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SUMMARY:
This article provides an efficient and feasible method for constructing multilayered stem cell sheets with favorable stem cell property. 

ABSTRACT:
Stem cell therapy shows a promising future in regenerating injured organ and tissues, and the cell sheet technique has been developed to improve the low cell retention and poor survival within the target zone. However, during the in vitro construction process, a solution for maintaining stem cell bioactivity and increasing the cell amount within the cell sheet is urgently needed. Here, this protocol presents a method for constructing a multilayered cell sheet with favorable stem cell bioactivity and optimal operability. Decellularized porcine pericardium (DPP) is prepared by phospholipase A2 (PLA2) decellularization method as the cell sheet scaffold, and rat bone marrow mesenchymal stem cells (BMSCs) are isolated and expanded as the seeded cells. The temporary multilayered cell sheet structure is constructed by using RAD16-I peptide hydrogel. Finally, the cell sheet is cultured with a dynamic perfusion system to stabilize the three-dimensional (3D) structure, and the cell sheet could be obtained following a 48-hour culture in vitro. This protocol provides an efficient and feasible method for constructing a multilayered stem cell sheet, and the cell sheet could be developed as a favorable stem cell therapy product in the future.

INTRODUCTION: 
[bookmark: _Hlk522559647]Stem cell therapy has been reported as an effective treatment for many diseases; however, low cell retention and poor survival within the target zone remain critical issues following traditional stem cell injection. To solve this problem, tissue engineering scientists developed the cell sheet technique. A monolayered cell sheet with intact extracellular matrix was firstly prepared by using the temperature-response culture dish1, and its follow-up studies reported the significant improvements of stem cell retention and survival within the infarcted area2,3. Among the methods, constructing the multilayered cell sheet has been reported as an effective strategy for improving the cell survival and the cell sheet therapeutic effect3,4. Since then, scientists have worked on developing different cell sheet construction methods in order to increase the cell amount, stem cell property, and mechanical property of the cell sheets. So far, certain types of cell sheet have been constructed and studied in the treatment of myocardial infarction5, cartilage injury6, and skin wound7.

The bioactivity of stem cells before transplantation showed an emerging influence on injured tissue regeneration, and different cell sheet construction strategies have different effects on the stem cells. On one hand, confluent cell sheets only consisted of high-density stem cells, and natural extracellular matrices could be acquired by stacking monolayered cell sheets8 or by using magnetic tissue engineering techniques9. On the other hand, researchers developed different scaffolds to provide adequate mechanical strength and support cell growth10-12, which allowed a low stem cell seeding density to ensure the nutrition supply. However, despite these approaches, the low efficient nutrition supply within the multilayered cell sheet structure remains a major concern during the in vitro construction. Therefore, an efficient and feasible cell sheet construction system is urgently required.

[bookmark: _Hlk522478369]This protocol describes the steps to prepare a multilayered mesenchymal stem cell (MSC) cell sheet. In this construction system, the cell sheet mechanical strength is provided by a DPP. Based on this scaffold, the 3D cell structure can be quickly constructed with RAD16-I peptide hydrogel, and a dynamic perfusion system is used to culture the multilayered cell sheet, in order to stabilize the 3D cell sheet structure and provide sufficient nutrition supply for the cells. Using this system, a multilayered BMSC sheet was successfully prepared and exhibited an optimal therapeutic effect on the rat myocardial infarction model13.

[bookmark: _Hlk522478183]PROTOCOL:
All stem cell and animal experiment procedures were conducted according to the ethical guidelines of the National Guide for the Care and Use of Laboratory Animals and approved by the Jinan University Animal Care and Use Committee (Guangzhou, China).

1. [bookmark: _Hlk522478200][bookmark: _Hlk522477670][bookmark: _Hlk522562068][bookmark: _Hlk522542336]Preparation of the DPP Scaffold with the PLA2 Decellularization Method14

Note: See Figure 1A for a schematic of the PLA2 decellularization method.

