (Fnl), C-X-C motif chemokine ligand 12 (Cxcl12), vascular endothelial
growth factor A (Vegfa), and B-actin (Actb). Each gene encoded the following proteins: MHC, LIFR, integrin o5,
fibronectin, SDF-1, VEGEF, and (3-actin, respectively. Cell sheets were cultured for 24h in 2mL growth medium
after detachment and then RT-qPCR was conducted. The results of RT-qPCR are shown in Fig. 7. The mRNA
quantities were normalized to 3-actin mRNA and then calibrated by the relative quantity to the quantity obtained
from cells detached by the conventional method. As a result, there was no significant difference in mRNA expres-
sion of Lifr, Itga5, Fnl, Cxcl12, and Vegfa between the samples collected by the developed or conventional meth-
ods. The relative mRNA quantities of Myh2 could not be calculated by the 2-42¢ method, in which C, is the
threshold cycle, because its mRNA expression was not detected in some RT-qPCRs. These results showed that the
mRNA expression in cell sheets was not altered by the proposed method.

Discussion

We demonstrated that a cell sheet of mouse myoblasts could be detached from clinically ubiquitous cell cul-
ture by suitable ultrasonic exposure, which are commonly used in proof-of-concept tissue engineering and cell
sheet studies’. Furthermore, the metabolism of the cell sheet fabricated by the developed method was statically
improved compared with the conventional method, while cell viability, protein expression, and mRNA expres-
sion showed no significant differences. Therefore, we have provided a simple method to detach a cell sheet from
a clinically ubiquitous cell culture vessel supply without using any additional materials or chemicals. In addition,
the fabricated cell sheet had a higher metabolism compared with a cell sheet prepared by the widely used con-
ventional method. This critical improvement relied on replacement of the temperature-responsive polymer by
ultrasonic exposure, because other experimental conditions, such as the number of seeded cells, growth medium,
and culture time, were the same in both the developed and conventional methods.
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Figure 6. Comparison of protein expression in cell sheets. (a) Cell sheets collected by the developed method
(My) and conventional method (M,) were lysed in SDS-PAGE sample buffer, and proteins were analysed by
western blotting with the following antibodies: anti-fibronectin (220 kDa, first panel), anti-myosin heavy chain
(MHC, 220kDa, second panel), anti-leukaemia inhibitory factor receptor (LIFR, 190kDa, third panel), anti-
integrin a5 (150kDa, fourth panel), anti-3-actin (45kDa, fifth panel), anti-vascular endothelial growth factor
(VEGE, 22kDa, sixth panel), and anti-SDF-1 (10kDa, seventh panel). Arrows indicate target bands. Relative
protein quantities (Q) of (b) fibronectin, (¢) MHC, (d) LIFR, (e) integrin o5, (f) VEGF, and (g) SDF-1 were
measured using their band densities on western blots. Protein quantities were normalized to the band density
of B-actin and expressed as the quantity relative to the conventional method (mean £ SD, n=4). Western blots
were cropped for clarity; uncropped images can be found in Supplementary Fig. S3.
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Figure 7. Comparison of mRNA expression in cell sheets. Relative mRNA expression of (a) Fnl, (b) Lifr, (c)
Itga5, (d) Vegfa, and (e) Cxcl12 in cell sheets was quantified by RT-qPCR. Cell sheets were collected by the
developed and conventional methods. mRNA quantities were normalized to 3-actin mRNA and then calibrated
by the relative quantity to the quantity obtained from cells detached by the conventional method (mean £ SD,
n=3). The relative mRNA quantities of Myh2 could not be calculated the using 2-22% method, in which C, is
the threshold cycle, because its mRNA expression was not detected in some RT-qPCRs.

