Downloaded viaTU CHEMNITZ on February 20, 2025 at 00:44:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEJAPPLIED MATERIALS

XINTERFACES

Research Article

www.acsami.org

Integration of Graphene into Calcium Phosphate Coating for
Implant Electronics

Elizaveta Dogadina, Raul D. Rodriguez,* Maxim Fatkullin, Anna Lipovka, Anna Kozelskaya,
Andrey Averkiev, Evgenii Plotnikov, Xin Jia, Chaozong Liu, Jin-Ju Chen, Chong Cheng, Li Qiu,

Sergei Tverdokhlebov, and Evgeniya Sheremet
I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acsami.4c21046

ACCESS | [l Metrics & More | e Supporting Information

ABSTRACT: Bone injuries remain a significant challenge, driving the develop-
ment of new materials and technologies to enhance healing. This study presents a
novel approach for incorporating graphene into calcium phosphate (CaP) coatings
on titanium alloy (Ti) substrates, with the aim of creating a new generation of
materials for bone implant electronics. The stability of the composite coating
under physiological conditions, long-term electrical and mechanical durability, and
biocompatibility were systematically investigated. We integrated graphene into the
CaP coating through the laser processing of diazonium-functionalized graphene
films applied to the surface of CaP-coated Ti. The laser treatment induced several
processes, including the removal of aryl groups, the formation of conductive
pathways, and chemical bonding with the CaP film. As a result, the graphene—CaP nanocomposite demonstrated excellent
mechanical durability, withstanding a 2 h sand abrasion test. It also exhibited excellent biocompatibility, as shown by the
proliferation of human fibroblast cells for 7 days. The electrical properties remained stable under physiological conditions for 12
weeks, and the material maintained electrochemical stability after 1 million pulse cycles. Furthermore, it withstood the stress of
100,000 bending cycles without compromising electrical performance. This work highlights the versatility of the biocompatible
graphene composite and its potential for a range of applications including free-form electronic circuits, electrodes, bending sensors,

and electrothermal heaters.
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1. INTRODUCTION

Advances in healthcare engineering have significantly improved
human well-being, particularly through the use of implants to
restore the lost functions of the musculoskeletal system. These
innovations have reduced treatment times and patient
rehabilitation, leading to a decrease in losses from socially
significant diseases."”” Progress in materials science and surface
engineering has further enhanced the functionality and
biocompatibility of orthopedic implants. To minimize rejection
reactions (such as those seen in metallosis) and improve the
survival rate of bone implants, their surfaces are commonly
modified with CaP or hydroxyapatite coatings.” CaP is
considered the gold standard for promoting bone regener-
ation” due to its excellent osteoinductivity, osteoconductivity,
and similarity to bone composition.” The ability of CaP to
release calcium and phosphate ions activates the growth and
differentiation controlling signaling pathways, promotes bone
mineral formation, and enhances the adsorption of extracellular
matrix proteins and expression of osteoblastic differentiation
markers.” Among surface modification techniques,” "> micro-
arc oxidation (MAO) has gained significant attention for
implant manufacturing due to its ability to produce high-
hardness porous coatings'* with strong adhesion and uniform
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coverage on complex geometries while remaining cost-effective
and easy to implement.'>"*

Graphene-based structures have emerged as a transformative
addition to implant technology.'® One promising approach is
the integration of graphene and its derivatives into CaP coating
or Ti'® These materials offer a range of advantageous
properties,17 including cell adhesion,'® growth, osteogene-
sis,"”*° biomineralization,'® and mechanical resilience.*!
Several techniques, such as pulse electrodeposition,” plasma
treatment,'»>’ and mixing,”***> have been employed to
incorporate graphene into CaP coating. However, each of
these methods has its limitations. For instance, plasma
treatment and pulse electrodeposition are effective at creating
surface strength and toughness but lack precise control over
graphene distribution. In contrast, mixing techniques often
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struggle to achieve a uniform graphene dispersion. These
limitations hinder the full utilization of graphene’s properties.
Additionally, no study to date has investigated the application
of graphene in implant electronics, where preserving and
precisely controlling electrical properties are crucial. Applyin

various types of stimulations, such as mechanical,* magnetic,2

electrical,”® thermal/photothermal,29 or releasing substances
(e.g., growth factor) ;0 are emerging strategies that can further
enhance bone healing.”’ These advanced functionalities are
expected to accelerate bone healing and improve patient
outcomes. The incorporation of electrically conductive
graphene into CaP surfaces offers the potential for developing
smart implants® with integrated biocompatible electronics,
offering promising advancements in orthopedic medicine.

