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Abstract

3D bioprinting is an innovative technique in tissue engineering, to create layer-by-layer structures, 

required for mimicking body tissues. However, synthetic bioinks do not generally possess high 

printability and biocompatibility at the same time. So, there is an urgent need for naturally derived 

bioinks that can exhibit such optimized properties. We used furfuryl-gelatin as a novel, visible-

light crosslinkable bioink for fabricating cell-laden structures with high viability. Hyaluronic acid 

was added as a viscosity enhancer and either Rose Bengal or Riboflavin was used as a visible-light 

crosslinker. Crosslinking was done by exposing the printed structure for 2.5 min to visible light 

and confirmed using FTIR and rheometry. SEM revealed a highly porous networked structure. 

Three different cell types were successfully bioprinted within these constructs. Mouse 

mesenchymal stem cells printed within monolayer and bi-layer sheets showed viability, network 

formation and proliferation (~5.33 times) within 72 hrs of culture. C2C12 and STO cells were 

used to print a double layered structure, which showed evidence of the viability of both cells and 

hetero-cellular clusters within the construct. This furfuryl-gelatin based bioink can be used for 

tissue engineering of complex tissues and help in understanding how cellular crosstalk happens in 

vivo during normal or diseased pathology.
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1. Introduction

3D bioprinting enables the creation of cell patterns within defined spaces, simultaneously 

preserving cell function and viability [1]. This technique has the potential to revolutionize 

the field of regenerative medicine with its endless possibilities [1]. A bioprinter utilizes 

‘bioinks’ or materials which mimic an extracellular matrix environment for supporting cell 

adhesion, proliferation and differentiation [1]. Bioinks distinguish themselves from 

traditional biomaterials such as polymer networks and foam scaffolds, due to their ability to 

be deposited as filaments during an additive manufacturing process. However, unlike other 

additive manufacturing materials such as thermoplastic polymers, ceramics and metals, they 

require to be processed under milder conditions so as to retain the viability of living cells 

and to prevent the degradation of bioactive molecules [2]. An ideal bioink is characterized 

by high shear thinning ability (printability), viscosity, gelation kinetics, biocompatibility, 

hydration ability and viscoelasticity [3]. They are most often adopted from existing hydrogel 

biomaterials and are derivatives of natural polymers like gelatin, alginate and fibrin [3]. 

Hydrogels are preferred over other biomaterials as they are degradable, erodible, absorbable 

and most importantly biocompatible as well [4]. One of the most commonly used hydrogels 

is gelatin, which is derived from collagen by hydrolysing the intermolecular, intramolecular 

and the hydrogen bonds that are known to stabilize the structure of the latter [4–6]. It is 

primarily comprised of peptides and proteins which are produced by the partial hydrolysis of 

collagen extracted from the skin, bones and connective tissues of animals like pigs and fish 

[4–6]. Gelatin is favoured in cell culture on account of its biodegradability, enhanced cell 

binding ability due to the presence of an RGD-(Arg-Gly-Asp)-sequence [7] and its 

commercial availability at low cost [8]. It has been shown to have advantages over its parent 

protein, which includes lower immunogenicity and better solubility in aqueous systems [8]. 

In addition, gelatin can be crosslinked and modified with the inclusion of other materials, to 

significantly alter its biochemical properties [9–12] and enhance its mechanical properties 

[13] in vitro. Chemically modified gelatin hydrogels are formed by disulfide crosslinking 

[14], photo-crosslinking [15, 16] and enzymatic crosslinking [17, 18] to name a few. 

Numerous studies have applied gelatin methacryloyl (Gel MA)-based hydrogels in vivo [19, 

20]. However, most chemical modifications that are done to modify gelatin usually render 

the resultant compound toxic [21, 22].

On the other hand, Son et al. [23] derivatized porcine gelatin by incorporating furfuryl 

groups. This furfuryl-modified gelatin solution was then mixed with Rose Bengal, a visible-

light sensitizer [23]. Irradiation by visible-light crosslinked and gelled the aqueous solution 

by a photo-oxidation-induced crosslinking mechanism [23]. Furfuryl-gelatin (f-gelatin) had 

no significant toxicity as it was shown to enhance cell migration and adhesion in vitro, in 

prior studies [23]. In addition, f-gelatin was also shown to be capable of protein 

immobilization for modification of existing implant surfaces [24] and for in vivo tissue 
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repair applications [15]. In this study, our objective was to determine if an f-gelatin based 

bioink could be used for bioprinting [25], and for biofabrication of single and double layered 

cell sheets for tissue engineering [26]. We hypothesized that an f-gelatin based bioink can 

exhibit properties such as high print fidelity, optimized shear-thinning characteristics and 

lead to a generation of crosslinked scaffolds with mechanical fidelity and cytocompatibility 

