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Purpose: Tissue engineering aims to recreate natural cellular environments to facilitate tissue regeneration. Gelatin methacrylate 
(GelMA) is widely utilized for its biocompatibility, ability to support cell adhesion and proliferation, and adjustable mechanical 
characteristics. This study developed a GelMA and graphene bioink platform at concentrations of 1, 1.5, and 2 mg/mL to enhance 
scaffold properties for tissue engineering applications.
Patients and Methods: Graphene was incorporated into GelMA matrices to improve mechanical strength and electrical conductivity 
of the bioinks. The compressive strength and thermal stability of the resulting GelMA/graphene scaffolds were assessed through DSC 
analysis and mechanical testing. Cytotoxicity assays were conducted to determine cell survival rates. Cryoprinting at −30°C was 
employed to preserve scaffold structure and function. The chorioallantoic membrane (CAM) assay was used to evaluate biocompat-
ibility and angiogenic potential.
Results: The integration of graphene significantly amplified the compressive strength and thermal stability of GelMA scaffolds. 
Cytotoxicity assays indicated robust cell survival rates of 90%, confirming the biocompatibility of the developed materials. 
Cryoprinting effectively preserved scaffold integrity and functionality. The CAM assay validated the biocompatibility and angiogenic 
potential, demonstrating substantial vascularization upon scaffold implantation onto chick embryo CAM.
Conclusion: Integrating graphene into GelMA hydrogels, coupled with low-temperature 3D printing, represents a potent strategy for 
enhancing scaffold fabrication. The resultant GelMA/graphene scaffolds exhibit superior mechanical properties, biocompatibility, and 
pro-vascularization capabilities, making them highly suitable for diverse tissue engineering and regenerative medicine applications.
Keywords: GelMA, graphene, cryoprinting, hydrogels and tissue engineering

Introduction
Tissue engineering aims to recreate the natural cellular environment to effectively promote tissue regeneration. GelMA 
(gelatin methacrylate) is widely used as a biomaterial due to its biocompatibility, its ability to support cell adhesion and 
proliferation, and its adjustable mechanical properties.1–3 The addition of graphene to these hydrogel matrices opens new 
possibilities in bioengineering by enhancing the capabilities of bioinks through improved mechanical properties and 
electrical conductivity.4,5 Graphene, with its unique properties such as strength, flexibility and electrical conductivity, 
improves the properties of GelMA and creates an even more favorable environment for cell growth and differentiation.4,6

Despite its promising properties, the use of graphene faces major challenges. Studies indicate that the biocompat-
ibility of graphene can vary greatly depending on its functionalization and the presence of impurities. For example, non- 
functionalized graphene can trigger inflammatory reactions and cytotoxicity at concentrations above 20 μg/mL.6,7 These 
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problems limit the clinical applicability of graphene and require further studies to understand the mechanisms of toxicity 
and improve its safety.8 The integration of graphene into GelMA results in hydrogels with improved mechanical 
properties, including increased elastic modulus and fracture resistance.9 Studies show that the addition of graphene 
oxide (GO) can increase toughness without compromising the flexibility of the hydrogel and facilitates the restoration of 
hydrogen bonds after deformation.8,9 The porosity of these composites is also adjustable, which is critical for nutrient 
diffusion and cell growth within the 3D matrices.2,6

In the current literature, the combination of GelMA with graphene oxide (GO) is being investigated due to its 
improved biocompatibility and mechanical properties. For example, GelMA/GO hydrogels have been used for progenitor 
cell differentiation and bone regeneration and have shown promising results in the development of bone tissue.7,8. The 
specific combination of GelMA with pure graphene is less explored, possibly due to biocompatibility concerns and the 
difficult handling of pure graphene forms.10 The interaction between GelMA and graphene is expected to promote 
a biocompatible matrix that supports not only cell adhesion and proliferation, but also differentiation and tissue 
regeneration due to the conductive properties of graphene. This combination may be particularly beneficial for applica-
tions that require structural support and electrical signaling, such as cardiac and neural tissue regeneration.9,11

The integration of GelMA into cryobioprinting has the potential to create highly organized and functional structures 
that are essential for engineering technologies.11 Cryobioprinting is an emerging technique in biofabrication that utilizes 
low temperatures to print complex biological structures. This method enables the preservation of cellular predictions and 
structural integrity of biomaterials during and after the printing process.12 Studies have shown that cryoprinting of 
GelMA results in structures with superior mechanical and biological properties and promotes cell proliferation.11,12 

Therefore, the low-temperature environment of cryoprinting minimizes thermal damage to cells and maintains con-
ductive properties when using graphene, which are critical for cardiac and neural tissue engineering applications. In this 
work, we have developed a low temperature printed bioink platform based on GelMA/graphene at different concentra-
tions (GelMA/GR) for tissue engineering applications with the aim of creating structures that support cell growth and 
promote effective tissue regeneration.

Materials and Methods
Materials
The materials used were porcine skin gelatin (Sigma-Aldrich, type A, 300 bloom, ≥98%, CAS: [9000–70-8]), photo-
initiator 2-hydroxy-1-[4-(hydroxyethoxy) phenyl] −2-methyl-1-propanone (Irgacure 2959) (Sigma-Aldrich, CAS: 
[1,076,797–53-9], ≥ 98%), phosphate-buffered saline (PBS) (Sigma-Aldrich, ≥ 97%), methacrylic anhydride (MA) 
(Sigma-Aldrich, ≥ 99%, CAS: [760–93-0]), Xtra Performance (XP) graphene powder with a specific surface area of 
100–140 m2/g and an average lateral size of 1–2 µm (2DM Solutions, CAS: [1,034,343–98-0]), dialysis membrane 
(12–14 KDA) (SERVAPOR®), and distilled water.

Gelma Synthesis
GelMA synthesis was performed according to the protocol described in a previous work.13 In brief, 10 g of gelatin from 
pig skin was dissolved in 100 mL of PBS solution in a magnetic stirrer and heated at 50°C for 60 min. Methacrylic 
anhydride was then slowly added dropwise. The solution was stirred at 50°C for 3 hours. Subsequently, 200 mL of PBS 
was added to the mixture and the solution was filtered three times with a vacuum pump. Finally, dialysis was performed 
for 7 days using 12–14 KDA dialysis membranes, changing the solution every 24 hours with distilled water to remove 
unreacted anhydride. The solution was then frozen at −18°C and freeze-dried using an LS3000-Terroni freeze dryer (São 
Carlos/SP) LSX000 series, version 3.0/2014 for 5 days and then used.