To address this challenge, we aim to use laser processing to
integrate graphene into a CaP-coated Ti substrate. Laser
processing is gaining popularity due to its ability to precisely
tune conductivity based on the specific requirements of
electronic applications™ and to create electronic structures
with unique shapes and sizes,”**> opening applications such as
sensors, energy storage, etc.”” ~° Here, we present a laser-
based approach that offers benefits for implantable electronics.
This method enables direct spatial control for fabricating
biocompatible, conductive, and mechanically stable graphene
patterns on implants, with minimal postprocessing compared
to other techniques such as plasma treatment'' or electro-
deposition.” These advantages over traditional electronic
manufacturing techniques include cost-effectiveness, scalability,
the capability to produce mask-free arbitrary-shaped patterns,
and compatibility with other methods, which promise to
enhance functionality and improve production efficiency.*”*!

This novel method for synthesizing graphene-based
composites produces materials demonstrating mechanical and
electrochemical stability under physiological conditions, over-
coming graphene’s biotoxicity issues and ensuring biocompat-
ibility for biomedical applications. Cell viability tests confirm
the composite’s safety, which is essential for applications in
implantable electronics for electrical and thermal stimulation
and health monitoring. Laser-induced cross-linking strengthens
the composite network, making it durable enough for long-
term implantation in demanding environments. Furthermore,
the composite demonstrates low impedance and electro-
chemical stability, minimizing the risk of device failure or
degradation and making it suitable for a wide range of
biomedical applications, including energy storage systems,
actuators, and sensors.

2. MATERIALS AND METHODS

2.1. CaP Coating Fabrication by MAO. The Ti—6Al—-4V alloy
plates of size 20 X 20 X 0.5 mm® were used as substrates for coating
fabrication. The formation of CaP coatings on the Ti plates was
performed using the MAO setup “Microarc oxidation complex”,
which was designed in the Laboratory for Plasma Hybrid Systems at
“The Weinberg Research Center”, School of Nuclear Science &
Engineering, Tomsk Polytechnic University. A supersaturated solution
of CaO (reagent grade, Component-Reaktiv, LLC, Moscow, Russian
Federation) in 10% H,PO, (reagent grade, Component-Reaktiv, LLC,
Moscow, Russian Federation) with 10 g/L of dispersed hydrox-
yapatite (reagent grade, Fluidinova, Maia, Portugal) was used as an
electrolyte. The MAO process parameters were as follows: a voltage of
230V, a voltage rise rate of 3 V/s, a pulse repetition frequency of 100
Hz, a pulse duration of 90 us, and a formation time of 10 min.

2.2. LMod-G Coating Preparation. The technology of graphene
modified with diazonium salts (Mod-G) powder synthesis was kept as

published in our previous work.*> Briefly, diazonium-functionalized
graphene sheets were obtained by electrochemical exfoliation of a
graphite electrode in the presence of 4-carboxybenzenediazonium
tosylate. The potential difference between the Pt counter electrode
and graphite electrode was 10 V. The concentration of diazonium
salts was 0.032 g in 0.1 M H,SO,. The resulting powder was washed
with water, ethanol, and acetone and then dried in air. Next, the
powder was diluted in ethanol and sonicated to obtain a 4 mg/mL
concentration dispersion.

The ethanolic dispersion of Mod-G was deposited on CaP/Ti by
drop-coating at a volume of 25 yL cm™2 Then, the film was left to dry
under ambient conditions for 30 min. The thickness of the dried
Mod-G films was about 15 ym.

A computer-controlled 436 nm laser diode was used to treat the
Mod-G film on CaP/Ti. The optimal laser power of 1.6 W ensured
the formation of a robust conductive composite structure, further
denoted as LMod-G/CaP/Ti.

2.3. Raman Spectroscopy. Raman measurements were carried
out using a confocal Raman microscope (NTEGRA Spectra, NT-
MDT, Russia). The Raman microscope was configured with a 532 nm
diode laser. The laser beam was focused on the LMod-G/CaP/Ti
sample by using a 20X Mitutoyo objective with a 0.7 numerical
aperture. The signal was collected by an electron-multiplying charge-
coupled detector (EMCCD) (Andor Newton, U.K.) cooled down to
—65 °C.

2.4. Atomic Force Microscopy (AFM) Examination. The
surface morphology was investigated using an INTEGRA atomic force
microscope (NT-MDT, Russia). The AFM images were obtained by
scanning the sample surface with a conventional silicon cantilever.
Dielectric force microscopy (DFM) and current-sensing atomic force
microscopy (CSAFM) (KPFM) were performed using a Pt-coated tip
in two-pass and single-pass modes, respectively.

