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A B S T R A C T   

In recent years, semiconductors have aroused great interest in connecting, observing and influ-
encing the behavior of biological elements, and it is possible to use semiconductor-cell compound 
interfaces to discover new signal transduction in the biological field. Among them, III-V nitride 
semiconductors, represented by gallium nitride (GaN), are used as substrates to form 
semiconductor-biology interfaces with cells, providing a platform for studying the effects of 
semiconductors on cell behavior. The interfaces between GaN substrate and cells play an 
important role in detecting and manipulating cell behaviors and provide a new opportunity for 
studying cell behavior and developing diagnostic systems. Hence, it is necessary to understand 
how the properties of the GaN substrate directly influence the behavior of biological tissues, and 
to create editable biological interfaces according to the needs. This paper reviews the synergism 
between GaN semiconductors and biological cells. The electrical properties, persistent photo-
conductivity (PPC), nanostructures, and chemical functionalization of GaN on the promotion of 
cell behaviors, such as growth, adhesion, differentiation, and signal transduction, are emphati-
cally introduced. The purpose of this study is to provide guidance to explore the detection and 
regulation methods of cell behavior based on semiconductors and promote the application of 
them in the field of bioelectronics, such as biochips, biosensors, and implantable systems.   

1. Introduction 

Studies in the latest several decades have made it obvious that besides structured metal and organic materials, semiconductors can 
impact cellular systems by affecting bioelectric and biomechanical components, enabling them to perform intricate functions. The field 
of bio-integrated electronics, optoelectronics, and microelectromechanical systems has showcased immense potential in capturing or 
manipulating optical, electrical, and mechanical signals within biological systems, ranging from individual cells to the entire body. For 
instance, gallium nitride (GaN) semiconductors have been used for the brain-computer interface to generate optical and electrical 
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stimulations [1]. Within the realm of cell biology, the research on the effects of GaN on behaviors of various cells has been reported, 
which has shown its great potential in detecting and manipulating cell behaviors and developing various bioelectronics systems. 
Therefore, semiconductors have become an important part of biophysical tools and biomedical devices, and the semiconductor-biology 
interface, as the core of device applications, is particularly critical. 

GaN, being a prominent member among third-generation semiconductor materials, possesses the characteristic of being a wide 
band gap semiconductor. As we know, GaN has many advantages, such as high electron mobility, large trapped surface charge density, 
good physical and chemical stability, and excellent biocompatibility, which show a great potential application prospect for GaN to be 
used in semiconductor-biology interfaces [2]. For example, GaN has been recognized as a new and excellent sensing material. The 
utilization of GaN-based biosensors has been observed in the detection of antibodies against various types of cancer, as well as in 
monitoring the action potentials of cardiomyocytes [3–5], sodium fluxes of nerve cells [6], and so on. In addition, excellent stability 
and biocompatibility of GaN in a liquid environment provide the basic conditions for research and application in biological tissues [7]. 
Some studies have shown that semiconductors (including GaN) can regulate the behaviors of biological molecular cells, such as 
quantifying different types of (bio)molecules, cells, and bacteria [8,9]. And the development of GaN-based acoustic tweezers, which 
have potential applications in manipulating particles and biological cells [10]. However, the underlying mechanisms through which 
semiconductors can influence cellular and subcellular biological processes are still not fully understood, making them elusive. 

In this review, first, we will provide a concise overview of the composition and characteristics of GaN semiconductors. And then, we 
will discuss the effects of different surface properties of GaN semiconductors, including surface electrical properties, polarity, surface 
nanostructures, surface functionalization, and persistent photoconductivity, on cell behavior, such as growth and proliferation, 
adhesion and differentiation, apoptosis and migration, cell junction fusion, and expression of genetic material. Finally, we put forward 
the potential applications and research prospects of the GaN-biology interface, which can offer some references for further research. 

2. Structure and properties of GaN 

GaN films usually can be grown using various methods, such as hydride vapor phase epitaxy (HVPE), metal-organic chemical vapor 
deposition (MOCVD) and molecular beam epitaxy (MBE), showing a smooth surface at the atomic level [11]. Because the positive and 
negative charge centers of the Ga atom and the N atom do not coincide, a polarized electric field up to about 3 MV/cm is formed on the 
surface. Thus, the Ga-face of GaN carries a negative bound charge, while the N-face exhibits an equivalent positive bound polarization 
charge. In addition, the doping type of GaN also affects its surface electrical properties. When GaN is n-type doped, its surface will be 
negatively charged. On the contrary, when GaN is p-type doped, its surface will be positively charged [12]. 

