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Abstract 

Recent studies show that titanium (Ti)-based alloys combine established mechanical 
strength, corrosion resistance, and biocompatibility with emerging electrical and electro-
chemical properties relevant to bioelectronics. The main goal of the present manuscript is 
to give a wide-ranging overview on the use of Ti-alloys in electronics and biomedicine, 
focusing on a comprehensive analysis and synthesis of the existing literature to identify 
gaps and future directions. Concurrently, the identification of possible correlations be-
tween the effects of the manufacturing process, alloying elements, and other degrees of 
freedom influencing the material characteristics are put in evidence, aiming to establish a 
global view on efficient interdisciplinary efforts to realize high-added-value smart devices 
useful in the field of biomedicine, such as, for example, implantable apparatuses. This 
review mostly summarizes advances in surface modification approaches—including an-
odization, conductive coatings, and nanostructuring that improve conductivity while 
maintaining biological compatibility. Trends in applications demonstrate how these al-
loys support smart implants, biosensors, and neural interfaces by enabling reliable signal 
transmission and long-term integration with tissue. Key challenges remain in balancing 
electrical performance with biological response and in scaling laboratory modifications 
for clinical use. Perspectives for future work include optimizing alloy composition, refin-
ing surface treatments, and developing multifunctional designs that integrate mechanical, 
biological, and electronic requirements. Together, these directions highlight the potential 
of titanium alloys to serve as foundational materials for next-generation bioelectronic 
medical technologies. 
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1. Introduction 
Titanium (Ti) and its alloys have become indispensable in biomedical engineering, 

particularly in the design and realization of load-bearing implants, dental prostheses, and 
cardiovascular devices. Their widespread use is grounded in a combination of favorable 
properties: high mechanical strength, low density, high corrosion resistance in physiolog-
ical environments, and a well-documented biocompatibility profile [1]. Among these, Ti-
6Al-4V remains the most commonly employed alloy [2], although newer systems such as 
Ti-Nb, Ti-Ta, and Ti-Zr have gained attention due to their improved biological perfor-
mance and reduced cytotoxicity [3–5]. Representative examples of these applications are 
illustrated in Figure 1, which highlights the use of titanium alloys in hip implants, dental 
screws, and vascular stents [1]. 

Historically, Ti alloys have been regarded as passive structural materials, optimized 
for mechanical integrity and chemical stability. Their role in biomedical applications has 
largely focused on ensuring long-term durability and minimizing adverse tissue reac-
tions. However, the emergence of bioelectronic technologies—including implantable sen-
sors, neural interfaces, and electrically active scaffolds—has prompted a reevaluation of 
Ti alloys from a functional perspective [6,7]. In these contexts, materials are expected not 
only to support biological integration but also to participate in electronic communication 
with surrounding tissues. 

 

Figure 1. Representative biomedical applications of titanium alloys. (a) Hip implant. (b) Dental 
screw. (c) Stent. 

Electrical conductivity, electrochemical behavior, and surface charge dynamics are 
increasingly relevant parameters in the design of next-generation biomedical devices. Ti 
alloys, while not inherently conductive in the same way as traditional electronic materials, 
can be engineered through surface modifications, alloying strategies, and hybridization 
with conductive coatings to exhibit tailored electrical responses [8,9]. These adaptations 
open new possibilities for integrating Ti-based components into systems that rely on elec-
trical stimulation, signal transduction, or real-time monitoring. 

Recent reviews have highlighted alternative bioelectronic materials, such as hydro-
gel-based piezoelectric systems, which offer soft, flexible architectures capable of dynamic 
mechanical-to-electrical conversion in implantable devices. While such materials excel in 
mimicking tissue mechanics and enabling transient electronics, they often lack the long-
term stability, load-bearing capacity, and corrosion resistance required for permanent im-
plants. In contrast, titanium alloys provide a unique balance: they combine structural du-
rability with tunable electronic functionality, positioning them as complementary to softer 
bioelectronic platforms. This distinction underscores why Ti remains in the broader con-
text of bioelectronics, serving as a robust backbone for devices that must endure 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 3 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

mechanical stress while simultaneously engaging in electrical communication with bio-
logical systems [4,10]. 

The interdisciplinary nature of this evolution—bridging materials science, bioengi-
neering, and electronics—calls for a comprehensive review of the current state of 
knowledge. This paper aims to synthesize existing research on the functional properties 
of Ti alloys at the interface of electronics and biomedicine. We begin by outlining the met-
allurgical and biological foundations of commonly used Ti-based systems, followed by an 
analysis of their electrical and electrochemical characteristics. Surface engineering ap-
proaches that enhance both biological and electronic performance are discussed, along 
with representative applications in smart implants and biosensing platforms. Finally, we 
identify key challenges and propose directions for future investigation, with the goal of 
supporting the development of multifunctional materials suited for emerging bioelec-
tronic technologies. 

2. Overview of Ti Alloys 
Titanium alloys form a versatile class of metallic materials widely used in biomedical 

engineering due to their promising combination of mechanical, chemical, and biological 
properties. Their classification is based on phase composition, resulting in three major 
categories: α (alpha), β (beta), and α+β (dual-phase) alloys. Each category exhibits distinct 
microstructural features that influence mechanical behavior, corrosion resistance, and bi-
ological performance [11,12]. 

2.1. Metallurgical Classification and Phase Behavior 

• Alpha alloys (e.g., commercially pure (CP) Ti grades 1–4) are stabilized by elements 
such as aluminum, oxygen, nitrogen, and carbon, with zirconium sometimes acting 
as a weak stabilizer. They are non-heat-treatable, possess good weldability, and sig-
nificant creep resistance. Their ultimate tensile strength typically ranges from 240 to 
550 MPa, with an elastic modulus around 105 GPa [13]. 

• Beta alloys (e.g., Ti-15Mo, Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe) are metastable and heat-
treatable. They offer high strength (up to 900 MPa), improved corrosion resistance, 
and lower elastic modulus values between 55 and 80 GPa, which is closer to that of 
cortical bone (~20 GPa), helping reduce stress shielding [14,15]. 

• Alpha+Beta alloys, such as Ti-6Al-4V, combine the advantages of both phases. This 
alloy remains the most widely used in clinical practice due to its balanced mechanical 
properties: tensile strength of 800–950 MPa, yield strength of 750 MPa, and elastic 
modulus around 110 GPa. Its fatigue strength is typically 500–600 MPa, making it 
suitable for dynamic loading conditions [15]. 

• Near-alpha alloys (e.g., Ti-6242S, Ti-834, Ti-XT) are primarily α-phase with a small 
amount of β stabilizers, giving them enhanced high-temperature performance. They 
are strengthened by aluminum and stabilized with elements such as tin, zirconium, 
and silicon, while limited β stabilizers like molybdenum or niobium improve tough-
ness. These alloys are heat-treatable and exhibit excellent creep resistance, fatigue 
strength, and thermal stability, making them particularly valuable in aeronautical 
applications such as compressor disks and turbine components. Their tensile 
strength typically ranges from 800 to 1100 MPa, with elastic modulus values around 
110 GPa, supporting use under demanding service conditions [16]. 

Beyond their mechanical properties, the microstructures of titanium alloys further 
explain their performance. α-titanium alloys consist solely of the α phase, which has a 
hexagonal close-packed (HCP) structure that contributes to adequate strength and good 
corrosion resistance. β-titanium alloys crystallize in a body-centered cubic (BCC) structure 
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containing the β phase, which is responsible for their higher strength compared to α-tita-
nium alloys. The most common alloys are α+β titanium alloys, which can be heat-treated 
and combine the characteristics of both phases. Near-alpha alloys, with their predomi-
nantly α-phase matrix and limited β stabilizers, display microstructures optimized for 
high-temperature stability, explaining their widespread use in aerospace components 
subjected to extreme thermal and mechanical loads. 

2.2. Alloying Elements and Biological Implications 

The choice of alloying elements significantly affects both mechanical and biological 
behavior. While aluminum and vanadium improve strength and phase stability, concerns 
over their long-term cytotoxicity have led to the development of alternative systems. For 
example: 

• Ti-Nb-Zr-Ta alloys are free of potentially toxic elements and exhibit notable biocom-
patibility and corrosion resistance [17]. 

• Ti-13Nb-13Zr shows minimal ion release and supports osteoblast adhesion and pro-
liferation [18]. 

• Ti-15Mo and Ti-35Nb alloys have been reported to show favorable cell responses and 
reduced inflammatory reactions. At the same time, molybdenum has been associated 
with cytotoxic effects under certain conditions, so its biological impact requires care-
ful evaluation [19,20]. 

The chemical composition and biological roles of alloying elements in Ti-based alloys 
are schematically illustrated in Figure 2. The figure highlights how different alloying ad-
ditions contribute to the multifunctional performance of titanium systems in biomedical 
contexts. 

 

Figure 2. Schematic representation of alloying elements in Ti-based alloys and their biological roles. 

These newer systems also exhibit lower elastic moduli (as low as 55 GPa) and im-
proved corrosion resistance in simulated body fluids, making them suitable for long-term 
implantation. 

2.3. Mechanical Properties Relevant to Biomedical Use 

Ti alloys are valued for their high strength-to-weight ratio. For biomedical applica-
tions, the following mechanical properties are particularly relevant, as reported in Table 
1. 
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Table 1. Mechanical properties of selected Ti alloys used in biomedical applications. 

Alloy Type 
Tensile Strength 

(MPa) 
Elastic Modu-

lus (GPa) 
Fatigue Strength 

(MPa) 
References 

CP Ti (Grade 2) 350–500 100–110 ~300 [13] 
Ti-6Al-4V 800–950 110 500–600 [15] 

Ti-13Nb-13Zr 750–850 70–80 ~450 [18] 
Ti-15Mo 800–900 60–70 ~500 [19,20] 

Ti-29Nb-13Ta-4.6Zr 850–950 55–65 ~500 [17] 

Lower elastic modulus values are desirable to reduce stress shielding and promote 
bone remodeling. Beta alloys, in particular, offer a modulus closer to bone, which is a key 
advantage in orthopedic applications. 

2.4. Corrosion Resistance and Passive Layer Formation 

Ti alloys exhibit high corrosion resistance due to the spontaneous formation of a sta-
ble oxide layer (TiO2) on their surface. This passive film is typically 2–10 nm thick and 
protects against ion release and degradation in physiological environments [21]. 

• In simulated body fluids (SBF), Ti alloys show corrosion rates below 0.01 mm/year, 
indicating long-term stability [22]. 

• Beta alloys such as Ti-13Nb-13Zr and Ti-15Mo form more uniform and protective 
oxide layers, enhancing their performance in chloride-rich environments like blood 
plasma [18–20]. 

Surface treatments such as anodization, acid etching, and plasma spraying can fur-
ther improve corrosion resistance and prepare the surface for biological or electronic func-
tionalization. These modifications are particularly relevant for bioelectronic applications, 
where surface conductivity and stability are essential. 

3. Biocompatibility and Surface Behavior 
As Ti alloys transition from purely structural roles to multifunctional components in 

biomedical devices, their surface properties become increasingly critical. Biocompatibility 
is no longer evaluated exclusively in terms of inertness or corrosion resistance, but also in 
relation to how the surface interacts with biological tissues and electronic systems. This 
chapter explores the biological response to Ti surfaces, the influence of alloying elements, 
and the role of surface treatments—with particular attention to how these features affect 
both cellular behavior and electrochemical performance in bioelectronic contexts. 

3.1. Biological Response to Ti Surfaces 

Ti surfaces rapidly form a passive oxide layer (TiO2) upon exposure to air or physio-
logical fluids, typically measuring 2–10 nm in thickness. This layer facilitates protein ad-
sorption, which governs subsequent cell adhesion and signaling. Studies using osteoblast-
like cells (e.g., MG-63, SaOS-2) report adhesion rates above 90% within the first 24 h on 
polished Ti surfaces [23–25]. 

Protein adsorption kinetics are influenced by surface energy and wettability. Hydro-
philic surfaces with contact angles below 65° promote better cell spreading and prolifera-
tion. For example, surfaces with a contact angle of 45–55° show up to 30% higher alkaline 
phosphatase (ALP) activity compared to hydrophobic ones [23,26]. 

Zeta potential measurements in phosphate-buffered saline (PBS) reveal values be-
tween −20 and −30 mV, which favor electrostatic interaction with positively charged do-
mains of fibronectin and vitronectin, enhancing integrin-mediated adhesion [27]. 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 6 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

3.2. Influence of Alloying Elements on Cytocompatibility 

The biological response of Ti alloys is directly linked to the surface mechanisms de-
scribed in Section 3.1. Alloying elements modify the passive TiO2 layer, which in turn 
affects protein adsorption, cell adhesion, and signaling. 

• Oxide layer stability: Elements like Nb, Zr, or Ta can enhance corrosion resistance, 
while others may release ions that interfere with protein binding [17,28]. 

• Surface wettability: Changes in hydrophilicity alter cell spreading and ALP activity, 
reinforcing the importance of contact angle control [29]. 

• Surface charge: Alloy composition can shift zeta potential, influencing electrostatic 
interactions with fibronectin and vitronectin, and thus integrin-mediated adhesion 
[30]. 

In summary, each alloying element plays a specific role by tuning the oxide layer, 
wettability, and charge—ultimately modulating the cytocompatibility established in Sec-
tion 3.1. Table 2 summarizes the composition and cytocompatibility of representative Ti 
alloy systems. 

Table 2. Composition and cytocompatibility of selected Ti alloys. 

