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SUMMARY: 
Here, we present protocols of culturing human periodontal ligament (PDL) cell spheroids by chitosan films. The culture of three-dimensional (3D) cellular spheroids provides an alternative to conventional tissue culture polystyrene (TCPS) culture system.

ABSTRACT: 
Periodontal ligament (PDL) cells hold great promise for periodontal tissue regeneration. Conventionally, PDL cells are cultured on two-dimensional (2D) substrates such as tissue culture polystyrene (TCPS). However, characteristic changes of PDL cells have been observed during in vitro culture. This phenomenon is probably because the 2D TCPS differs from the in vivo three-dimensional (3D) microenvironment. Compared to cells cultured on 2D substrates, cells grown in a 3D microenvironment exhibit more similarities to in vivo cells. Therefore, 3D cell culture models provide a promising alternative for conventional 2D monolayer cell culture. To improve conventional PDL cell culture models, we have recently developed a 3D cell culture method, which is based on spheroid formation of PDL cells on chitosan films. Here, we present detailed cell spheroid culture protocols based on chitosan films. The 3D culture system of PDL cellular spheroids overcome some of the limitations related to conventional 2D monolayer cell culture, and thus may be suitable for producing PDL cells with an enhanced therapeutic efficacy for future periodontal tissue regeneration.

INTRODUCTION: 
Periodontitis, initialized principally by dental plaque1, is characterized by the damage of periodontal tissues including periodontal ligament (PDL), alveolar bone, and cementum. Current treatments for periodontitis are usually successful in preventing the progress of the active disease, but the regeneration of lost periodontal tissues remains a clinical challenge. Recently, important progress has been made in cell-based approaches for periodontal tissue regeneration to overcome the drawbacks of current treatments2-4.

Our previous systematic review revealed that PDL cells showed great potential for periodontal regeneration5. Conventionally, PDL cells are cultured on two-dimensional (2D) substrates such as tissue culture polystyrene (TCPS). However, characteristic changes of PDL cells have been observed during in vitro culture6. This phenomenon is probably because the 2D TCPS differs from the in vivo three-dimensional (3D) microenvironment7. Compared to cells cultured on 2D substrates, cells grown in a 3D microenvironment exhibit more similarities to in vivo cells8. Therefore, 3D cell culture models provide a promising alternative for conventional 2D monolayer cell culture. 

Conventional 3D culture method is encapsulating cells in 3D biomaterials. Compared with cells encapsulated in 3D biomaterials, cellular spheroids mimic the in vivo situation more closely because spheroids are aggregates of cells growing free of foreign materials9-12. It is reported that cellular spheroids promoted MSC bioactivities via the preservation of extracellular matrix (ECM) components including fibronectin and laminin13. To improve conventional PDL cell culture models, we have recently developed a 3D PDL cell culture method, which is based on spheroid formation of PDL cells on chitosan films14. Spheroid formation increased the self-renewal and osteogenic differentiation capacities of PDL cells14. Here, we present detailed PDL cell spheroid culture protocols based on chitosan films. The 3D culture system of PDL cellular spheroids overcome some of the shortcomings related to conventional TCPS cell culture, and thus may be suitable for producing PDL cells with an enhanced therapeutic efficacy for future periodontal tissue regeneration.

PROTOCOL: 

The study protocol was approved by the Ethics Committee of School and Hospital of Stomatology, Tongji University. All patients provided written informed consent.

1. PDL cell isolation

1.1 Make proliferation medium for culture of PDL cells: α-MEM medium supplemented with 10% FCS and 100 U/mL pen/strep.

1.2 Prepare a container with ice to transfer isolated third molars.

1.3 Sterilize surgical instruments by using an autoclave.

1.4 Extract normal human impacted third molars from adults (18-28 years of age) at the Dental Clinic of School and Hospital of Stomatology, Tongji University.

1.5 Place third molars into the proliferation medium and transfer into the laboratory at 4 °C.

1.6 Place the extracted tooth in a sterile 100 mm Petri dish, working within a biohazard laminar flow hood.

1.7 Add 10 mL of PBS to wash the extracted tooth. Repeat the washing step twice. 

1.8 By using a sterile scalpel, gently separate the PDL from the root. 

NOTE: PDL should be scraped from the middle third part of the root to avoid contaminations from gingival or apical tissues.

1.9 Mince PDL into 1-2-mm fragments with the help of a sterilized scalpel blade.

1.10 Place PDL fragments in a T-25 culture flask, filled with 3-4 mL of proliferation medium.

1.11 Culture the samples in an incubator at 37 °C in 5% CO2 with humidified air.

1.12 Change the culture medium after outgrowth of PDL cells was observed. It usually takes 1-2 weeks for the outgrowth of PDL cells. Observe the outgrowth of PDL cells via an inverse phase contrast microscope.