The chemical property of GaN is very stable and almost insoluble in water, acid, and alkali solutions at room temperature and 
pressure, except for an electrochemical environment [13,14]. Under high-temperature conditions, concentrated phosphoric acid, 
concentrated sulfuric acid or molten caustic soda will etch the GaN surface [15–17]. Specific surfaces can be constructed by physical or 
chemical modification of GaN surfaces, which provides a way to form semiconductor-biology interfaces with different properties and 
applications. Especially, GaN exhibits excellent biocompatibility and non-toxic characteristics, positioning it as a highly promising 
choice for various biomedical applications [18,19]. A research study discovered that when exposed to aqueous environments, func-
tionalized and etched GaN surfaces displayed remarkable stability and released an insignificant amount of Ga into the solution, even in 

Fig. 1. The schematic of the effects of electrical conductivity, persistent photoconductivity (PPC), nanostructures, and functionalizable surface of 
GaN on cell behaviors. 
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the presence of hydrogen peroxide [18]. Another study evaluated the biocompatibility of GaN through cell viability, adhesion and 
growth and found that there was no cytotoxicity of GaN and the cells showed good adhesion and extensibility on GaN [20]. 

3. The effects of GaN on cell behaviors 

GaN surfaces possess several unique properties, including electrical conductivity, persistent photoconductivity (PPC), nano-
structures, and functionalizable surfaces. As shown in Fig. 1, each of these properties can profoundly influence various cellular be-
haviors, including cell differentiation, proliferation, migration, and adhesion. Firstly, the electrical conductivity of GaN surface can 
affect cell behavior by promoting proliferation. Conductive surfaces can improve cellular attachment and spreading, leading to 
enhanced cellular interactions and increased cellular activity. Secondly, the PPC of GaN surface can provide noninvasive electrical 
stimulation to enhance cell adhesion, change the concentration of intracellular calcium ions and even trigger a cell wall integrity 
pathway response. Thirdly, GaN’s nanostructures allow for the creation of complex topographies that can regulate cellular adhesion 
and differentiation and protein adsorption. Finally, surface functionalization of GaN with bioactive molecules can enhance the 
biocompatibility of the material, promoting cellular adhesion, proliferation, and differentiation. Functionalizing GaN surfaces can also 
be used to create specific binding sites for cells and biomolecules, allowing for precise control over cell growth and adhesion. 

3.1. Surface electrical properties of GaN 

The surface electrical characteristics of GaN are primarily influenced by multiple factors. These factors encompass band bending at 
the surface, the type of doping (n-type and p-type), spontaneous polarization arising from an asymmetric distribution of positive and 
negative charge centers, and piezoelectric polarization induced by epitaxial growth. These effects collectively contribute to the overall 
surface electrical properties of GaN. 

GaN has the ability to deliver electrical stimulation, which can facilitate cell adhesion, proliferation, growth, migration, and dif-
ferentiation [21,22]. Tai-Horng Young et al. has demonstrated the successful use of GaN to culture rat cerebellar granule neurons in 
vitro, establishing GaN’s excellent biocompatibility and non-toxicity towards neuronal cells [23]. During a 6-day culture period, it was 
observed that GaN facilitated the response of cerebellar granule neurons, leading to enhanced cell differentiation and neuritic growth. 
As shown in Fig. 2(a), when cultured on the surface of n-type GaN, cerebellar granule neurons exhibited the formation of neural 
process networks with near-normal adhesion and neurite development. Fig. 2(b) illustrates that culturing cerebellar granule neurons 
on the surface of p-type GaN led to a reduction in neurite formation but an observable increase in cell aggregation. In the case of 
neurons cultured on the surface of Si (as shown in Fig. 2(c)), a similar cellular behavior was observed. Neuron clusters were observed 
when neurons were cultured separately on the surface of p-type GaN and Si. As is shown in Fig. 2(d), for tissue culture polystyrene 
(TCPS), the shape of cell aggregates is closer to a circle than that on the surface of Si and p-type GaN. However, neurons cultured on 
GaN showed a very dense neural process network compared to Si and TCPS substrates, indicating that GaN can promote nerve cell to 

Fig. 2. Different types of substrates have different effects on cell growth. The optical microscope photographs of cerebellar granule neurons on (a) n- 
type GaN, (b) p-type GaN, (c) Si, and (d) TCPS for culturing 3 days (scale bar = 100 μm) [23]. The optical microscope photographs of neurospheres 
on (e) PDL, (f) GaN, and (d) TCPS for culturing 7 days (scale bar = 50 μm) [24]. 
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grow, adhere, and even differentiate. They speculated that the mechanism is that Ga atoms on the surface of GaN exhibit electron 
deficiency due to the polarity induced by the Ga–N bond, resulting in significant Lewis acidity and reactivity towards various Lewis 
bases for the outer Ga atoms. This provides an environment conducive to the growth of neurons for the negatively charged sulfuric acid 
and carboxylic acid groups in glycosaminoglycans. 