Alloy System 
Composition 

(wt%) 
Cell Viability 

(%) 
Notes References 

Ti-6Al-4V 
6% Al, 
4% V 

~85–90 
Vanadium may cause an 
inflammatory response 

[3] 

Ti-13Nb-13Zr 
13% Nb, 
13% Zr 

>95 
Strong osteoblast prolifer-

ation 
[31] 

Ti-15Mo 15% Mo >90 
Stable in SBF, low ion re-

lease 
[32] 

Ti-35Nb 35% Nb >95 
Low modulus, high bio-

compatibility 
[33] 

Ti-29Nb-13Ta-
4.6Zr 

Nb, Ta, Zr >96 
Used in spinal and cardio-

vascular implants 
[34] 

In vitro cytotoxicity assays (MTT, LDH) confirm that niobium, tantalum, and zirco-
nium are bioinert and support long-term cell viability. Alloys with high Nb content also 
exhibit reduced inflammatory markers (e.g., IL-6, TNF-α) in macrophage cultures [35]. 

3.3. Surface Topography and Roughness 

Surface roughness influences protein adsorption, cell morphology, and differentia-
tion. Microroughness (Ra = 1–2 µm) enhances osteoblast anchorage, while nanostructures 
(<100 nm) promote stem cell differentiation and reduce bacterial adhesion. 

Laser-treated surfaces with Ra ≈ 1.5 µm show up to 40% higher ALP activity and 25% 
more calcium deposition compared to smooth controls [36]. AFM studies reveal that filo-
podia preferentially anchor to topographic peaks, suggesting mechanical guidance cues. 
Table 3 presents comparative data on roughness, ALP activity, and cell coverage for var-
ious surface types. 

Table 3. Effect of surface roughness on biological response. 

Surface Type Ra (µm) ALP Activity (%) Cell Coverage (%) References 
Polished Ti <0.2 Baseline ~70 [37] 

Acid-etched Ti 1.0–2.0 +25–30% ~85 [38] 
Laser-textured Ti 1.5 +40% >90 [36] 
Nanotube arrays ~0.1 +35% >95 [39] 
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3.4. Surface Treatments and Coatings 

Surface modification techniques enhance both biological and electronic functionality. 
Anodization, acid etching, and plasma spraying alter surface chemistry and topography, 
while coatings introduce bioactive or conductive layers. Table 4 outlines the effects of var-
ious treatments and coatings on roughness, biological response, and electronic perfor-
mance. 

Table 4. Surface treatments and their dual impact on biocompatibility and electronic behavior. 

Method Ra (µm) Coating Type Biological Effect Electronic Effect References 

Anodization 0.5–2.0 TiO2 nanotubes 
↑ Cell adhesion, 

↑ ALP 
↑ Capacitance, 
↓ Impedance 

[40] 

Acid etching 1.0–3.0 None ↑ Osseointegration ↑ Surface conductivity [38] 
Plasma spraying 2.0–5.0 Hydroxyapatite (HA) ↑ Bone bonding ↓ Electrical resistance [41] 

Dip-coating ~0.5 PEDOT:PSS ↑ Cell viability ↑ Signal transduction [42] 
↑ = increased; ↓ = decreased 

A comparative overview of surface modification techniques is presented in Figure 3, 
where the introduction of Hydroxyapatite (HA) and conductive polymer coating (PE-
DOT:PSS layer), in different thicknesses, enhances several performances. Each method—
anodization, plasma spraying, and dip-coating—alters surface chemistry and structure in 
ways that influence both biological and electronic performance. 

 

Figure 3. Coated Titanium Surfaces. 

TiO2 nanotube arrays (diameter 70–100 nm) support both osteogenic differentiation 
and electrical stimulation [43]. Conductive polymer coatings preserve high levels of cell 
survival (exceeding 90%) while enabling real-time signal recording in biosensor platforms 
[44]. 

3.5. Electrochemical Behavior in Physiological Conditions 

Ti alloys exhibit notable electrochemical stability in SBF and PBS, critical for long-
term implant performance and bioelectronic integration. 

• Open Circuit Potential (OCP): −0.2 to −0.4 V vs. saturated calomel electrode (SCE). 
• Corrosion Current Density (Icorr): <1 µA/cm2. 
• Polarization Resistance (Rp): >100 kΩ·cm2. 
• Capacitance (Cdl): 10–100 µF/cm2 depending on surface treatment [45]. 
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Electrochemical impedance spectroscopy (EIS) shows that anodized surfaces have 
higher capacitance and lower charge transfer resistance, improving signal fidelity in im-
plantable electrodes [46]. 

3.6. Dual Role of Surface Properties in Bioelectronic Interfaces 

The integration of Ti alloys into bioelectronic systems requires surfaces that simulta-
neously support biological compatibility and electronic performance. Achieving this dual 
functionality presents a complex design challenge, as improvements in one domain may 
compromise the other. For instance, increasing surface roughness enhances cell adhesion 
and osseointegration, yet may reduce electrical conductivity due to elevated electron scat-
tering and surface resistance. Conversely, highly polished surfaces facilitate better charge 
mobility but can hinder protein adsorption and cellular anchorage. 

To address this trade-off, hybrid strategies have emerged that combine bioactive sub-
strates with conductive coatings. Ti surfaces modified with graphene oxide, carbon nano-
tubes, or conductive polymers such as PEDOT:PSS consistently sustain robust cellular 
compatibility (viability rates above 90%), while simultaneously facilitating electrical stim-
ulation and signal transduction. Impedance values for such coated surfaces typically fall 
below 10 kΩ at 1 kHz, making them suitable for biosensing and neural interface applica-
tions [46,47]. 

To visualize the balance between biological compatibility and electrical conductivity, 
Figure 4 maps the trade-offs involved in surface design. Hybrid coatings emerge as prom-
ising solutions for achieving dual functionality. 

 

Figure 4. Biocompatibility vs. Conductivity trade-off [46,48]. 

In addition to topographical and coating-based modifications, surface charge, wetta-
bility, and oxide layer composition play critical roles in modulating biological and elec-
tronic interactions. Zeta potential values ranging from −20 to −30 mV support protein ad-
sorption and cell adhesion, while also contributing to electrochemical stability [49]. Ca-
pacitance values between 10 and 100 µF/cm2, depending on surface treatment, enhance 
signal fidelity in implantable devices [45]. 

The chemical composition and microstructure of the alloy further influence perfor-
mance across both domains. Beta-type alloys with lower elastic modulus (e.g., Ti-35Nb-
5In, ~63 GPa) reduce stress shielding and promote favorable charge distribution across 
the surface [50]. Surface treatments such as anodization or laser texturing can be precisely 
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tuned to create hierarchical topographies that support both osteogenic differentiation and 
charge storage [51,52]. 

Beyond conventional surface treatments, advanced forming methods can also tailor 
surface properties for bioelectronic use. A notable advancement in processing Ti alloys is 
Direct Pulse Current Electromagnetic Forming (DPCEMF), which combines electromag-
netic forming with pulse current heating. Beyond improving bulk mechanical properties, 
this technique directly influences surface microstructure and phase distribution, thereby 
affecting both biological and electronic interactions. The refined surfaces produced by 
DPCEMF can enhance charge transfer while maintaining favorable cell responses, making 
the method relevant to bioelectronic integration. Although complex geometries can be 
achieved through several approaches, DPCEMF is highlighted here because it simultane-
ously addresses low conductivity and high deformation resistance in Ti, offering a path-
way to surfaces that balance mechanical strength with electronic functionality [53]. Figure 
5 outlines the main steps of the process: the electromagnetic forming setup applies a 
pulsed magnetic field, leading to rapid deformation of the workpiece and resulting in mi-
crostructure refinement. 

 

Figure 5. DPCEMF processing stages. 

4. Electrical and Electrochemical Properties 
With the growing demand for materials that bridge biological function and electronic 

responsiveness, Ti alloys have emerged as promising candidates for bioelectronic appli-
cations. No longer viewed solely as passive structural components, these alloys exhibit a 
spectrum of electrical and electrochemical behaviors that can be tailored through alloy 
design, thermomechanical processing, and surface modification [49,54]. This chapter ex-
amines the foundational electrical properties of Ti-based systems and highlights their 
functional relevance in biomedical devices that rely on electronic interaction with living 
tissues. 

The multifunctionality of Ti alloys in bioelectronic platforms is schematically illus-
trated in Figure 6, highlighting their role in bridging biological tissue and electronic re-
sponsiveness through tailored surface and structural properties. 
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Figure 6. Ti alloy interface with soft tissue in bioelectronic platforms. 

4.1. Intrinsic Electrical Properties of Ti Alloys 

Ti and its alloys are not inherently conductive in the same way as traditional elec-
tronic materials such as copper or gold. At the same time, their electrical resistivity and 
conductivity vary significantly depending on alloy composition, phase structure, and pro-
cessing history [55]. These intrinsic properties are particularly relevant in applications in-
volving electrical stimulation, signal transduction, or impedance-based sensing [56]. 

Beta-type Ti alloys tend to exhibit higher electrical conductivity than alpha or al-
pha+beta systems due to their BCC structure, which facilitates more uniform electron 
transport [57]. Alloying elements such as molybdenum, niobium, iron, and tantalum in-
fluence electron mobility and phase stability, contributing to improved conductivity in 
multicomponent systems [58,59]. 

Recent studies have characterized compositions like Ti-25Nb-5Zr-3Fe and Ti-29Nb-
13Ta-4.6Zr, which show promising electrical behavior for bioelectronic applications. 
These alloys combine moderate conductivity with high biocompatibility and corrosion 
resistance, making them suitable for multifunctional implantable devices [14,60,61]. 

The comparative electrical conductivity of representative Ti alloys is summarized in 
Table 5. 

Table 5. Electrical conductivity of selected Ti alloys used in biomedical applications. 

Alloy System Electrical Conductivity (S/m) Notes References 
Ti-6Al-4V 0.6–1.0 × 106 α+β structure, widely used [3] 

Ti-13Nb-13Zr ~1.2 × 106 β-phase stabilized, good biocompatibility [31] 
Ti-15Mo ~1.5 × 106 High β-phase content [32] 
Ti-35Nb ~1.6 × 106 Low modulus, enhanced conductivity [33] 

Ti-25Nb-5Zr-3Fe ~1.7–2.0 × 106 Fe improves electron mobility [14] 
Ti-29Nb-13Ta-4.6Zr ~1.6–1.9 × 106 Ta improves corrosion resistance [60,61] 
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Understanding the intrinsic electrical behavior of these alloys—including emerging 
multicomponent systems—provides a foundation for evaluating their stability, respon-
siveness, and adaptability under physiological conditions, where electrochemical interac-
tions become increasingly relevant [62]. 

4.2. Electrochemical Stability in Physiological Media 

In biomedical environments, Ti alloys are exposed to electrolytic fluids such as blood 
plasma, interstitial fluid, and SBF. Their electrochemical stability determines long-term 
performance, especially in implantable devices where corrosion resistance and interface 
integrity are critical [63,64]. 

Titanium develops a protective TiO2 passive film that enhances corrosion resistance. 
Its characteristics vary with alloy composition and surface treatment [65]. Stability is typ-
ically evaluated using electrochemical parameters such as OCP, Icorr, and Rp [66]. 

Table 6 presents representative electrochemical values for Ti alloys in PBS and SBF 
environments. 

Table 6. Electrochemical parameters of Ti alloys in physiological media. 

Alloy System 
OCP 

(V vs. SCE) 
Icorr (µA/cm2) Rp (kΩ·cm2) Notes References 

Ti-6Al-4V −0.35 <1.0 ~100 Stable but V release possible [3,67] 
Ti-13Nb-13Zr −0.30 <0.5 >150 High passivation [68] 

Ti-15Mo −0.25 <0.3 >200 High corrosion resistance [69] 
Ti-25Nb-5Zr-3Fe −0.28 <0.4 ~180 Fe improves passive film [70] 

Ti-29Nb-13Ta-4.6Zr −0.32 <0.3 >220 Ta enhances oxide stability [61,71] 

Electrochemical impedance spectroscopy (EIS) confirms that β-type and multicom-
ponent Ti alloys exhibit higher Rp and lower charge transfer rates, supporting their use in 
long-term bioelectronic systems [64,72]. 

Evaluating electrochemical stability under physiological conditions enables more ac-
curate prediction of material behavior in vivo and informs the design of surfaces that 
maintain both biological and electronic integrity. 

Beyond conventional electrochemical behavior, Ti alloys exhibit unique interactions 
with electromagnetic fields. For example, electromagnetic stirring during coating produc-
tion improves phase distribution and reduces segregation [73]. Additionally, Ti’s ability 
to reversibly absorb and release hydrogen under electromagnetic influence has been ex-
plored for solid-state hydrogen storage, highlighting its potential in energy-related bio-
medical systems [74]. 

4.3. Surface Charge and Capacitance Behavior 

Beyond bulk conductivity and corrosion resistance, the surface electrostatic proper-
ties of Ti alloys play a key role in bioelectronic performance. Parameters such as zeta po-
tential and double-layer capacitance influence protein adsorption, cell adhesion, and sig-
nal transduction [75,76]. 

Zeta potential values for Ti surfaces in PBS typically range from −20 to −30 mV, fa-
voring interaction with positively charged biomolecules. Surface treatments can shift this 
potential and modulate biological response [75,76]. 

Capacitance values depend on surface area, oxide composition, and the type of elec-
trolyte. Anodized surfaces and nanotube arrays exhibit increased Cdl, often reaching 10–
100 µF/cm2, which enhances charge storage and signal fidelity in sensing applications 
[76,77]. 

Table 7 summarizes typical surface electrostatic parameters for Ti alloys. 
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Table 7. Surface charge and capacitance behavior of Ti alloys. 

Surface Type 
Zeta Potential 

(mV) 
Cdl 

(µF/cm2) 
Notes References 

Polished Ti −20 to −25 ~10 Baseline surface [78] 

Acid-etched Ti −25 to −30 ~20 
Increased roughness and 

charge 
[79] 

Anodized TiO2 
nanotubes 

−30 to −35 50–100 
High surface area, en-

hanced storage 
[76] 

TiNbZrTa alloy 
surface 

−28 to −32 ~80 
Stable oxide, good electro-

chemical response 
[80] 

These surface-level properties directly influence the interface between tissue and de-
vice, enabling controlled stimulation, sensing, and signal propagation in bioelectronic 
platforms. 