1.13 Change the culture medium twice per week thereafter.

1.14 When PDL cells have reached confluence, sub-culture cells at ratio of 1:4 (passage 1).

1.15 Observe cell growth daily and change the culture medium twice per week.

1.16 Perform each subsequent passage at ratio of 1:4 after the cells achieve 80% confluence. Use third- to fifth-generation of PDL cells for cell seeding.

2. Preparation of chitosan films

2.1 For the preparation of a 1% (v/v) acetic acid solution, add 5 mL of acetic acid to 495 mL of double-distilled water in a clean glass beaker.

2.2 	For the preparation of 1% w/v chitosan solution, weigh 5 g of chitosan powder (average molecular weight 400 kDa, 85% degree of acetylation) and add to 495 mL of 1% (v/v) acetic acid solution.

2.3 Stir the prepared solution for 24 hours with stirring bar and magnetic stirring plate at 60 °C.

2.4 Autoclave the prepared solution to ensure complete dissolution of chitosan.

NOTE: The experiment can be paused at this stage.

2.5 To form chitosan films, add 1% w/v chitosan solution into tissue culture polystyrene (TCPS) dishes at 0.25 mL/cm2. For example, add 0.5 mL of 1% w/v chitosan solution to one well of 24 –well plate, working within a laminar flow hood. 

2.6 Dry TCPS dishes in an oven at 60 °C for 24 hours to form chitosan films.

2.7 Prepare 0.5 N sodium hydroxide (NaOH). Stir 10 g of NaOH, a little at a time, into a large volume of double-distilled water by using the magnetic stir bar, and then dilute the solution to make 0.5 L.

NOTE: Add NaOH to water--do not add water to solid NaOH. Do not touch NaOH! It could cause chemical burns.

2.8 Neutralize chitosan films with 0.5 N NaOH. Add 0.5 mL of 0.5 N NaOH solution to one well of 24-well plate for 2 hours.

2.9 Wash chitosan films three times with double-distilled water.

NOTE: The experiment can be paused at this stage.

2.10 Prior to cell seeding, sterilize the chitosan-coated 24-well plates in 70% alcohol overnight at room temperature.

2.11 Rinse chitosan-coated plates three times with PBS at room temperature.

2.12 Sterilize chitosan-coated plates by treatment under ultraviolet light overnight at room temperature.

3. [bookmark: OLE_LINK19][bookmark: OLE_LINK20]Cell seeding

3.1 Pre-warm proliferation medium PBS solution and trypsin/EDTA solution to 37 °C.

3.2 Discard the supernatant from the T-75 cell culture flask.

3.3 Wash confluent PDL cells with 10 mL of PBS solution.

3.4 Discard the PBS solution.

3.5 Add 1 mL of trypsin/EDTA solution to T-75 cell culture flask.

3.6  Incubate cells with trypsin/EDTA solution for 3 min at 37 °C. 

3.7 Terminate the digestion process of trypsin by adding 3 mL of proliferation medium to T-75 cell culture flask.

3.8 Transfer the prepared cell suspension into a 15 mL conical centrifuge tube.

3.9  Centrifuge the suspension for 5 min at 300 x g and room temperature.

3.10 Discard the supernatant from the 15 mL conical centrifuge tube and re-suspend the cell pellet in 500 µL of proliferation medium.

3.11 Count PDL cells with a hemocytometer.

3.12 Seed PDL cells at the densities of 0.5 x 104, 1 x 104, 3 x 104, and 6 x 104 cells/cm2.

3.13 Culture PDL cells on chitosan films in an incubator at 37 °C in 5% CO2 with humidified air.

3.14 Change the culture medium twice per week thereafter.

3.15 On days 1, 2, 3, 4, and 5, observe the cell morphology daily via an inverse phase contrast microscope.

4. Cell survival

4.1 After 1, 3, and 6 days of culture, determine the survival of cells using a commercial viability/cytotoxicity kit. 

4.2 	In a 15 mL tube, prepare 2 mL of a fresh solution of 2 mM calcein-AM and 4 mM ethidium homodimer in PBS by vortexing for 5 s. 

NOTE: Keep the process in the dark.

4.3 Remove the culture medium and wash spheroids in PBS.

4.4 Incubate spheroids in of PBS containing 2 mM calcein-AM and 4 mM ethidium homodimer for 30 min at room temperature in the dark.