Bioink Design and Printing of Bioink
GR was added at different concentrations (1; 1.5; 2 mg/mL) to 10 mL of PBS solution and then sonicated at 80 W for 
10 minutes in a probe sonicator. The GR dispersion in PBS was then added to GelMA (10% w/v) and heated in a water bath 
at 50°C for 30 minutes. Porcine skin gelatin (5% w/v) was then added, followed by incorporation of Irgacure (1% w/v). The 
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solution was kept at 50°C for 30 minutes in a closed container wrapped in aluminum foil to protect it from light, with 
shaking every 10 minutes for 1 minute. This methodology is shown schematically in Figure 1.

The bioinks were printed using an Allevi 2 3D bioprinter with a pressure of 20–40 Psi and 25 Gauge needles. For 
low-temperature printing, the materials were printed on a Peltier plate at −30°C and then placed in a freezer at −30°C 
for 2 hours to ensure uniform temperature throughout the material. After that, the material was crosslinked for 
5 minutes in a UV light chamber with a wavelength of 365 nm. The formulations with their respective abbreviations 
are described in Table 1.

Figure 1 Flowchart with the methodology developed for production and 3D printing of scaffolding.

Table 1 Nomenclature Adopted for Each Studied Group

Nomenclature Acronym

Methacrylated gelatin GelMA

Low temperature printed methacrylated gelatin GelMA-BT

Methacrylated gelatin and Graphene 1 mg/mL GelMA-GR1

Methacrylated gelatin and Graphene 1.5 mg/mL GelMA-GR1.5

Methacrylated gelatin and Graphene 2 mg/mL GelMA-GR2

Methacrylated Gelatin and Graphene 1 mg/mL printed at low temperature GelMA-BT-GR1

Methacrylated Gelatin and Graphene 1.5 mg/mL printed at low temperature GelMA-BT-GR1.5

Methacrylated Gelatin and Graphene 2 mg/mL printed at low temperature GelMA-BT-GR2

Methacrylated Gelatin and Graphene 2 mg/mL printed at low temperature and Cell GelMA-BT-GR2#
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Characterizations
X-Ray Diffraction
The X-ray diffraction pattern of graphene and the scaffolds was obtained using a Shimadzu XRD-6000 diffractometer 
with CuKα radiation, a current of 30 mA, a scanning speed of 1°/min, and a ranged at 2θ from 5° to 80°.

Fourier Transform Infrared Spectroscopy
To analyze the chemical groups obtained through GR incorporation, the different formulations were subjected to Fourier 
Transform Infrared Spectroscopy, using the FTIR-ATR mode (VERTEX 70 BRUKER). The spectra were obtained in the 
range of 600 to 4500 cm−1.

Differential Scanning Calorimetry
The thermal properties were analyzed using Differential Scanning Calorimetry (DSC). The characterization was 
performed using a Shimadzu DSC-60 analyzer. The scanning temperature used was 600°C at a heating rate of 20°C/ 
min under a nitrogen atmosphere.

Scanning Electron Microscopy
Micrographs were obtained using a FEI Quanta 250 scanning electron microscope (SEM) with a voltage of 10 KV, 
equipped with an Energy Dispersive X-ray (EDS) microanalysis system, Bruker Xflash 4030 with SDD (Silicon Drift 
Detector).

Mechanical Tests
The compressive mechanical properties of the scaffolds were obtained using a NanoMec 50 – Hsensor mechanical testing 
equipment (50N load cell) at a constant speed of 1 mm/min. All samples were tested in triplicate.

Toxicity Test
The in vitro cytotoxicity test of the scaffolds was performed using the Artemia salina nauplii lethality method. The 
samples were immersed in test tubes in artificial seawater with different concentrations of the material (0.1–5 mg/mL). 
After hatching, the number of live and dead nauplii was counted after 24 and 48 hours, also taking into account the 
negative and positive controls carried out with dimethyl sulfoxide (DMSO) and artificial seawater, respectively.

Extrusion Evaluation for 3D Printing
To perform the injectability test (extrusion evaluation for 3D printing), GelMA formulations and GelMA with different 
graphene concentrations (1 mg/mL, 1.5 mg/mL, 2 mg/mL) were prepared according to the standard protocol. The system 
was then set up, which consisted of a 10 mL syringe with a 15 mm column of the material. The device used for the test 
was the NanoMec 50 – Hsensor, set to a displacement of 1 mm per minute, with a 50 N load cell. The behavior of the 
material was also visually observed during the test to assess the uniformity of the flow and detect any obstructions or 
inconsistencies. After the test, the recorded data was analyzed to determine the force required to extrude each GelMA 
formulation relative to the displacement from the syringe.

Cytotoxicity Evaluation of GelMA and Graphene-Based Hydrogels in L929
Cells and Animals’ Facilities 
The cells used were murine fibroblasts (L-929), previously isolated and cryopreserved. All procedures were approved by 
the Committee on Animal Research at Federal University of Piauí (UFPI) (N° 686/2021) andollowed Brazilian (Colégio 
Brasileiro de Experimentação Animal - COBEA) and International rules on the care and use of experimental animals 
(Directive 2010/63/EU of the European Parliament and of the Council on the protection of animals used for scientific 
purposes).

Murine axillary lymph node endothelium-like cell lines (SVEC4-10) and murine fibroblasts (L-929) were cultured in 
DMEM and high glucose DMEM media, supplemented with 10% fetal bovine serum and 1% (w/v) penicillin/strepto-
mycin. The cultures, containing 2 × 10⁶ viable cells, were incubated in flasks at 37°C, with 95% humidity and 5% CO₂ 
atmosphere (Shel Lab CO₂ Incubator, USA) at the Cancer Laboratory, UFPI, Teresina, Brazil.
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Spontaneously hypertensive (SHR) female Wistar rats (Rattus norvegicus), weighing between 180 and 200 g, were 
obtained from the Central Animal Facility at the Federal University of Piauí (UFPI), Teresina, Brazil. They were housed 
in well-ventilated cages under standard light conditions (12-hour light/dark cycle) and temperature (22 ± 1°C), with 
access to commercial rodent chow (Nutrilabor, Campinas, Brazil) and water ad libitum.