4.4. Effect of Surface Treatments on Electrical Performance 

Surface treatments improve biocompatibility and modulate electrical behavior. Tech-
niques such as anodization, acid etching, and coating deposition alter surface morphol-
ogy, oxide composition, and charge transport characteristics [73,81]. 

Anodized surfaces typically show increased capacitance and reduced impedance, 
while coatings with conductive polymers or carbon-based materials enhance signal trans-
duction [82–84]. Table 8 presents comparative data on electrical performance before and 
after surface modification. 

The sequence and impact of surface treatments on Ti alloys are summarized in Figure 
7, which outlines the progression from mechanical polishing to advanced coating deposi-
tion and their corresponding effects on electrical properties. 

 

Figure 7. Surface treatment steps and their electrical effects. 

Table 8. Influence of surface treatments on electrical properties of Ti alloys. 

Treatment 
Method 

Impedance at    
1 kHz (kΩ) 

Capacitance 
(µF/cm2) 

Notes References 

Polished Ti >50 ~10 Low surface area [85] 
Acid-etched Ti ~30 ~20 Moderate improvement [79] 
Anodized TiO2 

nanotubes 
<15 50–100 High charge storage [76] 

PEDOT:PSS coat-
ing 

<10 >100 
Conductive polymer, 

signal fidelity 
[82] 

Graphene oxide 
layer 

~12 ~90 
Biocompatible and con-

ductive 
[83,84] 
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The ability to tailor surface electrical properties through treatment and coating strat-
egies enables the development of Ti-based platforms suitable for advanced bioelectronic 
integration. 

4.5. Electrical Behavior in Bioelectronic Applications 

In bioelectronic systems, Ti alloys are used in components such as implantable elec-
trodes, biosensors, and active scaffolds. Their electrical behavior must meet specific crite-
ria for impedance, signal fidelity, and long-term stability [86]. 

Acceptable impedance values for neural and cardiac interfaces typically fall below 10 
kΩ at 1 kHz, while capacitance above 50 µF/cm2 supports efficient charge delivery [87]. Ti 
surfaces modified with conductive coatings maintain these parameters while preserving 
biocompatibility [88]. 

Applications include: 

• Neural electrodes: Ti-based microelectrodes with PEDOT coatings [89]. 
• Biosensors: Ti substrates functionalized with enzyme or antibody layers [90]. 
• Smart scaffolds: Electrically active Ti meshes for tissue stimulation [91]. 

These systems benefit from the alloy’s mechanical robustness, corrosion resistance, 
and tunable electrical interface. 

Understanding the electrical behavior of Ti alloys in applied contexts reinforces the 
importance of surface engineering and electrochemical optimization, especially when 
transitioning toward multifunctional biomedical platforms. 

Design criteria for Ti-based bioelectronic systems are briefly illustrated in Figure 8, 
which maps key electrical thresholds and surface engineering strategies across neural, 
sensing, and scaffold applications. 

 

Figure 8. Electrical design targets for Ti-based biomedical systems. 

5. Surface Modification for Dual Functionality 
As Ti alloys evolve from passive implants to active bioelectronic interfaces, surface 

modification becomes a key strategy for achieving dual functionality—biological integra-
tion and electronic performance. The surface acts as the primary mediator between the 
material and its environment, influencing protein adsorption, cell behavior, corrosion re-
sistance, and charge transport. This chapter explores how various surface treatments and 
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coatings can be tailored to optimize both biological and electrical characteristics, enabling 
multifunctional applications in advanced biomedical systems [92,93]. 

5.1. Physical Surface Treatments 

Physical modification techniques modify the topography and roughness of Ti sur-
faces without changing their chemical composition. Methods such as sandblasting, laser 
texturing, and mechanical polishing are commonly used to enhance cell adhesion and to 
modulate electrical impedance [94–96]. 

Laser-treated surfaces with microgrooves (Ra ≈ 1.5 µm) show improved osteoblast 
alignment and up to 40% higher ALP activity compared to polished controls. At the same 
time, these textures reduce impedance by increasing effective surface area [97]. 

Beyond conventional physical treatments, several mechanical surface modification 
processes, including shot-peening, laser shock peening, and surface rolling, have also 
been explored for Ti alloys. These techniques introduce beneficial compressive residual 
stresses in the subsurface region, which significantly enhance fatigue resistance while sim-
ultaneously altering surface roughness and waviness. Such mechanically induced topog-
raphies can influence protein adsorption, early cell attachment, and electrochemical be-
havior by modifying the local strain state and defect distribution. Although their impact 
on high-temperature oxidation is less relevant for biomedical applications, these treat-
ments become particularly valuable when combined with subsequent processes such as 
anodization, where improved oxide adhesion and stability have been reported. Incorpo-
rating mechanical treatments into the surface-engineering toolbox, therefore, broadens the 
range of tunable parameters for optimizing both biological and electrical performance 
[98,99]. 

Table 9 summarizes the effects of physical treatments on biological and electrical pa-
rameters. 

Table 9. Impact of physical surface treatments on Ti alloy performance. 

Treatment 
Method 

Ra (µm) 
ALP Activity 

(%) 
Impedance at    

1 kHz (kΩ) 
Notes References 

Polished <0.2 Baseline >50 
Low cell adhe-

sion 
[94] 

Sandblasted 1.0–2.0 +25–30% ~30 
Improved rough-

ness 
[97] 

Laser-textured ~1.5 +40% <20 
Directional cell 

growth 
[95] 

Physical treatments lay the groundwork for further chemical or functional modifica-
tions, especially when targeting specific biological or electronic responses. 

5.2. Chemical Surface Treatments 

Chemical treatments modify the surface composition and reactivity, often enhancing 
oxide layer stability and bioactivity. Techniques include acid etching, anodization, and 
alkali treatment [100]. Generally, chemical treatments provide a versatile platform for tun-
ing surface reactivity, enabling synergistic improvements in both biological and electronic 
domains. 

Anodization produces TiO2 nanotube arrays with diameters between 70 and 100 nm, 
which promote osteogenic differentiation and increase capacitance [101]. Acid-etched sur-
faces improve protein adsorption and reduce Icorr [102]. These effects are illustrated in Fig-
ures 9 and 10, which show comparative electrochemical performance metrics for different 
chemical treatments, and Table 10 presents comparative data on the chemical treatments. 
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Figure 9. Oxide thickness by surface treatment. 

 

Figure 10. Comparison of Icorr and capacitance. 

Table 10. Effects of chemical surface treatments on Ti alloy bioelectrochemical behavior. 

Treatment 
Method 

Oxide Thick-
ness (nm) 

Icorr 
(µA/cm2) 

Cdl 
(µF/cm2) 

Notes References 

Acid etching ~10 <0.5 ~20 
Enhanced protein 

binding 
[102] 

Anodization 100–150 <0.3 50–100 Nanotube formation [103,104] 
Alkali treat-

ment 
~50 <0.4 ~30 

Bioactive sodium ti-
tanate layer 

[105] 
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5.3. Functional Coatings for Bioelectronic Integration 

Functional coatings introduce new surface properties by applying bioactive or con-
ductive layers. These coatings can be organic (e.g., polymers), inorganic (e.g., HA), or hy-
brid composites [106,107]. 

Conductive polymers such as PEDOT:PSS ensure high cytocompatibility (over 90% 
viable cells) and reduce impedance below 10 kΩ at 1 kHz [108,109]. Graphene oxide coat-
ings enhance signal fidelity while supporting stem cell proliferation [110]. HA improves 
bone bonding but has limited conductivity [111]. 

Table 11 compares key coating types and their dual functionality. 

Table 11. Functional coatings and their impact on biological and electrical performance. 

Coating Type 
Cell Viabil-

ity (%) 
Impedance at   

1 kHz (kΩ) 
Notes References 

HA >95 >50 
Notable osseointegra-

tion 
[112] 

PEDOT:PSS >90 <10 
Conductive, biocom-

patible 
[108] 

Graphene oxide >92 ~12 
Signal enhancement, 

cell support 
[84] 

Functional coatings enable precise control over surface behavior, bridging the gap 
between biological compatibility and electronic responsiveness. 

5.4. Hybrid and Multilayer Strategies 

Hybrid approaches combine multiple treatments or coatings to achieve layered func-
tionality. For example, anodized surfaces coated with PEDOT:PSS offer both high capaci-
tance and high cell adhesion [108]. Multilayer systems may include bioactive primers, 
conductive layers, and protective topcoats [113]. 

These strategies allow for spatial control of properties—such as having conductive 
zones for stimulation and bioactive zones for integration—within a single device. 

Hybrid surfaces have demonstrated impedance values below 8 kΩ, with cell cover-
age exceeding 95%, making them ideal for multifunctional implants [92]. 

Integrating multiple surface strategies into a unified architecture opens new possibil-
ities for responsive, adaptive biomedical platforms that interact dynamically with tissue 
and electronics. 

6. Applications in Bioelectronics 
The convergence of materials science, electronics, and biomedicine has enabled the 

development of bioelectronic systems that interact directly with living tissues. Ti alloys, 
with their unique combination of biocompatibility, mechanical strength, and tunable elec-
trical properties, are increasingly used in devices that sense, stimulate, or modulate bio-
logical activity. This chapter explores key application areas where Ti-based platforms en-
hance the functionality, reliability, and longevity of bioelectronic devices, with emphasis 
on neural stimulation, bio-implants, and clinical translation. 

6.1. Implantable Electrodes and Neural Interfaces 

Ti alloys are widely used in implantable electrodes for neural stimulation and record-
ing. Their corrosion resistance and stable oxide layer make them suitable for long-term 
implantation, while surface modifications enhance charge transfer and reduce impedance 
[114,115]. 
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Electrodes coated with PEDOT:PSS or TiO2 nanotubes exhibit impedance values be-
low 10 kΩ at 1 kHz and maintain signal fidelity over extended periods [108]. In deep brain 
stimulation (DBS) and spinal cord interfaces, Ti substrates provide mechanical stability 
and compatibility with surrounding neural tissue [116]. 

Figure 11 illustrates a Ti-based DBS electrode, highlighting the layered structure and 
tissue interface. 

 

Figure 11. Ti-based deep brain stimulation electrode. 

Figure 12 shows a spinal cord implant concept using Ti alloy electrodes for long-term 
stimulation and recording. 

 

Figure 12. Spinal cord implant with Ti alloy electrodes. 

Beyond their electrical performance, Ti-based neural interfaces are increasingly ap-
plied in clinical therapies. In DBS, Ti electrodes deliver controlled pulses to modulate ab-
normal brain activity in conditions such as Parkinson’s disease and epilepsy, while main-
taining long-term stability in the brain environment. Spinal cord stimulation systems em-
ploy Ti alloy electrodes to reduce chronic pain and restore motor function, benefiting from 
the alloy’s mechanical resilience under dynamic loading. Compared to noble metals like 
Pt or Ir, Ti alloys offer a balance of biocompatibility, cost-effectiveness, and tunable sur-
face properties, making them attractive for next-generation neural prostheses. 

Table 12 summarizes performance metrics for Ti-based neural electrodes. 
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Table 12. Electrical performance of Ti-based neural electrodes. 

Electrode Type 
Impedance 

at 1 kHz 
(kΩ) 

Charge Storage 
Capacity 
(µC/cm2) 

Notes References 

Polished Ti >50 ~10 Low signal quality [117] 
TiO2 nanotubes <15 ~50 Enhanced surface area [118] 

PEDOT:PSS coating <10 >100 High fidelity, flexible [119] 
TiNbZrTa alloy sur-

face 
~12 ~80 

Stable and biocompat-
ible 

[120] 

The performance of neural interfaces depends not only on electrical properties but 
also on long-term biostability, which is addressed through surface engineering and alloy 
selection [121]. 

6.2. Biosensors and Diagnostic Platforms 

Ti alloys serve as substrates for biosensors that detect biochemical signals such as 
glucose, lactate, or neurotransmitters. Their surface can be functionalized with enzymes, 
antibodies, or aptamers to enable selective detection [122,123]. Figure 13 illustrates the 
layered design of the Ti-based biosensor, where the titanium substrate supports a conduc-
tive polymer and enzyme layer. The analyte interacts at the surface, producing a signal 
that is transduced through the underlying layers. 

 

Figure 13. Ti-based biosensor structure. 

Electrochemical biosensors based on Ti show sensitivity in the range of 10–100 
µA/mM, with response times under 5 s [124]. Nanostructured surfaces improve signal-to-
noise ratio and enable miniaturization for wearable or implantable formats [125]. Figure 
14 illustrates the conceptual design of a Ti-based biosensor implant. The figure highlights 
how the titanium substrate and functional layers interact with biological analytes in vivo, 
enabling continuous monitoring and signal generation within a biomedical environment. 
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Figure 14. Ti-based biosensor implant concept. 

Ti-based biosensors are increasingly applied in clinical and point-of-care diagnostics. 
Glucose sensors support diabetes management by enabling continuous monitoring of 
blood sugar levels, while lactate sensors are used to track metabolic activity during critical 
care and sports medicine. Dopamine sensors provide insights into neurological disorders, 
offering real-time monitoring of neurotransmitter fluctuations. The ability to integrate 
these sensors into implantable or minimally invasive devices makes Ti alloys particularly 
valuable for long-term patient monitoring, where biocompatibility and stability are essen-
tial. 

Table 13 presents typical performance parameters for Ti-based biosensors. 

Table 13. Performance metrics of Ti-based biosensors. 

