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Introduction: In tissue engineering, there is a growing need for patient-specific strategies that enable precise control of cellular 
behaviour — such as adhesion, proliferation, and migration — to enhance tissue integration and reduce transplant rejection. 
Engineering the physicochemical properties and topography of substrates is a promising way to guide cell responses. Among available 
materials, graphene nanoplatelets offer outstanding physicochemical, electrical, and mechanical properties, making them ideal for 
biomedical use. Moreover, printed electronics techniques allow efficient, cost-effective fabrication of continuous coatings or intricate 
micropatterns on flexible substrates.
Methods: Graphene nanoplatelet patterns were fabricated on flexible thermoplastic polyurethane substrates using inkjet and aerosol 
jet printing to compare the methods and their influence on cell behaviour. Layers were analysed for morphology, topography, and 
electrical properties (SEM, Raman spectroscopy, profilometry, electrical measurements). Surface wettability and surface free energy 
were measured via contact angle measurements. L929 fibroblast cells were cultured on printed patterns and assessed by confocal 
microscopy and MTT assay.
Results and Discussion: Graphene patterns significantly improved cell proliferation compared to TPU controls. Cells aligned and 
migrated along printed graphene features, especially on aerosol jet-printed patterns, which promoted attachment and spreading. 
Quantitative analysis confirmed enhanced cell coverage and proliferation, highlighting the potential of graphene micropatterns for 
precise cellular control in regenerative medicine.
Keywords: graphene patterning, cell guidance, tissue engineering, ink-jet printing, aerosol jet printing, graphene nanoplatelets

Introduction
One of the goals of today’s regenerative engineering is to develop artificial biological systems with tailored properties 
that allow integration into cells.1,2 Modifying stem cell growth and proliferation is essential in various biomedical 
applications. Multiple types of materials are increasingly being explored in the field of personalized medicine.3–5 

Polymer composites are widely used in tissue engineering due to their low cost, the ability to modulate material 
properties, the possibility of complete personalization, and the ease of functionalizing materials.6–8

Tissue engineering aims to develop highly flexible, mechanically robust materials that provide a conductive environ
ment for cell growth. Nanomaterials, particularly graphene derivatives, have garnered significant attention due to their 
unique physicochemical properties, thus enabling them to overcome biological barriers. Their nanoscale dimensions, 
similar to the constituents of extracellular matrices forming tissue structures, make graphene materials highly effective as 
cell substrates and scaffolds.7,9,10 Graphene/polymer composites are widely used in biomedical applications, including drug 
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delivery systems, sensors, and the production of 3D scaffolds and culture substrates.4 Graphene’s unique properties make it 
highly promising in biologically active cellular scaffolds and regenerative medicine strategies, especially when combined 
with biopolymers and composites.11,12 A wide range of physicochemical properties and ease of functionalization 
encourages the increasing use of graphene materials as composite fillers, scaffolds, and cell substrates, while providing 
an effective interface between the substrate and the culture system.5,13–16 Due to their developed chemical structure, 
graphene materials induce the attachment of molecules and particles responsible for cell adhesion to the substrate, 
patterning, or migration. The high flexibility of graphene materials enables the preparation of adaptable structures with 
adjustable stiffness moduli. This property allows the matching of specific injury sites, damaged tissue, or implants, paving 
the way to a more efficient and cost-effective approach to repairing damaged nerves or spinal cords.5 Numerous studies 
have explored the application of graphene oxide (GO) and reduced graphene oxide (rGO) in cell culture and stem cell 
differentiation.17–20 Owing to the presence of abundant oxygen-containing functional groups on their surfaces, GO and rGO 
exhibit superior functionalization capacity compared to other graphene-based materials. Additionally, their inherent 
hydrophilicity—a highly desirable property in biological contexts—facilitates their dispersion in aqueous media, broad
ening their applicability in biomedical systems. However, despite these advantages, both GO and rGO demonstrate 
significantly lower electrical conductivity and mechanical strength compared to graphene nanoplatelets (GNPs).21 These 
limitations reduce their effectiveness as scaffold materials for applications involving electrical stimulation, where efficient 
charge transfer and mechanical integrity are critical.22 Even when eco-friendly reducing agents, such as L-ascorbic acid, are 
employed to improve their conductivity, the resultant materials still fall short in delivering consistent and efficient 
electroactive performance.22 Consequently, while GO and rGO remain valuable for certain biomedical applications, their 
utility in electroconductive scaffolding for neural tissue engineering is comparatively limited.23 GO generally exhibits 
a higher degree of oxidation, which not only reduces its electrical conductivity but may also increase its potential 
cytotoxicity.24 Graphene nanoplatelets (GNP) are distinguished by their flat, platelet-like structure which provides not 
only conductive properties and a large surface but also mechanical reinforcement area beneficial for surface interactions, 
making them particularly suitable for cell culture studies.25 However, the large specific surface area of GNP results in 
electrostatic van der Waals forces and strong π-π interplanar interactions. Consequently, this leads to the formation of GNP 
agglomerates, which limit the electrical and mechanical properties of polymer composites, thereby hindering the manu
facturing of high- quality composites.11 To mitigate this phenomenon, optimizing the ink formulation by carefully selecting 
appropriate constituents is imperative. This includes the precise determination of solvent, functional phase polymers, and 
when necessary – the incorporation of surface-active agents or other rheology modifiers.26–28 The synergistic interaction of 
these components must be tailored to achieve the desired physicochemical properties, such as surface tension, viscosity, and 
drying kinetics, which are critical for preventing printing artifacts like the coffee ring effect and ensuring a uniform 
deposition of the functional material.29,30 Graphene/polymer composites are widely used in biomedical applications, 
including drug delivery systems, sensors, and the production of 3D scaffolds and culture substrates.4 Graphene’s unique 
properties make it highly promising in biologically active cellular scaffolds and regenerative medicine strategies, especially 
when combined with biopolymers and composites.11,12 A wide range of physicochemical properties and ease of functio
nalization encourages the increasing use of graphene materials as composite fillers, scaffolds, and cell substrates, while 
providing an effective interface between the substrate and the culture system.5,13–16 Due to presence of functional groups, 
graphene materials induce the attachment of molecules and particles responsible for cell adhesion to the substrate, 
patterning, or migration. The high flexibility of graphene materials enables the preparation of adaptable structures with 
adjustable stiffness moduli. This property allows the matching of specific injury sites, damaged tissue, or implants, paving 
the way to a more efficient and cost-effective approach to repairing damaged nerves or spinal cords.5 Numerous studies 
have explored the application of graphene oxide (GO) and reduced graphene oxide (rGO) in cell culture and stem cell 
differentiation.17–20 Owing to the presence of abundant oxygen-containing functional groups on their surfaces, GO and rGO 
exhibit superior functionalization capacity compared to other graphene-based materials. Additionally, their inherent 
hydrophilicity—a highly desirable property in biological contexts—facilitates their dispersion in aqueous media, broad
ening their applicability in biomedical systems. However, despite these advantages, both GO and rGO demonstrate 
significantly lower electrical conductivity and mechanical strength compared to graphene nanoplatelets (GNPs).21 These 
limitations reduce their effectiveness as scaffold materials for applications involving electrical stimulation, where efficient 
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charge transfer and mechanical integrity are critical.22 Even when eco-friendly reducing agents, such as L-ascorbic acid, are 
employed to improve their conductivity, the resultant materials still fall short in delivering consistent and efficient 
electroactive performance.22 Consequently, while GO and rGO remain valuable for certain biomedical applications, their 
utility in electroconductive scaffolding for neural tissue engineering is comparatively limited.23 GO generally exhibits 
a higher degree of oxidation, which not only reduces its electrical conductivity but may also increase its potential 
cytotoxicity.24 Graphene nanoplatelets (GNP) are distinguished by their flat, platelet-like structure which provides not 
only conductive properties and a large surface but also mechanical reinforcement area beneficial for surface interactions, 
making them particularly suitable for cell culture studies.25 However, the large specific surface area of GNP results in 
electrostatic van der Waals forces and strong π-π interplanar interactions. Consequently, this leads to the formation of GNP 
agglomerates, which limit the electrical and mechanical properties of polymer composites, thereby hindering the manu
facturing of high- quality composites.11 To mitigate this phenomenon, optimizing the ink formulation by carefully selecting 
appropriate constituents is imperative. This includes the precise determination of solvent, functional phase polymers, and 
when necessary – the incorporation of surface-active agents or other rheology modifiers.26–28 The synergistic interaction of 
these components must be tailored to achieve the desired physicochemical properties, such as surface tension, viscosity, and 
drying kinetics, which are critical for preventing printing artifacts like the coffee ring effect and ensuring a uniform 
deposition of the functional material.29,30