As shown in Figs. 3 and 4, cell viability, the fibronectin location, and morphology were evaluated immediately
after detachment of the cell sheet. The cell sheet consisted of living cells, had rich fibronectin, and a homogeneous
three-dimensional morphology with a maximum thickness of less than 40 um. Cell viability is undoubtably an
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important index for cell activity, and the ultrasonic exposure under the conditions of the developed method did
not have any negative effects on viability. Although there is the possibility of cavitation with ultrasonic exposure,
data shown in Fig. 3a eliminated this possibility, which is always a concern in a system using kHz range ultrasonic
vibration®®. Once cavitation occurs, bubbles should induce a strong shockwave that can crush cells when they
collapse®. Accordingly, a cell sheet is likely to break. However, Fig. 3a shows that the cell sheet did not break and
consisted of live cells, demonstrating that cavitation did not occur or at least did not damage cell sheets in our
method. The location of fibronectin shown in Fig. 3b also indicates a positive aspect of the developed method.
Fibronectin, which is a type of ECM protein stained in this study, is related to cell activity, especially adhesion®.
Fibronectin was intact on the cell sheet and not on the dish, suggesting that the fabricated cell sheet had high
activity at least from the viewpoint of initial adhesion, which is important for engraftment upon transplantation.
The homogeneous cell sheet morphology with the maximum thickness of 40 um revealed by HE staining (Fig. 3¢)
minimizes the possibilities of partial differentiation and necrosis. The cell environment affects their differen-
tiation. Therefore, a homogeneous thickness is required to fabricate cell sheets with homogeneous functions.
Furthermore, necrosis occurs in a tissue with a thickness of 150-200 um or thicker®. Thus, as indicated by the
results of estimations immediately after detaching a cell sheet by ultrasonic exposure, the developed method did
not exert any negative effects on the fabricated cell sheet.

As an estimation of cell activity after transplantation, Fig. 5 shows the cell metabolism represented by glucose
consumption and lactate production that are generally used as cell metabolism indexes*. Cell sheets detached
by the developed method had statistically higher metabolism than those detached by the conventional method.
In the conventional method, temperature is lowered to 20 °C for 1 h, whereas temperature is not reduced in the
developed method. It is known that temperature reduction may decrease cell metabolism*®. Thus, we believe that
the main reason for the improvement in cell metabolism by the developed method is the absence of temperature
reduction. Because cell metabolism is related to cell activity including secreting cytokines and cell adhesion®”,
the developed method contributes to producing a highly active cell sheet.

Protein and mRNA expression is important to evaluate the normality of cells. The results of protein quantifica-
tions are shown in Figs. 6 and 7. For convenience, we made discussion basing protein assay. Previous studies have
reported that vibration affects the differentiation rate of myoblasts*. However, the expression of MHC used as a
differentiation index was not altered in cell sheets detached by the developed method. Furthermore, expression
of LIFR, which is related to several cell functions including differentiation, was not altered*’. Thus, the ultra-
sonic exposure in the developed method had no effect on the differentiation rate of myoblasts. Integrin o5 and
fibronectin were quantified to evaluate the cell adhesion ability. Integrin a5 is mainly related to cell-fibronectin
adhesion, and fibronectin is an ECM protein that acts an anchor for cell adhesion. Because the results showed that
both integrin a5 and fibronectin in the cell sheet detached by the developed method were intact, we concluded
that the detached cell sheet had a good adhesion ability. Integrin o5 and fibronectin are also related to other
cell activities including proliferation, differentiation, migration, and secreting ECM proteins and cytokines*! =+,
Therefore, these functions of the cells would be conserved when the cell sheet is detached by the developed
method. Cytokines such as SDF-1 and VEGE, which were also quantified, are not directly related to cell sheet
functions. However, they play very important roles in clinical applications. In regenerative medicine, cell sheets
are transplanted onto organs. For example, myoblast cell sheets are transplanted onto a heart to improve cardiac
functions*. The efficiency of the therapy depends on the cytokine-secreting ability of the cells. Because SDF-1
recruits several kinds of stem/progenitor cells, it is a key protein in regenerative medicine*>*. Furthermore,
VEGEF induces strong angiogenesis that is important to maintain the transplanted cell sheet, because tissues
cannot survive without a proper blood supply*’. Cytokine expression in a cell sheet detached by the developed
method was not altered. Additionally, the proteins quantified in this study were located in the cytoplasm, mem-
brane, ECM, and supernatant. Consequently, we can conclude that, regardless of the protein location, the ultra-
sonic exposure did not affect protein expression. Furthermore, mRNA analyses demonstrated that our detached
cell sheets were intact. These results were expected because the cell sheet should be detached forcibly and not by
chemical reactions®. Cell viability was also unaffected by the developed method. Thus, we concluded that the
developed method forcibly, but gently, detached a cell sheet by acoustic radiation force.