1.1. [bookmark: _Hlk522561187]Prepare 100 mL of 200 U/mL PLA2 solution. Add 0.5 g of sodium deoxycholate and 2 mL of PLA2 in 198 mL of carbonate buffer solution. This solution should be used within 24 h after its preparation.

1.2. Obtain the fresh porcine pericardium (FPP) from the slaughterhouse and return to the laboratory within 1 h.

Note: The FPP should be stored at 4 °C during the transportation. Steps 1.2 - 1.10 should be conducted with continuous shaking in a thermostat-controlled water bath.

1.3. Thoroughly wash the FPP with 200 mL of phosphate buffer solution (PBS) containing 1% penicillin-streptomycin in a 500 mL beaker at 10 °C for 10 min. Repeat this step 2x.

1.4. Split the FPP into two layers and remove the adipose tissue with forceps and scissors.

[bookmark: _Hlk522478162]Note: Keep the FPP wet by adding 50 mL of PBS every 20 min during the removal of adipose tissue.

1.5. [bookmark: _Hlk522517974]Shape the FPP into 10 x 10 cm2 pieces with scissors. Wash the FPP with 200 mL of carbonate buffer solution (CBS) containing 1% penicillin-streptomycin in a 500 mL beaker at 10 °C for 10 min. Repeat this step 2x.

1.6. Transfer the FPP to pure water and soak it at 10 °C for 12 h.

1.7. Soak the 10 x 10 cm2 samples in 50 mL of CBS containing 200 U/mL PLA2 and 0.5% (w/v) sodium deoxycholate solution at 37 °C for 6 h. 

1.8. Wash the samples with CBS containing 1% penicillin-streptomycin at 10 °C for 10 min. Repeat this step 2x.

1.9. Soak each sample in 50 mL of CBS containing 200 U/mL PLA2 and 0.5% (w/v) sodium deoxycholate solution at 37 °C for 2 h.

1.10. Wash the samples with CBS containing 1% penicillin-streptomycin at 10 °C for 2 h. Repeat this step for 10x at least. Place the samples on flat plates and dry them to constant weight in a constant temperature oven at 55 °C.

[bookmark: _Hlk522478246][bookmark: _Hlk522559400]Note: The sample needs to be completely dried. Weigh the DPP sample every 10 min and repeat that 3x or until the weight no longer changes.

1.11. Shape each DPP sample into a 10.5 mm-diameter circle with a trephine. Pack each DPP in a sterile sealed bag. 

1.12. Sterilize the DPP samples by gamma irradiation (25 kGy). Stored the DPP samples at 4 °C before use.

Note: All samples can be stored for up to six months at 4 °C.

2. [bookmark: _Hlk522550680]Preparations for the Cell Sheet Construction

2.1. Autoclave all instruments and tissue carrier components at 121 °C for 30 min, including 1.5 mL centrifugal tubes, forceps, toothed forceps, scissors, black bases (tissue carrier component), and white tension rings (tissue carrier component).

2.2. Prepare 20 mL of germ-free 10% sucrose solution. Weight 2 g of sucrose and dissolve the sucrose in 18 mL of ultrapure water. Autoclave the 10% sucrose solution at 121 °C for 30 min or filter the solution with a 0.22 µm filter.

2.3. Autoclave the dynamic perfusion system devices at 121 °C for 30 min, including a gas exchange equipment, a 500 mL glass bottle, a perfusion culture container, and the connective tubes.

2.4. Prepare the autoclaved instruments and tissue carrier components. Put the black base part of the tissue carrier in a culture dish.

2.5. Pick up a dried DPP scaffold and put it in the center of the black base. Put a white tension ring on the DPP scaffold and fix it in the tissue carrier.

Note: Ensure the scaffold is totally fixed in the tissue carrier and there is no gap between the black base and the white tension ring. If not, separate the tissue carrier and fix the scaffold again.