Then Chi-Ruei Chen et al. [24] used GaN to induce and culture neural stem cells/progenitor cells (NSPC). As shown in Fig. 2(e and 
f), cells on GaN grew more neural networks than poly-D-lysine (PDL) and TCPS, and cell proliferation was more obvious. This result 
demonstrated that GaN could significantly improve cell survival, promote NSPC to differentiate into neurons and astrocytes and induce 
NSPC to differentiate into mature neurons. In addition, the study indicated that the inhibition of glycogen synthase kinase-3b (GSK-3b) 
activity facilitated neuronal differentiation when using GaN as a substrate. They speculated that the surface electrical properties of 
GaN could affect NSPC signal transduction, thus promoting the differentiation of NSPC. 

Chi-Ruei Chen et al. [25] used n- and p-type GaN substrates to prove that cerebellar granule neurons cultured for a long time on 
GaN are larger and can survive better than on silicon or tissue-cultured polystyrene, and can promote and induce neuronal aggregation 
and axonal growth. In their research, it was discovered that GaN exhibited a strong ability to activate Akt phosphorylation within the 
first 20 h of culture. Additionally, GaN demonstrated simultaneous promotion of cell adhesion, induction of neurite outgrowth in both 
serum-dependent and serum-independent interactions, and maintenance of a neuron-friendly environment for axonal growth and 
synaptogenesis with sustained benefits over an extended period. Therefore, GaN is expected to replace and solve the problem of poor 
biocompatibility of neural chips that stimulate and collect signals from cultured neurons due to silicon substrate. 

In addition, it is possible to regulate the surface polarity of GaN by manipulating the magnitude and direction of spontaneous 
polarization (SP) and piezoelectric polarization (PE) [26]. To confirm the modulation of GaN film polarity, researchers often employ 
Annular Bright-Field (ABF) and High-Angle Annular Dark Field (HAADF) scanning transmission electron microscopy (STEM) [27]. 
Chenguang Zhang et al. [27] have investigated to control the direction and magnitude of SP and PE of GaN layer to enhance bone 
regeneration. The results showed that endogenous electrical stimulation can promote and induce the differentiation and proliferation 
of bone cells. They also revealed that surfaces with Ga-polarity, carrying a negative charge, have a substantial positive impact on the 
growth, proliferation, adherence, and osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs), compared with 
positively charged N-polar surfaces. Their research was consistent with the reported studies that BMSCs can be attracted and directed 
towards the defect area via galvanotaxis effects through the induction of an electric field [28,29]. They speculated that the surface 
charge of GaN may be the electrical microenvironment for the osteogenic behavior of the protein. The electrical stimulation-induced 
osteogenic differentiation process may involve critical roles of the FA, ECM-receptor interaction, TGFb, and PI3K-Akt signaling 
pathways. In addition, different concentrations of Ga ions also play a potential role in regulating osteoblast osteoblast-induced ossi-
fication, which can increase the activity of alkaline phosphatase and promote the formation of calcium nodules, which provides a 
promising strategy for the treatment of osteoporosis [30]. 

In conclusion, GaN has been used in monitoring cellular electrical signals recently [7,31], which has the capability to concurrently 
stimulate, manipulate, and record cellular bioelectrical activities in both laboratory and living organisms [32,33]. The studies pres-
ently demonstrated the potential of GaN as a new generation of electronic biomaterials and devices for the treatment of neurological 
diseases and the development of neuron chip systems. 

3.2. Persistent photoconductive effects of GaN 

It is widely known that electrical signals play an important role in biological cells, tissues, or organs. For example, electrical 
stimulus can promote and direct the orientation of biological nerve processes. In vitro studies published recently have made use of 
many materials to promote the electrical stimulation of organisms [35]. As the most widely used semiconductor with photoelectric 
properties, silicon provides a way to study the specific behavior of cells [36]. However, silicon semiconductor needs a light source to 
continuously irradiate the surface to generate persistent surface charges. In addition, its surface is easy to be oxidized to form a dense 
silicon dioxide layer, which will also affect the interface charge transport. By utilizing semiconductor materials with persistent 
photoconductivity (PPC), the requirement for a light source and special conditions during stimulation can be eliminated, showing 
potential application prospects in the influence of cell behavior [37,38]. 