Experimental Design 
Nine hydrogels (GelMA, GelMA/GR1, GelMA-GR1.5, GelMA-GR2, GelMA-BT, GelMA-BT-GR1, GelMA-BT-GR1.5, 
GelMA-BT-GR2 and GelMA-BT-GR2#) were tested for their cytotoxic potential against murine fibroblasts L929. The 
L929 cells were cultured in complete Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 15% fetal bovine 
serum (FBS), 1% L-glutamine, 1% non-essential amino acids and 1% penicillin-streptomycin in a humidified atmosphere 
with 5% CO2 at 37°C. The culture medium was removed every 72 hours. The culture medium was changed every 
72 hours. The following experimental groups were formed:

GelMA-BT, GelMA-BT-GR1, GelMA-BT-GR1.5, and GelMA-BT-GR2: 1.31 x 10³ L929 cells were homogenized 
with 50 μL of each hydrogel and placed in 96-well plates. They were then frozen for 1 hour at −30°C;

GelMA-BT-GR2#: 50 μL of the hydrogel was placed in 96-well plates and frozen at −18°C for 1 hour. Then 1.31 
x 10³ L929 cells were added per well;

GelMA, GelMA/GR1, GelMA-GR1.5 e GelMA-GR2: 50 μL of each hydrogel was homogenized with 1.31 x 10³ 
L929 cells and added to 96-well plates;

Positive control: 1.31 x 10³ L929 cells were added to 96-well plates without test materials;
Blank: wells containing only complete culture medium (without cells or test materials).

MTT Assay 
Cell viability was assessed using the MTT assay in triplicate at 24, 48, 72 and 168 hours following a protocol adapted 
from.14 In brief, wells were rinsed with Dulbecco’s phosphate-buffered saline (D-PBS) and 100 μL of MTT solution 
(0.5 mg/mL) was added to each well. After 4 hours of incubation, the solution was removed and the formazan crystals 
were dissolved with 100 μL dimethyl sulfoxide (DMSO). The absorbance was measured at 570 nm using a Biotek Elx 
800 microplate reader.

Statistical Analysis 
Data were analyzed using GraphPad Prism 8®. Normality was determined by the Shapiro–Wilk test. A two-way ANOVA 
followed by Tukey’s post-hoc test was performed. Results are presented as mean ± standard deviation (SD), N=3, with 
significance defined at p < 0.05.

CAM Assay
The ex egg chick chorioallantoic membrane (CAM) culture was conducted following established protocols from previous 
studies.15,16 The eggshells were meticulously opened three days post-incubation to commence the ex egg culture. 
Cryoprinted scaffolds were implanted onto the chick embryo CAM on day seven. The samples were then incubated 
for an additional seven days before being harvested for imaging.

Results and Discussion
Bioink
Printability of the Hydrogel
First, we analyzed the injection performance (extrusion rating for 3D printing) of all tested formulations, as shown in 
Figure 2F. This allows us to understand how the addition of graphene affects the ability of GelMA to be processed in 3D 
printing.

When comparing the results of GelMA with the formulations containing graphene (Figure 2F), we observed a general 
trend towards improved extrusion with the addition of graphene. This indicates that graphene plays a positive role in 
modifying the rheological properties of GelMA and facilitates the printing process. A dose-response relationship is 
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observed between graphene concentration and extrusion performance. The formulation with 2 mg/mL graphene (GelMA- 
GR2, in Figure 2) showed the best performance as it has a continuous N/mm curve, indicating that increasing the 
graphene concentration led to a significant improvement in the extrusion capability of the material.

One possibility is that the higher concentration of graphene led to a more intense interaction between the graphene 
particles and the GelMA matrix, resulting in better rheological stability and fluidity during the printing process. 
Additionally, it is important to consider the relationship between the viscosity of the material and the voltage applied 
during 3D bioprinting. Formulations with lower viscosity tend to require less tension to be extruded.17 In this context, 
GelMA with 2 mg/mL of graphene presents an optimized viscosity that allowed a smoother and more controlled 
extrusion. This behavior was confirmed by the injectability test, which evaluated the force required to extrude each 
GelMA formulation in relation to the displacement of the syringe. It was observed that the formulation with 2 mg/mL of 
graphene showed the best performance, with a continuous N/mm curve, indicating that the higher concentration of 
graphene led to a significant improvement in the extrusion capacity of the material.

Figure 2 Planning and Execution of 3D printing in different conditions: (A and B) Designed scaffold models, (C) temperature mapping of the low-temperature printing plate, 
(D) scaffolds after printing and (E) scaffolds during printing, and (F) Extrusion evaluation for 3D printing of the studied bioinks.
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Thus, the results with GelMA and 2 mg/mL graphene are promising for several specific biomedical applications, such 
as the fabrication of scaffolds for tissue engineering, where precision and efficiency in cell deposition are crucial. 
Furthermore, this formulation can be used in the creation of complex biomimetic devices, such as heart valves and blood 
vessels, where uniformity and consistency in material extrusion are essential to the functionality of the device. Other 
applications include bioprinting tissue models for drug testing and disease studies, which require a detailed and 
reproducible structure for reliable results. Therefore, GelMA with 2 mg/mL of graphene proves to be an effective choice 
to advance 3D bioprinting on several fronts of biomedicine.

Printability
GelMA and graphene scaffolds were successfully printed at room temperature and at low temperature. The scaffolds 
were designed as shown in Figure 2A and B, with the printed scaffolds in Figure 2D and E) showing the printed 
scaffolds. The low-temperature system was monitored during the printing of GelMA, as shown in Figure 2C, which 
shows the temperature zones and mapped areas determined with a thermometer.