Sensor Type 
Sensitivity 
(µA/mM) 

Response Time (s) Detection Limit (µM) Notes References 

Glucose sensor 
(TiO2) 

~50 <5 ~10 
Enzyme-functionalized 

surface 
[126] 

Lactate sensor (PE-
DOT) 

~70 <3 ~5 
Conductive polymer in-

terface 
[127] 

Dopamine sensor 
(TiNbZrFe) 

~90 <2 ~1 
High selectivity, low 

noise 
[128] 

The adaptability of Ti surfaces for biochemical functionalization supports the devel-
opment of integrated diagnostic systems with real-time feedback capabilities [129]. 

6.3. Electrically Active Scaffolds for Tissue Engineering 

In regenerative medicine, Ti-based scaffolds offer more than structural support—
they can actively participate in tissue healing through electrical stimulation [130]. Figure 
15 presents a 3D model of a porous Ti scaffold with embedded conductive coatings, de-
signed to deliver localized electrical cues. This figure illustrates how the porous titanium 
structure, combined with conductive layers, enables controlled stimulation to guide cell 
growth and regeneration. By delivering controlled currents, these scaffolds influence cell 
proliferation, alignment, and differentiation, especially in muscle and nerve regeneration 
[131]. 

Scaffolds with embedded conductive coatings deliver stimulation currents in the 
range of 10–100 µA, promoting regeneration without inducing cytotoxicity [132]. The 
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biological effect of electrical stimulation is visualized in Figure 16, which compares cell 
proliferation on stimulated versus non-stimulated scaffolds. Here, panel (a) shows limited 
growth without stimulation, while panel (b) demonstrates enhanced proliferation under 
electrical cues, highlighting the regenerative benefit. Porosity levels between 40 and 70% 
support nutrient diffusion and vascularization [133]. 

To achieve this, a controlled in vitro setup is used to apply electrical pulses to the 
scaffold. Figure 17 shows a typical experimental configuration used for electrical stimula-
tion of Ti-based scaffolds in tissue culture environments. This figure depicts the laboratory 
setup where electrical pulses are applied, illustrating how stimulation is delivered during 
cell culture experiments. 

 

Figure 15. Porous Ti scaffold model. 

 

Figure 16. Cell growth with electrical stimulation. (a) Non-stimulated. (b) Stimulated. 
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Figure 17. Setup for scaffold stimulation. 

Clinically, Ti scaffolds are being investigated for bone healing, peripheral nerve re-
pair, and muscle regeneration, where their combination of mechanical strength and bioe-
lectrical activity supports faster recovery and improved tissue integration. 

Table 14 outlines key parameters for electrically active Ti scaffolds. 

Table 14. Properties of Ti-based scaffolds for tissue engineering. 

Scaffold Type 
Porosity 

(%) 
Stimulation Current 

(µA) 
Cell Viability 

(%) 
Notes References 

Ti mesh (uncoated) ~40 Passive ~80 Structural support only [134] 
Ti + PEDOT coating ~50 10–50 >90 Enhanced proliferation [130] 

TiNbZrTa porous foam ~70 50–100 >95 
High conductivity and 

biocompatibility 
[135] 

The ability to combine mechanical integrity with electrical stimulation makes Ti scaf-
folds a promising platform for smart regenerative implants and bioresponsive materials 
[136]. 

6.4. Cardiovascular and Muscular Interfaces 

Beyond neural and regenerative systems, Ti alloys play a vital role in bioelectronic 
devices designed for cardiac and muscular tissues. Their fatigue resistance, corrosion sta-
bility, and adaptability to dynamic environments make them ideal for components such 
as pacemaker leads, defibrillator electrodes, and muscle stimulators [137]. 

Electrodes must deliver pulses with amplitudes of 1–5 V and durations of 0.1–1 ms, 
while maintaining low impedance and high charge injection capacity [138]. Ti-based sys-
tems successfully meet these requirements while also minimizing inflammatory response 
[139]. 

Applications in cardiac pacing and muscle rehabilitation demonstrate the versatility 
of Ti alloys in highly dynamic, load-bearing environments where electrical performance 
is critical [140]. 
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Figure 18 illustrates a Ti-based muscle stimulation electrode, emphasizing adaptabil-
ity in dynamic, load-bearing environments. 

 

Figure 18. Muscle stimulation electrode using Ti alloys. 

Figure 19 depicts a cochlear implant electrode array based on Ti alloys, showing in-
tegration with polymeric coatings for reliable auditory stimulation. 

 

Figure 19. Cochlear implant electrode array with Ti substrate. 

Clinically, Ti alloys are widely used in pacemaker leads and defibrillator electrodes, 
where their corrosion resistance ensures long-term reliability inside the cardiovascular 
system. In muscle rehabilitation, Ti-based stimulators deliver controlled electrical pulses 
to restore function after injury or surgery. Cochlear implants benefit from Ti substrates 
that provide stable electrode–tissue interfaces, enabling precise auditory stimulation and 
long-term implant durability. These applications highlight the role of Ti alloys in improv-
ing patient outcomes across cardiac, muscular, and sensory systems. 

Ti alloys continue to expand their role in bioelectronic applications, offering a plat-
form that supports both biological integration and electronic functionality. Their adapta-
bility across diverse systems—from neural interfaces to regenerative scaffolds—reinforces 
the importance of advanced surface engineering and electrochemical optimization in next-
generation biomedical devices [141]. 

In environments where magnetic interference must be minimized, Ti alloys serve as 
effective electromagnetic shields. Although pure Ti is weakly paramagnetic and does not 
retain magnetism, its alloys can attenuate electromagnetic fields, particularly in the 5G 
frequency range. This makes them suitable for housing highly sensitive bioelectronic 
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components, especially in implantable or wearable systems operating in electromagneti-
cally active settings [142]. 

7. Challenges and Limitations 
Despite the promising performance of Ti alloys in bioelectronic systems, several chal-

lenges remain that limit their widespread adoption and long-term reliability. These limi-
tations arise from material properties, fabrication constraints, biological interactions, and 
system-level integration. Understanding these barriers is essential for guiding future im-
provements and ensuring safe, effective deployment in clinical and research settings 
[1,62]. 

7.1. Electrical Constraints of Ti Alloys 

Ti alloys exhibit moderate electrical conductivity compared to traditional electronic 
materials. While sufficient for low-current biomedical applications, their intrinsic resistiv-
ity can limit performance in high-frequency or high-resolution systems [62]. 

Efforts to improve conductivity through alloying or surface coatings must balance 
electrical gains with biocompatibility and corrosion resistance. Excessive doping or ag-
gressive treatments may compromise biological safety or mechanical integrity [143]. 

Additionally, the variability in conductivity across different alloy batches and pro-
cessing routes introduces inconsistency in device performance, requiring tighter control 
during manufacturing [144]. 

Recognizing the electrical limitations of Ti alloys helps define the boundaries of their 
application and encourages the development of hybrid systems that compensate for these 
constraints [1]. 

7.2. Surface Stability and Long-Term Performance 

Although Ti forms a stable oxide layer, its electrochemical behavior can degrade over 
time in vivo due to protein adsorption, ion exchange, and mechanical wear. These changes 
may increase impedance, reduce signal fidelity, or trigger inflammatory responses [145]. 

Surface treatments such as anodization or coating deposition improve initial perfor-
mance but may delaminate, dissolve, or lose functionality under physiological conditions. 
Multilayer coatings are especially vulnerable to mechanical stress and fluid infiltration 
[146]. 

Long-term studies have shown that impedance values can vary by 20–40% over sev-
eral months, depending on surface architecture and implantation site. Such variability 
complicates calibration and reliability in chronic applications [147]. 

Addressing surface degradation requires a deeper understanding of dynamic biolog-
ical environments and the development of self-healing or adaptive surface technologies 
[49]. 

7.3. Mechanical and Structural Trade-Offs 

Optimizing Ti alloys for bioelectronic functionality often involves trade-offs with me-
chanical properties. For example, increasing porosity or applying soft coatings may re-
duce fatigue strength or compromise structural stability [148]. 

Beta-type alloys with lower elastic modulus are preferred for reducing stress shield-
ing, but they may exhibit lower wear resistance or increased notch sensitivity. In load-
bearing implants, these factors can lead to premature failure or reduced lifespan [149]. 

Fabrication techniques such as additive manufacturing offer design flexibility but in-
troduce residual stresses and microstructural heterogeneity that affect both mechanical 
and electrical behavior [150]. 
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Balancing mechanical robustness with electronic responsiveness remains a central 
challenge in multifunctional implant design [113]. 

7.4. Biological Compatibility Under Dynamic Conditions 

While Ti alloys are generally biocompatible, their performance can vary under dy-
namic physiological conditions such as inflammation, infection, or mechanical loading. 
Processes such as ion release, surface roughening, and biofilm formation may alter tissue 
response and compromise device function [151]. 

In neural and cardiovascular applications, even subtle changes in surface chemistry 
or topography can influence cell adhesion, signal transmission, and immune activation. 
Multicomponent alloys must be carefully evaluated for cytotoxicity, especially when in-
troducing elements such as Fe or Ta, which may affect biological response depending on 
concentration and release kinetics [141]. 

Interindividual biological variability—including age, metabolic rate, and immune 
profile—further complicates standardization and prediction of in vivo behavior. These 
factors underscore the need for personalized evaluation and adaptive design strategies 
[152]. 

Understanding the biological limitations of Ti alloys under real-world conditions is 
essential for developing safer and more adaptable bioelectronic platforms capable of 
maintaining long-term functionality in diverse patient populations. 

Although Ti alloys are largely non-magnetic and considered safe for magnetic reso-
nance imaging (MRI) environments, their presence can occasionally cause minor image 
distortions or signal artifacts. These effects depend on implant geometry, anatomical lo-
cation, and imaging parameters, and must be evaluated clinically on a case-by-case basis 
to ensure diagnostic accuracy and patient safety [153]. 

8. Future Perspectives 
Ti alloys have demonstrated remarkable versatility in bioelectronic systems, but their 

full potential is still unfolding. As research advances, future directions will focus on trans-
forming these materials from passive interfaces into intelligent, responsive platforms that 
adapt to biological complexity. 

One promising avenue is the development of smart surfaces—interfaces capable of 
sensing and reacting to environmental stimuli such as pH, temperature, or biochemical 
signals. These surfaces may incorporate: 

• Stimuli-responsive polymers that adjust conductivity or release therapeutic agents. 
• Self-healing coatings that restore electrochemical stability after damage. 
• Bioactive layers that adapt to cellular signals and promote regeneration. 

Such innovations could enable implants that not only integrate with tissue but also 
actively participate in therapeutic processes. 

Another key direction involves the integration of Ti alloys with flexible and hybrid 
electronics. While Ti is inherently rigid, combining it with stretchable substrates, conduc-
tive polymers, or thin-film components can yield devices that conform to soft tissues. This 
opens possibilities for: 

• Wearable biosensors with Ti foils and printed electronics. 
• Flexible neural interfaces embedded in elastomeric matrices. 
• Multilayered scaffolds combining structural support with electronic functionality. 

In this context, hydrogel incorporation emerges as a complementary strategy. Hy-
drogels provide softness, biocompatibility, and water-rich environments that mimic na-
tive tissues. When combined with Ti alloys, they can reduce mechanical mismatch, en-
hance durability under physiological conditions, and enable flexible implant designs. 
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Hybrid Ti–hydrogel systems may therefore support long-term use in neural stimulation, 
bio-implants, and regenerative scaffolds. 

Advances in custom manufacturing will also play a critical role. Additive techniques 
and laser-based processing allow for patient-specific implants with tailored geometries, 
porosity, and surface features. Future developments may include: 

• Multi-material printing that fuses Ti with bioresorbable or conductive phases. 
• On-demand fabrication for rapid prototyping and clinical translation. 
• Graded structures that optimize mechanical and electrical performance simultane-

ously. 

Looking ahead, long-term monitoring and adaptive feedback systems will become 
increasingly important. Ti-based platforms may serve as anchors for embedded sensors, 
wireless telemetry, and closed-loop control systems that adjust stimulation or sensing pa-
rameters in real time. Key features may include: 

• Integrated impedance monitoring to track tissue response. 
• Wireless communication modules for data transmission and power delivery. 
• Closed-loop control that adapts stimulation based on physiological feedback. 

These capabilities will enhance safety, personalization, and therapeutic efficacy in 
chronic applications. 

The future of Ti alloys in bioelectronics lies in their ability to support multifunctional, 
adaptive systems that respond intelligently to the body’s needs. Continued progress will 
depend on interdisciplinary collaboration and a deeper understanding of how materials, 
biology, and electronics converge at the interface of innovation. 

9. Conclusions 
Ti alloys have evolved from conventional structural materials into multifunctional 

platforms capable of enabling advanced bioelectronic applications. Through careful alloy 
design, surface engineering, and electrochemical optimization, these materials now offer 
a unique balance of biocompatibility, mechanical integrity, and electrical responsiveness. 

This review paper has explored the intrinsic electrical and electrochemical properties 
of Ti-based systems, highlighting how variations in composition and surface treatments 
influence conductivity, impedance, and long-term stability. By integrating physical, 
chemical, and functional modifications, Ti surfaces can be tailored to meet the dual de-
mands of biological integration and electronic performance. 

The key goal of the present paper was to provide an extensive overview of the use of 
Ti-alloys in electronics and biomedicine, focusing on a comprehensive analysis and syn-
thesis of existing literature data to identify gaps and future research directions. To the best 
of our knowledge, in scientific literature, there are no review papers reporting the state of 
the art of the topic indicated in the title. Multidisciplinary research on the development of 
medical devices requires us to consider a comprehensive review of the existing materials, 
technology, fabrication/development, and/or characterization aspects, etc., rather than fo-
cusing on the novelty, which, in turn, is represented by the efficient integration of these 
aspects during the development of the specific smart devices; hence, for now, novelty as-
pects have been placed in the second plane in the experimental investigation of this re-
search area. 