2.6. Add 100 µL of culture medium on the DPP scaffold for rehydration.

Note: If the scaffold is not fixed well in the tissue carrier, the culture medium will infiltrate the culture dish.

2.7. Put the scaffold into a 37 °C incubator and allow it to soak for 15 min.

3. [bookmark: _Hlk522560285][bookmark: _Hlk522550342]Preparation of the Cells for Cell Sheet Construction

Note: This protocol is for cell culture using a 100 mm dish. See Figure 1B for a schematic of the construction of the multilayered cell structure.

3.1. [bookmark: _Hlk522551002]Isolate BMSCs13. 

Note: This method is designed for constructing a multilayered MSC cell sheet. Rat BMSCs are used in this protocol. The BMSCs are isolated using the whole bone marrow adherent method, and the BMSCs are expanded in vitro to obtain enough cell amount.

3.1.1. Autoclave the instruments at 121 °C for 30 min, including forceps, toothed forceps, and scissors. Prepare a 2 mL injection syringe and BMSC culture medium (Dulbecco’s modified Eagle’s medium [DMEM], 10% fetal bovine serum, 1% glutamine, and 1% penicillin-streptomycin).

3.1.2. Euthanize the three-week-old male Sprague-Dawley (SD) rats by cervical vertebra dislocation. Soak the animal in 100 mL of 75% alcohol solution in a beaker for 5 min.

3.1.3. Take the animal out of the beaker and place it prone on the operation table. Incise the skin on the back of the animal with scissors and forceps. Isolate the skin and muscle tissues to expose the thigh femurs.

3.1.4. Isolate the thigh femurs and put it in 30 mL of PBS in a 50 mL centrifuge tube. Place two thigh femurs into one tube. Vortex the centrifuge tube to wash the tissue thoroughly. Repeat this step 2x.

3.1.5. Cut both ends of the femurs with scissors and expose the marrow cavity.

3.1.6. Aspirate 2 mL of BMSC culture medium with an injection syringe. Insert the needle into the marrow cavity and flush out the bone marrow with culture medium. Flush out every two thigh femurs into one 100 mm culture dish.

3.1.7. For each 100 mm culture dish, add 2 mL of culture medium in the culture dish. Put the culture dish into the 37 °C incubator and static culture for 72 h.

3.1.8. Take out the culture dish from the incubator. Replace the supernatant with 6 mL of fresh culture medium. 

3.1.9. Observe primary BMSCs under a microscope. Following this, passage the BMSCs every 5 - 7 d.

3.2. Take the cells out of the incubator. Observe the cells under a microscope and choose suitable cells for cell sheet construction. When the BMSCs reach 80% - 90% confluence, the cells can be chosen as the seeded cells.

3.3. Remove the culture medium from the culture dish. Gently wash the cells with 2 mL of warm PBS. Remove all PBS from the culture dish and make sure no liquid remains. Add 2 mL of 0.25% trypsin (or another dissociating solution) to the dish and incubate at 37 °C for 3 min.

3.4. [bookmark: _Hlk522550356]Stop the trypsin effect by adding 2 mL of the culture medium, and gently wash the cells from the dish. Transfer the cell suspension into a new 15 mL centrifuge tube. Centrifugate the cells at 225 x g for 5 min.

3.5. [bookmark: _Hlk513721260]Remove the supernatant. Resuspend the cells with 3 mL of 10% (w/v) sucrose solution.

Note: 10% (w/v) sucrose solution is used to wash the cells in order to obtain a uniform cell-hydrogel mixture in the following steps.

3.6. Aspirate 10 µL of the cell suspension and count the cell number with a hemocytometer. Calculate the volume needed for the next step. For one cell sheet, three million BMSCs are used.

3.7. [bookmark: _Hlk522550393]Extract three million cells and transfer them into a new 15 mL centrifuge tube. Centrifuge the cells at 225 x g for 5 min.