The developed and conventional methods can be compared from several viewpoints. From the viewpoint of
cost, although our method requires an ultrasound transducer, costly expendable supplies are not required. The
device in this study has a driving frequency similar to a ubiquitous device such as an ultrasonic cleaner. Thus,
it is very realistic for bioengineering laboratories to have access to the developed method. The required time for
cell sheet detachment was similar to that for the conventional method, but a cool incubator is not required. The
functions of the cell sheets detached by either method were similar except for the improved metabolism with our
method. In conclusion, the cell sheet fabrication method developed in this study can be another novel option
for cell sheet detachment in addition to the conventional cell sheet fabrication method. Because a cell sheet can
be fabricated in clinically ubiquitous cell culture vessel, the developed method has great potential as a stand-
ard method for cell sheet fabrication with dramatically reduced cost. Furthermore, as shown in Supplementary
Note 1, cell sheets can be detached from not only a 35-mm culture dish but also a T25 flask by our method. This
feature indicates that the concept of our method can be applied to any culture vessel, which enables fabrication
of large cell sheets consisting of vastly living cells. In fact, our method was demonstrated by one murine cell line,
which might be a limitation of our study. However, testing of more physiologically relevant models will make
clinical translation possible. We believe the above findings contribute to the development of tissue engineering
and regenerative medicine.
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Methods

Cell sheet-detaching system and conditions. The cell sheet-detaching system is shown in Fig. 1b. A
35-mm culture dish (430165; Corning Inc., Corning, NY, USA) was placed on a Langevin transducer (HEC-
5020P6BHF JW; Honda Electronics Co., Ltd., Aichi, Japan) with 450 uL glycerol between them. Because acoustic
impedance of glycerol was almost equivalent to that of the culture dish, 93.5% of the acoustic intensity was prop-
agated to the cells (see Supplementary Note 3). To hold the glycerol and culture dish appropriately, a dish holder
made of silicone rubber with an inner diameter of 37 mm was placed on the transducer. The cell sheet-detaching
system was placed in a 5% CO, humidified atmosphere incubator (AS-203M; AS ONE, Osaka, Japan) at 37°C
during experiments. As a result, a cell sheet was detached from the culture surface by the ultrasonic vibration
generated by the longitudinal resonance of the transducer (see Supplemental Note 4). Although the transducer
resonated at 19.68 kHz, the resonance frequency may slightly alter because of contact with the glycerol and dish
containing culture medium. Therefore, we alternated the driving frequency between 19.6kHz and 19.8 kHz with
a sweep cycle of 100 ms to ensure excitation of resonance vibration of the transducer during the cell sheet-de-
taching experiments. Input voltage to the transducer was set at 12.5 or 25V to prevent a possible temperature rise
due to ultrasonic exposure (see Supplementary Note 5). We exposed cells to the ultrasonic vibration for up to 1h.
The input signal to the transducer was generated by a function generator (WF1946B; NF Corporation, Kanagawa,
Japan) and amplifier (HSA4051; NF Corporation, Kanagawa, Japan).

Cell preparation. Mouse myoblasts (C2C12) (RCB0987; Riken Bio Resource Center, Ibaraki, Japan) were
used in experiments. Cells were cultured in growth medium in a 5% CO, humidified atmosphere incubator
at 37°C. Cell passaging was performed by trypsinization in 0.05% trypsin-EDTA (25300; Life Technologies,
Carlsbad, CA, USA). For cell sheet detachment, 6 x 10° cells were seeded into a clinically ubiquitous 35-mm
culture dish (430165; Corning Inc.) or UpCell® (CS3007; CellSeed, Tokyo, Japan) and cultured for 3 days in 2mL
growth medium [Dulbecco’s modified Eagle’s medium/F12 supplemented with 10% fetal bovine serum (2917254;
MP Biomedicals, Santa Ana, CA, USA)]. For the conventional detaching method, the UpCell® was placed in the
5% CO, humidified atmosphere incubator at 20 °C.