Applications ranging from neural interfaces and biosensors to regenerative scaffolds 
and cardiovascular devices demonstrate the versatility of Ti alloys in complex and dy-
namic physiological environments. While challenges remain, including conductivity lim-
itations, surface degradation, and mechanical trade-offs, ongoing research continues to 
push the boundaries of what these materials can achieve. 
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Looking ahead, the future of Ti in bioelectronics lies in its ability to support adaptive, 
intelligent systems that respond to the complexity of living tissues. Interdisciplinary col-
laboration will be essential to unlock new functionalities, improve long-term reliability, 
and translate laboratory innovations into clinically viable solutions. 

This study provides a foundation for further exploration and development, position-
ing Ti alloys not just as passive components but as active participants in the evolution of 
biomedical technology. 

Emerging applications such as electromagnetic forming, shielding, and hydrogen-
based energy systems further expand the functional landscape of Ti alloys, suggesting 
new roles in responsive, energy-integrated biomedical platforms. 

Author Contributions: Conceptualization, A.-B.K., L.M., and I.P.; methodology, A.-B.K. and L.M.; 
formal analysis, A.-B.K. and I.P.; investigation, A.-B.K.; resources, A.-B.K.; data curation, A.-B.K.; 
writing—original draft preparation, A.-B.K. and I.P.; writing—review and editing, A.-B.K., L.M., 
and I.P.; visualization, A.-B.K.; supervision, I.P. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: not applicable 

Informed Consent Statement: not applicable 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 
not applicable to this article. 

Acknowledgments: During the preparation of this manuscript, the authors used Microsoft Copilot 
(utilizing OpenAI DALL-E 3) and Google Gemini (utilizing Gemini Imagen) for the purposes of 
figure generation. These tools were accessed during [November 2025]. The authors have reviewed 
and edited the output and take full responsibility for the content of this publication. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 
The following abbreviations are used in this manuscript: 

Ti Titanium 
CP Commercially pure  
HCP Hexagonal close-packed  
BCC Body-centered cubic 
SBF Simulated body fluids  
ALP Alkaline phosphatase  
PBS Phosphate-buffered saline  
MTT Dimethylthiazol 
LDH Lactate dehydrogenase 
AFM Atomic force microscopy  
HA Hydroxyapatite 
PEDOT Conductive polymer 
PEDOT:PSS Conductive polymer mixed with polystyrene sulfonate 
OCP Open circuit potential 
Icorr Corrosion current density  
Rp Polarization resistance 
Cdl Capacitance 
EIS Electrochemical impedance spectroscopy  
DPCEMF Direct pulse current electromagnetic forming  
DBS Deep brain stimulation  
MRI Magnetic resonance imaging  

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 27 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

References 
1. Kacsó, A.-B.; Peter, I. A Review of Past Research and Some Future Perspectives Regarding Titanium Alloys in Biomedical Ap-

plications. J. Funct. Biomater. 2025, 16, 144. https://doi.org/10.3390/jfb16040144. 
2. Elias, C.N.; Lima, J.H.C.; Valiev, R.; Meyers, M.A. Biomedical applications of titanium and its alloys. JOM 2008, 60, 46–49. 

https://doi.org/10.1007/s11837-008-0031-1. 
3. Eisenbarth, E.; Velten, D.; Müller, M.; Thull, R.; Breme, J. Biocompatibility of β-stabilizing elements of titanium alloys. Biomateri-

als 2004, 25, 5705–5713. https://doi.org/10.1016/j.biomaterials.2004.01.021. 
4. Geetha, M.; Singh, A.K.; Asokamani, R.; Gogia, A.K. Ti based biomaterials, the ultimate choice for orthopaedic implants—A 

review. Prog. Mater. Sci. 2009, 54, 397–425. https://doi.org/10.1016/j.pmatsci.2008.06.004. 
5. Steinemann, S.G. Titanium—The material of choice? Periodontology 2000 1998, 17, 7–21. https://doi.org/10.1111/j.1600-

0757.1998.tb00119.x. 
6. Stuart, F.C. Neural Stimulation and Recording Electrodes. Annu. Rev. Biomed. Eng. 2008, 10, 275–309. https://doi.org/10.1146/an-

nurev.bioeng.10.061807.160518. 
7. Ledet, E.H.; Liddle, B.; Kradinova, K.; Harper, S. Smart implants in orthopedic surgery, improving patient outcomes: A review. 

Innov. Entrep. Health 2018, 5, 41–51. https://doi.org/10.2147/ieh.s133518. 
8. Juliana, D.C.T.; Andréa, C.R. Influence of surface electric charge of Ti implants on osteoblastic interaction: A systematic review. 

Saudi Dent. J. 2022, 34, 335–345. https://doi.org/10.1016/j.sdentj.2022.04.003. 
9. Mani, G.; Jonghoon, C.; Se-Jeong, K.; Keongsoo, K.; Heungsoo, S.; Hyung-Jun, K.; Kyobum, K. Conductive biomaterials for 

tissue engineering applications. J. Ind. Eng. Chem. 2017, 51, 12–26. https://doi.org/10.1016/j.jiec.2017.02.031. 
10. Xiaoyang, Z.; Xin, C.; Zonghui, Y.; Wentao, L.; Xuying, L.; Xianghong, W. Conductive hydrogels for bioelectronics: Molecular 

structures, design principles, and operation mechanisms. J. Mater. Chem. C 2023, 11, 10785–10808. 
https://doi.org/10.1039/D3TC01821K. 

11. Pralhad, P.; Shivprakash, B. Comparison and performance of α, α+β and β titanium alloys for biomedical applications. Surf. Rev. 
Lett. 2023, 30, 12. https://doi.org/10.1142/S0218625X23300125. 

12. Rack, H.J.; Qazi, J.I. Titanium alloys for biomedical applications. Mater. Sci. Eng. C 2006, 26, 1269–1277. 
https://doi.org/10.1016/j.msec.2005.08.032. 

13. Zhang, L.C.; Chen, L.Y. A review on biomedical titanium alloys: Recent progress and prospects. Adv. Eng. Mater. 2019, 21, 
1801215. https://doi.org/10.1002/adem.201801215. 

14. Chen, L.-Y.; Cui, Y.-W.; Zhang, L.-C. Recent Development in Beta Titanium Alloys for Biomedical Applications. Metals 2020, 10, 
1139. https://doi.org/10.3390/met10091139. 

15. Kaur, M.; Singh, K. Review on titanium and titanium based alloys as biomaterials for orthopaedic applications. Mater. Sci. Eng. 
C 2019, 102, 844–862. https://doi.org/10.1016/j.msec.2019.04.064. 

16. Liu, Z.; Xin, S.; Zhao, Y. Research Progress on the Creep Resistance of High-Temperature Titanium Alloys: A Review. Metals 
2023, 13, 1975. https://doi.org/10.3390/met13121975. 

17. Peter, I. Investigations into Ti-Based Metallic Alloys for Biomedical Purposes. Metals 2021, 11, 1626. 
https://doi.org/10.3390/met11101626. 

18. Klinge, L.; Kluy, L. Nanostructured Ti-13Nb-13Zr alloy for implant application—Material scientific, technological, and biolog-
ical aspects. Front. Bioeng. Biotechnol. 2023, 11, 1255947. https://doi.org/10.3389/fbioe.2023.1255947. 

19. Li, Y.; Yang, C.; Zhao, H.; Qu, S.; Li, X.; Li, Y. New developments of Ti-based alloys for biomedical applications. Mater. Sci. Eng. 
C 2014, 7, 1709–1800. https://doi.org/10.3390/ma7031709. 

20. Martins, J.R.S.; Nogueira, R.A.; de Araújo, R.O.; Donato, T.A.G.; Arana-Chavez, V.E.; Rosifini Alves Claro, A.P.; Silos Moraes, 
J.C.; Rabelo Buzalaf, M.A.; Grandini, C.R. Preparation and Characterization of Ti-15Mo Alloy used as Biomaterial. Mater. Res. 
2011, 14, 107–112. https://doi.org/10.1590/S1516-14392011005000013. 

21. Hanawa, T. Titanium–Tissue Interface Reaction and Its Control with Surface Treatment. Front. Bioeng. Biotechnol. 2019, 7, 170. 
https://doi.org/10.3389/fbioe.2019.00170. 

22. Tamilselvi, S.; Raman, V.; Rajendran, N. Corrosion behaviour of Ti–6Al–7Nb and Ti–6Al–4V ELI alloys in the simulated body 
fluid solution by electrochemical impedance spectroscopy. Electrochim. Acta 2006, 52, 839–846. 
https://doi.org/10.1016/j.electacta.2006.06.018. 

23. Rupp, F.; Liang, L.; Geis-Gerstorfer, J.; Scheideler, L.; Hüttig, F. Surface characteristics of dental implants: A review. Dent. Mater. 
2018, 34, 40–57. https://doi.org/10.1016/j.dental.2017.09.007. 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 28 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

24. Lincks, J.; Boyan, B.D.; Blanchard, C.R.; Lohmann, C.H.; Liu, Y.; Cochran, D.L.; Dean, D.; Schwartz, Z. Response of MG63 oste-
oblast-like cells to titanium and titanium alloy is dependent on surface roughness and composition. In The Biomaterials: Silver 
Jubilee Compendium; Elsevier: Amsterdam, The Netherlands, 1998; pp. 147–160. https://doi.org/10.1016/B978-008045154-1.50019-
8. 

25. Postiglione, L.; Domenico, G.D.; Ramaglia, L.; Montagnani, S.; Salzano, S.; Di Meglio, F.; Sbordone, L.; Vitale, M.; Rossi, G. 
Behavior of SaOS-2 Cells Cultured on Different Titanium Surfaces. J. Dent. Res. 2003, 82, 692–696. 
https://doi.org/10.1177/154405910308200907. 

26. Hotchkiss, K.M.; Reddy, G.B.; Hyzy, S. L.; Schwartz, Z.; Boyan, B.D.; Olivares-Navarrete, R. Titanium surface characteristics, 
including topography and wettability, alter macrophage activation. Acta Biomater. 2016, 31, 425–434. 
https://doi.org/10.1016/j.actbio.2015.12.003. 

27. Rene, B.; Scharnweber, D.; Roessler, S.; Stölzel, M.; Thieme, M.; Wolf-Brandstetter, C.; Worch, H. Surface analysis of titanium 
based biomaterials. Fresenius J. Anal. Chem. 1998, 361, 697–700. 

28. Strnad, G.; Jakab-Farkas, L.; Gobber, F.S.; Peter, I. Synthesis and Characterization of Nanostructured Oxide Layers on Ti-Nb-
Zr-Ta and Ti-Nb-Zr-Fe Biomedical Alloys. J. Funct. Biomater. 2023, 14, 180. https://doi.org/10.3390/jfb14040180. 

29. Zheng, Z.; Shuaiqi, G.; Yang, S.; Hou, C.; Zhu, Z.; Wang, H.; Yu, D.; Qian, Z.; Xu, H.H.K.; Chen, W. Enhanced surface hydro-
philicity improves osseointegration of titanium implants via integrin-mediated osteoimmunomodulation. J. Mater. Chem. B. 
2025, 13, 496–510. https://doi.org/10.1039/D4TB02360A. 

30. Rapuano, B.E.; MacDonald, D.E. Surface oxide net charge of a titanium alloy: Modulation of fibronectin-activated attachment 
and spreading of osteogenic cells. Colloids Surf. B Biointerfaces 2011, 82, 95–103. https://doi.org/10.1016/j.colsurfb.2010.08.023. 

31. Florian, B.; Carsten, S.; Joachim, R. Second-generation Titanium alloys Ti-15Mo and Ti-13Nb-13Zr: A Comparison of the Me-
chanical Properties for Implant Applications. MATEC Web Conf. 2020, 321, 05006. https://doi.org/10.1051/matec-
conf/202032105006. 

32. Sengo, K.; Satoshi, O. The effects of oxygen addition on microstructure and mechanical properties of Ti-Mo alloys for biomedical 
application. Front. Bioeng. Biotechnol. 2024, 12, 1380503. https://doi.org/10.3389/fbioe.2024.1380503. 

33. Hon, Y.H.; Wang, J.Y.; Pan, Y.N. Composition/Phase Structure and Properties of Titanium-Niobium Alloys. Mater. Trans. 2003, 
44, 2384–2390. https://doi.org/10.2320/matertrans.44.2384. 

34. Niinomi, M. Fatigue performance and cyto-toxicity of low rigidity titanium alloy, Ti–29Nb–13Ta–4.6Zr. Biomaterials 2003, 24, 
2673–2683. https://doi.org/10.1016/S0142-9612(03)00069-3. 

35. Guo, Y.; Cheng, M.; Chen, D.; Xue, X.; Zhang, X. In vitro corrosion resistance and cytotoxicity of novel TiNbTaZr alloy. Trans. 
Nonferrous Met. Soc. China 2012, 22, 175–180. https://doi.org/10.1016/S1003-6326(12)61705-1. 

36. Woźniak, A.; Bialas, O.; Adamiak, M.; Hadzima, B.; Szewczenko, J. The influence of laser texturing on the tribological behavior 
of titanium alloy Ti6Al4V in medical applications. Arch. Civ. Mech. Eng. 2024, 24, 146. https://doi.org/10.1007/s43452-024-00960-
3. 

37. Martin, J.Y.; Schwartz, Z.; Hummert, T.W.; Schraub, D.M.; Simpson, J.; Lankford, J. Jr.; Dean, D.D.; Cochran, D.L.; Boyan, B.D. 
Effect of titanium surface roughness on proliferation, differentiation, and protein synthesis of human osteoblast-like cells 
(MG63). J. Biomed. Mater. Res. 1995, 29, 389–401. https://doi.org/10.1002/jbm.820290314. 