Structural Properties of the Hydrogel
Fourier transform infrared spectroscopy (FTIR) by has shown that GelMA has characteristic bands at 1244 and 
1259 cm−1 associated with the stretching vibrations of the C-N bond, as shown in Figure 3A. These results are confirmed 
by other studies showing that such bands are typical of amine groups. The band at 1548 and 1550 cm−1 attributed to 
N-H bending vibrations is identified in materials containing amide groups as reported by.18

The band at 1643 cm−1, corresponding to C=O stretching vibrations, is characteristic of amide bonds in polymers 
such as GelMA. In addition observed that the band at 3293 cm−1 is associated with N-H and O-H stretching vibrations, 
consistent with previous findings on the presence of hydroxyl and amino functional groups in biocompatible materials 
like GelMA.2

When analyzing the FTIR spectra of graphene-modified GelMA (GelMA/GR), as shown in Figure 3B, a shift and 
increase in the intensity of the identified bands was observed, suggesting a physical interaction between carboxygraphene 
and GelMA. The bands in the range of 3000 to 3600 cm−1 indicate the presence of O-H bonds of the carboxyl group of 
graphene as well as hydrogen bonds between carboxygraphene and GelMA.19 In addition, characteristic bands of 
graphene, such as the one observed at 1652 cm−1, can be attributed to the presence of aromatic C=C rings.

Figure 3 Structural analysis of the material by Fourier Transform Infrared Spectroscopy (FTIR): (A) FTIR of GelMA and GelMA-BT. (B) FTIR of GelMA, GelMA/GR1, 
GelMA-GR1.5, GelMA-GR2, GelMA-BT, GelMA-BT-GR1, GelMA-BT-GR1.5 and GelMA-BT-GR2 bioinks.
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It is important to note that the intensity of the bands at 3330 and 2958 cm−1 compared to pure GelMA is due to 
evidence of C-H bonds.20 Moreover, the range from 3500 to 3100 cm−1 is related to the stretching of primary and 
secondary amines, which contributes to the characterization of the interactions in GelMA/GR.20,21

These results improve the understanding of the interaction between carboxygraphs and GelMA and provide a solid 
basis for the development of multifunctional biomedical materials with improved properties for various clinical applica-
tions. Comparison of the groups printed at room temperature and at low temperature shows that the material does not 
exhibit band shifts.

Differential Scanning Calorimetry (DSC) analysis, Figure 4, was used to investigate the effects of low temperature 
during the printing and crosslinking process of the material. The DSC of the hydrogels shows endothermic thermal 
transition events at around 100 °C, which can be attributed to the loss of free and bound water in the hydrogel.22 In the 
hydrogels treated at low temperature, a thermal event can be observed at 200 °C, which may be related to material 
organization. This event is not observed in hydrogels crosslinked at room temperature, suggesting that the use of low 
temperatures leads to stronger chemical bonds.

This can be attributed to two factors: First, the state of the material at −30 °C brings the molecules closer together, 
and when energy is provided via UV light for crosslinking, a larger number of bonds form due to this proximity. Second, 

Figure 4 Thermal characterization of the materials used by Differential Scanning Calorimetry (DSC) analysis of the bioinks: GelMA, GelMA/GR1, GelMA-GR1.5, GelMA- 
GR2, GelMA-BT, GelMA-BT-GR1, GelMA-BT -GR1.5 and GelMA-BT-GR2.
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the water present in the hydrogel expands upon freezing, which presses against the hydrogel walls, making the material 
more compact. Under these conditions, crosslinking can result in the formation of a greater number of bonds. The third 
thermal event is related to the degradation of GelMA. This event is observed as a large endothermic transition associated 
with material degradation occurring between 250 and 400 °C.

Differential Scanning Calorimetry (DSC) analysis of the hydrogels revealed important information about the thermal 
events and the structural organization of the material. Table 2 shows the energy absorbed during these events, both in 
millijoules (mJ) and in joules per gram (J/g). With this data, we can point out advances and innovation in the work 
carried out.

The DSC results indicate the presence of three main thermal events. The first thermal event is related to the fusion of 
free water and the restructuring of the hydrogel. The low energy absorbed in this event suggests a minimal reorganization 
of the structure of GelMA-BT and GelMA-BT-GR2. Specifically, the absorbed energies were −178.52 mJ (−81.00 J/g) 
for GelMA-BT and −113.25 mJ (49.85 J/g) for GelMA-BT-GR2.

The second thermal event, observed at intermediate temperatures, is absent in GelMA samples without low- 
temperature crosslinking, indicating that crosslinking at −30°C promotes the formation of additional bonds. The absorbed 
energies for this event were 32.46 mJ (14.73 J/g) for GelMA-BT and 28.99 mJ (12.76 J/g) for GelMA-BT-GR2, 
suggesting that the proximity of molecules at this temperature favors the formation of a greater number of bonds 
when energy is supplied via UV light for cross-linking at low temperature.

The third thermal event is associated with the degradation of GelMA.23 The absorbed energies were 283.81 mJ 
(128.77 J/g) for GelMA-BT and 332.55 mJ (146.37 J/g) for GelMA-BT-GR2, indicating greater thermal stability for the 
sample with graphene. This greater thermal stability can be attributed to the presence of graphene and low-temperature 
cross-linking, which together result in a more robust hydrogel network.

Current literature on nanocomposite hydrogels has shown that the incorporation of nanomaterials, such as graphene, 
can significantly improve the mechanical and thermal properties of hydrogels.23,24 Thus, thermal analyzes indicated an 
improved interaction between the components, suggesting that the low temperature not only improves crosslinking, but 
also the integration of nanomaterials, optimizing the structural properties of the hydrogel.

The XRD pattern of the prepared hydrogels, as shown in Figure 5, reveals that the diffratogram of GelMA exhibits 
a broad peak at 2θ = 20.7°, indicating the amorphous structure of the GelMA hydrogel.2 This peak is also visible in all 
hydrogel nanocomposites, suggesting that graphene nanoplatelets were dispersed in the GelMA hydrogel network. This 
behavior is consistent with previous studies showing that the presence of graphene does not significantly alter the 
crystalline structure of GelMA due to its predominantly amorphous nature.20 The literature suggests that cross-linking 

Table 2 Absorbed Energy in mJ (Millijoules) and J/g (Joules per Gram) 
During Thermal Events Inferred by Differential Scanning Calorimetry 
(DSC)

Events 1 2 3

Sample/ Units mJ J/g mJ J/g mJ J/g

GelMa −194.78 −73.23 0 0 401.46 150.92

BT-GelMa −178.52 −81.00 32.46 14.73 283.81 128.77

GelMa 1 −129.88 −60.69 0 0 219.09 102.38

GelMa 1.5 −207.95 −84.53 0 0 194.33 79.00

GelMa 2 −158.74 −58.71 0 0 456.48 168.82

BT-GelMa 1 −296.78 −125.33 7.36 3.11 369.90 155.21

BT-GelMa 1.5 −258.87 −100.30 6.74 2.61 346.00 134.06

BT-GelMa 2 −113.25 49.85 28.99 12.76 332.55 146.37
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hydrogels at low temperatures can induce greater molecular organization, promoting crystallization, especially when the 
material structure is frozen before cross-linking.25–27 This process can increase the proximity of molecules, facilitating 
the formation of a crystalline or semi-crystalline structure when energy is applied for cross-linking.