2.5. X-ray Photoelectron Spectroscopy (XPS) Analysis. XPS
was performed using a Thermo Fisher Scientific XPS NEXSA
spectrometer with a monochromated Al Ka X-ray source working at
1486.6 eV. The survey scans were made with a pass energy of 200 eV
and an energy resolution of 1 eV. For the high-resolution spectra, the
pass energy was 50 eV, with an energy resolution of 0.1 eV. The
analyzed area was 200 ym” in size. The flood gun was used for charge
compensation.

2.6. Bending Tests. The three-point bending was controlled by a
microprocessor and a step motor with continuous recording of the
resistance changes during 100,000 cycles at a frequency of 1 Hz. The
sample (60 X 3 mm?*) was bent 2 mm from the initial position at each
cycle. The dependence of the voltage on the bending cycles was
recorded using an Electrochemical Instruments P-45X potentiostat in
the galvanostat mode.

2.7. Water Contact Angle Measurement. A 2 uL drop of
deionized water was deposited on the sample surface and measured
immediately using the system “DSA 100” (KRUSS, Germany). The
contact angle was measured nine times at different locations on the
sample surface to estimate the value of dispersion.

2.8. Electrothermal Heater. An electrothermal heater was
operated by applying a voltage to the 20 mm? area via copper tape
and silver paste contacts. A thermal image was recorded using a 60 X
60-pixel camera HT-02 from Hit (China) operating at a 40 cm
distance from the sample when 2.5—10 V was applied.

2.9. Electrochemical Characterization. Electrochemical char-
acterization was carried out in phosphate-buffered saline (PBS) using
a three-electrode cell with LMod-G/CaP/Ti, platinum, and Ag/AgCl
(saturated KCI) as the working, counter, and reference electrodes,
respectively. Cyclic voltammetry (CV) measurements and electro-
chemical impedance spectroscopy (EIS) were carried out using a
Corrtest CS2350 M instrument (Corrtest, China). EIS was measured
in the frequency range of 1 Hz to 100 kHz.

2.10. 4-Point Probe Measurements. We used a potentiostat/
galvanostat P-45X with an FRA-24 M impedance modulus (Electro-
chemical Instruments, Russia) in galvanostatic mode. An MST 4000A
microprobe station (MS Tech Korea Co Ltd., South Korea) was used
to position the tips in a square configuration with a 400 ym distance
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Figure 1. Concept sketch of the LMod-G/CaP/Ti fabrication. (a) Schematic illustration of laser-induced graphene integration in CaP coating on
titanium alloy. (b) Cross-sectional SEM image of the interface between graphene layers and CaP, color-coded red and blue, respectively. (c) Picture

of the laser processing setup.

Graphene
covered
pores

Pores

d 120t Mod-G/CaP/Ti F
— —C-C 160r—C
2 —C [—C-C
= 80+ 120r— c-0-C
= = [— O-C=0
o —Fit 80r__caco
5 40r [—Fit
= 40+
ol=—Bagkground , 0 —Backgroun 0 [— Background
292 288 284 280

292 288 284 280

200 288 284 280

Binding energy (eV)

Figure 2. Microscopic, structural, and spectroscopic characterization. (a) Scanning electron microscopy microscopic, structural, and spectroscopic
characterization. (a) SEM image of the laser-processed graphene layer on the top of the CaP/Ti surface. (b) AFM image of CaP. The pores in CaP
are due to MAO deposition. (c) AFM image of the Mod-G/LMod-G interface. The dashed line is a guide for the eye for the interface between the
two regions. (d) XPS C 1s narrow regions for the reference CaP/Ti substrate, Mod-G/CaP/Ti, and LMod-G/CaP/Ti samples. The samples used

for AFM were washed in an ultrasonic bath before the experiments.

between each on the 1 X 1 cm? sample. The sheet resistance of the
material was calculated using the following equation

R X 21
In2 (1)

The resistance was measured four times at different locations on each
sample to estimate the value of dispersion and statistics.

2.11. Cell Proliferation. Two samples were used to assess cell
proliferation: CaP/Ti and LMod-G/CaP/Ti. All samples were
immersed in 96% EtOH for 24 h to wash off possible organic
contaminants and then sterilized in an autoclave at 121 °C for 20 min.