The substrate also plays a critical role in cell culture studies. Mainly, the objective is to ensure high cell adhesion to 
the substrate, which is heavily dependent on the chemical structure of the selected material. Cell-substrate interactions 
generally depend on the substrate’s surface free energy (SFE) and its polar and nonpolar components.4 Every surface has 
its characteristic SFE, reflecting its attraction capacity and determining specific properties such as hydrophilicity and 
hydrophobicity.31,32 A thorough analysis of SFE is essential to predict the material’s behaviour during interactions. 
Several surface modification methods can be applied to increase the SFE, such as plasma, corona, or flame treatment. 
These methods disrupt the polymer’s long chains while increasing the number of available polar group bonds (‒OH, ‒ 
C=O, ‒COOH).33,34 Polar groups on the substrate’s surface promote chemical interactions and bond formation between 
the substrate and the cell membrane, resulting in strong adhesion. Numerous studies have investigated the effects of 
surface free energy on cellular adhesion to substrates utilizing glass, metal, or standard culture plastic substrates while 
proving that cell behaviour may also be affected by surface roughness.2,32,34–36 Therefore, new substrates for tissue 
engineering are highly sought after, including printed layers of graphene-based materials. Due to the high specific surface 
area, graphene materials can create rough pathways that guide cell migration, stimulate proliferation, and induce 
differentiation of cells into particular phenotypes.37

Recent studies demonstrate numerous printing techniques employed to produce micropatterned pathways. Methods 
such as soft photolithography, electron beam lithography, stamping/impression, or etching are most often used as well- 
established techniques in the field.18,38,39 However, these techniques have disadvantages, which include the preparation 
of technologically complex molds and masks, resulting in relatively high production costs and prolonged preparation 
time due to multiple manufacturing processes being used. Moreover, the utilization of highly toxic materials typical for 
the etching processes is both an environmental hazard as well as a health risk to the operators.40,41 Recent studies propose 
printed electronics techniques as an alternative to those mentioned above. Ink-jet printing (IJP) and aerosol-jet printing 
(AJP) have gained considerable attention in tissue engineering. These microprinting techniques allow for the manufac
turing of tailor-made structures while considering the development of sustainable solutions and the use of environmen
tally friendly materials. As both techniques utilize drop-on-demand systems, they allow for low material consumption, 
waste reduction and lowered production costs.42,43 Although both techniques use liquid ink containing functional 
material (eg GNP) that is deposited on the substrate through the nozzle, they differ regarding printing process. IJP 
utilizes thermal or ultrasonic actuation to eject a droplet typically ranging in 20–50 μm diameter which results typically 
in up to 100 μm dot on the substrate.44 In AJP ink is atomized to the aerosol mist of droplets (1–5 μm in diameter) and 
transported in a gas flow –deposited dot may be even under 10 μm in diameter.45

Several studies report using IJP and AJP printed graphene substrates in cell culture. The high printing resolution of 
just a few micrometres and deposition method allowing for an effective specific surface area distinguish these techniques 
from other printed electronics techniques.43,46–48 Although no reports describing the use of AJP for printing graphene 
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substrates have been found, there are works showing application of AJP in the field of cell culture. These includes 
successful fabrication of biocompatible carbon-based impedance sensor for continuous monitoring of scaffold-based 
cultures, spatial scaffolds made from collagen composite ink for bone tissue engineering and silver RC circuits – pulse 
generators designed for electrical stimulation in neural tissue engineering.41,49,50 A similar situation is observed for IJP. 
While the literature predominantly reports its use for biopolymer printing, no studies have been identified that employ 
graphene nanoplatelets specifically for guiding cell attachment and migration.47,48 Nevertheless, there are documented 
applications of various graphene-based materials in the printing of biosensors and electrodes designed for the monitoring 
of cell cultures.6,51 While both deposition techniques have been previously investigated, there is a notable lack of 
research comparing their respective advantages and disadvantages for fabricating cell culture substrates. Moreover, 
despite extensive investigations into the use of graphene materials in cell culture studies, these predominantly focus on 
graphene oxides and reduced forms of graphene.6,42,52 These materials, while dispersible in water due to the presence of 
oxygen functionalities, lack the electrical conductivity and mechanical robustness that are hallmark properties of 
graphene.18,53 In contrast, the use of GNP represents a novel approach in this field. GNP retain the intrinsic electrical 
and mechanical properties of graphene. This innovation highlights the potential of GNP-based substrates to address the 
limitations of graphene oxides, presenting a significant advancement in the development of high-performance cell culture 
platforms. While both deposition techniques have been previously investigated, there is a notable lack of research 
comparing their respective advantages and disadvantages for fabricating cell culture substrates. Moreover, despite 
extensive investigations into the use of graphene materials in cell culture studies, these predominantly focus on graphene 
oxides and reduced forms of graphene.6,42,52 These materials, while dispersible in water due to the presence of oxygen 
functionalities, lack the electrical conductivity and mechanical robustness that are hallmark properties of graphene.18,53 