[27]. To our knowledge, the possibility of using f-gelatin as a bioink has never been explored 

before. However, it can become a popular bioink [28], due to its superior properties, 

including the ability to crosslink rapidly when exposed to visible light, cytocompatibility 

[23] and structural fidelity [15]. To make the f-gelatin based bioink, hyaluronic acid (HA) 

was added as a viscosity enhancer [29], and Rose Bengal (RB) [30] or Riboflavin (RF) [31] 

was mixed to act as a photo sensitizer. Both RB and RF can act as visible light crosslinkers. 

The resultant mixture was homogeneously mixed with cells and printed into structures using 

a pneumatic extrusion 3D printer, which were photocured for the maintenance of structural 

integrity. Three different cell types were used in this study. Firstly, sturdy and highly 

proliferative cells such as mouse mesenchymal stem cells (MSC) [32] were used to bioprint 

which in turn allowed us to study how the printing process and the selected bioink mixture 

affected the resultant cell viability, functionality and proliferation. Secondly, C2C12 

myoblasts [33] and STO fibroblasts [34] were co-cultured to explore the ability of this 

technique to serve as a model for studying physiologically relevant cellular interactions, 

such as those between cardiac myocytes and fibroblasts in vivo [35].

With the possibility of printing multi-layered sheets, this work may eventually open up new 

vistas in the field of 3D bioprinting of implantable organs by providing an avenue for 

mimicking complex organs in a dish using a cost-effective and relatively fast method for 

biofabrication.

2. Materials and Methods

2.1. Materials

Furfuryl-gelatin (f-gelatin) was made as described below and contributed by our 

collaborators Drs. Park and Ito from RIKEN, Japan [24, 36]. HA Sodium Salt (mol wt. 

~1.5–1.8 x 10E6 Da) was bought from Sigma-Aldrich (St. Louis, MO, USA). RB, RF and 

pH strips were procured from ThermoFisher Scientific (Waltham, MA, USA). Dimethyl 

Sulfoxide (DMSO) was obtained from Sigma.

2.2. f-gelatin preparation and characterization

Preparation and characterization of f-gelatin—Porcine gelatin powder, furfuryl 

glycidyl ether (96%) were purchased from Sigma-Aldrich. DMSO was purchased from 

Duchefa Biochemie (Haarlem, The Netherlands). Sodium hydroxide (NaOH), hydrochloric 

acid (HCl), acetone and ether were purchased from Duksan Pure Chemical Co., Ltd (South 

Korea). For preparation, porcine gelatin (2 g) was dissolved in d.d. water (80 mL) and 1 N 

NaOH solution was added to adjust the pH to 11. Furfuryl glycidyl ether (250 μL) was 

dissolved in DMSO (20 mL) and added to the gelatin solution at room temperature 

following which the mixture was stirred for 30 h at 65°C. The resulting mixture was 

adjusted to pH 7 by the addition of 1N HCl solution and dialyzed in DI water for 48 hrs to 
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purify the f-gelatin using a dialysis membrane with a molecular weight cut-off of 1,000 Da 

(Spectrum Laboratories Inc., Rancho Dominguez, CA, USA). Following dialysis, the 

solution was evaporated, and the purified f-gelatin was first washed four times with acetone, 

once with ether and then dried. Dried f-gelatin was next characterized using 1H nuclear 

magnetic resonance (NMR) spectroscopy. Measurement was done using an NMR 

spectrometer (Gemini 2000, 300 MHz, Varian Inc., Palo Alto, CA, USA). For the analysis, 

porcine gelatin (control) and f-gelatin were used after dissolving in deuterium oxide (D2O, 

Sigma). The NMR spectra obtained was analysed to confirm derivatization of the gelatin 

into f-gelatin.

Next the cell compatibility of the synthesized f-gelatin was confirmed (online supplementary 

information) using MTT assay [37, 38]. Finally the composition of the f-gelatin based 

mixture was also optimized for visible light induced crosslinking (online supplementary 

information).