Human embryonic fibroblasts FECH-16-1 (Cell Culture Collection
Laboratory, FBRI SRC VB “Vector”, Rospotrebnadzor) and human
osteosarcoma cell line HOS were cultured in DMEM culture media
(Paneco LLC, Russia) supplemented with 2 mM glutamine (Paneco
LLC, Russia), 10% FBS (Paneco LLC, Russia), and antibiotics
penicillin/streptomycin mixture (Paneco LLC, Russia). Cells were
grown in a CO, incubator (5% carbon dioxide) at 37 °C and 100%
humidity. A standard MTT test was used for cell viability and
proliferation measurement. The optical density of the samples was
recorded at 570 nm on a Multiscan FC spectrophotometer (Thermo
Fisher, MA). The data of optical densities obtained were processed,
and the viability was calculated as a percentage of the control group to
assess the level of proliferation or possible cytotoxic effects. To
visually assess the morphology, proliferation, and cell growth on the
sample surface, we used fluorescence microscopy with combined

sheet —

staining of Calcein AM (0.5 ug/mL) and Hoechst 33342 (1 ug/mL)
and a set of appropriate light filters on a Zeiss Axio Vert.Al
microscope (Zeiss, Germany).

2.12. Finite Element Method (FEM) Modeling. The simulation
of laser heating was performed using commercial software COMSOL
Multiphysics, with the heat transfer in the solids module. Laser
heating was modeled as a moving heat source on the sample surface.
The sample contained four layers: Mod-G/CaP/TiO,/Ti, from top to
bottom, with thicknesses of 4/20/2/500 pm, respectively. In the CaP
layer, 95 through holes with a radius of 1 m were modeled in the
laser pathway. The depth and width of the sample were set to 1.2 mm.
The power was set to 1.6 W. The laser pulse time was set to 1.6 ms
with a period of 2.6 ms. The radius of the laser spot was set to 74 ym.
The time for the laser heating source to pass 1 mm was set to 240 ms.
All parameters were chosen based on experimental measurements to
represent the real conditions.

2.13. Scanning electron microscopy (SEM) and Elemental
Mapping. SEM images were taken using a Quanta 200 3D system
(FEL, Hillsboro, OR, USA) under high vacuum at U = 10 kV.
Elemental mapping was conducted via energy-dispersive X-ray
spectroscopy (EDX) using the same equipment.

2.14. X-ray diffraction (XRD) Analysis. XRD analysis was
performed using an XRD-6000 diffractometer with CuKa radiation
and a sliding beam. The operating voltage was maintained at 40 kV,
with a current of up to 30 mA.
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Figure 3. Structural, conductivity, and elemental imaging. (a, c) Surface topography by atomic force microscopy. (b, d) Sample conductivity
imaging at the nanoscale by dielectric force microscopy. (e, f) Cross-sectional elemental mapping of the two samples, CaP/Ti and LMod-G/CaP/
Ti. The different elements are shown overlaid with phosphor in blue, titanium in orange, and carbon in red. After laser processing, the electrical
resistance values dramatically drop in the out-of-plane direction. In panel (f), Ti and C diffusion create electrically conductive paths (connections)
that explain the resistance changes. (g) FEM simulation results at different times show the temperature distribution when the laser is scanned over

the Mod-G/CaP/TiO,/Ti sample.

3. RESULTS AND DISCUSSION

3.1. Formation and Spectroscopic Characterization.
We created an electrically conductive composite using laser
processing of made from Mod-G films,” deposited on CaP-
coated Ti plates (Figure la). Figure 1b presents a cross-
sectional SEM image of the resulting layered structure (LMod-
G, CaP, Ti). Mod-G, containing —COOH groups, forms a
stable ethanolic suspension, enabling homogeneous film
deposition on the CaP/Ti surface. In our previous work,
AFM confirmed the nanoscale monola;ler nature of Mod-G,
with a single-layer thickness of 1.1 nm.*” Here, we used a laser
(Figure 1c) with a wavelength in the visible range (436 nm) to
obtain an electrically conductive laser-modified graphene
material. The main mechanism behind the conductivity
restoration in Mod-G is the thermal homolysis of C—C
bonds between graphene and functional groups. Conductivity
is achieved by removing the aryl groups from the graphene
sheets and transforming Csp® to Csp?, restoring the conjugated
carbon structure.*” Laser parameters were optimized to achieve
the highest mechanical robustness (assessed by the resistance
to ultrasonic cleaning) and electrical conductivity of the
composite (Table S1). This approach enables the direct
fabrication of electrical circuits on CaP-coated Ti surfaces
(bone implants) using laser processing technology.