Cell staining. Immediately after detaching the cell sheet, immunofluorescence staining was conducted to
evaluate viability of the cell sheet and localization of fibronectin. To assess viability, live cells were stained with
calcein-AM (C0875; Sigma-Aldrich, St. Louis, MO, USA), and fibronectin was stained with a mouse anti-human
fibronectin monoclonal antibody (ab194395; Abcam, Cambridge, UK) and Alexa Fluor 488-conjugated goat
anti-mouse IgG H&L (ab150117; Abcam). Before calcein treatment, the medium was removed from the dish,
and the cell sheet was washed twice with phosphate-buffered saline (PBS) (T900; Takara Bio Inc., Shiga, Japan).
After washing, the cell sheet was treated with a 500-fold dilution of calcein-AM in serum-free culture medium
(D-MEM/F12) for 30 min. Fibronectin was stained by the following procedure. The detached cell sheet and any
ECM remaining on the culture dish surface were fixed with cold methanol (25183-00; Kanto Chemical Co., Inc.,
Tokyo, Japan). Cells were permeabilized with 0.1% Triton X-100 (C0875; Sigma-Aldrich) for 15 min. After block-
ing non-specific binding sites with 10% goat serum (005-000-121; Jackson ImmunoResearch, West Grove, PA,
USA) in PBS for 1 h at room temperature, cells in the culture dish were incubated with 1 uL/1 mL anti-fibronectin
antibody. Then, they were incubated with a 1,000-fold dilution of Alexa Fluor 488-conjugated goat anti-mouse
IgG H&L (ab150117; Abcam) for 30 min.

HE staining was conducted to confirm the three-dimensional structure of the cell sheet. After detachment, a
cell sheet was fixed with a 4% paraformaldehyde solution (09154-56; Nacalai Tesque, Kyoto, Japan) overnight at
4°C and then immersed in 20% sucrose (193-00025; Wako Pure Chemical Corporation, Osaka, Japan) in PBS
for 7h at 4°C. The cell sheet was fixed with an artificial support membrane, Cell Shifter™ (CSD001; CellSeed,
Tokyo, Japan) for cryosectioning. After these treatments, the specimen was frozen in Tissue-Tek® OCT com-
pound (4583; Sakura Finetek Japan, Tokyo, Japan) and cryosectioned at a thickness of 6 um. The cross-section
was stained with HE by a conventional method?. Finally, images were captured under an inverted microscope
(ECLIPSE Ti; Nikon Corporation, Tokyo, Japan).

Staining with a Trypan blue solution (15250061; Thermo Fisher Scientific, Waltham, MA, USA) at each time
point was performed to evaluate cell viabilities.

Glucose consumption and lactate production. Metabolism of a cell sheet was evaluated by measuring
glucose consumption and lactate production in the culture supernatant after 24 h of culturing a cell sheet in a
35-mm clinically ubiquitous cell culture dish with 2 mL growth medium. Cell sheets were transferred to another
dish after detachment from the original dish. The concentrations of glucose and lactate were determined by a
glucose assay kit (GAHK-20; Sigma-Aldrich) and lactate assay kit (K607-100, BioVision, Milpitas, CA, USA),
respectively*”5,

Western blot analysis.  Cell sheets cultured for 24 h after detachment by the developed and conventional
methods were lysed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
[1mL/cell sheet; 50 mM Tris-HCI (pH 6.8), 75 mM dithiothreitol, 2% SDS, 10% glycerol, and 0.001% bromophenol
blue] and heated at 70 °C for 5min. Proteins were resolved by SDS-PAGE (7.5% Tris-HClI gel) and transferred onto
polyvinylidene fluoride membranes. The membranes were treated with Blocking One (Nacalai Tesque) for 30 min
with shaking to block non-specific binding of antibodies to the membranes. Then, the membranes were treated
with the following antibodies in 5% Blocking One/Tris-buffered saline (TBS; pH 7.4) for 12h with shaking: 0.4 pg/
mL mouse anti-human fibronectin monoclonal antibody (ab194395; Abcam), 2 pg/mL mouse anti-chicken MHC
monoclonal antibody (MF20; R&D systems, Minneapolis, MN, USA), 0.4 ug/mL rabbit anti-human LIFR poly-
clonal antibody (22779-1-AP; Proteintech, Rosemont, IL, USA), 500-fold dilution of rabbit anti-human integrin
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Gene Tm | Product

name | Gene bank number | Sequence(5’-3’) (°C) | size (bp)
Forward CACCGTAAAGACCTCTATGCCAAC 64.2