3.8. Remove the supernatant. Resuspend the cells with 1 mL of 10% (w/v) sucrose solution. Transfer the cell suspension into a 1.5 mL centrifuge tube.

Note: Using a 1.5 mL centrifugal tube is beneficial for preparing the cell-hydrogel mixture.

3.9. [bookmark: _Hlk522550441]Centrifuge the cells at 260 x g for 5 min. Completely remove the supernatant and obtain the cell sediment.

4. [bookmark: _Hlk522560338][bookmark: _Hlk513723039]Preparation of the BMSCs and the RAD16-I Peptide Hydrogel Mixture

Note: See Figure 1B for a schematic of the construction of the multilayered cell structure.

4.1. Add 20 µL of 10% (w/v) sucrose solution to the 1.5 mL centrifugal tube. Gently resuspend the BMSCs and obtain a uniform suspension.

Note: Do not generate any bubbles during the resuspension. 

4.2. Add 20 µL of RAD16-I peptide hydrogel at the top of the suspension. Gently stir the RAD16-I peptide and cell suspension with the pipette tip. When the cell suspension and hydrogel are mixed together, gently pipette the mixture a couple of times.

4.3. Take out the DPP scaffold from the tissue carrier and gently aspirate the culture medium with a pipette tip.

Note: Ensure the DPP scaffold is fully rehydrated before adding the cell-hydrogel mixture.

4.4. Aspirate the mixture and evenly add it to the DPP scaffold.

Note: The total volume of the mixture would be about 40 - 50 µL. It is recommended to add the mixture 10 µL at a time from the center to the outside of the scaffold.

4.5. Add 1 mL of culture medium to the bottom of the tissue carrier. Put the cell sheet in the 37 °C incubator for 5 min.

4.6. Take out the cell sheet from the incubator. Gently add 4 mL of culture medium in the culture dish and immerse the cell sheet. Put the cell sheet in the 37 °C incubator for 2 h of static culture.

5. [bookmark: _Hlk522560377]In Vitro Culture of a 3D Multilayered Cell Sheet Using a Dynamic Culture System

Note: See Figure 1C for a schematic of the 3D dynamic system.

5.1. [bookmark: _Hlk522523532]Prepare the dynamic perfusion system, including a peristaltic pump, gas exchange equipment, a 500 mL glass bottle, a perfusion culture container, and the connective tubes. Assemble the dynamic perfusion system as shown in Figure 2.

5.2. Add 200 mL of culture medium to the sterile glass bottle. Insert the cell sheet into the chamber of the culture container.

Note: Pay attention to the direction of the upper surface of the cell sheet.

5.3. Add 3 mL of culture medium in the tissue container and close the container. Put the dynamic perfusion system in the incubator and start the pump. Set the flow rate of the peristaltic pump at 8 mL/min. Culture the cell sheet in the dynamic perfusion system for 48 h.

6. [bookmark: _Hlk522561568]Obtaining the Multilayered MSC Cell Sheet

6.1. Autoclave the instruments and tissue carrier components at 121 °C for 30 min, including 1.5 mL centrifugal tubes, forceps, and toothed forceps.

6.2. Pull out the input duct from the glass bottle to stop the supply of culture medium to the container. 

Note: Stop the peristaltic pump when the culture container is empty.

6.3. Take out the cell sheet from the culture container and put it in a culture dish.

6.4. Use one forceps to immobilize the tissue carrier and use another toothed forceps to separate the white tension ring from the black base. Finally, obtain the multilayered BMSCs cell sheet.

6.5. [bookmark: _Hlk522561572]For short preservation, each cell sheet can be transferred to a 1.5 mL centrifugal tube with the forceps. The DPP scaffold should be attached to the inner wall of the centrifugal tube, and the cell sheet should spread out as much as possible in the centrifuge tube.

6.6. Gently add 1 mL of culture medium in the centrifugal tube to immerse the cell sheet. Close the cap of the centrifugal tube and store the cell sheet at 4 °C.

