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ABSTRACT 

For decades, electrode-tissue interfaces have been pursued to establish electrical 

stimulation as a reliable means to control neuronal cells behaviour. However, 

spreading of electrical currents in tissues limits its spatial precision. Thus, optical 

cues, such as near-infrared (NIR) light, have been explored as alternatives. 

Presently, NIR stimulation requires higher energy input than electrical methods 
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despite introduction of light absorbers e.g. gold nanoparticles. As potential solution, 

NIR and electrical co-stimulation have been proposed but with limited interfaces 

capable of sustaining this stimulation technique. Here, we constructed a novel 

electroactive nanocomposite with photoactive properties in the NIR range by 

EDC/NHS conjugation of liquid crystal graphene oxide (LCGO) to protein-coated 

gold nanorods (AuNR). The liquid crystal graphene oxide-gold nanorod 

nanocomposite (LCGO-AuNR) was fabricated into a hydrophilic electrode-coating 

via drop-casting, making it appropriate for versatile electrode-tissue interface 

fabrication.  UV-Vis spectrophotometry results demonstrated that LCGO-AuNR 

presented an absorbance peak at 798nm (NIR range). Cyclic voltammetry 

measurements further confirmed its electroactive capacitive properties. 

Furthermore, LCGO-AuNR coating supported cell adhesion, proliferation and 

differentiation of NG108-15 neuronal cells. We anticipate this biocompatible 

interface, with ideal electrical and optical properties for NIR and electrical co-

stimulation, to enable further development of the technique for energy-efficient and 

precise neuronal cell modulation. 

 

Introduction 

Neuronal cell stimulation is an essential technique applied in neuroscience-related 

technologies for the study and control of neuronal function, development and disorders 

such as Parkinson’s disease.[1],[2],[3] For decades, electrical stimulation has been the 

method of choice for modulating neuronal behaviour using extrinsic physical cues[4]. This 
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paved the way for the development of a wide variety of biocompatible and conductive 

electrode-tissue interfaces. They range from platinum alloys,[5] which are the gold 

standard today, to more recent developments such as conductive polymers,[6] carbon 

nanotubes[7] and conductive nanoparticles,  for instance silver nanowires or 

nanocrystalline diamond.[8] With advancements in neuroscience research, it has been 

understood that precise spatial and temporal control of neuronal stimulation is essential 

to achieve interfacing down to the single-cell level.[9] Progress in electrode-interface 

design and materials, for instance via microfabrication technology, has increased spatial 

and temporal precision of electrical stimulation of neuronal tissue.[10] However, remaining 

limitations such as tissue damage due to high stimulating current[11] and challenges to 

stimulate cells individually still persist.[9] 

 

Consequently, alternative neuronal cell stimulation techniques are being explored, with 

optical cell stimulation being one of the prime techniques of interest.[4,12] A range of 

optical stimulation techniques have been introduced, including optogenetics[12], advanced 

photoactive materials[13,14] and infrared (IR) neuronal stimulation.[12]  IR stimulation has 

the potential advantages of high spatiotemporal precision and reduced tissue 

inflammation as contact with foreign materials is not required.[15] A sub-type of IR 

stimulation called near-infrared (NIR) stimulation uses NIR light to stimulate cells through 

two-photon-based photothermal effect.[16] Wavelengths in the NIR optical window (650-

1450 nm) are attractive for improved light penetration and reduced heating of tissues due 

to the relatively low tissue absorbance in that range.[17] Despite these advantages, 
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challenges with high energy input,[18] residual tissue heating[19] and low tissue penetration 

(millimeter range)[20] remain a concern. As a solution, absorbers such as metallic 

nanoparticles have been introduced in NIR stimulation creating a technique called 

nanoparticle-enhanced NIR (NP-NIR) stimulation.[21] Its ability to control neuronal tissue 

differentiation[22] and to trigger calcium transients or action potentials in neurons has 

been shown but overall energy efficiency still remains an issue.[21,23] 

 

As a potential solution to these drawbacks of optical and electrical stimulation when used 

as isolated techniques, combined electrical-optical co-stimulation has been proposed. 