The porous surface with microdefects in the CaP layer is
typical for coatings obtained by MAO.""** These microdefects
result from plasma discharges, as described in detail by Jiang et
al. and Kaseem et al.">*® Pores are clearly visible in the SEM

and AFM images (Figure 2a—c). The Mod-G film morphology
(Figure S1) differs significantly from the original CaP/Ti
substrate, exhibiting a rough surface formed by randomly
oriented Mod-G flakes. Laser processing notably affects the
CaP surface microstructure. Pores in the CaP layer, covered by
LMod-G, become more prominent and increase in size (Figure
2a), while the overall pore density decreases. This phenom-
enon is similar to Ostwald ripening””*® where smaller pores
merge to reduce surface energy. These changes are attributed
to the localized heating caused by laser annealing, which
releases water vapor from the CaP layer, initiating grain growth
and crystallization. To evaluate the adhesion of the graphene
coating, we conducted AFM imaging analysis after ultra-
sonication of the LMod-G and Mod-G on the CaP/Ti
substrate in ultrapure water. Figure 2c shows the interface
morphology of LMod-G and Mod-G. After removing non-
treated graphene residues, we observe the morphology of the
original CaP surface (Figure 2b). The modifications in Mod-G
caused by laser irradiation involve the photothermal removal of
aryl groups under laser irradiation, which leads to the
restoration of the graphene-like structure.*”*

Current sensing AFM results show that the transformation
of Mod-G to conductive LMod-G on a CaP substrate is
relatively homogeneous, as confirmed by a quite uniform
electrical conductance of the LMod-G film (Figure S2).
Control experiments involving laser treatment of bare CaP
(without Mod-G) did not show changes in conductivity; the
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Figure 4. Composite formation mechanisms. (a) Laser-induced photothermal annealing and sintering. (b) Chemical interaction between the

functional carboxylic groups in Mod-G and Ca®" ions in the CaP layer.

surface remains electrically insulating regardless of the laser
power used (see Figure S3).

The Raman spectra in Figure S4a show that the most
prominent LMod-G peaks are the characteristic signatures of
carbon materials: the defect-activated D band and the G band
originating from sp® carbon.*” The Raman spectral differences
between LMod-G and Mod-G (Figure SS) reflect the
structural changes due to laser processing and confirm the
partial restoration of the sp>-hybridized carbon network. The
D/G intensity ratio (Ip/Ig) allows us to evaluate the areal
defect density using the equation

I
nl =73 x 10°%E} [eV']2
Ig ()

where E; is the laser photon energy (4 = 532 nm — E; = 2.33
eV).> After the laser processing, I/Ig drops from 1.3 + 0.1 to
0.7 % 0.1, reflecting a decrease in defect density from ca. (5.2
+02) X 107* to (3.9 + 0.2) X 107* cm™* (see Figure S5).
These observations collectively support the partial restoration
of the sp*hybridized carbon network and the reduction of
structural defects upon laser processing.

The MAO process used to deposit the CaP layer results in
the formation of titanium oxide,** as confirmed by the sharp
peak at 144 cm™' in the Raman spectra (Figure S4a). XPS
provides surface element analysis for LMod-G/CaP/Ti (Figure
S6). Notably, a decrease in the relative Ti content is
accompanied by an increase in carbon due to Mod-G
deposition, which screens the Ti substrate (Figures S4a and
SS). Furthermore, a significant increase in the C=C bond
(~284 eV) after laser processing (Figure 2d), together with a
decrease in C—0O—C and O—C=O0O bonds, confirms the
successful laser-induced removal of aryl groups from Mod-G,
which is in line with the previous studies.*”** Consistently
with TiO, signal screening observed in Raman imaging results
(Figure S4b), the deposited Mod-G film lacks phosphorus in
the XPS O 1s region. However, after laser processing, PO,
reveals again in the O 1s region, suggesting the formation of a
laser-induced graphene—CaP mixture (Figure S7). Additional
XPS spectra for the Ca 2p and P 2p regions are found in Figure
S7. These observations with the AFM results obtained after
ultrasonication indicate the formation of a composite structure
that contributes to the robust adhesion of laser-processed
graphene to the CaP-coated Ti implant surface.

3.2. Surface Microstructure and Electrical Conductiv-
ity. 3.2.1. Surface Conductivity. Figure 3ab illustrates the
local electrical conductivity of the CaP/Ti composite as

analyzed using DFM. Pores and cracks within CaP exhibit
higher conductivity, attributed to the presence of Ti. This
observation is based on the principle of DFM, where the tip
oscillation amplitude correlates with charge carrier mobility
and density.”" The higher conductivity of pores and cracks is a
direct consequence of MAO, resulting in deposits of Ti-rich
domains along the pore walls. Similarly, in the laser-irradiated
LMod-G/CaP/Ti sample (Figure 3¢), cracks and pores exhibit
the highest local electrical conductivity, as indicated by the
purple coloration in Figure 3d. These conductive regions are
attributed to the electrical conductivity of LMod-G, while CaP
provide a conductive path for charge transfer between LMod-
G and Ti. This observation is complemented by the conductive
AFM results, and is discussed below.