GaN is one of the semiconductors with persistent photoconductivity, which can produce instantaneous photoinduced current under 
ultraviolet illumination, showing an increase in conductivity and can last for hours and days [39,40]. Both n- and p-type GaN have 
persistent photoconductivity. Studies have shown that the surface potential of n- and p-type GaN is respectively positive and negative 
when it is not illuminated by light. After being exposed to light, the surface potential of both n-type and p-type GaN increases due to the 
accumulation of minority carriers, resulting in a higher surface photovoltage. Specifically, the positive and negative charges of n-type 
and p-type GaN increase correspondingly. The results show that, compared with p-type GaN, the conductivity and surface potential of 
the n-type GaN exhibit more significant changes under illumination [34]. 

Patrick J. Snyder et al. [39] have investigated modulating the behavior of PC12 cells by combining three parameters of GaN surface 
roughness in different regions, surface functional groups, and conductivity with or without ultraviolet illumination. It was found that 
the metabolic rate and proliferation of rough surfaces were considerably greater when compared to smooth surfaces. By manipulating 
the GaN pattern size, roughness, and surface chemistry, the adhesion of PC12 cells can be altered when the GaN becomes more 
conductive through exposure to ultraviolet light. It is proved that the PPC in GaN can enhance cell adhesion, which is consistent with 
the surface roughness and the existence of specific functional groups and is beneficial to the biological interface. In addition, it has been 
reported that during the observation of the behavior of PC12 cells cultured in vitro with n-type GaN with PPC, changes in the con-
centration of intracellular calcium ions were found [34]. As shown in Fig. 3, the PPC of GaN can guide PC12 cells at specific surface 
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locations, indicating that PPC can be non-invasive stimulation of PC12 cells. However, the exact mechanism and details of PPC to 
stimulate neuronal and neurotypical cells are still unknown. 

The effects of GaN PPC on biological behavior were further investigated in a separate report by Patrick J. Snyder et al. [41] The 
n-type GaN with different doping levels and combined with phosphonic acid groups was used to observe the effects on the survival rate, 
intracellular reactive oxygen species, and calcium concentration of PC12 cells. It was found that PPC could enhance the chemical 
functionalization of phosphonic acid groups on the GaN surface by increasing the surface potential. And the sample doped with a high 
carrier concentration can better cause the change of calcium ions. Moreover, the synergistic effect of chemical functionalization and 
PPC can result in the surface passivation of GaN. This process helps shield the Ga and N atoms near the surface, minimizing the 
generation of reactive oxygen species (ROS). Consequently, it enhances direct cellular charge transfer from the material to the cell, 
leading to an additive effect that promotes cell stimulation. In addition, n-type Ga polar GaN film was employed to induce the reaction 
of Baker’s yeast (the model organism of synthetic biology). It was found that surface chemistry and semiconductor surface charge 
directly affected the population of cells and the dimensions of yeast clusters. PPC could cause surface charge to accumulate, which 
induced a cellular response in the cell wall integrity pathway, resulting in the reduction of chitin produced by yeast [42]. Of course, in 
addition to cells, bacteria also have corresponding behavioral responses to the GaN for PPC, such as Gram-negative bacteria Escherichia 
coli [43,44]. On the surface of GaN with different surface potentials, the structure of Escherichia coli including pili, flagella, reactive 
oxygen species, and membrane potential changed to some extent, and bacterial adhesion was also enhanced. In short, GaN-induced 
responses can lead to changes in signal pathways, and these signal pathways can be further studied by monitoring the changes in 
ion fluxes, which also indicates that GaN has a potential prospect in bioelectronic communication. Moreover, cutting-edge research has 
leveraged the exceptional photoelectric properties of GaN in unlabeled and real-time cell sensing, achieving unprecedented levels of 
sensitivity and responsiveness. This novel approach enables the determination of intercellular and intracellular kinetics by precisely 
detecting cell adhesion and morphological changes, providing invaluable insight into cellular behavior and functions [45]. 

Therefore, the PPC of GaN semiconductors can be used to realize electrical stimulation of biological cells without electrodes or 
external current input. In addition, dose-dependent stimulation can be achieved by changing the type of GaN substrate, combined with 
substrate surface roughness and chemical functionalization, which is a unique bioelectronic interface for future bioelectronic devices. 
It provides an excellent prospect and application potential to detect and control cell behavior. 