Duke et al. (2009) explored this approach by applying subthreshold electrical stimuli 

together with IR stimulation to the rat sciatic nerve to trigger an evoked response.[24] The 

optical threshold was found to decrease by as much as a factor of three in terms of radiant 

exposure, resulting in less heat deposition in the target tissue.[24] Despite these promising 

results, co-stimulation approaches remain relatively undeveloped. Considering interfaces 

capable of mediating NIR stimulation of cells, a variety of effective interfaces have been 

developed, for instance graphene nanomesh semiconductors by Akhavan et al., 2015, 

which have shown to modulate human neural stem cells differentiation by photoelectric 

effect of the interface.[25]  The current range of materials and interfaces capable of 

sustaining such electrical and optical cell co-stimulation are also quite limited in number 

and in their capabilities.[26] Therefore, significant research in the careful combination of 

materials for this purpose is indispensably required. 
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With the aim to manufacture a novel tissue-electrode interface capable of mediating NIR 

and electrical co-stimulation of neuronal cells effectively, this study investigated a 

nanocomposite structure formed from two components. The first one is liquid crystal 

graphene oxide (LCGO) whose properties make it a suitable candidate as an interface for 

electrical cell stimulation. LCGO is known for its large sheet size which greatly facilitates 

the fabrication of graphene materials.[27] It possesses highly oxidized basal plane and edge 

functional groups, including carboxyls,[28] that can be used for further functionalization of 

the material. Its conductivity can also be modulated based on the extent of reduction.[29] 

Moreover, it has strong mechanical properties that allow it to withstand the mechanical 

strains of cell stimulation and have enabled its use in the production of highly flexible 

electrodes.[29] Its capacity to produce highly wrinkled topographies can potentially 

improve electrical properties at the electrode-tissue interface.[29] LCGO and its derivatives 

have further shown high biocompatibility with neuronal tissue and other cell types [29,30]  

and has shown to improve certain cell behaviours such as cell proliferation.[30] This 

biocompatibility is further emphasized by its high colloidal stability in water[27] and 

consequent functionality in aqueous media rather than toxic organic solvents.  

 

The second component of the proposed system is gold nanorods. As mentioned 

previously, in NP-NIR stimulation, several nanomaterials have been used as absorbers, for 

instance iron oxide[31] and gold.[21,26,32] Gold nanoparticles have shown high 

biocompatibility with neuronal cells and can be functionalized for additional biological 

functions.[32,33] They exhibit localized surface plasmon resonance (LSPR), a phenomenon 
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whereby electrons at the surface of the nanoparticle oscillate in response to irradiation 

with light of a specific wavelength.[34] This produces a photothermal effect which can be 

used to stimulate cells.[23,34] By adjusting the material composition and aspect ratio of the 

gold nanorods, the LSPR absorption peak can be tuned to specific wavelengths in the NIR 

range.[34] In addition, the photothermal effect generated is highly localized at the 

nanoparticle, which creates a steep thermal gradient within a radius of tens of 

nanometers around the gold nanoparticle. This results in high spatial resolution of the 

stimulation.[35] Also, high temporal resolution can be achieved as the duration of the 

photothermal effect is governed by the length of the laser pulse (typically in the range 0.1-

10 ms).[23]   

 

In this paper, liquid crystal graphene oxide (LCGO) and protein-coated gold nanorods 

(AuNR) were conjugated by EDC/NHS chemistry to produce a novel liquid crystal graphene 

oxide-gold nanorod nanocomposite (LCGO-AuNR) aimed for electrical and NP-NIR co-

stimulation of neuronal cells. The novelty LCGO-AuNR does not only lie in its potential 

capacity of mediating both electrical and NIR stimuli but also in the careful design and 

combination of LCGO with a strong photothermal converter, AuNR[23] for biological 

applications. As part of this work, the NIR optical properties and electrical characteristics 

were evaluated by UV-Vis spectrophotometry and cyclic voltammetry respectively. The 

morphology and surface properties of LCGO-AuNR films were assessed using scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), atomic force 

microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and contact angle 



 

 

 

This article is protected by copyright. All rights reserved. 