38. Zhao, G.; Schwartz, Z.; Wieland, M.; Rupp, F.; Geis-Gerstorfer, J.; Cochran, D.L.; Boyan, B.D. High surface energy enhances cell 
response to titanium substrate microstructure. J. Biomed. Mater. Res. Part A 2005, 74, 49–58. https://doi.org/10.1002/jbm.a.30320. 

39. Ketul, C.P.; Lara, L.; Grimes, C.A.; Desai, T.A. Influence of engineered titania nanotubular surfaces on bone cells. Biomaterials 
2007, 28, 3188–3197. https://doi.org/10.1016/j.biomaterials.2007.03.020. 

40. Krasimir, V.; Zihan, P.; Kant, K.; Chan, J.; Michelmore, A.; Losic, D. Tailoring the surface functionalities of titania nanotube 
arrays. Biomaterials 2010, 31, 532–540. https://doi.org/10.1016/j.biomaterials.2009.09.074. 

41. Sun, L.; Berndt, C.C.; Gross, K.A.; Kucuk, A. Material fundamentals and clinical performance of plasma-sprayed hydroxyapatite 
coatings: A review. J. Biomed. Mater. Res. 2001, 58, 570–592. https://doi.org/10.1002/jbm.1056. 

42. Cui, X.; Martin, D.C. Electrochemical deposition and characterization of poly(3,4-ethylenedioxythiophene) on neural microe-
lectrode arrays. Sens. Actuators B Chem. 2003, 89, 92–102. https://doi.org/10.1016/S0925-4005(02)00448-3. 

43. Kong, K.; Chang, Y.; Hu, Y.; Qiao, H.; Zhao, C.; Rong, K.; Zhang, P.; Zhang, J.; Zhai, Z.; Li, H. TiO2 Nanotubes Promote Osteo-
genic Differentiation Through Regulation of Yap and Piezo1. Front. Bioeng. Biotechnol. 2022, 10, 872088. 
https://doi.org/10.3389/fbioe.2022.872088. 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 29 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

44. Kim, H.W.; Kim, J.; Kim, J.Y.; Kim, K.; Lee, J.Y.; Kim, T.; Cho, S.; An, J.B.; Kim, H.J.; Sun, L.; et. al. Transparent, metal-free 
PEDOT:PSS neural interfaces for simultaneous recording of low-noise electrophysiology and artifact-free two-photon imaging. 
Nat. Commun. 2025, 16, 4032. https://doi.org/10.1038/s41467-025-59303-2. 

45. Gudić, S.; Vrsalović, L.; Kvrgić, D.; Nagode, A. Electrochemical Behaviour of Ti and Ti-6Al-4V Alloy in Phosphate Buffered 
Saline Solution. Materials 2021, 14, 7495. https://doi.org/10.3390/ma14247495. 

46. Li, P.; Li, F.; Wang, K. A Preparation Technology and Performance Testing of a Dry Nanozyme/Ir-TiO2 Electrode System for 
EEG Signal Acquisition. IEEE Sens. J. 2025, 25, 99–107. https://doi.org/10.1109/JSEN.2024.3486790. 

47. Kasavetov, M.; Ruiz-Mateos Serrano, R.; Dominguez-Alfaro, A.; Lee, C.; Picchio, M.L.; Mecerreyes, D.; Malliaras, G.G.; Rincón 
Montes, V.; Güemes, A. PEDOT:PSS conducting eutectogel for enhanced electrical recording and stimulation in implantable 
neural interfaces. J. Mater. Chem. C 2025. https://doi.org/10.1039/D5TC03054D. 

48. Hsiao, V.K.S.; Shih, M.-H.; Wu, H.-C.; Wu, T.-I. Comparative Study of Surface Modification Techniques for Enhancing Biocom-
patibility of Ti-6Al-4V Alloy in Dental Implants. Appl. Sci. 2024, 14, 10904. https://doi.org/10.3390/app142310904. 

49. Yuan, P.; Chen, M.; Lu, X.; Yang, H.; Wang, L.; Bai, T.; Zhou, W.; Liu, T.; Yu, S. Application of advanced surface modification 
techniques in titanium-based implants: Latest strategies for enhanced antibacterial properties and osseointegration. J. Mater. 
Chem. B 2024, 12, 10516–10549. https://doi.org/10.1039/D4TB01714E. 

50. Romero-Resendiz, L.; Rossi, M.C.; Seguí-Esquembre, C.; Amigó-Borrás, V. Development of a porous Ti–35Nb–5In alloy with 
low elastic modulus for biomedical implants. J. Mater. Res. Technol. 2023, 22, 1151–1164. 
https://doi.org/10.1016/j.jmrt.2022.12.011. 

51. Yanmei, Z.; Xiankuan, W.; Li, Y.; Liang, J.; Jiang, P.; Huang, Q.; Yang, Y.; Duan, H.; Dong, X.; Rui, G.; et. al. Cell osteogenic 
bioactivity mediated precisely by varying scaled micro-pits on ordered micro/nano hierarchical structures of titanium. Regen. 
Biomater. 2022, 9, rbac046. https://doi.org/10.1093/rb/rbac046. 

52. Stich, T.; Alagboso, F.; Pattappa, G.; Chu, J.; Moskal, D.; Povolný, M.; Saller, M.; Schönitzer, V.; Scholz, K.J.; Cieplik, F.; et. al. 
Micropatterning and Nanodropletting of Titanium by Shifted Surface Laser Texturing Significantly Enhances In Vitro Osteo-
genesis of Healthy and Osteoporotic Mesenchymal Stromal Cells. J. Funct. Biomater. 2025, 16, 401. 
https://doi.org/10.3390/jfb16110401. 

53. Wang, F.; Liu, Y.; Yu, W.; Jiang, F.; Zarinejad, M.; Tong, Y. Effect of electropulsing treatment on the microstructure and mechan-
ical properties of Ti6Al4V alloy processed by a hybrid method of directed energy deposition and layer-by-layer ultrasonic im-
pact peening. Mater. Sci. Eng. A 2024, 908, 146774. https://doi.org/10.1016/j.msea.2024.146774. 

54. Niinomi, M.; Liu, Y.; Nakai, M.; Liu, H.; Li, H. Biomedical titanium alloys with Young’s moduli close to that of cortical bone. 
Regen. Biomater. 2016, 3, 173–185. https://doi.org/10.1093/rb/rbw016. 

55. Dada, M.; Popoola, P.; Mathe, N.; Pityana, S.; Adeosun, S. Electrical resistivity and oxidation behavior of Cu and Ti doped laser 
deposited high entropy alloys. World J. Eng. 2023, 20, 868–876. https://doi.org/10.1108/WJE-09-2021-0523. 

56. Engel, N.; Dau, M.; Engel, V.; Franz, D.; Klemmstein, F.; Thanisch, C.; Kolb, J.F.; Frank, M.; Springer, A.; Köhling, R.; et al. 
Combining Electrostimulation with Impedance Sensing to Promote and Track Osteogenesis within a Titanium Implant. Biomed-
icines 2023, 11, 697. https://doi.org/10.3390/biomedicines11030697. 

57. Jafari, M.; Jamnezhad, H.; Nazarzadeh, L. Electronic Properties of Titanium using density functional theory. Iran. J. Sci. Technol. 
2012, A4, 511–515. 

58. Calazans Neto, J.; Celles, C.A.S.; de Andrade, C.S.A.F.; Afonso, C.R.M.; Nagay, B.E.; Barão, V.A.R. Recent Advances and Pro-
spects in β-type Titanium Alloys for Dental Implants Applications. ACS Biomater. Sci. Eng. 2024, 10, 6029–6060. 
https://doi.org/10.1021/acsbiomaterials.4c00963. 

59. Kalita, D.; Rogal, Ł.; Berent, K.; Góral, A.; Dutkiewicz, J. Effect of Mo and Ta on the Mechanical and Superelastic Properties of 
Ti-Nb Alloys Prepared by Mechanical Alloying and Spark Plasma Sintering. Materials 2021, 14, 2619. 
https://doi.org/10.3390/ma14102619. 

60. Srinivas Kumar, G.L.G.S.B.; Chinara, S.; Das, S.; Tiwari, C.; Prakash; Nageswara Rao, G.V.S. Studies on Ti-29Nb-13Ta-4.6Zr 
alloy for use as a prospective biomaterial. Mater. Proc. 2019, 15, 11–20. https://doi.org/10.1016/j.matpr.2019.05.018. 

61. Raducanu, D.; Vasilescu, E.; Cojocaru, V.D.; Cinca, I.; Drob, P.; Vasilescu, C.; Drob, S.I. Mechanical and corrosion resistance of 
a new nanostructured Ti–Zr–Ta–Nb alloy. J. Mech. Behav. Biomed. Mater. 2011, 4, 1421–1430. 
https://doi.org/10.1016/j.jmbbm.2011.05.012. 

62. Marin, E.; Lanzutti, A. Biomedical Applications of Titanium Alloys: A Comprehensive Review. Materials 2024, 17, 114. 
https://doi.org/10.3390/ma17010114. 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 30 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

63. Abreu-García, A.; Souto, R.M.; Izquierdo, J. Corrosion Performance of Ti6Al7Nb Alloy in Simulated Body Fluid for Implant 
Application Characterized Using Macro- and Microelectrochemical Techniques. Coatings. 2023, 13, 1121. 
https://doi.org/10.3390/coatings13061121. 

64. Hrir, H.; Layachi, O.A.; Boudoumaa, A.; El Bouari, A.; Ait Sidimou, A.; El Marrakchi, M.; Khoumri, E. Electrochemical corrosion 
behavior of α-titanium alloys in simulated biological environments. RSC Adv. 2024, 14, 38110–38119. 
https://doi.org/10.1039/D4RA05869K. 

65. Zhang, L.; Duan, Y.; Gao, R.; Yang, J.; Wei, K.; Tang, D.; Fu, T. The effect of potential on surface characteristic and corrosion 
resistance of anodic oxide film formed on commercial pure titanium. Materials 2019, 12, 370. https://doi.org/10.3390/ma12030370. 

66. Roh, B.; Macdonald, D.D. The passivity of titanium—Part III: Characterization of the anodic oxide film. J. Solid State Electrochem. 
2019, 23, 2001–2008. https://doi.org/10.1007/s10008-019-04255-z. 

67. Grosgogeat, B.; Boinet, M.; Dalard, F.; Lissac, M. Electrochemical studies of the corrosion behaviour of titanium and the Ti-6Al-
4V alloy using electrochemical impedance spectroscopy. Biomed. Mater. Eng. 2004, 14, 323–331. 

68. Robin, A.; Carvalho, O.A.S.; Schneider, S.G.; Schneider, S. Corrosion behavior of Ti-xNb-13Zr alloys in Ringer’s solution. Mater. 
Corros. 2008, 59, 929–933. https://doi.org/10.1002/maco.200805014. 

69. Oliveira, N.T.C.; Guastaldi, A.C. Electrochemical stability and corrosion resistance of Ti–Mo alloys for biomedical applications. 
Acta Biomater. 2009, 5, 399–405. https://doi.org/10.1016/j.actbio.2008.07.010. 

70. Marczewski, M.; Kowalski, K.; de Paula, L.D.; Rodrigues, F.P. 141—Microstructure, morphology, lattice parameters, and phys-
ical properties of a TiNbZrFe-alloy. Dent. Mater. 2025, 41, e65. https://doi.org/10.1016/j.dental.2025.01.154. 

71. More, N.S.; Paul, S.N.; Roy, M. Electrochemical Corrosion Behaviour of Ti–29Nb–13Ta–4.6Zr Alloy in Physiological Solution 
Containing Various Synovial Joint Lubricants. J. Bio- Tribo-Corros. 2018, 4, 42. https://doi.org/10.1007/s40735-018-0156-x. 

72. Akman, A.; Douest, Y.; Alberta, L.A.; Perrin, K.; Trunfio Sfarghiu, A.-M.; Courtois, N.; Ter-Ovanessian, B.; Pilz, S.; Zimmer-
mann, M.; Calin, M.; Gebert, A. Tribocorrosion behaviour of additively manufactured β-type Ti–Nb alloy for implant applica-
tions. J. Mater. Res. Technol. 2024, 31, 1419–1429. https://doi.org/10.1016/j.jmrt.2024.06.172. 

73. Li, Y.; Xu, W.; Su, Q.; Wang, Q. Microstructure and Properties of Ti–Al Coating on Titanium Alloy Surface Assisted by Electro-
magnetic Field. ACS Omega 2024, 9, 46176–46191. https://doi.org/10.1021/acsomega.4c06757. 

74. Zhao, Q.; Wang, H. Performance Modulation of AB2-Type Ti-Mn-Based Alloys for Compact Solid-State Hydrogen Storage 
Tank. Energies 2025, 18, 4980. https://doi.org/10.3390/en18184980. 

75. Cai, K.; Frant, M.; Bossert, J.; Hildebrand, G.; Liefeith, K.; Jandt, K.D. Surface functionalized titanium thin films: Zeta-potential, 
protein adsorption and cell proliferation. Colloids Surf. B Biointerfaces 2006, 50, 1–8. https://doi.org/10.1016/j.colsurfb.2006.03.016. 

76. Sengupta, J.; Hussain, C.M. Advancements in Titanium Dioxide Nanotube-Based Sensors for Medical Diagnostics: A Two-Dec-
ade Review. Nanomaterials 2025, 15, 1044. https://doi.org/10.3390/nano15131044. 

77. Wu, L.; Zhang, K.; Zhu, X.; Cao, S.; Niu, D.; Feng, X. Enhanced Capacitance of TiO2 Nanotubes with a Double-Layer Structure 
Fabricated in NH4F/H3PO4 Mixed Electrolyte. Langmuir 2019, 35, 5125–5129. https://doi.org/10.1021/acs.langmuir.8b04162. 