Note: The cell sheet should be transplanted or analyzed as soon as possible. It is recommended to use the cell sheet within 4 h.

[bookmark: _Hlk522478064]REPRESENTATIVE RESULTS: 
The schematic of the multilayered stem cell sheet construction is shown in Figure 1. Preparing the cell sheet scaffold by the PLA2 decellularization method is the first step. Based on the scaffold, a temporary 3D cell structure is constructed by mixing the stem cells with the RAD16-1 peptide hydrogel. In order to obtain a multilayered cell sheet with favorable stem cell bioactivity and optimal mechanical strength, the cell sheet is cultured in a dynamic perfusion system. Under the dynamic nutrition supply, the stem cells are allowed to proliferate and establish cell contacts within the multilayered cell sheet, and the final stable multilayered cell sheet product can be obtained after a ~24- to 72-hour cultivation. 

In this case, the cell sheet scaffold DPP is prepared by the PLA2 decellularization method. The appearance of dried DPP is flat, smooth, and semitransparent (Figure 3A). Owing to the specific lyse effect of PLA2, the heterogeneous cells can be completely removed while the ultrastructure of the natural collagen within the DPP scaffold is well-preserved (Figure 3B), and this is important for maintaining the mechanical strength and biocompatibility of the scaffold. Additionally, the scaffolds can be modified as a growth factor control release system to support stem cell growth and improve the in vivo regeneration13.

[bookmark: _Hlk522478050][bookmark: _Hlk522563941]When the stem cells reach ~80% - 90% confluence, the cells are isolated from the culture dish and washed with a 10% sucrose solution. After centrifugation, the cells are mixed with the RAD16-I peptide hydrogel and added to the rehydrated DPP scaffold. A temporary multilayered structure is formed following a two-hour static culture. Finally, the multilayered BMSC sheet product (Figure 4) is acquired following a 48-hour culture in the dynamic perfusion system. With the support of the DPP scaffold, the cell sheet can be easily manipulated with forceps, and it can be temporarily preserved in culture medium in the 1.5 mL tube at 4 °C for 4 hours before examination or transplantation (Figure 4). As the immunofluorescence staining result shows, the BMSCs are highly positive for the stem cell markers CD90 and CD29. After the cell sheet construction, the BMSCs within the multilayered cell sheet show high levels of CD29 and CD90 (Figure 5).

FIGURE AND TABLE LEGENDS: 

Figure 1: The flowchart of constructing the multilayered stem cell sheet. (A) By using the PLA2 decellularized method, the heterogeneous cells within the FPP are destroyed while the natural extracellular matrices are well-preserved in the DPP scaffold. (B) Based on the DPP scaffold, the temporary multilayered cell structure is constructed by mixing the stem cells and self-assembling peptide hydrogel. (C) To follow, the cell sheet is cultured in a 3D dynamic system, and the stem cells are expected to proliferate and establish cell contacts under the dynamic nutrition supply.

[bookmark: _Hlk522558724]Figure 2: The tissue carrier and the dynamic perfusion system. (A) This panel shows the 13 mm-diameter tissue carrier. (B) This panel shows the assembly of the dynamic perfusion system.

Figure 3: The appearance and ultrastructure of DPP. (A) This panel shows the appearance of the 10.5 mm-diameter DPP scaffolds. (B) This panel shows a representative image of the scanning electron microscope (SEM) result of the DPP scaffold. 

Figure 4: The appearance of the multilayered BMSC sheet. (A) This panel shows the appearance of the multilayered BMSC sheet within the tissue carrier. (B) The intact multilayered BMSC sheet is held by forceps. (C - D) The multilayered cell sheet can be preserved temporarily in the 1.5 mL tube before use.

[bookmark: _Hlk522563995]Figure 5: Immunofluorescence staining results of BMSC markers expression. (A) This panel shows immunofluorescence staining results of BMSCs before cell sheet construction. (B) This panel shows immunofluorescence staining results of the multilayered BMSC sheet section. CD90 (green) and CD29 (red) were positively expressed in the BMSCs and the cell sheet.