Actb NM_007393.5 171
Reverse ATGGAGCCACCGATCCACA 65
Forward ATTCTCAGGCTTCAGGATTTGGTG 64.9

Myh2 NM_001039545.2 114
Reverse CTTGCGGAACTTGGATAGATTTGTG 65
Forward TCAAACAGCACGGAGACTGTCATA 64.2

Lifr NM_001113386.1 88
Reverse CCTGGTTAGTGCACCCATAGAGGTA 64.6
Forward GCTTTGGCAGTGGTCATTTCAG 64.2

Fnl NM_001276408.1 134
Reverse ATTCCCGAGGCATGTGCAG 64.6
Forward GAAGCTCTGAAGATGCCCTACCA 64.1

Itga5 NM_010577.4 124
Reverse TGATGATCCACAACGGGACAC 64.2
Forward CAGAGCCAACGTCAAGCATC 62

Cxcl12 | NM_013655.4 110
Reverse TTAATTTCGGGTCAATGCACAC 62
Forward ACATTGGCTCACTTCCAGAAACAC 63.8

Vegfa NM_001025250.3 108
Reverse TGGTTGGAACCGGCATCTTTA 64.7

Table 1. RT-qPCR primer sequences in this study.

o5 polyclonal antibody (#98204; Cell Signaling Technology, Boston, MA, USA) 1,000-fold dilution of rabbit
anti-mouse (3-actin polyclonal antibody (#4967; Cell Signaling Technology), 1 ug/mL rabbit anti-human SDF-1
polyclonal antibody (41422; Signalway Antibody, College Park, MD, USA), and 0.5 ug/mL rabbit anti-human
VEGEF polyclonal antibody (R30265; NS]J Bioreagents, Carmel Mountain Ranch, CA, USA). After washing three
times with TBS containing 0.05% Tween 20 (TBST), the membranes were treated with a 10,000-fold dilution
of horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (12-349; Sigma-Aldrich) or anti-rabbit IgG
(62-6120; Thermo Scientific, Waltham, MA, USA) for 30 min with shaking. After washing three times with TBST,
protein bands were visualized with Immobilon Western chemiluminescent HRP substrate (Millipore, Billerica,
MA, USA), scanned, and analysed using a LAS-4000 image analyser (Fujifilm, Tokyo, Japan). The band density
was normalized to the 3-actin band and expressed as the quantity relative to the conventional method.

RT-gPCR analysis. Relative mRNA expression was measured by RT-qPCR using total RNA extracted from a
cell sheet cultured for 24 h after detachment by each method. Total RNA was extracted using a NucleoSpin RNA
(740955.50; Takara Bio Inc.) and quantified using a Thermal Cycler Dice Real Time System Lite (TP700; Takara
Bio Inc.). RNA was reverse transcribed into cDNA with PrimeScript Master Mix (Perfect Real Time) (RR036A;
Takara Bio Inc.), an oligo (dT) primer, and random hexamer primers for 15 min at 37 °C and then 5 sec at 85 °C.
The cDNA concentration was quantified using a Biophotometer (6131; Eppendorf, Hamburg, Germany) and
then decreased with RNase-free water (9012; Takara Bio Inc.) to 10 ng/uL cDNA. RT-qPCR was conducted in
the Thermal Cycler Dice Real Time System Lite for 30 sec at 95°C and then 60 cycles of 5sec at 95°C and 30 sec
at 60 °C. RT-qPCRs contained 12.5pul TB Green Premix Ex Taq II (Tli RNaseH Plus) (RR820A; Takara Bio Inc.),
20 ng cDNA, 0.4 uM of each forward and reverse primer, and 8.5 uL RNase-free water. The primer sequences are
shown in Table 1. RT-qPCR was performed in technical triplicates for each primer pair and cDNA sample. In
addition, the reactions were conducted as biological triplicates under similar conditions. To verify that primer
dimers were not responsible for the obtained fluorescence signals, melting curve analysis of amplicons was per-
formed for each primer pair. Negative control reactions without the templates were also performed to ensure the
data quality. Relative mRNA expression was normalized to 3-actin mRNA and then calibrated by the relative
quantity to the quantity obtained from cells detached by the conventional method. The fold change was calculated
using the 27224¢ method in which C, is the threshold cycle.