However, the XRD results showed a similar pattern between the nanocomposites and the pure GelMA hydrogel, 
without indicating the formation of crystallinity. This observation can be explained by several factors. Firstly, the 
amorphous nature of GelMA may have prevailed even under low temperature conditions, due to the intrinsic tendency 
of GelMA to maintain a disordered structure. Secondly, the physical interaction between the graphene nanoplatelets and 
the GelMA matrix may have restricted the mobility of the polymer chains, preventing the reorganization necessary for 
the formation of a crystalline structure.

However, cross-linking at low temperatures promoted better integration of the graphene nanoplatelets into the GelMA 
matrix, resulting in a more homogeneous distribution and a more cohesive material. Thermal analysis, such as DSC, 
indicated an enhanced interaction between the components, suggesting that the low temperature not only improves cross- 
linking, but also the integration of nanomaterials, optimizing the mechanical and structural properties of the hydrogel. 
Therefore, although the expected crystallization due to the effect of low temperature was not observed, the innovative 
approach of adding graphene and using low temperature for cross-linking provided hydrogels with improved mechanical 
properties and a more homogeneous structure.

The micrographs obtained by scanning electron microscopy (SEM), presented in Figure 6, reveal surfaces with 
interstitial spaces conducive to cell growth and proliferation, a desirable characteristic for tissue development. In 
Figure 7, the formation of pores is observed in the microscopic images of GelMA and GelMA-BT. GelMA-BT shows 
a greater amount of pore formation compared to GelMA, both on the surface (Figure 6a and d) and inside (Figure 6b,c, 
e and f). This difference can be attributed to the organization of the material during the printing and cross-linking 
processes, resulting in interconnected cavities that can facilitate cell proliferation and tissue formation.11

Figure 5 X-ray diffraction (XRD) used to analyze the structural organization of GelMA-based bioinks with varying concentrations of graphene. The figure presents the XRD 
patterns of GelMA, GelMA/GR1, GelMA-GR1.5, GelMA-GR2, GelMA-BT, GelMA-BT-GR1, GelMA-BT-GR1.5 and GelMA-BT-GR2, demonstrating the effect of graphene on 
the internal structure of the hydrogel.
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Figure 6 Morphological Characterization by Scanning Electron Microscopy: Micrographs of the bioinks GelMA, GelMA/GR1, GelMA-GR1.5, GelMA-GR2, GelMA-BT, 
GelMA-BT-GR1, GelMA-BT-GR1.5 and GelMA-BT-GR2.
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This pattern is repeated in structures with the addition of graphene, as reported in the literature, where the increase in 
graphene results in a greater number of pores.2 However, more regular void formation is observed at low temperatures 
than when printed at room temperature. Furthermore, cracks can be observed in the cross section of the scaffolds printed 
at room temperature, indicating a more fragile material compared to those printed at low temperature. This difference can 
be attributed to the better adhesion of graphene to GelMA and the greater compaction due to the presence of water in the 
structure.

DSC results corroborate these observations, demonstrating that GelMA-BT scaffolds exhibit different thermal 
transitions compared to GelMA. Thermal analyzes show greater thermal stability and different phase transition behaviors 
in graphene-containing scaffolds, especially those printed at low temperatures. Crosslinking at low temperatures can 
provide greater thermal resistance and better structural organization, which can contribute to less crack formation and 
greater regularity of pores observed in SEM images.11,12

The area of these pores can be measured with the ImageJ software. Figure 7A-H) shows the microscopic images of 
the cross-section of each group and Figure 7I shows the area of these pores. In the black and white micrographs, the 
porosity, highlighted by the black coloration, can be seen, with GelMA having a lower porosity than GelMA-BT. This 
makes the printing and treatment of GelMA at low temperature quite interesting if the goal is to increase porosity for cell 
growth.12

As can be seen in Figure 7, GelMA combined with graphene at different concentrations presents larger pore areas 
than GelMA. The addition of graphene to GelMA can lead to increased porosity in the final material for several reasons, 
including particle distribution, volume increase, nucleation effect, and the interaction between the matrix and 
particles.2,20,28

Figure 7 The pore area measured using the image J software in the SEM micrographs of the bioinks (A) GelMA/GR1, (B) GelMA-GR1.5, (C) GelMA-GR2, (D) GelMA-BT- 
GR1, (E) GelMA-BT-GR1.5, (F) GelMA-BT-GR2, (G) GelMA, (H) GelMA-BT and (I) Porosity (%).
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In particle distribution, graphene, when added to GelMA, can change the distribution of particles in the composite 
material.29 Depending on the preparation method and graphene concentration, graphene particles may disperse more 
evenly in the GelMA matrix. This more uniform dispersion can lead to the formation of interstitial spaces or porosity 
between particles, increasing the overall porosity of the material.29,30 The increase in volume may be due to the fact that 
graphene has a large surface area and a two-dimensional structure, which can increase the volume of the composite 
material when incorporated into GelMA.30 This can result in the formation of pores during the gelation or cross-linking 
phase of GelMA, when graphene interacts with the polymer matrix and integrates into the material’s three-dimensional 
structure.30,31

Due to the nucleation effect, graphene can act as nucleation centers during the GelMA solidification process. This 
means that graphene particles can promote the formation of new phases or structures during solidification, leading to the 
formation of pores in the matrix. Depending on the surface properties and the compatibility between GelMA and 
graphene, phase separation or agglomeration of graphene particles may occur, resulting in areas of greater porosity in the 
matrix.1,3

When comparing these values in Figure 7I with the literature, we found that the addition of graphene to GelMA tends 
to increase the porosity of the material, corroborating previous studies.1,20 In studies by32 observed that the incorporation 
of graphene into GelMA hydrogels resulted in a significant increase in porosity due to the interaction between the 
graphene nanoparticles and the GelMA matrix, facilitating the formation of pores during gelation and cross-linking. In 
the study by et al,33,34 the addition of graphene to GelMA hydrogels increased the porosity from 15% to about 45%, 
depending on the graphene concentration, which is consistent with the results presented in Figure 7I of the present study, 
where the porosity varies between approximately 37% to 47% with different graphene concentrations.