DISCUSSION: 
The present protocol reports an efficient method for constructing a multilayered MSC sheet. This cell sheet exhibits optimal mechanical strength, high cell seeding density, and favorable stem cell bioactivity. Using BMSCs as an example, the 3D cell structure is quickly constructed with RAD16-I peptide hydrogel. After being cultured in the dynamic perfusion system, the multilayered BMSC sheet is successfully obtained and the BMSCs maintain a high expression of stem cell markers. 

[bookmark: _Hlk522477950]Constructing the temporary multilayered cell structure is the critical step of the protocol. The RAD16-I is a commercial hydrogel peptide, and it consists of 1% amino acid and 99% water. Several studies reported that this peptide hydrogel can mimic the natural ECM environment and is beneficial for stem cell proliferation and survival15-17. In the present protocol, a three million MSC suspension (in 20 μL of 10% sucrose solution) was mixed with 20 μL of RAD16-I peptide hydrogel. The volume ratio of the cell suspension and the peptide hydrogel was 1:1. This peptide hydrogel is sensitive to the environmental pH value, and the peptide molecules would automatically form the 3D network when the pH value changes from acid to neutral. Because the cell surface contains charged particles, the cell mixture changed from liquid to hydrogel in a short time, which has influences the even mixing of the cells. A favorable cell-hydrogel should be an even mixture of the cell suspension and the peptide hydrogel and enables the cell mixture to be evenly added onto the scaffold. The researchers can optimize the mixture condition by altering the seeded cell number, sucrose solution volume, and the peptide hydrogel volume according to their actual need. It is worthwhile to notice that washing the cells with 10% sucrose solution and evenly mixing the cell-hydrogel mixture are the critical steps of the protocol, and an uneven mixture could cause great cell loss and an unstable temporary multilayered structure.

[bookmark: _Hlk522559192][bookmark: _Hlk522560162]After adding the cell-hydrogel mixture onto the DPP scaffold, the mechanical strength of the multilayered cell sheet structure is weak because the peptide hydrogel network is not strong enough to maintain the long-term multilayered cell structure, and cell connections and ECM secretions are needed to enhance the stability of the cell sheet. Moreover, the dynamic infiltration of the culture medium can facilitate the stem cells to proliferate and establish cell contacts within the multilayered cell structure, while an insufficient nutrition supply will cause cell apoptosis and reduce the cell density of the cell sheet13. Therefore, the dynamic perfusion system is important for stabilizing the multilayered cell sheet structure. In addition, the appropriate flow rate of the culture medium should be adjusted according to the specific stem cell type and cell seeding density. Also, the weak mechanical connection between the DPP scaffold and the multilayered cell structure remains the limitation of the present construction method, which may cause the division of the multilayered cell layers and the scaffold. Therefore, further studies are required to enhance the mechanical biocompatibility of the 3D hydrogel scaffold and the DPP scaffold.

So far, tissue engineering scientists have been focusing on establishing efficient nutrition supply systems in vitro, such as coculturing endothelial cells18 and using a porous scaffold19. However, the nutrition permeability within the 3D structure is low in the traditional static 3D culture system, and the stem cell viability will be greatly affected. In this case, using the dynamic perfusion system can provide enough nutrition supply to maintain stem cell viability. Using this protocol, a multilayered BMSC sheet improved the cardiac function and angiogenesis in a rat myocardial infarction model13. Constructing a stem cell sheet product with a high cell load and favorable stem cell property is significant to the tissue regeneration. Using this efficient constructed method, different kinds of multilayered stem cell sheets could be constructed by altering the seeded stem cell types, such as epithelial stem cell sheet, neural stem cell sheet, or cardiac stem cell sheet. Further explorations of and alternatives to the multilayered stem cell sheet are expected to expand the applications for more tissue regeneration.
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