In contrast, the use of GNP represents a novel approach in this field. GNP retain the intrinsic electrical and mechanical 
properties of graphene. This innovation highlights the potential of GNP-based substrates to address the limitations of 
graphene oxides, presenting a significant advancement in the development of high-performance cell culture platforms. 
Although no reports describing the use of AJP for printing graphene substrates have been found, there are works showing 
application of AJP in the field of cell culture. These includes successful fabrication of biocompatible carbon-based 
impedance sensor for continuous monitoring of scaffold-based cultures, spatial scaffolds made from collagen composite 
ink for bone tissue engineering and silver RC circuits – pulse generators designed for electrical stimulation in neural 
tissue engineering.41,49,50 A similar situation is observed for IJP. While the literature predominantly reports its use for 
biopolymer printing, no studies have been identified that employ graphene nanoplatelets specifically for guiding cell 
attachment and migration.47,48 Nevertheless, there are documented applications of various graphene-based materials in 
the printing of biosensors and electrodes designed for the monitoring of cell cultures.6,51 While both deposition 
techniques have been previously investigated, there is a notable lack of research comparing their respective advantages 
and disadvantages for fabricating cell culture substrates. Moreover, despite extensive investigations into the use of 
graphene materials in cell culture studies, these predominantly focus on graphene oxides and reduced forms of 
graphene.6,42,52 These materials, while dispersible in water due to the presence of oxygen functionalities, lack the 
electrical conductivity and mechanical robustness that are hallmark properties of graphene.18,53 In contrast, the use of 
GNP represents a novel approach in this field. GNP retain the intrinsic electrical and mechanical properties of graphene. 
This innovation highlights the potential of GNP-based substrates to address the limitations of graphene oxides, presenting 
a significant advancement in the development of high-performance cell culture platforms. While both deposition 
techniques have been previously investigated, there is a notable lack of research comparing their respective advantages 
and disadvantages for fabricating cell culture substrates. Moreover, despite extensive investigations into the use of 
graphene materials in cell culture studies, these predominantly focus on graphene oxides and reduced forms of 
graphene.6,42,52 These materials, while dispersible in water due to the presence of oxygen functionalities, lack the 
electrical conductivity and mechanical robustness that are hallmark properties of graphene.18,53 In contrast, the use of 
GNP represents a novel approach in this field. GNP retain the intrinsic electrical and mechanical properties of graphene. 
This innovation highlights the potential of GNP-based substrates to address the limitations of graphene oxides, presenting 
a significant advancement in the development of high-performance cell culture platforms.
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Below, we demonstrate a novel approach for enhancing the structural organization of L929 cells. We performed 
a comparison of ink-jet printing and aerosol-jet printing as manufacturing methods of graphene substrates for cell culture 
by characterization of the morphology and the chemical structure of the printed micropatterns. As we aimed to take 
advantage of the conductive properties of graphene, we resolved to utilize an ink based on graphene nanoplatelets as 
a material with properties akin to pure graphene. In our study, we introduced an innovative approach to creating 
substrates to explore the impact of graphene micropatterning on cell behaviour. Microarrays of lines and grids produced 
in the study significantly affected cells attachment and migration.

Materials and Methods
Fabrication of Graphene Patterns on TPU Substrates
In this work, commercial graphene ink GNP-AJ-00 from Novelinks Ltd. (Novelinks Sp. z o.o. Poland) was used. The 
product was developed in collaboration with Novelinks Ltd. for microprinting technology applications. The ink based on 
graphene nanoplatelets (with a size of 2 μm, an average thickness of 8–15 nm, and a Specific Surface Area of 500–700 
m2/g) dispersed in a polymer matrix and solvents was used to produce the patterns. The formulation demonstrated 
sufficient colloidal stability for several hours, enabling reliable printing without significant sedimentation of the graphene 
particles during the process. Nevertheless, to ensure optimal homogeneity and prevent potential agglomeration, the ink 
was homogenized for 30 minutes in an ultrasonic bath before each printing session.

A 0.127 mm thick thermoplastic polyurethane (TPU) film produced by Adhesive films (USA) was applied as the substrate. 
The film underwent heating in a laboratory dryer at 120°C for 30 minutes to eliminate the stresses present in its structure. 
Prepared substrates were employed for printing patterns using two microprinting technologies: ink-jet printing and aerosol-jet 
printing. For IJP printing the Microdrop Dispenser Head MD-K-130 (Microdrop Technologies GmbH, Germany) with 70 μm 
inner nozzle diameter was used, operating in drop-on demand mode. No table heating was used during the printing process. 
For AJP printing an Optomec Aerosol Jet Printer with a 100 μm nozzle was used. Lines and grids, at three distinct resolutions 
were prepared. Prints were executed in lines and grids at distances of 2, 1, and 0.5 mm. The layers were dried in a Memmert 
UF55 laboratory dryer with natural air circulation (Memmert GmbH & Co. KG; Schwabach, Germany) in 120 °C for 15min. 
The printing parameters for IJP and AJP are presented in Tables 1 and 2 below.

Characterization of the Prints
A UNI-T laboratory multimeter, model UT804 (Uni-Trend Technology, Co., Ltd.; Shanghai, China), was used to measure the 
resistance of the fabricated coatings. The thickness and surface area of the layers were measured with the DektakXT Bruker 
BNS stylus profilometer with 12.5mm radius tip. The results were analysed using Vision64 software from Bruker. 
Macrogeometry of the prints was observed using the Keyence VHX-900F and VHX-X1 digital microscopes (Keyence 
International (Belgium), NA/SA; Mechelen, Belgium) with VH-Z20R and VHX-E500 lenses. 20 print samples were made for 
each printing technique. Measurement uncertainties are given as the standard deviation from the mean of the measurements.

Characterization SEM Analysis, Raman and EDS studies: a Hitachi SU8230 scanning electron microscope (SEM) was 
used to evaluate the structure of the printed patterns. In the registration, an accelerating voltage of 15kV was used. The 
samples were sputtered with a Quorum QT150 S laboratory sputtering machine using a 60:40 Au:Pd alloy target before SEM 

Table 1 Ink-Jet Printing Parameters

Voltage [V] Width [ms] Frequency [Hz] Dwell Time [ms] Velocity [mm/s] Acceleration [mm/s^2]

80 45 55 500 10 10

Table 2 Aerosol Jet Printing Parameters

Sheath Flow [sccm] Atomization Flow [sccm] Exhaust Flow [sccm] Platen Temp. [°C] Velocity [mm/s]

50 560 760 60 10

Nanotechnology, Science and Applications 2025:18                                                                            https://doi.org/10.2147/NSA.S530959                                                                                                                                                                                                                                                                                                                                                                                                    535

Sosnowicz et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



examination. An EDS system with a Bruker XFlash 7 setup was used to analyze the elemental composition of the printed 
structures. When comparing elemental composition, the focus was on analyzing carbon and oxygen content. Peaks from gold 
(Au), palladium (Pd), silicon (Si) and Aluminum (Al) were omitted because they originated from the sputtered layer and the 
substrate material. Raman spectroscopy measurements were performed in a Renishaw inVia Reflex micro-Raman spectro
meter (Renishaw plc, Wotton-under-Edge, UK) equipped with an air-cooled CCD detector and a HeNe laser operating at 50 
mW of 532 nm laser excitation. The spectral resolution of the spectroscopic system was 0.3 cm−1. The laser beam was 
focused with a 100x Leica objective lens (N Plan EPI, Leica Microsystems, Wetzlar, Germany) with a numerical aperture of 
0.75. An integration time of 10s was used for all measurements, and the intensity of the incident laser was 2.5 mW. Spectra 
were obtained in triplicate for each sample at room temperature in the wavelength range between 1000 and 3500 cm−1.

Surface Free Energy and Wettability Measurements
The surface free energy was measured using the Drop Shape Analyzer DSA30E (Krüss, Germany). The experimental 
procedure involved applying droplets of water and diiodomethane onto the surfaces under investigation using a needle 
with a diameter of 0.5 mm. Subsequently, the shape of the obtained droplets underwent detailed digital analysis. The 
surface free energy and the polar and nonpolar components were determined according to the Owens-Wendt method. The 
measurement error of the wetting angle was ± 1.0 degree. Measurements of water and diiodomethane contact angle (°) 
and surface free energy (Es) of the different graphene and TPU film surfaces are presented in the Table 3.