Figure 7I shows that the group with the highest porosity containing graphene is GelMA-BT-GR2, highlighting the 
influence of a higher concentration of graphene and low temperature in this material. This is interesting for use as 
a biomaterial, as greater porosity can allow better cell growth. Furthermore, it is observed that materials with a higher 
concentration of graphene, such as GelMA-BT-GR2, have increased thermal stability. This stability can be attributed to 
the presence of graphene, which improves heat dissipation and reinforces the material’s structure.

And the greater porosity, although beneficial for cell growth, can negatively affect the mechanical resistance of the 
material. However, graphene scaffolds, especially those with higher concentration, present an optimized combination of 
porosity and mechanical strength. Graphene acts as a reinforcement within the GelMA matrix, improving discomfort and 
fracture resistance, as indicated by stress-strain analyses. This mechanical improvement, together with the high porosity 
and thermal stability, makes GelMA-BT-GR2 a candidate for tissue engineering applications.

Mechanical Properties of Hydrogels
Graphene is known for its high mechanical strength and rigidity. When graphene is added to GelMA in increasing 
concentrations, it acts as a reinforcing agent, strengthening the GelMA matrix and improving its mechanical 
properties.7,19,34 The presence of more graphene particles in the matrix can result in a more robust network that can 
withstand greater compressive forces. At higher graphene concentrations, the dispersion and distribution of the graphene 
particles in the GelMA matrix can be more uniform. This can lead to a more homogeneous load distribution throughout 
the material structure, resulting in a more uniform compressive resistance throughout the sample. This is consistent with 
the increasing compressive strength values observed with added graphene, Figure 8A: GelMA-GR1 exhibited a stress of 
19 KPa, GelMA-GR1.5 a stress of 23 KPa and GelMA-GR2 a stress of 24 KPa. The interaction between graphene 
particles and the GelMA matrix also plays an important role in the compressive strength of the composite material. At 
higher graphene concentrations, there can be a stronger interaction between the graphene particles and the polymer 
matrix, resulting in a more cohesive and resistant network.34

In compression with graphene scaffolds fabricated at low temperature, the mechanical compressive strength values of 
the GelMA-BT groups were significantly higher. GelMA-BT showed a stress of 27 KPa, GelMA-BT-GR1 a stress of 36 
KPa, GelMA-BT-GR1.5 a stress of 32 KPa and GelMA-BT-GR2, one of the best groups in this study, showed a stress of 
31 KPa. These values are significantly higher compared to GelMA-GR2. In percentages, the evolution resistance values 
of the groups GelMA-BT (27 kPa), GelMA-BT-GR1 (36 kPa), GelMA-BT-GR1.5 (32 kPa) and GelMA-BT-GR2 (31 
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kPa) were significantly higher than the values for cross-linked scaffolds at room temperature. Comparing GelMA-GR2 
(24 kPa) with GelMA-BT-GR2 (31 kPa), we observed an approximately 29% increase in specification strength due to 
low temperature processing. Similarly, GelMA-BT-GR1 showed an 89% increase compared to GelMA-GR1.

The difference in compressive strength between the GelMA with graphene scaffolds fabricated at room temperature 
and those fabricated at low temperatures can be attributed to factors such as the effect of temperature on the material 
structure, increased cross-linking, improved integration of graphene into the matrix and improved dimensional stability. 
These results are consistent with the thermal events observed in the DSC and the microscopic images, which show higher 
porosity and thus better densification.

A low temperature during the production process can influence the molecular structure and organization of the 
graphene particles in the GelMA matrix.12 This can lead to a more compact and cohesive structure in the scaffolds 
produced at low temperatures, which contributes to higher compressive strength, as observed in GelMA-BT-GR2. In 
addition, low temperature can promote more effective crosslinking of GelMA, resulting in a stronger and more resistant 
molecular network. Cross-linking is the process by which GelMA molecules are linked together to form a stable three- 
dimensional structure.

Better integration of graphene particles into the GelMA matrix can be achieved by a more uniform distribution of 
graphene particles or a more effective interaction between graphene and GelMA molecules. As a result, scaffolds 
produced at low temperatures may exhibit higher compressive strength due to the reinforcement provided by graphene.

Improved dimensional stability can also be achieved through the use of low temperatures, as these can help maintain 
dimensional stability during scaffold fabrication, resulting in more uniform and consistent structures. This can contribute 
to a more homogeneous distribution of mechanical properties, including compressive strength, in frameworks produced 
at low temperatures.

In the present study, it was observed that the group with GelMA at the concentrations used did not present adequate 
mechanical properties to carry out the mechanical tests.

The analysis of Figure 8B reveals that, although there were no statistically significant differences between the 
compressive strength of scaffolds produced at low temperature compared to those fabricated at room temperature, an 
important trend was observed. The groups processed at low temperature exhibited lower standard deviations in their 
maximum compressive strength values. This suggests a more consistent mechanical performance within these groups. 
The reduced variation in compressive strength indicates that the scaffolds fabricated at low temperatures may benefit 
from a more uniform structural organization, potentially due to improved integration of graphene into the GelMA matrix. 

Figure 8 Mechanical analysis of the scaffolds: (A) Stress-strain graph of compressive strength of the scaffolds GelMA-GR1, GelMA-GR1.5, GelMA-GR2, GelMA-BT, GelMA- 
BT-GR1, GelMA-BT-GR1.5 and GelMA-BT-GR2. (B) Graph of maximum compressive strength and standard deviation. Data are expressed as mean ± SD, N = 3, one-way 
ANOVA, Tukey’s Test, p < 0.01.
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As a result, the mechanical properties in these groups appear to be more homogeneous, contributing to more predictable 
performance under compressive loads.