3.3. Surface nanostructures of GaN 

In cell culture, the most commonly used substrate material is relatively flat and smooth plastic or glass. However, with the 
development of cell culture technology and mechanical biology research, it has been found that the surface-specific morphology at the 
nanometer or micrometer level plays a key role in cell behavior. For example, just changing the surface morphology, elasticity, or 
roughness of the substrate can induce different proliferation and differentiation of stem cells [46,47]. 

Different surface nanostructures of GaN can also be achieved through a variety of etching methods, such as dry etching [48], wet 
etching [49], and photoelectrochemical etching [50], etc. GaN surface nanostructures can regulate the hydrophilicity and hydro-
phobicity which can be determined by measuring the contact angle and then affecting the biological behaviors of cells on the surface 
[51]. 

Lauren E. Bain et al. [52] fabricated different GaN surfaces to modify the interfaces between GaN and cells. As shown in Fig. 4(a–g), 
as-grown planar, unidirectionally polished, and etched nanoporous GaN and vertical GaN nanowire array were used to culture PC12 
cells, respectively. They discovered that cells exhibited a higher affinity for roughened surfaces compared to flat, as-grown surfaces. 
Moreover, the surface roughness influenced the morphology of cellular adhesion and differentiation in neurotype cells. It was also 
found that the different nanostructure of the GaN surface will influence the cell differentiation morphology although they have similar 
RMS roughness. For example, a significant portion of the cell population underwent differentiation on the polished surfaces, which 
have unidirectionally aligned troughs with barriers on either side, exhibited the characteristic elongated and slender extensions 
typically observed during neuronal development. In contrast, surfaces with a more irregular distribution of surface features, such as the 
etched surface, showed a higher degree of cell spreading. This can be attributed to the wider range of contact points available on these 
surfaces. Afterward, they continued their investigation by studying the interactions between common serum proteins and nano-
textured GaN surfaces. These surfaces exhibited lateral steppes, as-grown spiral hillocks, as well as mechanically polished and 
photochemically etched features [53]. Fig. 4(h and i) clearly illustrated the contrasting surface morphologies. The hillock and etched 

Fig. 3. The persistent photoconductive effect of GaN promotes the adsorption and stimulation of cells. Illustration of the noninvasive in vitro 
stimulation approach employed for PC12 cells [34]. 
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Fig. 4. GaN can be etched into different nanostructures by different methods. (a) and (b) for planar surface, (c) and (d) for polished surface, and (e) 
and (f) for etched surfaces. (a), (c), (e), and (g) were SEM images. (b), (d), and (f) were AFM images. The values listed at the bottom left of the SEM 
images were RMS roughness. (g) The substrate is positioned at an angle To accurately represent the aspect ratios of the nanowires [52]. Four GaN 
surface morphologies were demonstrated using 3D AFM. (h)lateral steppes GaN, (i) spiral hillocks GaN, (j) mechanically polished GaN, and (k) 
photochemically etched GaN. Height range 30 nm in (h–j), 100 nm in (d) [53]. 

Fig. 5. SEM photographs of NIH 3T3 cells for culturing 48 h on GaN NWs surfaces (a) before and (b) after UV irradiation [55]. (c) The SEM 
photograph of the GaN NWs; (d) The fluorescence microscope photograph showing MCF-7 cells captured on the biofunctionalized GaN NWs 
depicted in (c) [56]. The confocal images illustrating the distribution of vinculin (red) in NIH 3T3 cells for culturing 48 h on GaN NWs (e) and flat 
surfaces (f) [57]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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surfaces exhibited more random and disordered features, whereas the lateral and polished surfaces displayed unidirectional ridges. 
They found that GaN with regular surface nanostructures, such as unidirectional surface features of lateral step and polished surface, 
appeared to enhance protein accessibility, resulting in a higher occurrence of protein extension events compared to the less ordered 
surface features of the hillock and etched GaN surfaces. This study indicated that surface nanostructures can affect the adsorption 
behavior of proteins on semiconductor materials. The mechanism may be related to the ordered or disordered steric hindrance related 
to the surface characteristics, which promotes the binding of proteins onto the surface with unidirectional characteristics of inter-
molecular spacing affected by the proximity of parallel ridges. In addition, GaN microrods with special structure can be internalized 
into cells because of their high aspect ratio, and excellent laser signals can be observed under intracellular conditions, which would 
hold the potential for applications such as cell labeling and tracking [54]. 