Cell Sample and Substrate Preparation
L929 mouse adipose tissue-derived fibroblast cells (Sigma Aldrich, 85011425, mouse C3H/An connective tissue) were 
precultured in cell culture incubator set at 37 °C with 5% CO2, following the manufacturer’s instructions. Cells derived 
from passages 3–6 were utilized in this study. Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher) was 
supplemented with 1% Glutamax (Thermo Fisher), 1% Penicillin-Streptomycin (Gibco, Thermo Fisher), and 10% Fetal 
Bovine Serum (FBS) (Thermo Fisher, USA). The 12 variants of the materials were used for cell studies, with 2 replicates 
for each time point (24 h and 72 h). Before seeding, substrates were sterilized as follows: substrates were transferred to 
sterile culture wells (24-well plate), then 0.5 mL of 70% ethanol was added to each well. After 30 min, the substrates 
were rinsed with Phosphate Buffered Saline (PBS) solution transferred to a new sterile well plate and thoroughly washed 
in PBS three times. L929 cells were cultured until reaching 80–90% confluence, then trypsinized and suspended in the 
supplemented medium, as mentioned above. Materials were seeded with the cells at a concentration of 1×105 cells/mL. 
Cultures were conducted for 24h and 72h. At these timepoints the cells were fixed and stained to allow observation with 
a confocal microscope according to the procedure described below in 1.7.

L929 Fixation and Fluorescence Staining
The cells were fixed in 4% paraformaldehyde for 15 minutes at room temperature, followed by rinsing with PBS on 
a laboratory shaker. Cell membranes were then permeabilized using a 0.2% solution of Triton X-100 in PBS (Sigma) for 
8 minutes at room temperature on the laboratory shaker. Washing was again carried out in PBS on a laboratory shaker 
(3x5 minutes). The cells prepared in this manner were stained according to the following procedure: the first step 
involved blocking with 0.1% bovine serum albumin (BSA) for 90 minutes at room temperature. Subsequently, the actin 

Table 3 Measurements of Water and Diiodomethane Contact Angle (°), and Surface Free Energy (Es) of the 
Different Graphene and TPU Film Surfaces

Sample Diiodomethane  
Contact Angle (°)

Water Contact  
Angle (°)

Surface Free Energy (mJ/m2)

Total Dispersive Polar

TPU film without heating 51.3 88.9 35.6 33.6 1.9

TPU film with heating in 120 °C for 30 min 60.9 84.2 32.7 28.0 4.6

Graphene layer 39.9 87.3 42.6 41.3 1.2
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filaments of the cytoskeletons were stained with AlexaFluor488 antibody (Thermofisher) diluted according to manufac
turer’s instructions (300 μL of AlexaFluor488 per sample); the staining process lasted 1 hour in the dark. The final step 
was rinsing again in PBS on a shaker (3x5 minutes).

Visualization and analysis of L929 cells: The cells on the printed substrates were observed using a Zeiss LSM 880 
confocal microscope using both fluorescence and transmission light mode. Each material variant was imaged at 5 
different locations on the substrate with x100 magnification using a x10 magnification lens and x10 eyepiece.

MTT Assay
An MTT assay was prepared to evaluate the cytotoxicity of GNP prints. To further assess the potential cytotoxicity of the 
employed materials, additional graphene substrates were prepared, with 1 and 5 layers of Graphene ink. TPU foils were 
spraycoated with the same ink used in both AJP and IJP, thereby enabling evaluation of material biocompatibility even at elevated 
graphene loadings. The patterned substrates were prepared, as described in “Cell Sample and Substrate preparation” section.

To evaluate the potential cytotoxicity of the GNP prints, an indirect extract-based cytotoxicity assay was conducted in 
accordance with ISO 10993–5 and ISO 10993–12 standards. The assay was performed using the L929 mouse fibroblast 
cell line. Extracts were prepared based on surface area exposure (1 mL of extraction medium per 3 cm² of material).

Samples were first sterilized under a laminar flow hood using 70% ethanol for 30 minutes, followed by three washes 
with sterile DPBS. The sterilized samples were then immersed in complete Dulbecco’s Modified Eagle Medium 
(DMEM) without phenol red, supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL 
penicillin, and 100 μg/mL streptomycin. The extraction was carried out at 37°C in a humidified CO2 incubator equipped 
with a shaker for 72 hours to allow the release of potential leachable. Each material type was extracted in triplicate.

Meanwhile, L929 fibroblast cells were seeded into a 96-well culture plate at a density of 1 × 104 cells/well in the 
same complete DMEM medium (without phenol red). After 24 hours of incubation to allow cell attachment, the culture 
medium was replaced with 100 μL of the respective extracts. Each extract was added in duplicate.

A 0.01% Triton X-100 solution in complete DMEM served as the positive control (PC), while complete DMEM 
(supplemented as above) served as the negative control (NC).

After 24 hours of exposure to the extracts, the MTT assay was performed. A volume of 10 μLof MTT solution (5 mg/ 
mL in supplemented DMEM) was added to each well and incubated for 4 hours at 37°C. Formazan crystals formed by 
metabolically active cells were then solubilized using 10% SDS. Absorbance was measured at 570 nm using a microplate 
reader. Cell viability was expressed as the mean percentage relative to the negative control (% NC), with values above 
70% considered non-cytotoxic. Standard deviations were calculated for each % NC.

Statistical Analysis
All quantitative results are reported as mean ± standard deviation (SD). Normality of residuals was assessed with the 
Shapiro–Wilk test (α = 0.05). One-factor comparisons between printing techniques (AJP vs IJP; n = 20 per group) were 
made with a one-way ANOVA. Because the F-test is robust to moderate non-normality when sample sizes are equal, the 
ANOVA was retained; its outcome was verified with the non-parametric Mann–Whitney U-test. Significant ANOVA 
results were followed by Tukey’s honestly significant difference (HSD) post-hoc contrasts. A two-sided p < 0.05 was 
considered statistically significant. Resistivity distributions were right-skewed and failed normality (Shapiro–Wilk, all 
p < 0.01); therefore, differences between techniques were assessed with the two-tailed Mann–Whitney U-test (α = 0.05). 
For completeness, Welch’s unequal-variance t-test was performed on log10-transformed data; both approaches led to the 
same conclusion. Effect size was expressed as the rank-biserial correlation. All analyses were performed in JASP v0.19.3 
(JASP Team, 2025).

Results and Discussion
Preparation of the Printing Process and Cell Culture Substrates
In this study, we aimed to investigate the interaction between L929 cells and patterns made with GNP, which closely 
approximate graphene in terms of physicochemical properties. Therefore, a GNP-based ink was selected for examination.
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The printing process required the optimalization of the printing parameters for both IJP and AJP. For IJP, the 
parameter selection process involved optimizing the following parameters: control voltage, signal width, droplet gen
eration frequency, table movement speed and acceleration, and standstill time between successive layer deposition. The 
chosen parameters are presented in Table 1 of the Experimental Section. AJP requires the determination of working gas 
flows utilizing pneumatic atomization (Sheath Flow – SF, Atomization Flow – AF, Exhaust Flow – ExhF), heated platen 
temperature, table movement velocity and the number of printed layers. Recommended printing parameters for AJP are 
presented in Table 2 of the Experimental Section.