Toxicity
The test was performed between 24 and 48 hours (Figure 9) to check the toxicity of the GelMA/GR bioink as it elicits 
biomonitoring and pharmacological results.35 In this regard, the tested material was not toxic to A. salina. The result is 
illustrated by Figure 10, which shows the percentage of surviving nauplii at concentrations of 0.1–5 mg/mL. In addition, 
it shows the results in significant form, indicating an average survival rate of 90%, which means that the material has low 
toxicity and low variability of results.

The non-toxicity of the GelMA, GelMA-GR1, GelMA-GR1.5, GelMA-GR2, GelMA-BT, GelMA-BT-GR1, GelMA- 
BT-GR1.5 and GelMA-BT-GR2 groups, as demonstrated by the nauplii survival test (Figure 9) at various concentrations, 
is an encouraging result for tissue engineering and other biomedical applications. The proven safety of the materials in 
survival tests on living organisms suggests that they may be suitable for in vivo use in animal models and eventually for 
clinical applications. This opens up possibilities for the development of implants and biomedical devices based on 
GelMA-GR-BT for tissue regeneration and organ repair.

Figure 9 Toxicity analysis: Survival of nauplii at concentrations of 0.1–5 mg/mL in 24 and 48 hours for the groups: GelMA, GelMA-GR1, GelMA-GR1.5, GelMA-GR2, 
GelMA-BT, GelMA-BT -GR1, GelMA-BT-GR1.5 and GelMA-BT-GR2. Data are expressed as mean ± SD, N = 3, one-way ANOVA, Tukey’s Test, p < 0.05.
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Cytotoxicity Evaluation of GelMA and Graphene-Based Hydrogels in L929 Cells
The MTT assay showed significant effects of treatment, time and their interaction on cell viability (p < 0.05) (Figure 10). 
After 24 hours, absorption was similar in all groups, probably due to insufficient time for cell adhesion and proliferation. 
At 48 hours, GelMA, GelMA-GR1 and GelMA-GR1.5 showed higher absorption, which was not significantly different 
from the control, while GelMA-GR2, GelMA-BT, GelMA-BT-GR1, GelMA-BT-GR1.5 and GelMA-BT-GR2 showed 
significantly lower absorption (p < 0.05).

This pattern continued after 72 hours, apart from GelMA-GR1.5 (significant decrease, p < 0.05) and GelMA-GR2, 
which showed a strong increase compared to 48 hours and reached similar values as the control. The GelMA group 
showed the highest absorption, followed by GelMA-GR2, which did not differ from the control group. After 168 hours, 
GelMA-BT, GelMA-BT-GR1, GelMA-BT-GR1.5, GelMA-BT-GR2 and GelMA-GR1 showed absorption close to zero, 

Figure 10 Cytotoxicity of GelMA, GelMA-GR1, GelMA-GR1.5, GelMA-GR2, GelMA-BT, GelMA-BT-GR1, GelMA-BT-GR1.5, and GelMA-BT-GR2 hydrogels in L929 murine 
fibroblasts evaluated by the MTT assay. Absorbance at 570 nm, indicative of cell viability, was measured at 24, 48, 72, and 168 hours after treatment. The data are presented 
as mean absorbance values for each hydrogel and the control. Data are expressed as mean ± SD, N = 3, two-way ANOVA, Tukey’s multiple comparisons test, (*) p < 0.05, ns 
= not significant mean statistical differences.
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indicating cell death. GelMA and GelMA-GR1.5 showed similar values, with GelMA-GR1.5 showing an increase, 
indicating possible cell recovery or degradation of the treatment due to changes in the culture medium. Of note, GelMA, 
GelMA-GR1.5 and GelMA-GR2 showed no significant difference compared to the control throughout the study, 
indicating minimal cytotoxic effects.

Studies show that high concentrations of non-functionalized graphene can induce inflammatory reactions and 
cytotoxicity.36 But, low-temperature printing could be crucial for incorporating high graphene contents into GelMA, 
ensuring the formation of scaffolds with superior mechanical properties without compromising cellular proliferation.

To compare the effect of low temperatures on the material, one of the best groups, GelMA-GR2, was selected, which 
was produced in three different systems: GelMA-GR2, in which the cells were mixed at 37°C and the material was then 
crosslinked; GelMA-BT-GR2, in which the cells were mixed at 37°C and the material was then frozen at −30°C for 
1 hour to simulate low temperature printing and then crosslinked; and GelMA-BT-GR2#, in which the material was 
frozen at −30°C for 1 hour to simulate low temperature printing, then crosslinked, and then the cells were added at 37°C.

After these processes, the culture medium was added and the materials were incubated in a cell culture incubator for 
different periods of time: 24h, 48h, 72h and 168h. The results showed that the GelMA-BT-GR2 system exhibited low cell 
viability over time (Figure 11). On the other hand, the GelMA-GR2 and GelMA-BT-GR2# systems showed excellent and 
superior cell viability compared to the control, with the GelMA-BT-GR2# group showing the best cell viability of all 
groups, including the control, after 168h. These results suggest that by developing a non-toxic cryopreservative for the 
cells, it will be possible to perform bioprinting at low temperatures.12 Although low temperature printing has shown 
better mechanical properties, the cells should be added after the printing process to ensure cell viability. Like this the 
integration of graphene into GelMA hydrogels, combined with low-temperature printing, presents an innovative and 
promising approach for fabricating advanced scaffolds for tissue engineering. These materials not only improve 
mechanical and biological properties, but also prove to be safe for biomedical applications, in line with recent advances 
in the literature.7,36

CAM Assay
The CAM assay was employed to evaluate the angiogenic potential of the cryoprinted scaffolds. The cryoprinted 
constructs were implanted on day 7 of the ex egg CAM and were collected after an additional 7 days of incubation 
(Figure 12A). To quantify the angiogenic response around the different cryoprinted constructs, the average lengths of 
newly formed blood vessels were measured. As shown in Figure 12B, the shortest average blood vessels length was 
observed in the control group (ie, eggs without material), whereas the inclusion of GelMA-BT-GR2 resulted in 
a significant increase in blood vessels length. The GelMA-BT-GR2 cryoprinted construct facilitated enhanced vascular 
growth, indicating that the GelMA and graphene cryoprinting process did not impair the functionality of vascular 
endothelial growth factor.