3.2.2. Conductivity from LMod-G to Ti through CaP. To
evaluate the electrical conductivity pathway between the Ti
substrate and the LMod-G layer, we employed CSAFM. A
potential difference was applied between the Ti plate and a
metal-coated AFM tip, which was scanned over the LMod-G
surface. The tip—sample current exhibited exceptionally high
values for LMod-G. The inset in Figure S2d illustrates the
conductivity of the sample characterized by rapid current
saturation even at low potential values around 50 mV. This
behavior significantly differs from that observed in Mod-G/
Ca/Ti, where no current was detected between the tip and Ti
substrate. Untreated Mod-G lacks in-plane conductivity due to
the absence of delocalized electrons caused by the aryl
functionalization.

Figure 3ef presents electrical resistance data between the
top layer of the sample and the Ti substrate. The electrical
resistance of the sample changed significantly from infinity
(CaP/Ti) to about 1.5 kQ (LMod-G/CaP/Ti) after laser
processing. EDX results suggest that LMod-G and Ti establish
electrical connections via the CaP layer, as illustrated in Figure
3f. Cross-sectional Raman data in Figure S8 support this,
confirming graphene’s presence in the CaP layer of LMod-G/
CaP/Ti.

An interesting observation is presented on the right side of
Figure 3f. The resistance between the top LMod-G layer and
the Ti substrate could be switched from kQ to a few Q by
applying voltage above 10 V (see Notes S1—S3 for details).
This suggests that the composite exhibits two potential current
pathways: in-plane (Table S2 and Figure S9) and out-of-plane,
as discussed in more detail in Note S4.

3.2.3. Mechanism for Laser-Driven Graphene Integration
into CaP Composite. The formation of the graphene—CaP
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Figure S. Cell viability, surface hydrophilicity, and electrochemical analyses. (a—c) Optical images of human osteosarcoma HOS cells grown on an
LMod-G/CaP composite for 24, 72, and 120 h, respectively. (d, e) Contact angle values for CaP coating and LMod-G/CaP composite. (f) Stability
of LMod-G/CaP/Ti composite in PBS solution with different pH values under 37 °C. (g) CV of LMod-G/CaP/Ti under multipulse load. (h) EIS

of LMod-G/CaP/Ti under multipulse load.

composite is closely related to two factors: laser-induced
heating and chemical interactions between Mod-G and CaP.

Accurately measuring the temperatures reached during laser
irradiation at small spatial scales is challenging, therefore, we
used FEM simulations to estimate the contribution of
photothermal heating. The FEM modeling results in Figure
3g suggest that temperatures as high as 451 °C could be
achieved during laser scanning across the sample. This value is
a conservative lower limit because such factors as surface
roughness, pores, and optical absorption changes (which are
not accounted for in the model) can lead to higher
temperatures.”” Laser processing leads to changes in the
pores of LMod-G/CaP as was evidenced with AFM.
Specifically, the pores enlarge but become less densely
distributed (Figure 2c). These morphological changes result
from the photothermal heating enabled by the Mod-G film,
which acts as a photothermal transducer. This photothermal
effect is similar to observations made with other nanomaterials
on polymer substrates.”

The composite formation begins with solid-state laser
sintering”* between LMod-G and CaP. During this process,
laser-induced pore enlargement allows for greater accumu-
lation of graphene, thereby enhancing its integration and
establishing an electrically conductive graphene—CaP network
on the Ti substrate (Figure 4a).

XRD (Figure S10) confirmed the amorphous nature of the
original CaP layer.>® Phase transitions in CaP occur in the
range of 500—1200 °C, converting amorphous CaP to
crystalline phases (e.g, a-tricalcium phosphate, anhydrous
dicalcium phosphate, and octacalcium phosphate) as reported
previously.”®"” Raman spectroscopy (Figure S4) verified laser-
induced crystallization, with a PO, group peak shift from 950
to 960 cm™!, indicating thermal-induced crystallization.>®

Figure S11 illustrates the differences in Raman spectra
between the non-laser-treated region and the LMod-G/CaP/
Ti sample. A broad Raman peak, ranging from 924 to 1146
cm™}, is observed in the non-treated region, suggesting the
presence of amorphous CaP. In contrast, the LMod-G/CaP/Ti
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sample exhibits three distinct peaks at 945, 980, and 1075
em™, indicating the formation of crystalline phases.*®

Both photothermal effects and chemical interactions
contribute to the integration of Mod-G (and LMod-G) with
CaP. The strong affinity between the functional carboxylic
groups in Mod-G and Ca®" ions in the CaP layer*”* results in
strong adhesion between the two materials (Figure 4b). This
chemical aspect, combined with the photothermal effects
induced by laser irradiation, contributes to the adhesion
process, ensuring composite stability suitable for a wide range
of practical applications.