To ensure the suitability of the prints for cell culture applications, it was crucial to confirm their cytocompatibility, 
verify the adhesion to the substrate and check the stability under aqueous physiological conditions (such as phosphate- 
buffered saline and cell culture medium) as well as in ethanol, which is used for media sterilization prior to cell seeding.

Therefore, we conducted immersion tests on the substrates with printed patterns to simulate culture conditions. The tests 
included washing with ethanol and saline, followed by a 2-week immersion in DMEM. All tested samples were resistant to 
washing in the liquids, with no observable delamination or redispersion. The prints maintained their integrity without dissolution, 
exhibited unchanged adhesion to the substrate post-test, and no particulate matter was detected in the immersion liquid.

Wettability of Substrates, Wetting Angle Measurements
Surface free energy measurements were conducted on the TPU substrate before and after thermal treatment. 
Measurements were taken on the areas with printed graphene patterns to compare them with the substrate. Table 1 
presents contact angles for diiodomethane and water, along with the calculated values of surface free energy and its 
components. The SFE was calculated using the Owens-Wendt method.35 Figure 1 illustrates the contact angles observed 
on various surface films, pre- and post-thermal treatment, as well as on the deposited graphene layers.

Thermal treatment of TPU film resulted in a slight decrease in the water contact angle from 88.9° to 84.2°. 
Consecutively, the polar component of SFE increased from 1.9 to 4.6 mJ/m2. Substrate wettability is believed to be 
a major determinant of cell viability and surface cytocompatibility; hydrophobic substrates with high surface energies are 
considered to favour cell detachment.16 Nascimento et al reported that for appropriate cell attachment and proliferation the 
ideal contact angle should be within the range 60°‒70°.54 The measured wetting angles have much higher values than 
suggested in the literature, which is probably due to the hydrophobic nature of graphene flakes. The decrease in the wetting 
angle after heating the TPU films may be related, among other things, to the removal of stresses in the material remaining 
after the manufacturing process. After heating, TPU films, through increasing the polar component of SFE, should exhibit 
higher adhesion of the printed ink. For this reason, previously heated substrates were used for further work.

Figure 1 Measurement of wetting angles were conducted for TPU film without heating, TPU film heated for 30 minutes at 120 °C, Graphene layer. Each material was 
measured using diiodomethane and water.
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The relation between SFE and their effect on cell adhesion remains not fully studied, with literature suggesting 
significant discrepancies on this topic. Hallab et al observed a proportion between surface energy and cell adhesion, 
indicating that materials with higher surface energy (as observed with metallic substrates) exhibit higher cell 
adhesion.34,55 However, excessively high SFE inhibits cell adhesion, likely due to impaired adhesion of various proteins 
from the cell membrane to the substrate.2 The printed graphene layers exhibited significantly higher SFE (42.6 mJ/m²) 
compared to TPU films (35.6 and 32.7 mJ/m² for TPU film before and after thermal treatment, respectively). However, 
the observed values are substantially lower than those reported in the literature as efficacious.2,17,55 Nonetheless, when 
considered in conjunction with the engineered surface topography, a synergistic effect in cellular response can be 
postulated. This phenomenon warrants further investigation to elucidate the precise mechanisms underlying the potential 
synergistic effects and to quantify their impact on cellular adhesion, proliferation, and differentiation.

Substrate Prints and Characteristics
Micro and Macrogeometry of the Prints
Patterns were printed at intervals of 2 mm, 1 mm, and 0.5 mm. However, due to the spreading of ink on the substrates, 
the actual inter-print distances were reduced, as presented in Table 2. The average height and area of the prints, as 
measured by profilometry, are also provided in Table 4. Figures 2 and 3 present a comparative analysis of graphene prints 
on TPU substrates produced by IJP and AJP, captured at two distinct magnifications.

For a series of 20 prints (AJP and IJP each), the average height and cross-sectional area were measured. The mean print 
height of the AJP prints (7.71 ± 0.66 µm) exceeded that of the IJP prints (7.08 ± 0.42 µm). The mean height values are 
statistically different from each other at p ≤ 0.05 (p = 0.001, F = 12.45), suggesting a statistically significant impact of the 
printing technique on printed line geometry. The average cross-sectional area followed the same trend: AJP lines (904.68 ± 
44.63 µm²) were markedly narrower than their IJP counterparts (1054.4 ± 65.5 µm²). Normality of residuals was assessed with 
the Shapiro–Wilk test (AJP: W = 0.83, p = 0.002; IJP: W = 0.94, p = 0.27). One-way ANOVA is generally robust to moderate 
departures from normality with equal group sizes. Nevertheless, we verified the result with non-parametric Mann–Whitney 
U-test. One-way ANOVA confirmed that the difference is highly significant (p < 0.001, F = 67.82), a finding that remained 
significant when the data were re-analysed with the non-parametric Mann–Whitney U-test (p < 0.001). Thus, both height and 
cross-sectional area point to a clear influence of printing technique on the line geometry.

In the case of IJP substrates, a significant flow of ink can be observed, related to the high wettability of the substrate. 
Additionally, high-boiling-point solvents in the ink composition, while preventing cavitation bubbles in the print head, 
extend the evaporation time, causing further ink spreading on the substrate.56–58 The morphology of IJP lines is 
influenced by multiple parameters, including ink composition, inter-drop distance and delay, temperature (ambient, 
substrate, and ink) and evaporation of solvent from individual droplets. IJP prints exhibit characteristic scalloping, 
potentially caused by excessive inter-drop distances.59

During printing, several undesirable phenomena can occur, including coffee ring formation and droplet path deviation 
in IJP, and overspray in AJP.48,56,60,61 AJP prints exhibit greater surface roughness resulting from the deposition of 
significantly smaller ink droplets and additional solvent evaporation during ejection from the nozzle onto the substrate. In 
turn, in the case of IJP prints, the phenomenon of particle flocculation can occur. The inherent tendency of nanoparticles 
to agglomerate may lead to flocculation post-deposition, causing graphene particles to concentrate at the wet droplet’s 
centre, leaving polymer at the printing interface.62,63 This phenomenon may also result from the use of high-boiling-point 
solvents, which, during slow evaporation, lead to particle aggregation due to convective transport of graphene nanoplate
lets towards the contact line.64 In IJP, material is deposited as droplets, unlike AJP where the ink is almost completely 

Table 4 Dimensions of Printed Lines and Grids/Meshes

Average Height [µm] Average Cross-Section Area [µm2] Average Width [µm]

IJP 7.08±0.42 904.68 ± 45.79 108.25 ± 13.71

AJP 7.71 ± 0.66 1054.42 ± 114.86 90.35 ± 4.67
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evaporated from the solvent mist.65 Additionally, gravitational forces cause particles to settle towards the substrate during 
subsequent droplet deposition, resulting in polymer remaining on the printed pattern surface, as illustrated in Figure 3.