78. Jemat, A.; Ghazali, M.J.; Razali, M.; Otsuka, Y. Surface Modifications and Their Effects on Titanium Dental Implants. BioMed 
Res. Int. 2015, 2015, 791725. https://doi.org/10.1155/2015/791725. 

79. Yukari, I.; Miho, M.; Kanbara, K.; Miyamoto, M.; Noguchi, K.; Izumi, Y.; Ban, S. Surface Properties and Biocompatibility of Acid-
etched Titanium. Dent. Mater. J. 2008, 27, 415–421. https://doi.org/10.4012/dmj.27.415. 

80. Dercz, G.; Matuła, I.; Prusik, K.; Zając, J.; Szklarska, M.; Kazek-Kęsik, A.; Simka, W. Effect of Nb and Zr alloying additives on 
structure and properties of Ti-Ta-Nb-Zr alloys for medical applications. Arch. Metall. Mater. 2023, 68, 1137–1142. 
https://doi.org/10.24425/amm.2023.145485. 

81. Lototsky, M.V.; Davids, M.W.; Fokin, V.N.; Fokina, E.E.; Tarasov, B.P. Hydrogen-Accumulating Materials Based on Titanium 
and Iron Alloys (Review). Therm. Eng. 2024, 71, 264–279. https://doi.org/10.1134/S0040601524030030. 

82. Pan, Y.; Zhang, J.; Guo, X.; Li, Y.; Li, L.; Pan, L. Recent Advances in Conductive Polymers-Based Electrochemical Sensors for 
Biomedical and Environmental Applications. Polymers 2024, 16, 1597. https://doi.org/10.3390/polym16111597. 

83. Channabasavana Hundi Puttaningaiah, K.P. Innovative Carbonaceous Materials and Metal/Metal Oxide Nanoparticles for Elec-
trochemical Biosensor Applications. Nanomaterials 2024, 14, 1890. https://doi.org/10.3390/nano14231890. 

84. You, X.; Wang, Z.; Wang, L.; Liu, Y.; Chen, H.; Lan, X.; Guo, L. Graphene oxide/ε-poly-L-lysine self-assembled functionalized 
coatings improve the biocompatibility and antibacterial properties of titanium implants. Front. Bioeng. Biotechnol. 2024, 12, 
1381685. https://doi.org/10.3389/fbioe.2024.1381685. 

85. Kołkowska, A.; Michalska, J.; Zieliński, R.; Simka, W. Electrochemical Polishing of Ti and Ti6Al4V Alloy in Non-Aqueous So-
lution of Sulfuric Acid. Materials 2024, 17, 2832. https://doi.org/10.3390/ma17122832. 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 31 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

86. Bai, J.; Zhou, B. Titanium Dioxide Nanomaterials for Sensor Applications. Chem. Rev. 2014, 114, 10131–10176. 
https://doi.org/10.1021/cr400625j. 

87. Hazelgrove, B.; Matter, L.; Raos, B.; Harland, B.; Cheng, L.; Asplund, M.; Svirskis, D. Electrochemical impedance spectroscopy 
in vivo for neurotechnology and bioelectronics. Nat. Rev. Electr. Eng. 2025, 2, 110–124. https://doi.org/10.1038/s44287-024-00126-
6. 

88. Yang, G.; Varun, V.S.; Lombardi, J.P.; Rajbhandari, P.P.; Dhakal, T.P.; Wilson, D.G.; Poliks, M.D.; Ghose, K.; Turner, J.N.; Jin, Z. 
Heart Monitor Using Flexible Capacitive ECG Electrodes. IEEE Trans. Instrum. Meas. 2020, 69, 4314–4323. 
https://doi.org/10.1109/TIM.2019.2949320. 

89. Zhang, Y.; Chen, Y.; Contera, S.; Compton, R.G. Double Electrode Experiments Reveal the Processes Occurring at PEDOT-
Coated Neural Electrode Arrays. ACS Appl. Mater. Interfaces 2024, 16, 29439–29452. https://doi.org/10.1021/acsami.4c05204. 

90. Gideon, O.; Samuel, H.S.; Okino, I.A. Biocompatible materials for next-generation biosensors. Discov. Chem. 2024, 1, 34. 
https://doi.org/10.1007/s44371-024-00042-6. 

91. Kim, H.-S.; Baby, T.; Lee, J.-H.; Shin, U.S.; Kim, H.-W. Biomaterials-enabled electrical stimulation for tissue healing and regen-
eration. Med-X 2024, 2, 7. https://doi.org/10.1007/s44258-024-00020-8. 

92. Zhang, H.; Wu, Z.; Wang, Z.; Yan, X.; Duan, X.; Sun, H. Advanced surface modification techniques for titanium implants: A 
review of osteogenic and antibacterial strategies. Front. Bioeng. Biotechnol. 2025, 13, 1549439. 
https://doi.org/10.3389/fbioe.2025.1549439. 

93. Kulkarni, M.; Mazare, A.; Schmuki, P.; Iglič, A. Biomaterial surface modification of titanium and titanium alloys for medical 
applications. Nanomedicine 2014, 5, 111–136. 

94. Ishwer, S.; Abhijit, B.; Santhosh, A.J. Unlocking the potential of titanium and its alloys: A mini-review on innovative surface 
modification techniques. AIP Adv. 2024, 14, 100705. https://doi.org/10.1063/5.0232727. 

95. Garcia-Fernandez, J.; Salguero, J.; Batista, M.; Vazquez-Martinez, J.M.; Del Sol, I. Laser Surface Texturing of Cutting Tools for 
Improving the Machining of Ti6Al4V: A Review. Metals 2024, 14, 1422. https://doi.org/10.3390/met14121422. 

96. Kongsong, P.; Hasook, C.; Changpru, C.; Sangchay, W.; Konkhunthot, N. Effect of Different Chemical Etching Solutions on 
Physical and Chemical Surface Properties of Commercially Pure Titanium Grade 2. J. Mater. Eng. Perform. 2023, 32, 5060–5071. 
https://doi.org/10.1007/s11665-022-07442-8. 

97. Tuikampee, S.; Chaijareenont, P.; Rungsiyakull, P.; Yavirach, A. Titanium Surface Modification Techniques to Enhance Osteo-
blasts and Bone Formation for Dental Implants: A Narrative Review on Current Advances. Metals 2024, 14, 515. 
https://doi.org/10.3390/met14050515. 

98. Pitanga, M.; Voorwald, H.; Pigatin, W.L.; Guimarães, V.A.; Cioffi, M.O.H. Evaluation of Shot Peening on the Fatigue Strength 
of Anodized Ti-6Al-4V Alloy. Mater. Res. 2006, 9, 107–109. 

99. Arthur, N.K.K.; Kubjane, S.M.; Popoola, A.P.I.; Masina, B.N.; Pityana, S.L. The Effect of Laser Shock Processing on the Anti-
Corrosion Performance of LENS-Fabricated Ti-6Al-4V Alloy. J. Compos. Sci. 2023, 7, 218. https://doi.org/10.3390/jcs7060218. 

100. Bsat, S.; Yavari, S.A.; Munsch, M.; Valstar, E.R.; Zadpoor, A.A. Effect of Alkali-Acid-Heat Chemical Surface Treatment on Elec-
tron Beam Melted Porous Titanium and Its Apatite Forming Ability. Materials 2015, 8, 1612–1625. 
https://doi.org/10.3390/ma8041612. 

101. Voltrova, B.; Hybasek, V.; Blahnova, V.; Sepitka, J.; Lukasova, V.; Vocetkova, K.; Sovkova, V.; Matejka, R.; Fojt, J.; Joska, L.; et. 
al. Different diameters of titanium dioxide nanotubes modulate Saos-2 osteoblast-like cell adhesion and osteogenic differentia-
tion and nanomechanical properties of the surface. RSC Adv. 2019, 9, 11341. https://doi.org/10.1039/C9RA00761J. 

102. Mu, Y.; Hua, K.; Liu, Z.; Zhao, Y.; Fan, H.; Fu, T. Hydrothermal Calcification of Sand-Blasted/Acid-Etched Titanium with Im-
proved Corrosion Resistance and Cytocompatibility. Coatings 2025, 15, 771. https://doi.org/10.3390/coatings15070771. 

103. Park, J.; Cimpean, A.; Tesler, A.B.; Mazare, A. Anodic TiO2 Nanotubes: Tailoring Osteoinduction via Drug Delivery. Nanomateri-
als 2021, 11, 2359. https://doi.org/10.3390/nano11092359. 

104. Park, J.; Tesler, A.B.; Gongadze, E.; Iglič, A.; Schmuki, P.; Mazare, A. Nanoscale Topography of Anodic TiO2 Nanostructures Is 
Crucial for Cell–Surface Interactions. ACS Appl. Mater. Interfaces 2024, 16, 4430–4438. https://doi.org/10.1021/acsami.3c16033. 

105. Marcelo, G.O.; Polyana, A.R.; Danieli, A.P.R.; Adriano, G.R. Titanium Bioactive Surface Formation Via Alkali and Heat Treat-
ments for Rapid Osseointegration. Mater. Res. 2021, 24, e20200514. https://doi.org/10.1590/1980-5373-MR-2020-0514. 

106. Rikhari, B.; Saranya, K.; Kalaiyarasan, M.; Rahaman, M.; Periyasami, G.; Pandiaraj, S.; Thiruvengadam, M.; Pugalmani, S.; Ra-
jakumar, G. Bioactive conductive polymer-coated titanium to support osseointegration. Biomass Convers. Biorefin. 2024, 14, 
10699–10712. https://doi.org/10.1007/s13399-023-04712-w. 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 32 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

107. Hanna, A.K.; Rasha, A.H.I.; Noor, K.F.; Qahtan, A.H. Enhancing the Biocompatibility of Titanium Implants with Chitosan-
Alginate Bio-Composite Coatings Reinforced with HAP and ZnO. Rev. Compos. Matériaux Avancés 2024, 34, 125–132. 
https://doi.org/10.18280/rcma.340201. 

108. Wang, A.; Jung, D.; Lee, D.; Wang, H. Impedance Characterization and Modeling of Subcellular to Micro-sized Electrodes with 
Varying Materials and PEDOT:PSS Coating for Bioelectrical Interfaces. ACS Appl. Electron. Mater. 2021, 3, 5226–5239. 
https://doi.org/10.1021/acsaelm.1c00687. 

109. Kauth, A.; Wegener, J.; Jiang, H.; Pachauri, V.; Ingebrandt, S. PEDOT:PSS Electropolymerization Protocol for Microelectrodes 
Enabling Low-Cost Impedance-Based Cellular Assays. Appl. Res. 2024, 4, e202400087. https://doi.org/10.1002/appl.202400087. 

110. Zhu, C.; Deng, Y.; Xu, J.; Wen, J.; Huang, Q.; Yu, W. The Effect of Titanium Dioxide Nanotubes and Graphene Compounds on 
the Proliferation and Osteogenic Differentiation of Rat BMSCs. J. Funct. Biomater. 2025, 16, 413. 
https://doi.org/10.3390/jfb16110413. 

111. Awasthi, S.; Pandey, S.K.; Arunan, E.; Srivastava, C. A review on hydroxyapatite coatings for the biomedical applications: Ex-
perimental and theoretical perspectives. J. Mater. Chem. B 2021, 9, 228–249. https://doi.org/10.1039/D0TB02407D. 

112. Omar, Z.; Salma, A.O.; Walim, Z.; El Boussiri, K. Hydroxyapatite-Coated Titanium Dental Implants. Open Access Libr. J. 2025, 
12, 1–23. https://doi.org/10.4236/oalib.1112383. 

113. Wang, C.; Lu, R.; Cao, X.; Mu, Y.; Chen, S. Multifunctional and bioinspired titanium surface with multilayer nanofilms for novel 
dental implant applications. Front. Chem. 2024, 12, 1426865. https://doi.org/10.3389/fchem.2024.1426865. 

114. Bocchetta, P.; Chen, L.-Y.; Tardelli, J.D.C.; Reis, A.C.d.; Almeraya-Calderón, F.; Leo, P. Passive Layers and Corrosion Resistance 
of Biomedical Ti-6Al-4V and β-Ti Alloys. Coatings 2021, 11, 487. https://doi.org/10.3390/coatings11050487. 

115. El-Bassyouni, G.T.; Mouneir, S.M.; El-Shamy, A.M. Advances in surface modifications of titanium and its alloys: Implications 
for biomedical and pharmaceutical applications. Multiscale and Multidiscip. Model. Exp. Des. 2025, 8, 265. 
https://doi.org/10.1007/s41939-025-00823-1. 

116. Shiferaw, B.T.; Jin, M.Y.; Patel, M.; Henjum, L.J.; Abd-Elsayed, A. Deep Brain Stimulation and Brain–Spine Interface for Func-
tional Restoration in Spinal Cord Injury. Biomedicines 2025, 13, 631. https://doi.org/10.3390/biomedicines13030631. 

117. Ray, A.; Weiland, J.D. Structures, Materials, and Processes at the Electrode-to-Tissue Interface. In Visual Prosthetics; Dagnelie, 
G., Ed.; Springer: Boston, MA, USA, 2011. https://doi.org/10.1007/978-1-4419-0754-7_6. 

118. Zakir, O.; Ait-Karra, A.; Idouhli, R.; Khadiri, M.; Dikici, B.; Aityoub, A.; Abouelfida, A.; Outzourhit, A. A review on TiO2 nano-
tubes: Synthesis strategies, modifications, and applications. J. Solid State Electrochem. 2023, 27, 2289–2307. 
https://doi.org/10.1007/s10008-023-05538-2. 

119. Grygiel, M.; Ratyński, M.; Czerwiński, A.; Hamankiewicz, B. PEDOT:PSS as a conductive polymer binder for ecologically and 
economically sustainable, carbon-free NMC electrodes. Appl. Phys. A 2024, 130, 889. https://doi.org/10.1007/s00339-024-08039-9. 