2.3. Biofabrication

For biofabrication, a BIOBOT 1 (Biobots, Philadelphia, PA, USA) was used for which we 

formulated the bioink mixture, as described. A mixture of f-gelatin and HA was made, to 

which either RB or RF was added, to crosslink the bioprinted structure via visible light-

induced crosslinking mechanism [15, 24]. For making 1 ml of this bioink solution, HA (10 

mg, 1% w/v) was dissolved in DI water (900 μl, 25°C), followed by the addition and mixing 

of f-gelatin (100 mg, 10% w/v) at 25°C and then the mixture was heated at 37°C for 1 hr 

with stirring to facilitate the formation of a homogeneous viscous mixture. The ratio of HA 

and f-gelatin was maintained at 1:10 and RB (100 μl of 5% (w/v) stock dye solution in DI 

water added to 900 μl of the remnant mixture to represent a final dye concentration of 0.5% 

(w/v)) or RF (same as RB) was added as a photo sensitizer, required for the crosslinking 

after the bioprinting. Cells were added to this mixture as described later, in section 2.5.

This bioink mixture was then loaded into a 10 ml plastic syringe (BD, Franklin lakes, NJ, 

USA), fitted with a stainless steel blunt-tip dispensing needle (23G, Huaha, Amazon, USA) 

and extruded using low extrusion pressure (Table 1). Patterns printed using this bioink were 

designed using SolidWorks (Concord, MA, USA) and saved as .stl files. Briefly, two 

patterns, namely rectangular and circular structures, were printed in 100 mm × 15 mm petri 

dishes (ThermoFisher). The .stl files were transferred to the Repetier Host program available 

via BIOBOT 1 server and converted into a g-code (Table 1). These g-code files were 

uploaded and used for printing using parameters in Table 1. The printed structures were 

immediately exposed to visible light for 2.5 min for crosslinking (400 nm wavelength at 

100% intensity, Intelli-Ray 600, Uvitron International, West Springfield, MA, USA).

The rectangular sheet structure, initially printed as a monolayer, was further expanded by 

printing a secondary layer to demonstrate the feasibility of fabricating a bi-layer structure 

using the f-gelatin based bioink (Table 1). For printing bi-layer sheet structures, the bottom 

layer was first printed using bioink (with cells) with RB and crosslinked for 2.5 min. A 

second layer was printed atop the former, using bioink (with cells) with RF, and crosslinked 

similarly for an additional 2.5 min. The necessity for addition of two different dyes, RB and 

RF was to highlight a distinct bilayer structure that could be printed easily.
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2.4. Characterization of the bioink and the post-crosslinked structure

Rheology of bioink—Gels for rheometry were formed as described earlier and cut using a 

biopsy punch (~1 mm deep, 8 mm diameter). The gels were pre-swollen in 1X PBS before 

testing. Oscillatory shear stress rheometry was performed (1% strain, 0.5 – 50 Hz) using an 

Anton-Paar MCR101 rheometer (Anton-Paar, Graz, Austria) with an 8-mm parallel plate 

geometry. The strain and frequency range were analysed within the linear viscoelastic range 

of the gels by frequency sweeps. Elastic modulus was calculated through complex shear 

modulus with storage and loss modulus, and complex viscosity was measured at 1.99 Hz for 

all samples, as done earlier [39].

Fourier transform infrared spectroscopy analysis—Fourier transform infrared 

spectroscopy (FTIR) was used to reveal information about the crosslinked structure after 

exposure to visible light irradiation, in comparison with the non-crosslinked f-gelatin and the 

HA. Attenuated total reflectance (ATR)-FTIR spectra of representative samples were 

acquired using a Perkin-Elmer, Spectrum 100, Universal ATR Sampling Accessory within 

the range of 650–3650 cm−1 in transmittance mode, as done before [40]. Spectral 

manipulations were performed using the spectral analysis software GRAMS/32 (Galactic 

Industries Corp., Salem, NH, USA). External reflection FTIR was recorded on a Specac 

grazing angle accessory using an s-polarized beam at an angle of incidence of 40° and a 

mercury cadmium telluride (MCT/A) detector. A piranha-treated silicon wafer was used as 

the background.

Swelling Analysis—To account for the hydration parameters of the crosslinked hydrogel 

structure leading to swelling, gels were allowed to swell to equilibrium for 5 days in 

Dulbecco Modified Eagle’s Medium (DMEM, pH = 7, 25°C) following published protocols 

[41]. Three similar printed sheet structures were crosslinked and stored at −80°C (12 hrs) 

following which the samples were freeze-dried using a VirTis BenchTop Pro Freeze Dryer 

with Omnitronics (SP Scientific, Warminster, PA, USA). These freeze-dried samples were 

weighed (W0) and then immersed in DMEM and the increase in weight was recorded 

periodically (Wt) after every 24 hrs till 5 days. The swelling ratio was calculated using the 

following equation (1), where Ds was the degree of swelling, W0 and Wt were the weights of 

the samples in the dry and swollen states respectively [41].