Figure 11 Cytotoxicity of GelMA-GR2, GelMA-BT-GR2 e GelMA-BT-GR2# hydrogels in L929 murine fibroblasts evaluated by the MTT assay. Absorbance at 570 nm, 
indicative of cell viability, was measured at 24, 48, 72, and 168 hours after treatment. The data are presented as mean absorbance values for each hydrogel and the control 
group (cells without hydrogel treatment). Data are expressed as mean ± SD, N = 3, two-way ANOVA, Tukey’s multiple comparisons test, p < 0.05.
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Almost no BVs grew into the control group, while the vascular infiltration in the GelMA-BT-GR2 group was higher. 
Furthermore, the GelMA-BT-GR2 group exhibited a higher percentage area of blood vessels compared to the control 
group (Figure 12C). This indicates enhanced angiogenesis in the presence of GelMA-BT-GR2. Additionally, the total 
number of vessel junctions in the GelMA-BT-GR2 group was comparable to that of the control group (Figure 12D), 
suggesting that the GelMA-BT-GR2 construct does not exhibit cytotoxic effects. These findings underscore the potential 
of GelMA-BT-GR2 as a promising material for promoting vascularization without compromising cellular viability. These 
in vitro cell Cytotoxicity evaluation and ex egg CAM assays highlight the effectiveness of the cryoprinting technique as 
a viable method for producing cell-laden implants or tissue models.

Table 3 compares the effectiveness of the low temperature printed GelMA-GR2 system (GelMA-BT-GR2) in terms of 
compressive strength with other similar systems described in the literature. This study showed that GelMA-BT-GR2 
achieved a compressive strength of 31 kPa, significantly outperforming compressive strength values reported in previous 
studies for GelMA composites with other substances.

Previous studies indicate that the compressive strength of GelMA composites with different graphene concentrations 
varies between 20 kPa and 180 kPa, depending on the concentration and type of graphene used. In comparison, GelMA- 

Figure 12 Chick ex egg culture and CAM assay for investigating the vascularization in cryoprinted scaffolds. (a and b) Representative images of chick ex egg culture with implanted 
cryoprinted scaffolds for CAM assay. (c and d) Quantification of the blood vessels growth surrounding and within the cryobioprinted constructs by measuring different parameters: 
(c), Vessels percentagem área, (d), Total Number of Junctions. Error bars indicate standard deviations. A two-tailed Student’s t-test was used to find the p values. n = 5.
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BT-GR2 in this study showed competitive performance with a resistance of 31 kPa, highlighting the effectiveness of the 
low-temperature method in improving the mechanical properties of the material.2

For GelMA composites with HAMA and MXene, the compressive strength ranges from 16.75 kPa to 27.46 kPa. The 
value obtained in this study for GelMA-BT-GR2 (31 kPa) is higher, suggesting that the combination of GelMA and 
graphene can result in a more robust structure, especially under low temperature conditions.

This study presents a wide range of compressive strengths (17–360 kPa), depending on the specific formulation. 
However, higher values are generally achieved with more complex formulations.1 GelMA-BT-GR2’s 31 kPa resistance, 
although not at the top of this range, is notable for a less complex system.

In Table 3, printing at low temperatures significantly improves the mechanical properties of GelMA-GR2 scaffolds. 
The increased compressive strength of GelMA-BT-GR2 compared to many systems described in the literature suggests 
that the low-temperature technique is a promising approach for developing biocompatible materials with improved 
mechanical performance. These results suggest potential for advanced biomedical applications, including bioprinting and 
tissue regeneration, where mechanical strength and cell viability are critical. In this work, GelMA-BT-GR2 uses the 
highest concentration of graphene and showed cell viability similar to the control, standing out among other studies for 
combining a high concentration of graphene with good mechanical properties, despite the lower concentration of the 
GelMA matrix.

Conclusion
In this study, we successfully developed and characterized low-temperature 3D-printed GelMA/graphene bioinks, 
showing significant improvements in mechanical properties and scaffold stability. The compressive strength of the 
scaffolds increased with the addition of graphene, with GelMA-GR2 achieving a stress of 24 kPa and GelMA-BT- 
GR2 reaching 31 kPa, representing a 29% improvement due to low-temperature processing. Furthermore, differential 
scanning calorimetry (DSC) indicated enhanced thermal stability, with the energy absorbed during degradation being 
higher in scaffolds containing graphene.

The structural integrity of the scaffolds, confirmed by SEM analysis, demonstrated an increase in porosity with higher 
graphene concentrations, ranging from 37% to 47%. These properties make the GelMA/graphene bioinks promising 
candidates for applications in tissue engineering, where mechanical strength and porosity are crucial for scaffold 
performance. The resultant GelMA/graphene scaffolds exhibit superior mechanical properties, biocompatibility, and 
the ability to promote vascularization, making them highly suitable for various tissue engineering and regenerative 
medicine applications. Future studies should focus on further optimizing graphene functionalization and investigating 
long-term in vivo performance to fully harness the therapeutic potential of these advanced biomaterials.

Table 3 Comparison of Some Properties of This Work with Studies Reported in the Literature

Literature Works Compression Resistance MTT References

Gelma High and Graphene in different 
concentrations

GelMA = 20 kPa; Gel 0.25G = 100 kPa 
Gel 0.50G = 180 kPa; Gel 0.75G = 80 kPa 

Gel 1 G = 60 kPa

0.5% GO 
Viable 

1% GO No test

[2]

GelMA/HAMA-MXene GelMA = 16.75 kPa; GelMA/HAMA = 17.40 kPa 

GelMA-MXene = 26.76 kPa; GelMA/HAMA- 

MXene = 27.46 kPa

Viable [1]

GelMA/alginate/PEGDMA/xanthan gum 17–360 kPa Viable [37]

GelMA and Graphene GelMA-BT= 27 KPa 

GelMA-BT-GR2 = 31 KPa 
GelMA-GR2 = 24 MPa

2 mg/mL GR 

Viable

This work
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