Particle behaviour in the printing process is governed by buoyancy, gravity, and drag forces, which influence 
dispersibility and sedimentation.66 During droplet generation and descent, these forces affect the alignment of particles 
suspended within the picolitre volume of each droplet. Substrate contact further influences particle distribution, partly 
due to particle migration toward the droplet centre driven by surface tension gradients, resulting in the coffee ring 
effect.64,67 Factors such as material surface tension, solvent evaporation rate, and ink composition (eg, surfactant 
inclusion) impact wet droplet behaviour on the substrate.56,65

This study focused on examining cell behaviour on different substrate geometries and determining which micro
printing technique is preferred by cells. While line geometry clearly affects the forces and pressures exerted by cells and 

Figure 2 Line prints on TPU substrates printed with IJP (A and B) and AJP (C and D) Scale bar 100 µm.

Figure 3 Detailed topographny of GNP Line prints on TPU substrates (A) Ink-jet printed line (B) Aerosol-jet printed line.
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their ability to move and migrate, our primary objectives were to achieve print reproducibility, confirm prints cytocom
patibility, and verify substrate preference of the cells.

To further determine the effect of the substrate material on the cells, Scanning Electron Microscopy (SEM) imaging 
was conducted to examine the microstructure of the prints. The results revealed clear differences in the printed paths 
(Figure 4). The AJP paths exhibited high porosity and surface roughness, attributed to the stacked structure of graphene 
nanoplatelets. In contrast, the IJP-produced paths display lower surface roughness with polymer-sealed pores. This 
distinction arises from the fundamental differences between the two printing techniques. In AJP, partially dried aerosol 
mist reaches the substrate, and a continuous stream of aerosol builds up a structure that becomes porous during the 
printing process. Conversely, in IJP larger ink droplets are deposited, coalescing into a continuous path on the substrate. 
This process results in the ink drying from the surface downward, creating a more uniform surface layer.

Elemental composition analysis was performed to compare the carbon and oxygen content of the samples. Figure 5 
and Table 5 present the Energy-Dispersive X-ray Spectroscopy (EDS) results for IJP and AJP samples.

A notable difference in elemental composition was observed, with AJP tracks exhibiting higher carbon content. This 
phenomenon can be attributed to the distinct deposition mechanisms of the two printing methods. The material deposition 
process in AJP printing results in the predominance of the carbon phase on the surface of the printed pattern. In contrast, 
the nature of IJP leads to carbon material being encapsulated by polymer, resulting in a higher percentage of oxygen in 
the print composition. Furthermore, the observed differences may also be influenced by the spatial distribution of 
material within and on the surface of the printed path. This is particularly relevant considering the greater width of IJP- 
printed paths relative to AJP paths.

Figure 4 Scanning electron microscope images showing microgeometry of coatings: (A) Ink-jet printed line surface (B) aerosol jet printed line surface.

Figure 5 EDS spectroscopy results for (A) IJP and (B) AJP prints.
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Profilometry Results
The topography of printed surfaces was assessed to evaluate the influence of surface patterning on cell growth and 
migration preferences. Each printed surface was examined in three distinct path sections using a contact profilometer. 
The measurement results are presented graphically, illustrating the cross-section of the path and the path roughness along 
the printing direction and providing insight into the homogeneity of print height. The profile characteristics are presented 
through multiple visualizations for both AJP and IJP: a 2D top-down graphical representation of the print (Figures 6a, 7a), 
a representative 3D optical profilometer image (Figures 6b, 7b) and roughness measurement in the X axis (Figures 6c, 7c) 
and cross-section profile in Y axis (Figures 6d, 7d).

Cross-sectional profiling revealed distinct differences in microgeometries between printing techniques. IJP produced 
consistent, smooth lines, while AJP generated paths with significant roughness and frayed outlines. These differences 
reflect varied ink behaviour associated with each deposition method. IJP utilizes droplets approximately 50 μm in 
diameter, facilitating the formation of a smooth, levelled layer before solvent evaporation creates a rigid printout. 
Conversely, AJP employs droplets 1–5 μm in diameter, leading to extensive solvent evaporation during droplet flight, 
mitigating the flooding effect on the substrate while resulting in a highly rough printout structure. Path heights for both 
techniques ranged from 10–15 μm.

The cross-sectional height profiles (Figures 6d, 7d) reveal that IJP achieved lower heights with wider prints, influenced 
by ink spread on the substrate, while AJP overprints produced higher, relatively narrower paths, disregarding the overspray 
area. The disparate printing processes of IJP and AJP resulted in markedly different surface morphologies. IJP produced 
relatively uniform surfaces with symmetrical paths, gradually increasing edge inclination angles, and lower roughness 
compared to AJP prints. Taller, more rough microprints arrays from AJP, due to increased surface area, might enhance 
protein absorption causing more extensive focal adhesion formation.68 However, too high a roughness of the surface can 
hinder the migration of cells and their flattening on the surface, resulting in increased cell mortality.69 Uniformity of IJP 
prints stems from a lower solvent evaporation rate than in AJP, where solvent evaporates during droplet flight. IJP’s larger 
droplet volumes and lower evaporation rates allow prolonged substrate wetting, yielding more uniform paths.

Literature regarding the effect of surface roughness on cell adhesion remains, in some parts, contradictory.2,55,70 

Hallab et al found no statistically significant effect of roughness on cellular adhesion strength for high surface energy 
materials but observed significant differences for lower surface energy polymers.55 Majhy et al demonstrated inhibition 
of cell growth on smooth surfaces. Conversely, Carpenter et al reported increased initial cell adhesion on altered 
topographies and culture surfaces due to enhanced protein adhesion.2,34

The distinct droplet sizes and solvent evaporation rates inherent to IJP and AJP not only determine the topography but 
also affect the reproducibility of cell responses. IJP’s uniformity might be preferred for reproducibility of the studies, 
while AJP’s variability could be useful for mimicking in vivo microenvironments where cells encounter diverse 
topographical cues. These findings suggest that factors beyond mere roughness affect cell behaviour, necessitating 
consideration of additional surface features and their variability in culture substrate design.

Resistivity Studies
To evaluate the potential use of printed substrates as conductive substrates for cellular electrostimulation we determine 
the printout resistivity. Two series of test lines were fabricated for IJP and AJP prints. Line length, average cross- 

Table 5 EDS Spectroscopy Results ‒ Oxygen and Carbon Content in AJP and IJP Prints

Element Atomic 
Number

Net 
Counts

Norm. Mass 
Concentration /%

Norm. Atomic 
Concentration /%

1σ Uncertainty/ 
mass%

1σ rel. 
Uncertainty /%

IJP Carbon 6 104,178 81.71 85.61 1.27 1.56

Oxygen 8 6102 18.29 14.39 0.47 2.58

AJP Carbon 6 210,681 85.17 88.44 1.29 1.51

Oxygen 8 8906 14.83 11.56 0.35 2.36
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sectional area, and resistance were measured to calculate the printout resistivity. The median resistivity of AJP lines (2.8 ∙ 
10−³ Ω m [IQR = 1.15 ∙ 10−³ Ω m]) exceeded that of IJP lines (2.1 ∙ 10−³ Ω m [IQR = 0.65 ∙ 10−³ Ω m]). The Mann– 
Whitney test confirmed that this difference is statistically significant (U = 308, p = 0.004, r = 0.54). A robustness check 
using Welch’s t-test on log-transformed values yielded an equivalent result (p = 0.009). Thus, the printing technique 
influences not only line geometry but also electrical resistivity.