Compared with planar GaN, GaN nanowires (NWs) with lateral confinement below 100 nm have high aspect ratio, high surface 
area and single crystallinity, which shows its uniqueness in regulating cell behavior. For example, by adjusting the hydrophilicity and 
hydrophobicity of GaN NWs, the adhesion of cells and proteins can be adjusted. Jingying Li et al. studied the use of photo-responsive 
GaN NWs with a diameter of about 50 nm to regulate protein binding and cell adhesion [55]. They realized the transition from 
superhydrophobicity to super hydrophilicity of GaN NWs through ultraviolet illumination. The level of superhydrophilicity exhibited 
by the GaN NWs was determined by the duration of UV irradiation under ambient conditions, through which the behaviors of protein 
adsorption and cell adhesion can be modulated as shown in Fig. 5(a and b). Additionally, they observed that the quantity of protein 
adsorbed on the GaN NW surface was greater compared to that on the flat GaN surface due to a higher roughness for the GaN NW 
surface. Afterward, they successfully created a bifunctional peptide-aptamer conjugated modified NW platform for capturing, sepa-
rating, and releasing cells based on the high specific surface area of GaN NWs. Fig. 5(c) displayed a representative SEM image 
showcasing a network of GaN NWs with an average diameter of approximately 50 nm covering the entire substrate. The fluorescence 
microscopy image (Fig. 5(d)) indicated that more MCF-7 cells can be captured on the GaN NWs than on that flat surface. The selective 
and efficient capture of cancer cells is achieved by combining NWs, surface-binding peptides, and cell-targeted aptamers. The platform 
can be recycled to capture and release specific cells. It has a potential application prospect in cell separation and detection [56]. 

Rong Yang et al. successfully fabricated large-scale GaN NW network using the graphene oxide (GO) assisted CVD method [57]. 
They realized precise control over the morphology of GaN NWs by adjusting the ratio of GO to catalysts during the fabrication process. 
Unlike the vertical GaN nanowire array prepared by Lauren E. Bain et al., these GaN NWs with different nanostructures showed 
different superhydrophobic properties, and the adhesion of cells on them was also greatly reduced. Fig. 5(e) and (f) showed fluo-
rescence images illustrating NIH 3T3 cells on both GaN NW and flat surfaces. The cultured cells were subjected to vinculin staining. On 
the hydrophobic GaN NW surface (Fig. 5(e)), cells appeared rounded and exhibited poor spreading, with no visible focal adhesions. 
This observation indicates that the nanostructure of the surface inhibited the formation of actin stress fibers and focal adhesions, 
resulting in weak cell-substrate adhesion, as supported by the low expression of vinculin. Conversely, on the hydrophilic flat GaN 
surface (Fig. 5(f)), cells displayed extensive spreading and well-formed vinculin-labeled focal adhesions. 

GaN lateral polarity structures (LPS) structures can also be employed to regulate cell growth, adhesion and migration. Taking 
neural PC12 cells as an example [58], trends in cell responses to the N polar regions were more significant cells tended to be more 
responsive to N poles compared with the Ga polar regions. The alternating step height changes of Ga and N polar regions can affect cell 
growth, improve cell adhesion and promote cell migration along the direction of the LPS features. Patrick J. Snyder et al. [59] also 
found that the root means square (RMS) roughness values of the N-polar surface were significantly higher than that of the Ga polar 
surface, and more PC12 cells were attached to the N polar surface. This conclusion is the same as that obtained by the aforementioned 
Lauren E. Bain et al. 

Different nanostructures of GaN can form different biological interfaces with cells, which can regulate the adhesion of cells to a 
certain extent, so as to realize the capture, separation and release of cells. These findings may provide new approaches for the 
regulation of biomolecules and cell behaviors at the GaN-biology interface, which will facilitate semiconductor-based diagnostic 
device design, implantable chips, and cell culture engineering. 

3.4. Surface functionalization of GaN 

GaN has garnered significant attention as a versatile component for chemical sensors and biosensors, thanks to its potential in 
various detection principles such as electrochemical, optical, and plasma-based methods. Meanwhile, GaN has good biocompatibility 
and can form physical or chemical covalent functionalization with a variety of organic molecules, proteins, peptides, and nucleic acids, 
which opens up fascinating prospects for GaN applications in the biological field. Therefore, it has emerged as a crucial research 
objective to modify the surface properties of GaN to adapt to different biological applications. 

There have been many studies to modify the GaN surface by physical or chemical adsorption using atoms or molecules, such as 
magnesium [60], NH3 [61], octanethiol [62], hydrogen [63], H2O [64], fluorine (XeF2) [65] and aniline [66]. These substances form a 
specific interface with GaN to reduce the surface work function of GaN and regulate the interface barrier and passivate the surface, 
achieving high-performance electronic devices and optoelectronic devices. However, there has been a lack of systematic research on 
the biological aspects, especially the effects of GaN surface functionalization on cell behaviors. Presently, it has been reported that 
protein polypeptide [2,67,68] or some chemical groups, such as alkane [69] and phosphonate [70–72], can be used to physically or 
chemically functionalize GaN surface. For biological applications, the reported research mainly focused on changing the hydrophilicity 
and hydrophobicity of the GaN surface, controlling surface potential, or forming a GaN-biology interface structure. 