120. Lai, M.; Gao, Y.; Yuan, B.; Zhu, M. Effect of Pore Structure Regulation on the Properties of Porous TiNbZr Shape Memory Alloys 
for Biomedical Application. J. Mater. Eng. Perform. 2015, 24, 136–142. https://doi.org/10.1007/s11665-014-1299-7. 

121. Zhou, L.; Wu, Z.; Sun, M.; Park, J.; Han, M.; Wang, M.; Yu, J.; Di, Z.; Mei, Y.; Bai, W.; et. al. Flexible, ultrathin bioelectronic 
materials and devices for chronically stable neural interfaces. Brain-X 2023, 1, e47. https://doi.org/10.1002/brx2.47. 

122. Kalita, N.; Gogoi, S.; Minteer, S.D.; Goswami, P. Advances in Bioelectrode Design for Developing Electrochemical Biosensors. 
ACS Meas. Sci. Au 2023, 3, 404−433. https://doi.org/10.1021/acsmeasuresciau.3c00034. 

123. Hyebin, Y.; Hyesung, Y.; Seung, S. O. Detection and beyond: Challenges and advances in aptamer-based biosensors. Mater. Adv. 
2020, 1, 2663–2687. https://doi.org/10.1039/D0MA00639D. 

124. Shalini Devi, K.S.; Xiong; Tsujimura, S. TiO2 Hybrid Nanomaterials for Electrochemical Sensing and Biosensing Applications. 
In Titanium Dioxide-Based Multifunctional Hybrid Nanomaterials; Prakash, J., Cho, J., Ruzimuradov, O., Fang, D., Eds.; Engineering 
Materials; Springer: Cham, Switzerland, 2025. https://doi.org/10.1007/978-3-031-80625-4_15. 

125. Raza, T.; Qu, L.; Khokhar, W.A.; Andrews, B.; Ali, A.; Tian, M. Progress of Wearable and Flexible Electrochemical Biosensors 
With the Aid of Conductive Nanomaterials. Front. Bioeng. Biotechnol. 2021, 9, 761020. https://doi.org/10.3389/fbioe.2021.761020. 

126. Gualandi, I.; Tessarolo, M.; Mariani, F.; Arcangeli, D.; Possanzini, L.; Tonelli, D.; Fraboni, B.; Scavetta, E. Layered Double Hy-
droxide-Modified Organic Electrochemical Transistor for Glucose and Lactate Biosensing. Sensors 2020, 20, 3453. 
https://doi.org/10.3390/s20123453. 

127. Ding, Y.; Yang, L.; Wen, J.; Ma, Y.; Dai, G.; Mo, F.; Wang, J. A Comprehensive Review of Advanced Lactate Biosensor Materials, 
Methods, and Applications in Modern Healthcare. Sensors 2025, 25, 1045. https://doi.org/10.3390/s25041045. 

128. Shinde, M.; Slaughter, G. Advanced nanocomposite-based electrochemical sensor for ultra-sensitive dopamine detection in 
physiological fluids. Front. Lab Chip Technol. 2025, 4, 1549365. https://doi.org/10.3389/frlct.2025.1549365. 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 33 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

129. Ardoino, N.; Lunelli, L.; Pucker, G.; Vanzetti, L.; Favaretto, R.; Pasquardini, L.; Pederzolli, C.; Guardiani, C.; Potrich, C. Optimi-
zation of Surface Functionalizations for Ring Resonator-Based Biosensors. Sensors 2024, 24, 3107. 
https://doi.org/10.3390/s24103107. 

130. Sikorski, P. Electroconductive scaffolds for tissue engineering applications. Biomater. Sci. 2020, 8, 5583–5588. 
https://doi.org/10.1039/D0BM01176B. 

131. Silva, J.C.; Marcelino, P.; Meneses, J.; Barbosa, F.; Moura, C.S.; Marques, A.C.; Cabral, J.M.S.; Pascoal-Faria, P.; Alves, N.; Mor-
gado, J.; et. al. Synergy between 3D-extruded electroconductive scaffolds and electrical stimulation to improve bone tissue en-
gineering strategies. J. Mater. Chem. B 2024, 12, 2771–2794. https://doi.org/10.1039/D3TB02673F. 

132. Marsudi, M.A.; Ariski, R.T.; Wibowo, A.; Cooper, G.; Barlian, A.; Rachmantyo, R.; Bartolo, P.J.D.S. Conductive Polymeric-Based 
Electroactive Scaffolds for Tissue Engineering Applications: Current Progress and Challenges from Biomaterials and Manufac-
turing Perspectives. Int. J. Mol. Sci. 2021, 22, 11543. https://doi.org/10.3390/ijms222111543. 

133. Abd-Elaziem, W.; Mohammed, M.M.; Yehia, H.M.; Sebaey, T.A.; Khan, T. Porous Titanium for Medical Implants. Multidiscip. 
Mater. Chron. 2024, 1, 1–18. https://doi.org/10.62184/mmc.jmmc100020241. 

134. Li, B.; Hesar, B.D.; Zhao, Y.; Ding, L. Design and additive manufacturing of porous titanium scaffolds for optimum cell viability 
in bone tissue engineering. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2020, 237, 2015–2024. 
https://doi.org/10.1177/0954405420937565. 

135. Tian, J.H.; Li, Y.H.; Wu, X.J. Research Progress on Biocompatible Sintered Porous Titanium Alloys for Hard Tissue Implants. 
Trans. Indian Inst. Met. 2025, 78, 173. https://doi.org/10.1007/s12666-025-03649-0. 

136. Mena, D.; Trueba, P.; Rodríguez-Albelo, L.M.; Alcudia, A.; Garcia-Garcia, F.J.; Navarro, P.; de la Rosa, J.E.; Torres, Y. Design 
and Characterization of Porous Titanium Scaffolds: An Alternative for Dental Implant. In Recent Advances and Emerging Chal-
lenges in STEM; Torres, Y., Beltran, A.M., Felix, M., Peralta, E., Larios, D.F., Eds.; Springer Proceedings in Materials; Springer: 
Cham, Switzerland, 2024; p. 50. https://doi.org/10.1007/978-3-031-64106-0_19. 

137. Olin, C. Titanium in Cardiac and Cardiovascular Applications. In Titanium in Medicine; Engineering Materials; Springer: Ber-
lin/Heidelberg, Germany, 2001. https://doi.org/10.1007/978-3-642-56486-4_26. 

138. Agostinho, E. Electrochemical Performance and Biocompatibility of Cardiac Pacemaker Leads. J. Bioeng. Biomed. Sci. 2025, 15, 
476. 

139. Haris, M.H.; Laurence, M.E.; Joshuam M.C. Engineering and Construction of Pacemaker and ICD Leads. Cardiovascular 2015, 4. 
Available online: https://clinicalgate.com/engineering-and-construction-of-pacemaker-and-icd-leads-2/ (accessed on 15 No-
vember 2025). 

140. Defaye, P.; Biffi, M.; El-Chami, M.; Boveda, S.; Glikson, M.; Piccini, J.; Vitolo, M. Cardiac pacing and lead devices management: 
25 years of research at EP Europace journal. EP Eur. 2023, 25, euad202. https://doi.org/10.1093/europace/euad202. 

141. Mishra, R.K.; Singh, S.S. Comprehensive review of biological response, alloy design, strengthening mechanisms, performance 
evaluation, and surface modifications of titanium alloys for biomedical applications. Multiscale Multidiscip. Model. Exp. Des. 
2025, 8, 67. https://doi.org/10.1007/s41939-024-00658-2. 

142. Hareesh, M.S.; Praveen, J.; Sumesh, G. Electromagnetic interference shielding: A comprehensive review of materials, mecha-
nisms, and applications. Nanoscale Adv. 2025, 7, 4510–4534. https://doi.org/10.1039/D5NA00240K. 

143. Liu, J.; Pang, C.; Xu, P.; Xu, N.; Li, L. Enhancing Corrosion Resistance and Biocompatibility of Ti-Nb-Mo Alloy Coatings on 
Ti6Al4V Substrate via Laser Cladding. J. Mater. Eng. Perform. 2025, 34, 23833–23843. https://doi.org/10.1007/s11665-025-11160-2. 

144. Sarraf, M.; Rezvani Ghomi, E.; Alipour, S.; Ramakrishna, S.; Sukiman, N.L. A state-of-the-art review of the fabrication and 
characteristics of titanium and its alloys for biomedical applications. Bio-Des. Manuf. 2022, 5, 371–395. 
https://doi.org/10.1007/s42242-021-00170-3. 

145. Nikpour, S.; Henderson, J.D.; Matin, S.; Nie, H.-Y.; Hedberg, J.; Dehnavi, V.; Hosein, Y.K.; Holdsworth, D.W.; Biesinger, M.; 
Hedberg, Y.S. Effect of passivation and surface treatment of a laser powder bed fusion biomedical titanium alloy on corrosion 
resistance and protein adsorption. Electrochim. Acta 2024, 475, 143650. https://doi.org/10.1016/j.electacta.2023.143650. 

146. Jáquez-Muñoz, J.M.; Gaona-Tiburcio, C.; Mendez-Ramirez, C.T.; Carrera-Ramirez, M.G.; Baltazar-Zamora, M.A.; Santiago-Hur-
tado, G.; Lara-Banda, M.; Estupiñan-Lopez, F.; Nieves-Mendoza, D.; Almeraya-Calderon, F. Corrosion of Anodized Titanium 
Alloys. Coatings 2024, 14, 809. https://doi.org/10.3390/coatings14070809. 

147. Kupka, J.R.; König, J.; Al-Nawas, B.; Sagheb, K.; Schiegnitz, E. How far can we go? A 20-year meta-analysis of dental implant 
survival rates. Clin. Oral Investig. 2024, 28, 541. https://doi.org/10.1007/s00784-024-05929-3. 

148. Hu, C.; Zhao, L.; Zhang, Y.; Du, Z.; Deng, Y. The Influence of Hard Coatings on Fatigue Properties of Pure Titanium by a Novel 
Testing Method. Materials 2024, 17, 835. https://doi.org/10.3390/ma17040835. 

https://doi.org/10.3390/electronicmat7010001


Electron. Mater. 2026, 7, 1 34 of 34 
 

https://doi.org/10.3390/electronicmat7010001 

149. Mohammed, M.T.; Khan, Z.A.; Siddiquee, A.N. Beta Titanium Alloys: The Lowest Elastic Modulus for Biomedical Applications: 
A Review. Int. J. Chem. Nucl. Metall. Mater. Eng. 2014, 8, 726–731. 

150. Semenova, I.P.; Polyakov, A.V.; Dong, Y.; Sun, Z.; Alexandrov, I.V. Microstructure and Mechanical Properties of Titanium Al-
loys Produced by Additive Technologies: New Approaches and Promising Areas of Research. Metals 2024, 14, 966. 
https://doi.org/10.3390/met14090966. 

151. Xiong, J.; Tang, X.; Yu, L.; Yu, L.; Xiao, D. Antimicrobial and Osteogenic Performance Comparison of Titanium Implants be-
tween the Conventional Array Structure Surface and Post-etched Surface. J. Mater. Eng. Perform. 2025, 34, 20420–20435. 
https://doi.org/10.1007/s11665-025-10714-8. 

152. Ashish, D.S.; Suya, P.A.P.; Jesuarockiam, N.; Khan, T.; Khahro, S.H. Advancement in biomedical implant materials—A mini 
review. Front. Bioeng. Biotechnol. 2024, 12, 1400918. https://doi.org/10.3389/fbioe.2024.1400918. 

153. Pfeiffer, C.J.; Mihailovic, D.; Gehl, H.-B.; Scholtz, L.-U.; Kilgue, A.; Riemann, C.; Voeltz, D.; Todt, I. Effect of Titanium Artifacts 
on Cholesteatoma in Magnetic Resonance Imaging After Reconstruction of the Middle Ear. J. Clin. Med. 2025, 14, 2995. 
https://doi.org/10.3390/jcm14092995. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/electronicmat7010001

	1. Introduction
	2. Overview of Ti Alloys
	2.1. Metallurgical Classification and Phase Behavior
	2.2. Alloying Elements and Biological Implications
	2.3. Mechanical Properties Relevant to Biomedical Use
	2.4. Corrosion Resistance and Passive Layer Formation

	3. Biocompatibility and Surface Behavior
	3.1. Biological Response to Ti Surfaces
	3.2. Influence of Alloying Elements on Cytocompatibility
	3.3. Surface Topography and Roughness
	3.4. Surface Treatments and Coatings
	3.5. Electrochemical Behavior in Physiological Conditions
	3.6. Dual Role of Surface Properties in Bioelectronic Interfaces

	4. Electrical and Electrochemical Properties
	4.1. Intrinsic Electrical Properties of Ti Alloys
	4.2. Electrochemical Stability in Physiological Media
	4.3. Surface Charge and Capacitance Behavior
	4.4. Effect of Surface Treatments on Electrical Performance
	4.5. Electrical Behavior in Bioelectronic Applications

	5. Surface Modification for Dual Functionality
	5.1. Physical Surface Treatments
	5.2. Chemical Surface Treatments
	5.3. Functional Coatings for Bioelectronic Integration
	5.4. Hybrid and Multilayer Strategies

	6. Applications in Bioelectronics
	6.1. Implantable Electrodes and Neural Interfaces
	6.2. Biosensors and Diagnostic Platforms
	6.3. Electrically Active Scaffolds for Tissue Engineering
	6.4. Cardiovascular and Muscular Interfaces

	7. Challenges and Limitations
	7.1. Electrical Constraints of Ti Alloys
	7.2. Surface Stability and Long-Term Performance
	7.3. Mechanical and Structural Trade-Offs
	7.4. Biological Compatibility Under Dynamic Conditions

	8. Future Perspectives
	9. Conclusions
	Abbreviations
	References