Ds = (W t − W0)/W0 (1)

Scanning Electron Microscopy—En-face and cross-sectional images of the dried gels 

were acquired using scanning electron microscopy (SEM), following published procedures 

[41]. For en-face imaging, uniformly sized gels were made and air-dried in a chemical fume 

hood overnight and visualized using SEM (Hitachi TM-1000 Tabletop Microscope, Tokyo, 

Japan) at 504× magnification. For imaging of the cross-sections, uniformly sized gels were 

made, freeze-dried and sputter-coated with gold/palladium (2–3 min) in a sputter coater 

(Gatan Model 682 Precision etching coating system, Pleasantown, CA, USA) and visualized 

using SEM (S-4800, Hitachi, Japan) at voltages of 5 kV at 80× and 100× magnification. En-
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face and cross-sectional SEM images were analysed using ImageJ software to determine the 

average pore size and the apparent porosity (%), respectively. Apparent porosity was 

calculated by the following formula (2) below.

App . porosity = total area covered by pores (sq . μm)
total sample area o f the cross section(sq . μm) ∗ 100 (2)

2.5. Biocompatibility

Strain C57BL/6 Mouse MSC (catalog #: MUBMX-01001) and Growth Medium (complete 

growth medium, catalog #: MUXMX-90011) were obtained from Cyagen, Santa Clara, CA, 

USA. The cells were cultured, passaged and stabilized for at least 6 passages before being 

used in bioprinting. For bioprinting with cells, bioink was prepared as described earlier 

(section 2.3) to which cells were added. Prior to addition in the bioink mixture, the mouse 

MSCs were labelled with PKH67 green fluorescent dye (Sigma), or PKH26 red fluorescent 

dye (Sigma) following manufacturer’s protocols. Both dyes are used for cell tracking 

purposes in vitro or in vivo [42]. These labelled mouse MSCs were mixed with bioink (1 X 

107 cells/ml) and loaded into a 10 ml syringe for extrusion and printing. The printed, 

crosslinked, cell-laden gel structures were then incubated with 5 ml of complete growth 

medium for mouse MSC and incubated (37°C, 5% CO2) for a period of up to 72 hrs. The 

cell-laden bioprinted structures, both mono- and bi-layered sheets were analysed using 

inverted confocal fluorescence microscopy (ZEISS LSM 700 confocal, Germany) after 5 

days of culture, to confirm cell retention and density. To confirm that the printing process 

did not adversely affect cellular viability, Hoechst 33342 (Thermo Scientific Pierce), a 20 

mM aqueous stock solution of a fluorescent stain was used to detect and image cells, 

immediately after printing (within 24 hrs).

In addition, to check the capability of this method for co-layering, two different cell types 

namely, STO fibroblasts (STO, ATCC® CRL-1503™) and C2C12 myoblasts (C2C12, 

ATCC® CRL-1772™), both from American Type Culture Collection (ATCC), Manassas, 

VA, USA, were used. Both cells were cultured and stabilized for at least 6 passages using 

DMEM/F12 medium supplemented with 5% foetal bovine serum (FBS, Invitrogen, 

Carlsbad, CA, USA) before being used in bioprinting. For bioprinting of a bi-layer structure 

with STO (bottom) and C2C12 (top), two separate bioinks were prepared by adding 1 X 107 

cells/ml of STO or C2C12 respectively, to the f-gelatin mixture and loaded into two separate 

10 ml syringes for extrusion and printing. First, the STO encapsulated layer was printed, and 

crosslinked, above which the C2C12 layer was deposited and crosslinked to generate a 

composite bi-cellular construct. These structures were then incubated with 5 ml of 

DMEM/F12 and incubated (37°C, 5% CO2) for a period of up to 48 hrs. Then they were 

fixed with paraformaldehyde (Sigma) for 30 min (25°C) and then permeabilized with 0.2% 

Triton X-100/phosphate buffered saline (PBS) for 15 min. After blocking with 1% bovine 

serum albumin (BSA/PBS, Sigma) for 30 min at room temperature, the samples were 

incubated with a mouse monoclonal antibody against Anti-MyoD1 antibody [5.2F] followed 

by a goat polyclonal secondary antibody to mouse IgG1 - heavy chain (FITC) (Abcam, 

Cambridge, UK). The STO cells were not labelled with any dye. The cells were then imaged 
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using a confocal fluorescence microscopy (Olympus IX81 inverted fluorescence motorised 

microscope, Japan) to confirm the retention of both cell types and their possible co-

localization in a single plane of view, within the printed structure.