The physical method for GaN surface functionalization is to simply drop compound solution onto the GaN surface and then dry it to 
form a compound layer on the GaN surface by physical adsorption. The chemical functionalization of the GaN surface is a way of 
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forming covalent bonds between the adsorbed molecules and the GaN surface, usually using an olefin metathesis reaction. Previous 
research has demonstrated that through surface modification of GaN using sodium hydroxide, 3-aminopropyltriethoxysilane, and 
subsequent bioconjugation with 1-hydroxy collagen (T1HC), the chemically functionalized GaN exhibits remarkable cell culture 
properties. These properties include complete cell adhesion and viability, achieved by altering the surface morphology and surface 
chemistry of GaN [73]. 

However, presently there are few studies on the influence of GaN surface functionalization on cell behavior, mainly focusing on the 
affinity, adhesion and morphology of PC12 cells to functionalized GaN surfaces. For example, Matthew S. Makowski et al. demon-
strated a technique for chemically modifying the GaN surface by employing olefin cross-metathesis with Grubbs first generation 
catalyst, which facilitated the covalent binding of hexylamine and a peptide [74,75]. The surface of functionalized GaN was stable in 
the aqueous environment. It was found that the polypeptide functionalized GaN surface exhibited a high affinity to PC12 cells and 
could further promote cell adhesion and growth. Fibronectin (FN) also has a similar effect [76], and even plays a significant role in 
using PC12 cells to simulate nerve cell differentiation [2,52,68]. Corey M. Foster et al. investigated the response of PC12 cells on GaN 
surfaces that were modified with peptides incorporating the IKVAV (isoleucine-lysine-valine-alanine-valine) motif [68]. This partic-
ular motif, derived from laminin, was deliberately selected for its ability to enhance cellular adhesion [77]. They compared the be-
haviors of PC12 cells on the GaN surface modified by peptides with different IKVAV motifs (P1, RP1, P1-IKVAV, IKVAV-P1, IKVAV (6) 
and IKVAV (19)). Most of the cells that adhered to the covalent functional surface maintained isolated or small monolayer aggregates, 
indicating that cell adhesion to the matrix could increase the branches of nerve processes. They also proved that GaN can retain the 
function of polypeptides when it recognizes that polypeptides and PC12 adhesion-promoting peptides IKVAV are part of the same 
peptide. Nora G. Berg et al. used ionizing radiation to investigate the stability of peptide functionalization in solution after chlorination 
of GaN surface, and proved that the surface composition of GaN materials would change after being exposed to ionizing radiation in 
solution, that is, the formation of peroxides [78]. The material was passivated, so biomolecules such as peptides did not dissociate 
easily from the GaN surface. 

In short, the long-term stability of GaN modified by peptides and other biomolecules in the relevant water environment after 
covalent functionalization can have a stable and long-term special effect on cell behaviors, such as affinity, adhesion and morphology. 
Chemical functionalization serves as a compelling initial step in establishing the interface between molecular and biomolecule systems 
with GaN semiconductors, presenting a favorable avenue for exploration. Moreover, biomolecules and their combination with GaN 
semiconductors can give specific functions to biomedical science and chemical sensing technology, which will have potential functions 
in chip implantability research after evaluating GaN surface functionalization, and provide opportunities for new nano-texture GaN 
biomedical devices. 

4. Conclusions and outlook 

The excellent chemical stability of GaN in complex environments determines its excellent biocompatibility, which provides a 
necessary condition for the construction of the GaN-biology compound interface and an in-depth study of its effects on the biological 
behavior of cells. Researchers can change the surface electrical properties by controlling the doping type, doping concentration and 
polarity of GaN, or prepare various nano-topological structures, so as to realize the regulation of the growth and proliferation, adhesion 
and migration, apoptosis and differentiation of cells and the cell signal detection. Using the persistent photoconductivity of GaN, non- 
invasive electrical stimulation of cells can be realized to enhance cell adhesion and cause changes in intracellular calcium concen-
tration. Chemical and biomolecular modification of GaN surface, such as hyaluronic acid (HA), protein, peptides, polysaccharides, and 
bionutrients or abiotic modifications, like hydrogels, conductive polymers, and even carbon nanotubes, can enhance the regulatory 
and mediating effects of these substances on biological cells. In addition, charge transfer between GaN-biology interface also has some 
effects on macromolecules and genetic materials expressed in biological cells, such as peptides, proteins, and nucleic acids, as well as 
cellular signal pathways. 