Statistical analysis. The statistical significance of differences was evaluated by Welch’s t-test. P < 0.05 was
accepted as statistically significant.

Data availability

Data supporting the findings of this study are available in the article and Supplementary information files, or from
the corresponding author upon request. All data generated and analysed during this study are included in this
published article (and its Supplementary Information file).

Received: 8 May 2019; Accepted: 20 May 2020;
Published online: 11 June 2020

References

1. Cooperstein, M. A. & Canavan, H. E. Biological Cell Detachment from Poly(N -isopropyl acrylamide) and Its Applications.
Langmuir 26, 7695-7707 (2010).

2. Takezawa, T., Mori, Y. & Yoshizato, K. Cell culture on a thermo-responsive polymer surface. Biotechnology. (N. Y). 8, 854-856 (1990).

3. Sekine, H. et al. Cardiac Cell Sheet Transplantation Improves Damaged Heart Function via Superior Cell Survival in Comparison
with Dissociated Cell Injection. Tissue Eng. Part A 17,2973-2980 (2011).

4. Memon, . A. et al. Repair of impaired myocardium by means of implantation of engineered autologous myoblast sheets. J. Thorac.
Cardiovasc. Surg. 130, 1333-1341 (2005).

SCIENTIFIC REPORTS |

(2020) 10:9468 | https://doi.org/10.1038/s41598-020-66375-1


https://doi.org/10.1038/s41598-020-66375-1

www.nature.com/scientificreports/

11.
12.
13.

14.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
. Cerqueira, M. T. et al. Cell sheet technology-driven re-epithelialization and neovascularization of skin wounds. Acta Biomater. 10,

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

. Gray, S. et al. Regulation of Gluconeogenesis by Kriippel-like Factor 15. Cell Metab. 5, 305-312 (2007).
48.

. Masuda, S., Shimizu, T., Yamato, M. & Okano, T. Cell sheet engineering for heart tissue repair. Adv. Drug Deliv. Rev. 60, 277-285

(2008).

. Miyahara, Y. et al. Monolayered mesenchymal stem cells repair scarred myocardium after myocardial infarction. Nat. Med. 12,

459-465 (2006).

. Sadltler, K. et al. Design, clinical translation and immunological response of biomaterials in regenerative medicine. Nat. Rev. Mater.

1,1-17 (2016).

. Juthani, N. et al. Infused polymers for cell sheet release. Sci. Rep. 6, 26109 (2016).
. Haraguchi, Y. et al. Fabrication of functional three-dimensional tissues by stacking cell sheets in vitro. Nat. Protoc. 7, 850-858 (2012).
. Williams, C., Xiea, W. A., Yamato, M., Okano, T. & Wong, Y. J. Stacking of aligned cell sheets for layer-by-layer control of complex

tissue structure. Biomaterials. 32, 5625-5632 (2011).

Okano, T., Yamada, N., Okuhara, M., Sakai, H. & Sakurai, Y. Mechanism of cell detachment from temperature-modulated,
hydrophilic-hydrophobic polymer surfaces. Biomaterials 16, 297-303 (1995).

Silva, R. M. P, Mano, J. E. & Reis, R. L. Smart thermoresponsive coatings and surfaces for tissue engineering: switching cell-material
boundaries. Trends Biotechnol. 25, 577-583 (2007).

Giuliodori, A. M. et al. The cspA mRNA is a thermosensor that modulates translation of the cold-shock protein CspA. Mol Cell. 37,
21-33(2010).

Vasina, J. A. & Baneyx, F. Recombinant Protein Expression at Low Temperatures under the Transcriptional Control of the Major
Escherichia coli Cold Shock Promoter cspA. Appl Environ Microbiol. 62, 1444-1447 (1996).

. Kwon, O. H,, Kikuchi, A., Yamato, M., Sakurai, Y. & Okano, T. Rapid cell sheet detachment from poly(N-isopropylacrylamide)-

grafted porous cell culture membranes. J. Biomed. Mater. Res. 50, 82-89 (2000).