Flow Cytometry analysis—To estimate cell proliferation and overall biocompatibility of 

the printed construct, the cells were pre-stained using Cell Trace Violet, proliferation kit 

(Invitrogen, Carlsbad, CA, USA) using manufacturer’s protocols. These pre-stained cells 

were mixed with the bioink (1 X 107 cells/ml) and printed into monolayer sheets and 

cultured for 24 hrs, and 72 hrs respectively (37°C, 5% CO2). After 24- and 72-hrs, cell-gel 

samples were treated using Trypsin-EDTA (0.25%, phenol red) (ThermoFisher), cells were 

detached, extracted and processed for flow cytometry, by fluorescence assorted cell sorting 

(FACS). Extracted cells were fixed and processed further for FACS (Beckman Coulter 

Gallios Flow Cytometer, Brea, CA, USA) using excitation and emission wavelengths of 405 

and 450 nm respectively. Positive controls included pre-stained cells grown on plastic petri 

dishes for 72 hrs. Negative controls included non-stained cells grown on plastic petri dishes 

for 72 hrs.

2.6. Sample size and data

All samples were present in triplicate unless otherwise mentioned. Numerical data are 

expressed as the mean ± standard deviation.

3. Results

The 1H NMR spectrum of f-gelatin is shown in Supplementary Figure 1A, B (online 

supplementary information). Shown in Supplementary Figure 2, is the estimated viability (% 

absorbance) of 3T3-L1 fibroblast cells treated with f-gelatin measured using the MTT assay. 

No significant difference was noted among the values estimated from cells treated with f-

gelatin solution versus controls (not treated with f-gelatin). This confirmed that the f-gelatin 

solution was not cytotoxic, in line with previously published results [23]. Shown in 

Supplementary Figure 3, is 10% (w/v) and 1% (w/v) f-gelatin mixed with RB (Pink) or RF 

(Yellow). Controls that were not photocured dispersed readily in water, whereas 10% (w/v) 

f-gelatin mixed with either RB or RF retained their size and shape for 8 days (right), while 

1% (w/v) f-gelatin structures dissolved in the interim. After 14 days, the photocured f-

gelatin samples could be recovered from the bottom of the petri dishes. This confirmed 

visible light-induced crosslinking and stability of 10% (w/v) photo-cured f-gelatin. This 

result lead to optimization of the bioink mixture based on 10% f-gelatin (w/v) for printing. 

However this f-gelatin and RB/RF mixture did not provide sufficient viscosity and shear 

thinning properties for printing (Supplementary Figure 4). Therefore a secondary material 

had to be added as a viscosity enhancer [43]. HA, a well-known glycosaminoglycan [44], 

was added at a concentration of 1% (w/v) and mixed with the remaining bioink mixture [45]. 

Our goal was to add HA to enhance viscosity, but keep its content minimal such that it 

would not interfere with the crosslinking mechanism of the f-gelatin in the presence of RB 

or RF.

As shown in Figure 1A, the bioink mixture (without cells) with added HA, was relatively 

viscous and had to be scooped out with the aid of a fine tipped spatula, to load in a syringe 
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prior to printing. However, the hydrogel exhibited good shear thinning characteristics as 

only a relatively low-pressure range was required to extrude the bioink into the desired 

structures (Figure 1B, C, D). The printed structures could be rapidly crosslinked by exposure 

to visible light and exhibited structural fidelity compared to the non-crosslinked structures 

(Figure 1B, C, D). The structures printed from multiple experiments exhibited consistency. 

The bi-layered sheet structures showed two distinct layers, one atop the other, 

distinguishable by their distinct colours (Figure 1D), yet appearing as a composite structure 

when examined at its cross-section (Figure 1D).

From the rheometric analysis of the hydrogels, it was determined that the strain and 

frequency range were within the linear viscoelastic range of the gels by amplitude and 

frequency sweeps (Figure 2). We were able to generate crosslinked gels of elastic modulus 

1.7 ± 0.3 kPa and complex viscosity compared to the non-crosslinked pre-hydrogels which 

revealed an elastic modulus of 1.4 ± 0.05 kPa. Additionally, crosslinking increased the 

complex viscosity of the gels from 206.25 ± 11.79 to 319.7 ± 43.01 Pa-s.

FTIR spectrum of a representative sample was analysed to confirm the formation of the 

crosslinked structure of f-gelatin, HA and RB under visible light irradiation (Figure 3A). As 

shown in the reaction mechanism (Supplementary Figure 1B), a double bond was formed in 

the crosslinked product in the furan ring of f-gelatin which corresponds to the band of C=C 

at 1447 cm−1. The spectrum also depicted other functional group peaks at different bands. 