The difference in resistivity results between these values can be attributed to the varied microgeometry of the 
printouts obtained with each fabrication method. The distribution of the functional phase within the cross-section of IJP 
and AJP prints exhibits distinct differences, as previously discussed. Research has demonstrated that in IJP prints, 
graphene flakes undergo sedimentation and preferentially deposit near the substrate. This results in overlapping flakes 
that are isolated from the carrier polymer matrix, forming a more conductive pathway compared to AJP prints. 
Conversely, in AJP prints, the presence of graphene flakes on the print surface has been experimentally verified. 
These observations suggest that the graphene functional phase in AJP prints is more uniformly distributed throughout 
the polymer carrier, which may restrict direct contact and overlapping of graphene flakes.

Raman Spectroscopy Studies
The chemical structure of each pattern was further characterized using Raman spectroscopy. The Raman profiles of the 
pattern inks exhibited distinct differences between AJP and IJP samples (Figure 8).

In AJP patterns, the expected D and G peaks, resulting from primary in-plane vibrational modes, are observed at 1345 
and 1584 cm−¹, respectively. The D peak, related to the breathing modes of six-atom rings, typically correlates with 
structural defects. The G peak, associated with graphitic carbon, arises from bond stretching of sp² pairs in both carbon 

Figure 6 AJP profilometry results: (A) 2D top-down graphical representation of the printed line (B) 3D representation of the prints (C) Roughness measurement in X axis 
(D) Cross-section profile in Y axis.
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rings and chains. Additionally, the 2D peak is detected at 2682 cm−¹, attributable to the second-order overtone of the 
D vibration. A broad D + D’ band is also observed at 2936 cm−¹.71,72 In the IJP pattern, the observed peaks are consistent 
with TPU vibrations.73 Specifically:

● The peak at 2926 cm−¹ is attributed to the stretching vibrations of –CH2

● Peaks at 1727 cm−¹ and 1701 cm−¹ are due to carbonyl stretching vibrations
● A strong peak at 1615 cm−¹ can be assigned to the symmetric stretching of aromatic C=C vibrations

Figure 7 IJP profilometry results: (A) 2D top-down graphical representation of the printed line (B) 3D representation of the prints (C) Roughness measurement in X axis 
(D) Cross-section profile in Y axis.

Figure 8 Raman spectroscopy results for AJP and IJP prints.
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● The peak at 1537 cm−¹ is due to C=C stretching of urethane amide
● The peak at 1437 cm−¹ is assigned to the bending vibrations of –CH2

The differences in Raman spectra between AJP and IJP can be attributed to variations in layer porosity, roughness, and 
the interaction of graphene nanoplatelets (GNP) with the polymer matrix. The AJP method preserves the structural 
characteristics of graphene, leading to distinct Raman peaks. In contrast, the IJP method creates a more uniform polymer- 
rich surface, which obscures the graphene signals. This observation is corroborated by the micro and macrotopography 
images (Figures 3 and 4).

MTT Assay
MTT assay revealed that all tested materials, including uncoated TPU film and all variants of materials coated with graphene 
patterns and layers, have been proven non-cytotoxic, as their corresponding cell viabilities were above 70% as shown in Figure 9. 
It was determined that extracts obtained with 72 hours of extraction, which is a required extraction time for biomaterials designed 
for implantation, showed no evidence of toxicity, regardless of the graphene content and surface topography.

The MTT assay results clearly demonstrate that both the uncoated TPU substrate and all graphene-coated substrates 
are generally non-cytotoxic to L929 fibroblasts. Similar findings have been reported in the literature, further confirming 
that graphene coatings exhibit favourable cytocompatibility.74 Based on these results, it can be concluded that the 
printing method used for graphene deposition does not adversely influence cell viability. Although previous studies have 
reported that cytotoxicity can vary depending on graphene concentration, surface chemistry, and morphological form, our 
findings suggest that even relatively high graphene content remains safe for L929 fibroblasts under the conditions 
tested.75 Nevertheless, overall biocompatibility of the substrates should be further evaluated through complementary 
assays, including longer-term culture studies and assessments of potential inflammatory responses, to ensure their 
suitability for biomedical applications.

Figure 9 Cell viability determined with MTT assay for cells cultured on AJP and IJP prints, TPU foil without patterning, TPU foil with 1 layer of graphene layer, TPU foil with 
5 layers of graphene, negative control (NC) and positive control (PC).
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Effect of Surface Patterning and Physicochemical Properties on Cell Growth and 
Proliferation
Figure 10 presents a comparative analysis of cell images obtained using confocal microscopy, after staining with 
AlexaFluor 488 for actin cytoskeleton visualization at 24 and 72 hours of culture. Control cultures and more detailed 
photographs can be found in the Supporting Information (Figures 6–8). In these images, the black bars represent the 
graphene prints on which the cells are adhered. It is important to note that the substrates were not pre-treated with any 
adhesion-promoting coatings or hydrophobic coatings to repel cells from the substrate (such as laminin or prior 
immersion in culture medium).

Morphological changes of cells were observed on both graphene and control substrates. After 24 hours of incubation, 
cells initially exhibiting a rounded morphology transitioned into a spindle-shaped form, characteristic for fibroblasts. The 
control culture on TPU substrates exhibited no signs of cytotoxicity, with cells evenly populating the entire substrate. At 
both time points, graphene patterned substrates with denser printing, such as grids and 0.5 mm lines, demonstrated larger 
areas of cell coverage and higher cell density. On lines spaced at greater distances – 2 mm and 1 mm, L929 fibroblasts 
grew relatively evenly; however, numerous areas of cell migration were observed at the print edges, particularly in case 
of IJP patterns.

As was proven by imaging, profilometry and spectroscopy, the AJP printed patterns are distinguished by the entirety 
of the surface being filled with graphene flakes, allowing cells to be in direct contact with GNP. In contrast, IJP printing 
results in a higher presence of TPU on the surface, with graphene particles mostly deposited beneath, which may explain 
the superior results of cell growth and attachment observed for AJP printing. The development of highly conductive yet 
biocompatible coatings incorporating nanomaterials presents new opportunities in tissue engineering. Conventional two- 
dimensional (2D) substrates, such as glass or tissue culture plastic, fail to replicate the complicated architecture of native 
tissue and are therefore suboptimal for studies aiming to reproduce complex cellular structures and functions.46,76 

Substrate properties play a decisive role in modulating cellular responses. Feng Lin et al demonstrated that the stiffness 
of graphene substrates regulates single-layer graphene (SLG)-induced fibroblast adhesion and proliferation.77 Similarly, 
Sachin Kumar reported that the underlying substrate exerts a significant influence on graphene-mediated cellular 
behavior.78 These findings underscore the importance of substrate mechanics in the performance of graphene-based 
materials and highlight the need for further systematic investigation in this domain. Carbon-based nanomaterials, due to 
their nanoscale dimensions, can replicate structural characteristics of the extracellular matrix (ECM), providing 
a biomimetic and electrically conductive environment that supports cellular growth and differentiation. Graphene- 
based substrates possess in-plane bonding characteristics that promote protein adsorption—an essential step in cellular 
function—and have been shown to enhance neurite outgrowth and cell proliferation compared with conventional glass 
substrates.79–82 Their mechanical flexibility further enables them to conform to the geometries of injured tissues, 
facilitating targeted stimulation of damaged sites.22 These properties confer distinct advantages over widely used 
biomaterials such as glass, polystyrene, hydrogels, and collagen.20,79 Graphene substrates fabricated via additive 
manufacturing exhibit both high flexibility and substantial mechanical strength, surpassing natural biopolymers and 
hydrogel-based constructs for a range of biomedical applications.83