. Patel, N. G. & Zhang, G. Responsive systems for cell sheet detachment. Organogenesis 9, 93-100 (2013).
. Ohnuma, K. et al. Enzyme-free passage of human pluripotent stem cells by controlling divalent cations. Sci. Rep. 4, 4646 (2014).
. Rodrigues, L. C., Custédio, C. A, Reis, R. L. & Mano, J. F. Light responsive multilayer surfaces with controlled spatial extinction

capability. J. Mater. Chem. B 4, 1398-1404 (2016).

. Enomoto, J. et al. Engineering thick cell sheets by electrochemical desorption of oligopeptides on membrane substrates. Regen. Ther.

3,24-31 (2016).

Inaba, R., Khademhosseini, A., Suzuki, H. & Fukuda, J. Electrochemical desorption of self-assembled monolayers for engineering
cellular tissues. Biomaterials 30, 3573-3579 (2009).

Kurashina, Y. et al. Enzyme-free cell detachment mediated by resonance vibration with temperature modulation. Biotechnol. Bioeng.
114, 2279-2288 (2017).

Kurashina, Y. et al. Enzyme-free release of adhered cells from standard culture dishes using intermittent ultrasonic traveling waves.
Commun. Biol. 393, (2019)

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). https://doi.org/10.1002/btpr.2612

Yang, M., Kang, E., Shin, J., wook & Hong, J. Surface Engineering for Mechanical Enhancement of Cell Sheet by Nano-Coatings. Sci.
Rep. 7, 4464 (2017).

Penland, N., Choi, E., Perla, M., Park, J. & Kim, D.-H. Facile fabrication of tissue-engineered constructs using nanopatterned cell
sheets and magnetic levitation. Nanotechnology 28, 1-13 (2017).

Kwon, O. H., Kikuchi, A., Yamato, M., Sakurai, Y. & Okano, T. Rapid cell sheet detachment from Poly(N-isopropylacrylamide)-
grafted porous cell culture membranes. J. Biomed. Mater. Res. 50, 82-89 (2000).

Nagai, N., Yunoki, S., Satoh, Y., Tajima, K. & Munekata, M. A Method of Cell-Sheet Preparation Using Collagenase Digestion of
Salmon Atelocollagen Fibrillar Gel. J. Biosci. Bioeng. 98, 493-496 (2004).

Kushida, A. et al. Decrease in culture temperature releases monolayer endothelial cell sheets together with deposited fibronectin
matrix from temperature-responsive culture surfaces. J. Biomed. Mater. Res. 45, 355-362 (1999).

Matsuo, T. et al. Efficient long-term survival of cell grafts after myocardial infarction with thick viable cardiac tissue entirely from
pluripotent stem cells. Sci. Rep. 5, 16842 (2015).

Menaschamp, P. Cell therapy trials for heart regeneration — lessons learned and future directions. Nat. Rev. Cardiol. https://doi.
org/10.1038/s41569-018-0013-0. (2018)

Giannone, G., Jiang, G., Sutton, D. H., Critchley, D. R. & Sheetz, M. P. Talin1 is critical for force-dependent reinforcement of initial
integrin-cytoskeleton bonds but not tyrosine kinase activation. J. Cell Biol. 163, 409-419 (2003).

Tadakuma, K. et al. A device for the rapid transfer/transplantation of living cell sheets with the absence of cell damage. Biomaterials
34,9018-9025 (2013).

Lattwein, K. R. et al. An in vitro proof-of-principle study of sonobactericide. Sci. Rep. 8, 3411 (2018).

3145-3155 (2014).

Sasagawa, T. et al. Design of prevascularized three-dimensional cell-dense tissues using a cell sheet stacking manipulation
technology. Biomaterials 31, 1646-1654 (2010).

Nash, M. E.,, Healy, D., Carroll, W. M., Elvira, C. & Rochev, Y. A. Cell and cell sheet recovery from pNIPAm coatings; motivation and
history to present day approaches. J. Mater. Chem. 22, 19376-19389 (2012).

Fenouille, N. et al. The creatine kinase pathway is a metabolic vulnerability in EVI1-positive acute myeloid leukemia. Nat. Med. 23,
301-313 (2017).