The peak at 2942 cm−1 represents the C-N stretching peak, the C-O-C peak of the aryl ether 

was at 1234 cm−1 shifted from 1215 cm−1 in the non-crosslinked f-gelatin (Figure 3B) for 

the new bond formation [46]. The aryl ether peak is represented by bands at 1039 cm−1 and 

at 1075 cm−1. The presence of the broad peak (~3000–3400 cm−1) is the representation of 

the vibrational -OH stretching peak of the -COOH group in the Hyaluronic Acid (HA), also 

found in the pure HA (Figure 3C). The absence of oxy-HA peak around 1697 cm−1 in the 

crosslinked sample confirmed that HA was not oxidized during the rapid irradiation of the 

crosslinking process [47]. The C-N stretching peak was present at 1363 cm−1 in both pure 

HA and f-gelatin structure.

The swelling kinetics and behaviour of bioprinted crosslinked hydrogels is depicted in 

Figure 4. For all samples tested, the maximum swelling was observed at 24 hrs of incubation 

after which the swelling ratios remained relatively unchanged throughout the remaining 

incubation period of 5 days. Although data reported was from 5 days of observation and 

analysis, the stored gels did not degrade until 21 days in culture following this observation. 

Thus, the bioprinted crosslinked constructs are expected to maintain their structural fidelity 

when implanted in vivo for a sustainably long period of time.

SEM en-face images revealed a highly organized and striated structure with repeating chain 

like units (Figure 5A). However, the cross-sectional images revealed a highly porous 

structure with interconnected pores and an average pore size of 142.20 ± 1.08 μm (Figure 

5B). The average apparent porosity was estimated to be 21 ± 0.45 %. Results led us to 

conclude that there was significant porosity for nutrient and water intake into these 

constructs during culture.
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Densely packed Hoechst-dye stained cells (Figure 6A) confirmed cellular viability post 

printing thereby affirming that neither the printing process, the bioink mixture nor the 

crosslinking had adversely affected cell viability, post printing. This cell density appeared to 

have reduced when samples were image after 5 days (Figure 6B). This may have been due to 

the swelling of the gels which allowed cells to migrate out of the structure into other areas of 

the tissue culture petri dish.

Pre-stained mouse MSC when printed within monolayer sheets, showed the evidence of cell 

retention after 5 days of culture (Figure 6B, Supplementary Figure 5) when stained with 

either PKH67 or PKH26. Similar results were observed when the labelled mouse MSC 

(PKH26: red) were printed within bi-layer sheets and cultured for the same duration 

(Supplementary Figure 5). There were no apparent differences in the cell density in both 

cases (Supplementary Figure 5) even though cells in the bi-layer (bottom) were subjected to 

photo crosslinking by visible light for a longer duration (5 min) compared to the monolayer 

(2.5 min). PKH67 labelled cells could not be used for visualization within the bi-layers, as 

the dye was also absorbed by the gels exhibiting high background fluorescence (images not 

included). The average area occupied by the cells was estimated to be 33.8 ± 9.91% of the 

total area. The presence of a large number of cells retained, even after 5 days of incubation, 

validated that cells could survive the process of extrusion based 3D printing, crosslinking 

and culture thereafter.

Results from FACS analysis (Figure 7, Supplementary Figure 6) showed that after 24 hrs of 

culture, 9.1% of the total number of cells encapsulated in the bioprinted construct had 

proliferated in comparison to controls (unstained, 0.3%). After 72 hrs of culture, 48.6% of 

the cells were found to have proliferated (in comparison with 32% proliferating cell 

population in positive controls, Supplementary Figure 6, 7) confirming the biocompatibility 

of the bioink and viability of cells in these printed constructs. Further, the occurrence of 

multiple peaks (Figure 7) revealed the presence of consecutive proliferating generations of 

cells, in the bioprinted constructs. In future, we will analyse how this hydrogel modulates 

cellular functions such as stem cell differentiation (MSC) into targeted tissues such as 

cartilage or bone.