3.3. Mechanical and Physiological Stability, Biocom-
patibility, and Proof-of-Concept Applications. It is
crucial to assess the cytotoxicity of the resulting composite
to evaluate the potential for utilizing conductive graphene-
based patterns on CaP and Ti in various biomedical
applications. In this regard, we conducted cell viability studies
involving human fibroblast and human osteosarcoma HOS cell
cultures over 7 days, following the guidelines outlined in the
ISO 109935 standard for the biological evaluation of medical
devices.

Figure Sa—c presents the fluorescence images of HOS cells
after 24, 72, and 120 h with cell densities 91 + 12.9, 211 +
27.0, and 631 + 153.2 cells/mm?, respectively. A conventional
polystyrene Petri dish was used as a comparative control to
evaluate cell growth on the CaP/Ti and LMod-G/CaP/Ti
substrates. The fluorescence microscopy results (Figure S12a—
f) clearly illustrate excellent biocompatibility. Moreover, the
cell viability comparison presented in Figure S12g,h shows that
the integration of graphene via laser processing did not
compromise the inherent biocompatibility of CaP. This is
exciting since the aryl group removal turns the surface more
graphene-like, and, therefore, more hydrophobic, with the
presence of sharp edges, which could affect cell membrane
integrity.61 This composite formation strategy effectively
mitigated graphene toxicity. In addition to the biocompati-
bility, we examined the electrical properties after cell culturing.
The sheet resistance has not changed much (from 1267.2 +
60.7 to 1213.7 + 276.5 Q/sq) after cell culture application,
with an increase in uncertainties (60.7 and 276.5 €/sq),
indicating an impact on resistance variability across the sample.
The change in wetting properties was demonstrated by the 3-
fold increase in contact angles from CaP to LMod-G/CaP/Ti
observed in Figure 5d,e. Hydrophilic surfaces are convention-
ally considered more suitable for cell cultures due to their
better cell and protein adhesion properties. On the other hand,
a hydrophobic surface without negative consequences for cells

should offer advantages for implantation to the possible
suppression of biofouling.

To assess biofouling, we tested the effect of different
solutions (PBS, DMEM, and DMEM with proteins) on
electron-transfer processes by recording CVs with Kj;[Fe-
(CN)¢] (Figure S13). Two redox peaks appeared: an anodic
peak at 0.5 V and a cathodic peak at —0.2 V for PBS and
DMEM, shifting to 1.0 and —0.3 V in DMEM with proteins.
After 10 cycles, the current dropped notably in DMEM and
DMEM with proteins, indicating that the hydrophobic surface
does not prevent protein and organic adsorption. These results
could be interpreted in two ways. While protein adsorption
promotes cell integration to the implant surface,”* biofouling
could hinder signal delivery in implantable electronics. For a
comprehensive understanding, in vivo assessment is required.

To further evaluate the potential of LMod-G/CaP/Ti as an
implant material, we performed tests to assess its mechanical,
electrochemical, and electrical stabilities under physiological
conditions. We immersed samples in PBS with different pH
values (4.01, 6.86, and 9.18) under 37 °C, and monitored the
sheet resistance during various immersion periods (1, 5,7, 14,
30, and 84 days). Despite variations in resistance during the
testing period, it consistently remained within the acceptable
range for electronic applications (electrical/thermal stimula-
tion),> as illustrated in Figure Sf. Notably, the electrical
conductivity persisted for 12 weeks, corresponding to the
average bone healing time, and demonstrating long-term
stability.**

To evaluate its potential as a cell electrical stimulation
device, we tested the electrochemical stability under 1 million
bipolar pulses (1.5 V, 3 ms, 100 Hz), following parameters
from the literature.”>°® Changes in the properties were
monitored every 100,000 pulses using CV (Figure Sg) and
EIS (Figure Sh) in Dulbecco’s phosphate-buffered saline
(DPBS). A minor reduction peak at —0.5 V gradually
decreases, disappearing after 700,000 pulses, suggesting the
removal of residual LMod-G functional groups. Furthermore,
an oxidation peak at 0.1 V shifts to 0.3 V, with each 100,000
pulse likely due to the oxidation of LMod-G, Ti, or both.