Cell adhesion to such substrates is mediated by short-range physicochemical interactions, including hydrogen 
bonding, van der Waals forces, Coulombic interactions, steric forces, and strong associations with carboxyl functional 
groups (‒COOH). This phenomenon is regulated by cell-substrate interactions controlled by integrins in the cell lamina 
and surface free energy components. An increase in SFE—along with a rise in hydroxyl and carboxyl group density— 
promotes hydrogen bond formation with cell surface lipids and ions. This, in turn, enhances cell adhesion, proliferation, 
and growth.6 As a result, our graphene substrates, with their tuneable mechanical properties, hold considerable promise 
for the regulation of cellular functions.

In our study, L929 fibroblasts exhibited preferential alignment and migration along graphene nanoplatelet (GNP) lines 
and grid patterns with narrow 0.5 mm gap distances. Cells cultured on GNP grid patterns—particularly those with 1 mm 
and 2 mm Aerosol Jet Printing (AJP) grids—displayed distinct orientation and a marked tendency to migrate toward 
printed regions compared with non-GNP-coated thermoplastic polyurethane (TPU) areas. Notably, cells overlapped and 
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Figure 10 Morphological staining of L929 cells on (A) ink-jet patterned substrates and (B) aerosol-jet patterned substrates in two timepoints 24h and 72h, for lines and 
grids in two spacings: 2mm, 1mm and 0.5 mm.
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aligned along the central axis of the printed lines, occupying most of the graphene-coated regions, especially at points 
corresponding to the highest profile height above the substrate. In addition to SFE, substrate roughness and geometric 
features were found to significantly influence cell–substrate interactions. These observations highlight the limitations of 
conventional flat culture platforms and reinforce the role of engineered topographical features in directing cell behaviour. 
Despite exhibiting a relatively high wetting angle of 87.3° ± 6.5, the graphene patterns promoted robust cell adhesion and 
proliferation. Based on the obtained results, it can be inferred that potential biocompatibility should not be considered 
solely based on the wetting angle value, as the phenomenon is ultimately influenced by multiple substrate properties, 
such as surface energy and material topography. Instead, cellular responses are determined by a combination of 
physicochemical factors (surface energy, functional group chemistry) and physical parameters (roughness, topography).

While there are studies investigating printed graphene-based layers in tissue engineering, there is no literature 
exploring the use of microprinted AJP layers to control cell behaviour via substrate topography. Our results further 
indicate that topographical variations arising from different printing modalities influence cellular responses. AJP-printed 
graphene patterns exhibited a gradual increase in profile height, creating elevated “platform-like” structures that 
facilitated directed cell migration. The wider printed paths and discrete ink droplets may have served as anchoring 
points, enabling cell attachment and upward migration. By contrast, inkjet-printed (IJP) paths were smoother, owing to 
a higher polymer concentration near the surface, which may have impeded adhesion and migration. These findings 
confirm that substrate geometry serves as a potent topographical cue guiding cell localization. The high precision and 
scalability of AJP technology make it particularly well suited for producing biologically relevant microstructures, such as 
collagen architectures for bone tissue engineering or protein/enzyme arrays.24,41,49

Although our findings demonstrate that microprinted GNP patterns are not cytotoxic, can effectively enhance cellular 
alignment and migration, several limitations must be acknowledged.

Although they outperform conventional flat culture platforms in guiding cell behaviour, they remain an approximation of 
in vivo conditions. While our prints have demonstrated favourable cytocompability in vitro, their potential cytotoxicity 
remains a critical consideration for future in vivo applications. The biological response to GNPs can vary significantly 
depending on particle size, layer number, surface chemistry, oxidation state, and the presence of residual processing additives. 
Future work should address challenges such as optimizing ink formulations for minimal interference with biological 
processes, enhancement adhesion to various substrates and conductivity for future research including electrostimulation.21,82

Our findings indicate that graphene-based microprinted substrates hold considerable promise for tissue regeneration 
strategies. Future work should prioritize quantitative correlation between Ra/Rq values and cell behavior for providing 
deeper mechanistic insight info cell migration, elucidating the synergistic effects of combined topographical and 
electrical cues on stem cell alignment, investigating the influence of these biophysical stimuli on lineage-specific stem 
cell differentiation. Such studies will be critical in unlocking the full potential of graphene microprinting to advance 
regenerative medicine and improve clinical outcomes.

Conclusion
In this study, we successfully utilized graphene nanoplatelet-based ink to create specialized substrates that effectively 
promote cell proliferation. The primary objective was to investigate the behavioral preferences of L929 fibroblast cells 
cultured on graphene substrates prepared using two microprinting techniques — inkjet printing and aerosol jet printing — 
using the same composite material to fabricate precisely defined patterns. The study sought to determine whether there is 
a significant difference in cellular preference for the topography of the printed surface resulting from the use of these 
distinct printing techniques. We designed two types of patterns (lines and grids) with three different distances (2, 1, and 
0.5 mm) and comprehensively characterized them in terms of micro- and macro-morphology, Raman spectroscopy, 
substrate wettability, and surface free energy, followed by their effects on L929 cells behaviour.

Our findings revealed that the patterned graphene substrates exhibited biocompatibility, showing no cytotoxicity 
towards L929 cells and positively influenced cell proliferation. Importantly, we observed a clear cellular preference for 
the graphene patterns, cells adhering and proliferating more effectively on these surfaces. This behaviour can be 
attributed to the unique physicochemical properties of graphene, including its high surface area, favourable surface 
energy, and ability to provide nanoscale topographical cues that guide cellular responses. Among the two printing 
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techniques evaluated, patterns produced using aerosol jet printing were particularly favourable. The enhanced cellular 
response for AJP is most likely due to a higher concentration of exposed graphene nanoplatelets on the surface and 
a more advantageous cross-sectional roughness profile, which together facilitated improved initial cell attachment, 
spreading, and subsequent proliferation.

These results underscore the potential of microprinted graphene paths, printed using microprinting techniques as 
advanced platforms for guiding cell behaviour. The demonstrated ability to modulate cell adhesion, spreading, and 
proliferation through precise surface patterning highlights the significant promise of these materials in a variety of 
biomedical applications. In particular, the developed graphene-based substrates have strong potential to serve as 
functional scaffolds for tissue regeneration, where spatial organization and controlled cellular responses are critical for 
successful integration and tissue repair. Moreover, the capacity to fine-tune surface architecture using different micro
printing techniques opens new opportunities for creating customizable, patient-specific implants and advanced 
biointerfaces. Overall, this approach represents a substantial advancement in tissue engineering and regenerative 
medicine, providing innovative strategies for the design of next-generation biomaterials that promote healing, improve 
tissue integration and support long-term clinical success.
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