Figure 8 shows the evidence of STO and C2C12 (Figure 8C, E) encapsulated within the 

same structure (and Supplementary Figure 8). Interestingly, we noted STO cells in the same 

plane as C2C12, even though they were confined to their respective layers (bottom and top) 

during the fabrication process (Figure 8A, B and Supplementary Figure 8 A, B). This 

probably was due to their interaction at the junction of the two layers containing two 

different cell types respectively. The morphology of both C2C12 [48] and STO [49] cells 

were similar to images reported in others published works. This data provided strong 

evidence of the feasibility of culturing two different cell types within the same bioprinted 

construct, which unified as a single structure (Figure 8D) and did not fall apart into two 

separate layers during culture and incubation.
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4. Discussion

The past few years have witnessed a profound advancement in the use of 3D printing in the 

field of regenerative medicine [3]. This growth has been accelerated by the emergence of 

new bioinks for printing, leading to the possibility of creating high resolution tissues and 

organs [3]. The present study demonstrates the applicability of using an f-gelatin and HA 

based bioink for the biofabrication of cellular sheets geared towards tissue engineering 

applications. The f-gelatin consisted mainly of porcine gelatin, modified by the 

incorporation of a furfural group [23, 24]. Earlier studies on this f-gelatin led to the 

development of a scaffold for the treatment of in vivo osteochondral injuries and defects 

[15]. F-gelatin was rapidly crosslinked by visible light with RB, a light sensitizer, and was 

kept gelled for 3 weeks submerged in saline at 37°C [15]. This prompted us to further 

explore the properties of f-gelatin as a novel bioink as it can be rapidly crosslinked in the 

presence of visible light to maintain structural fidelity [27]. However, it needs to be mixed 

with some viscosity enhancer [50] such as HA. When used in tandem with f-gelatin, HA 

imparted the necessary viscosity and shear thinning to the bioink, followed by structural 

integrity and stiffness to the printed crosslinked structure, although HA was not chemically 

crosslinked with the remaining bioink mixture. Nonetheless, with such a high content of HA 

in the bioink (1% w/v) it is reasonable to suggest that it might have also played a vital role in 

maintaining cellular biocompatibility and other biological effects on the cells cultured [43, 

44]. Besides, a high content of gelatin, as in this study is also believed to exert cytoprotective 

effects on cells cultured [15].

Our long-term goal is to biofabricate multi-layered, multi-cellular tissue structures which 

can be used for mimicking in vivo tissues including healthy tissues such as the myocardium 

or diseased cancer tissues. As a first step, we fabricated bi-layered sheets, laden with cells 

which were rapidly crosslinked, cultured with growth medium for a sustainable period in 

vitro. The crosslinked hydrogels had a viscosity comparable to tumours in vivo [51]. 

Generally, polyacrylamide hydrogels with elastic moduli ranging from 1 to 25 kPa have 

been used as scaffolds, to study cardiomyocyte behaviour in vitro. Although the elastic 

moduli for our crosslinked gels fit well within this range, they need to be closer to 9 kPa in 

order to more closely mimic the properties of a native myocardium [52]. Therefore, in the 

future, we will work on including additives such as carbon nanotubes to improve the 

stiffness of the printed cell gel constructs [41], which can also make the scaffolds electrically 

active and conductive [53, 54]. Besides, the HA could be chemically crosslinked with the 

entire hydrogel mixture, adding to its overall stiffness. Structurally, the bi-layered composite 

gel behaved as one solid hydrophilic structure, and no gaps at the junction could be detected. 

Further, the cells which were confined to their respective layers (top and bottom) during 

printing, showed migration within the bi-layer gel after sustained culture. This implies that 

this bioprinting strategy can be applied to mimic complex tissues containing various cells in 

different anatomical locations, such as in the cardiac wall [55].

As the crosslinked gels were extremely stable when exposed to long term culture, they can 

be extremely effective for in vivo studies as well [15]. The swelling data for these 

crosslinked gels are also consistent with other’s published values of photo-crosslinked [56] 

and gelatin-based hydrogels [57]. In comparison with other types of hybrid gelatin hydrogels 

Kumar et al. Page 10

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(e.g. gelatin methacrylamide (Gel-MA) and arginine-based unsaturated non-peptide 

polycations (Arg-UPEA) [57]), these gels produced via a simple crosslinking mechanism 

can preserve their structural integrity for a long period, which will be beneficial for in vivo 

use. Besides, growth factors or other chemokines can be mixed and crosslinked along with 

the hydrogel for releasing into the culture or in vivo, as desired [15].

Although the total area populated by the cells appeared to be low, initially, this probably led 

to the proliferation and migration of cells during culture which may have added to enhance 

the stability and integrity of the cell-gel construct. The mouse MSC proliferated more in the 

gel compared to plastic wells, which implied that a 3D scaffold is effective compared to a 

flat surface [58]. Further f-gelatin based hydrogels are known to be extremely favourable 

towards promoting cell growth [23].