Sakurai, T. et al. RNA-binding motif protein 47 inhibits Nrf2 activity to suppress tumor growth in lung adenocarcinoma. Oncogene
35, 5000-5009 (2016).

Wang, C.-Z. et al. Low-magnitude vertical vibration enhances myotube formation in C2C12 myoblasts. J. Appl. Physiol. 109,
840-848 (2010).

Hunt, L. et al. Alterations in the expression of leukemia inhibitory factor following exercise: Comparisons between wild-type and
mdx muscles. PLoS Curr. 1-29 (2011). https://doi.org/10.1371/currents. RRN1277

Vega, M. E. & Schwarzbauer, J. E. Collaboration of fibronectin matrix with other extracellular signals in morphogenesis and
differentiation. Curr. Opin. Cell Biol. 42, 1-6 (2016).

Mittal, A., Pulina, M., Hou, S.-Y. & Astrof, S. Fibronectin and integrin alpha 5 play requisite roles in cardiac morphogenesis. Dev.
Biol. 381, 73-82 (2013).

Lee, J., Abdeen, A. A,, Tang, X, Saif, T. A. & Kilian, K. A. Geometric guidance of integrin mediated traction stress during stem cell
differentiation. Biomaterials 69, 174-183 (2015).

Masuda, S. & Shimizu, T. Three-dimensional cardiac tissue fabrication based on cell sheet technology. Adv. Drug Deliv. Rev. 96,
103-109 (2016).

Ceradini, D. J. et al. Progenitor cell trafficking is regulated by hypoxic gradients through HIF-1 induction of SDF-1. Nat. Med. 10,
858-864 (2004).

Laflamme, M. A. & Murry, C. E. Regenerating the heart. Nat. Biotechnol. 23, 845-856 (2005).

Colegio, O. R. et al. Functional polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature 513, 559-575
(2014).

SCIENTIFIC REPORTS |

(2020) 10:9468 | https://doi.org/10.1038/s41598-020-66375-1


https://doi.org/10.1038/s41598-020-66375-1
https://doi.org/10.1002/btpr.2612
https://doi.org/10.1038/s41569-018-0013-0
https://doi.org/10.1038/s41569-018-0013-0
https://doi.org/10.1371/currents.RRN1277

www.nature.com/scientificreports/

Acknowledgements

This work was supported by JSPS KAKENHI Grant Numbers 16H04259, 17KK0119, 17H07081, and 18]12482,
and in part by a MEXT Grant-in-Aid for the Program for Leading Graduate Schools and the Murata Science
Foundation.

Author contributions

C.I,K.O. and K.T. designed the study. C.I,, Y.E,, Y.K. and K.T. fabricated the system. C.I., M.H. and Y.E. conducted
cell sheet-detaching experiments and assays. T.M. and S. M. conducted assays. C.I., T. M., S. M., Y.K. and K.T.
wrote the manuscript with input from all authors.

Competing interests
C.I, YK. and K.T. have a patent pending based on the work presented in this study.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66375-1.

Correspondence and requests for materials should be addressed to K.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9468 | https://doi.org/10.1038/s41598-020-66375-1


https://doi.org/10.1038/s41598-020-66375-1
https://doi.org/10.1038/s41598-020-66375-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Detachment of cell sheets from clinically ubiquitous cell culture vessels by ultrasonic vibration

	Results

	Cell sheet detachment. 
	Cell viability, ECM, and morphology. 
	Cell sheet metabolism. 
	Protein assays of cell sheets. 
	mRNA expression assays of cell sheets. 

	Discussion

	Methods

	Cell sheet-detaching system and conditions. 
	Cell preparation. 
	Cell staining. 
	Glucose consumption and lactate production. 
	Western blot analysis. 
	RT-qPCR analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Cell sheet-detaching process using ultrasonic vibration.
	Figure 2 Cell sheet detachment by ultrasonic vibration.
	Figure 3 Cell sheet evaluation immediately after detachment.
	Figure 4 Results of cell sheet viability assays.
	Figure 5 Results of cell sheet metabolism assays.
	Figure 6 Comparison of protein expression in cell sheets.
	Figure 7 Comparison of mRNA expression in cell sheets.
	Table 1 RT-qPCR primer sequences in this study.