The GaN-biology compound interface, because its interface interaction can regulate a variety of cell behaviors, shows great po-
tential application value in the fields of biochips, biosensors, and implantable systems. For example, the size, shape, nanostructure, 
doping concentration, polarity, and other surface characteristics of GaN can be reliably controlled by semiconductor technology, 
combined with bioactive coating, optical treatment, surface functionalization, and other technologies, to enhance the influence of the 
interface on cell behavior, provide further support for cell growth and signal transduction, and reduce abnormal reactions in cell tissue. 
The different interfaces between GaN and various types of biological cells, tissues, and organs are expected to realize implantable 
biochips, biosensors, biological behavior research, and medical clinical application through this new biological interface. The ideal 
state in the future is to implant GaN into human tissue as part of the human implantable system to achieve auxiliary repair and 
treatment of clinical diseases. Therefore, it requires researchers to continue to explore new technologies and methods to develop a 
feasible GaN-biology compound interface with long-term functions. 

The interlaced combination of these characteristics of GaN can also play a superimposed synergistic effect on biological cells, which 
provides diversity and richness for the semiconductor-biology interface of GaN. In addition, an effective biological interface requires a 
certain degree of long-term stability. And observing the signal pathways involved in biological cell responses, mutations that occur or 
may occur, and other types of biological genetic reactions that the biological interface may experience in the future, all need to be 
studied and identified, which are great challenges to the development of GaN-biology interface. 

Although a great quantity of progress has been made in understanding the biological complex interface of GaN, because of the 
various characteristics of GaN semiconductor materials, there are still more places to be explored and exploited in the study of the 
effects on cells. For example, the exact mechanism of changing the hydrophilicity of GaN surface by light illumination and the charge 
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transport process between electron-conducting GaN semiconductors and ion-conducting cells need to be further studied. Due to the 
limitations of the atomic and electronic characterization technology of this special interface and the complex mechanism of biological 
systems, this field is still very challenging, thus researchers need to be more involved in further research. 

Author contribution statement 

All authors listed have significantly contributed to the development and the writing of this article. 

Data availability statement 

Data will be made available on request. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgements 

First two authors contributed equally to this work. The authors gratefully acknowledge financial support of this work by the 
National Natural Science Foundation of China (61674164, 62164001, and 22004020), the Natural Science Foundation of Jiangxi 
Province (20202ZDB01018), the open project of the Key Laboratory of Prevention and Treatment of Cardiovascular and Cerebro-
vascular Diseases Ministry of Education of China (XN201903), the startup funds of high-level talents of Gannan Medical University 
(QD201906 and QD202011), the school level project of Gannan Medical University (YB201942), and Special Fund for Graduate 
Innovation of Gannan Medical University (YC2021-S802). 

References 

[1] W. Ling, J. Yu, N. Ma, et al., Flexible electronics and materials for synchronized stimulation and monitoring in multi-encephalic regions, Adv. Funct. Mater. 30 
(2020), 2002644, https://doi.org/10.1002/adfm.202002644. 

[2] S.A. Jewett, M.S. Makowski, B. Andrews, M.J. Manfra, A. Ivanisevic, Gallium nitride is biocompatible and non-toxic before and after functionalization with 
peptides, Acta Biomater. 8 (2012) 728–733, https://doi.org/10.1016/j.actbio.2011.09.038. 

[3] B.S. Kang, H.T. Wang, T.P. Lele, Y. Tseng, F. Ren, S.J. Pearton, J.W. Johnson, P. Rajagopal, J.C. Roberts, E.L. Piner, K.J. Linthicum, Prostate specific antigen 
detection using AlGaN∕GaN high electron mobility transistors, Appl. Phys. Lett. 91 (2007), 112106, https://doi.org/10.1063/1.2772192. 

[4] K.H. Chen, B.S. Kang, H.T. Wang, T.P. Lele, F. Ren, Y.L. Wang, C.Y. Chang, S.J. Pearton, D.M. Dennis, J.W. Johnson, P. Rajagopal, J.C. Roberts, E.L. Piner, K. 
J. Linthicum, c-erbB-2 sensing using AlGaN∕GaN high electron mobility transistors for breast cancer detection, Appl. Phys. Lett. 92 (2008), 192103, https://doi. 
org/10.1063/1.2926656. 
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