We aim to deliver complex 3D tissues-on-a-dish, in the future. Towards this end, we desire 

to fabricate cardiac wall tissue in vitro utilizing 3D bioprinting, which can then be implanted 

directly in vivo or exploited in vitro for the screening of pharmaceutical cardiotoxicity. So in 

this study, as a proof of principle we co-cultured two different cell types, namely STO 

fibroblasts, and C2C12 myoblasts, often used to model the response of myocytes for cardiac 

tissue engineering applications. Evidence of co-localization of both of these cell types in a 

single plane implied that this technique could be applied to study physiologically relevant 

interactions between cardiac fibroblasts (CF) and cardiomyocytes (CM) that has been well 

established in vitro [35], and is implied in vivo [35]. In the context of heart disease, 

enhanced CM:CF coupling may influence the electrical activity of the myocytes leading to 

cardiac arrhythmias [59, 60]. However, better cell co-culture systems are needed to enable 

studies probing into mechanisms resulting from the interactions between these two 

significant cell types, CF and CM found in the myocardium. This is because native ‘bulk’ 

tissue studies are associated with significant challenges including lack of visual inspection 

and monitoring [5]. This gives rise to an immediate need for intermediate level thin sections 

of biological model systems for probing into hetero-cellular coupling between CF and CM 

and its resultant effects. Our method of co-culturing cells using 3D bioprinting may prove to 

be novel and extremely useful for this purpose. Results can provide unexpected advances in 

our understanding of the interplay between multiple cell types that make up the heart wall.

In this study, we did not explore strategies for promoting vascularization, however in future 

studies that will be a major focus, for incorporation within complex multi-layered 3D 

printed constructs consisting of multiple cell types, such as endothelial progenitor cells [61]. 

Further we will also attempt fabrication of architecturally complex structures such as lattice 

or tissue structures with this bioink mixture.

In conclusion, we showed the applicability of f-gelatin as a novel, biocompatible bioink for 

biofabrication of cell-gel constructs with enhanced fidelity. Although both synthetic and 

natural materials have been proposed to generate suitable tissue engineering grafts, the ideal 

material or scaffold for repair and regeneration of cardiac tissue is not yet known [62]. We 

hope to utilize this f-gelatin-based bioink for mimicking myocardial tissue, by printing 

layer-by-layer with the actual cardiac cells, namely cardiomyocytes, fibroblasts and 
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endothelial cells [55]. This will help generate a functional cardiac patch that can be used for 

drug cytotoxicity screening [63], or exploring triggers for heart diseases in vitro [64].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Bioink (no cells) showing a viscous mixture prior to crosslinking.

(B) Pre- (left) and post-crosslinked (right) hydrogel (sheet)

(C) Versatility of patterns being printed (ring: left and sheet: right)

(D) Double layered sheet printing feasibility (en-face: top and cross-section: bottom).

In B, C and D, yellow corresponds to RF and pink to RB being used. Scale bar in all images 

corresponds to 2 cm.
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Figure 2. 
Rheology analysis of f-gelatin based hydrogels. Shown is a characteristic dataset obtained 

from a disc shaped (8 mm) sample of printed crosslinked f-gelatin hydrogel sample.
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Figure 3. 
(A) FTIR spectrum of crosslinked f-gelatin in the presence of RB and HA. (B) FTIR spectra 

of f-gelatin and (C) of HA respectively.
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Figure 4. 
Degree of swelling of a printed sheet sample of f-gelatin after crosslinking.
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Figure 5. 
Representative image acquired using SEM of a printed sheet sample of f-gelatin after 

crosslinking.
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Figure 6. 
(A) Viability of the mouse MSC stained with Hoechst (blue), post printing after 24 hr. (B) 

Retention of mouse MSC, pre-stained with PKH67 (green), within the bioprinted construct 

after 5 days of culture.

Kumar et al. Page 21

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
FACS analysis to show cell proliferation and biocompatibility of the printed sheet structures 

of f-gelatin after crosslinking. Cells pre-stained with cell trace violet were cultured upto (A) 

24 hrs and (B) 72 hrs within printed constructs.
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Figure 8. 
In A and B, shown are bright field z-scans of STO fibroblasts (elongated spindle shaped) co-

cultured with C2C12 myoblasts cells (rounded enlarged, confirmed in C and in E). Scale bar 

is 150 μm in A, B and 200 μm in C and E. In C, a single plane (cross section) was imaged 

whereas in E, a Z-scan was run spanning several planes as indicated with the arrow (right 

hand side). In D, shown is a single slice of z-stack section showing top layer (fluorescent: 

green for C2C12) and bottom layer (non-fluorescent: STO).
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