EIS results indicate a slight decrease at low frequencies,
possibly due to the processes discussed. The most significant
changes (~80% for 1 Hz) occur after the first 100,000 pulses,
with the impedance deviation stabilizing to about 20%,
suggesting electrochemical stability. Therefore, electrochemical
post-treatment is recommended. All the material has high sheet
resistance, its low impedance makes the material suitable for
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effective signal transmission at relevant frequencies for
biomedical implants.

To assess mechanical stability, we carried out a 3 h abrasion
test, rotating the sample in sand at 1.3 Hz without
encapsulation. The sheet resistance was measured before and
after 1, 2, and 3 h. Initially, the sheet resistance was 1.3 + 0.1
kQ sq~' and remained stable at 1.2 + 0.6 kQ sq ™" after 1 h,
with slight dispersion. However, after 2 h, the sheet resistance
spiked to 130 + 100 kQ sq”', and by the 3rd hour,
conductivity was entirely lost (co Q sq™").

The Raman maps in Figure S14 show the intensity of the G
band coming from LMod-G after 3 h of abrasion. These results
indicate that graphene layers remain on the surface, although
below the percolation threshold required for surface
conductivity. The material performance in a 1 h abrasion test
indicates its potential durability and longevity in practical
applications. This test simulates extreme conditions beyond
those typically encountered in the body, indicating promising
resilience and capability for sustained operation, thus high-
lighting its suitability for long-term applications.

The properties of LMod-G/CaP/Ti, including electrical and
mechanical stabilities, encouraged us to explore its potential in
electronic device applications. To demonstrate the feasibility of
creating free-form electric circuits, we used laser processing to
fabricate conductive tracks on the Mod-G, CaP, and Ti
composites, as shown in Figure 6a. These laser-patterned
tracks served as contact pads to power an LED stack,
illustrating the potential of our approach for designing and
creating customized implant electronics.

Furthermore, we designed an electrical heater using the
LMod-G/CaP/Ti composite, as shown in Figure 6b, with
temperature measurements captured by a thermal camera. This
outcome has implications for integrating thermal therapy®” and
sterilization functions into an implant (Figure S15). This
application goes in line with previous works using laser-
induced graphene/PDMS Joule heaters,®® although in our case,
this is the first time laser processing has been used for such an
application on an implant surface.

In addition, Figure 6¢ demonstrates the nanocomposite’s
mechanical stability under continuous deformation, high-
lighting its potential as a bending sensor. Throughout testing,
only minor resistance changes were observed with peak-to-
peak variations above the noise level, as shown in the inset.

This study investigated the composite morphology and
element content, formation process, and properties. While in
vivo investigations are beyond the scope of this work, they are a
critical next step. Future research will include more complex
biological settings, such as in vivo studies, to assess the material
degradation, biocompatibility, and osteogenic properties,' as
well as changes in electrical conductivity and mechanical
stability after implantation.

These results provide a glimpse of the potential of
graphene—titanium implant electronics. We also explored
TiO, coatings (Table S3), which yielded similarly robust
patterns. Furthermore, free-form patterning allows us to design
elements like antennas and chemiresistor sensors, as was
recently shown with polymer and textile substrates.***

4. CONCLUSIONS

This study demonstrates, for the first time, the successful
fabrication of biocompatible, electrically conductive, mechan-
ically, and electrochemically stable graphene/CaP/Ti compo-
sites using a laser-based approach. The laser-induced

integration into CaP helps overcome graphene’s biotoxicity
concerns, unlocking the creation of safe and functional
implantable devices. The mechanism behind this composite
involves precise laser energy applied to functionalized
graphene films on CaP, which induces interfacial bonding
between the composite layers and CaP recrystallization.

We also evidenced a strong adhesion between functionalized
graphene and CaP due to chemical interactions contributing to
the composite stability. This laser-based direct-writing method
allows the scalable and cost-effective fabrication of functional
graphene-based features directly on implants. It combines
adaptability to complex implant shapes, precision, mask-free
spatial control, and compatibility with current laser manu-
facturing as well as with other electronic manufacturing
methods, which are promising for enhancing functionality
and improving production efficiency.

The demonstrated applications, including bending circuit
prototypes, durable biocompatible electrodes, and electro-
thermal heaters, align with emerging paradigms such as the
Internet of Bodies and Medical Things, highlighting the
potential for transforming medical technology and healthcare.
While further research, including in vivo studies and clinical
trials, as well as detailed cost and yield analysis, is necessary to
fully translate this research into industrial settings, this work
provides a strong foundation for graphene integration into
future implantable devices where biocompatibility and
functionality are critical.
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