4.5 Rinse spheroids twice in PBS. For spheroids from one well of 24-well plate, use 2 mL of PBS for each time.

4.6 Observe the samples by using a fluorescence microscope using 10x or 20x magnification.

REPRESENTATIVE RESULTS: 
Using the present protocol, viable PDL cell spheroids were successfully formed. Figure 1 showed that suspended cells or spheroids instead of attached cells were mainly observed on chitosan films. For the seeding density of 0.5 x 104 cells/cm2, attached PDL cells were occasionally found on day 1 and 3, and PDL cell spheroids were rarely observed. On the contrary, for the seeding densities of 3 x 104 and 6 x 104 cells/cm2, various sizes of PDL cell spheroids were found since day 1. PDL cell spheroid formation was observed from all the seeding densities after 3 days. As shown in Figure 1, 3 x 104 cells/cm2 was the optimal PDL cell seeding density because the size of PDL cell spheroids was homogeneous at this cell seeding density. After 5 days of culture, larger spheroids were formed for all the cell seeding densities. Suspended PDL cells were rarely found on day 5.

The viability of PDL cells in spheroids was assessed after 1, 3 and 6 days. As shown in Figure 2, the majority of cells in spheroids were living cells on day 1, 3, and 6. While on day 6, the number of dead cells was increased in the central part. 

FIGURE LEGENDS: 
Figure 1. The morphology of PDL cellular spheroids. 
For the seeding density of 0.5 x 104 cells/cm2, PDL cell spheroids were rarely observed on day 1 and 3. For the seeding densities of 3 x 104 and 6 x 104 cells/cm2, various sizes of PDL cell spheroids were found since day 1. PDL cell spheroid formation was observed from all the seeding densities after 3 days. After 5 days of culture, larger spheroids were formed for all the cell seeding densities. Suspended PDL cells were rarely found on day 5. Scale bar: 200 μm. This figure has been modified from Yan et al.14.

Figure 2. The viability of PDL cellular spheroids on chitosan films. 
The viability of PDL cells in spheroids was assessed after 1, 3 and 6 days. As shown here, the majority of cells in spheroids were living cells on day 1, 3, and 6. While on day 6, the number of dead cells was increased in the central part. Scale bars: 200 μm. This figure has been modified from Yan et al.14.

DISCUSSION: 
The present study introduced a 3D cell culture system to overcome some limitations related to conventional 2D monolayer cell culture. According to the protocol, PDL cellular spheroids were successfully formed by culturing cells on chitosan films. Our previous study reported that spheroid formation increased the self-renewal and osteogenic differentiation capacities of PDL cells 14. Instead of using an enzyme to harvest cells from TCPS, PDL cell spheroids could be harvested from chitosan films by simply pipetting the medium a few times14. Thus, ECM and intercellular junctions can be well preserved.

The critical steps of this protocol include: (1) making sure that the surgical instruments and chitosan films are sterilized for cell culture; (2) scraping the PDL from the middle third part of the root to avoid contaminations from gingival or apical tissues; and (3) requiring higher cell seeding densities (≥3 x 104 cells/cm2) for the successful spheroid formation of PDL cells.

However, one limitation for this method is that decreased proliferation of PDL cells was observed after spheroid formation14, which is similar to some previous studies that performed on adipose stromal cells10 and hepatocellular carcinoma cell line15. This is probably caused by the difference in the regulation of cyclin-dependent kinase inhibitors between spheroid and monolayer cells16. To benefit clinical application, further studies to promote the proliferation of cell spheroids are required.

Another drawback of the cellular spheroid is the inadequate diffusion in the core. Although PDL cells were mainly alive in spheroid culture, the number of dead cells was increased in the central part of spheroids on day 6. This phenomenon was probably because the diffusion of oxygen and nutrients is compromised in the spheroid core as PDL cell spheroids become larger17,18.

Other methods that reported to induce cellular spheroids include a non-adherent surface19, microwells20, spinner flasks21, micropatterned surfaces22,23, hanging drops24, and a forced-aggregation technique25. Compared to aforementioned methods, chitosan films are relatively cost-effective and easy to reproduce. Another advantage of this method is the antimicrobial properties of chitosan26, which is significantly beneficial for in vitro cell culture. 

In summary, here we present detailed 3D cell spheroid culture protocols based on chitosan films. The culture of PDL cellular spheroids overcome some of the limitations related to conventional 2D TCPS cell culture, and thus may be suitable for producing PDL cells with an enhanced therapeutic efficacy for future periodontal tissue regeneration. 
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