8 

measurements. The biocompatibility of the LCGO-AuNR films was evaluated using the 

NG108-15 somatic hybridism cell line which models cholinergic neurons and is derived 

from rat glioma C6 BV-1 and mouse neuroblastoma N18TG-2 cell lines.[36] The adhesion, 

cytotoxicity, proliferation and differentiation of NG108-15 cells on the LCGO-AuNR 

platform were investigated. 

 

Results and Discussion 

Confirmation of LCGO-AuNR synthesis 

FTIR was performed to confirm the EDC/NHS conjugation of LCGO to AuNR, illustrated in 

Figure1a. As shown in Figure1b, the FTIR spectrum of LCGO presented peaks at 3390 cm-1, 

1710 cm-1, 1630 cm-1, 1220 cm-1 and 1050 cm-1 which were attributed to the O-H bond 

stretch, C=O in carboxylic acid, C=C, C-O-C and C-O stretch groups respectively.[37,38] The 

AuNR showed peaks at 3451 cm-1, 2868 cm-1, 1742 cm-1, 1654 cm-1, 1460 cm-1 and 1103 

cm-1  corresponding to N-H/O-H, C-H, C=O, amide I, amide II, C-O groups present in the 

protein coating of the gold nanorods respectively.[37,39] The success of the EDC/NHS 

conjugation was confirmed firstly by the presence of characteristic amide-carbonyl (-NH-

CO-) stretching (amide I) at 1621 cm-1 in LCGO-AuNR.[37,38] Secondly, the disappearance of 

carboxylic acid stretch (C=O)  in LCGO-AuNR at 1710 cm-1 indicated that the -COOH group 

of LCGO were consumed in the conjugation to form the amide linkage (Figure1b 

arrow).[37–39] The appearance of C-H stretch peaks at 2800 cm-1 in LCGO-AuNR, resulting 

from the CH2 groups of the gold nanorods’ protein-coating present in the nanocomposite, 
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further confirmed the conjugation. The peak at 3229 cm-1 in LCGO-AuNR resulted from N-

H/O-H stretches. The importance of the conjugation of LCGO to AuNR is to ensure 

interaction of AuNR with the cell membrane and prevent internalization of AuNR by the 

cells.[21] 

 

Figure 1 a. Schematic diagram of EDC/NHS conjugation of LCGO and AuNR. The -

NH2 group from the protein-coating of the AuNR reacts with the activated -COOH 

group of the LCGO to form an amide (-CONH-) linkage (encircled). b. FTIR spectra 

of LCGO-AuNR, LCGO and AuNR (protein-coating) for the wavenumber range of 

600-4000 cm
-1

. The wavenumber and corresponding bonds are indicated for each 

peak. The arrow indicates the disappearance of the C=O stretch at 1710 cm
-1

 in 

LCGO-AuNR. 
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Optical properties of LCGO-AuNR 

The UV-Vis spectrum of LCGO (Figure2a) showed a peak at ~230 nm, due to π→π* 

transitions of aromatic C=C bonds, and a shoulder at 300 nm, due to n→π* transitions of 

C=O bonds.
[38]

 These are typical of graphene oxide
[38]

. In the profile of LCGO-AuNR, 

these two peaks could be observed thus showing the presence of LCGO in the composite. A 

third peak was observed in the UV-Vis spectrum of LCGO-AuNR at 798nm due to the 

localized surface plasmon resonance (LSPR) of the AuNR present in the nanocomposite 

(Figure2a). This further confirmed the EDC/NHS conjugation and showed the photoactivity 

of LCGO-AuNR nanocomposite in the NIR range. 

In effect, the UV-Vis profile of AuNR (Figure2b) presented a maximum longitudinal LSPR 

peak at 798 nm which showed their photoactive properties in the optical window (650–

1450 nm) of the NIR range.
[17]

 A second peak was observed at 523 nm corresponding to the 

transverse LSPR of the nanorods and, to a minor extent, the LSPR of some nanospheres 

present (see Supplementary FigureS1). From the UV-Vis spectrum of LCGO-AuNR, we 

further estimated the mean concentration of LCGO-AuNR suspension produced at 

0.27±0.04 mg ml
-1

 (n=4). Each fabrication cycle also produced an average of 25±1 ml 

(n=3) of LCGO-AuNR suspension. (Supplementary FigureS2).  
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Figure 1 a. UV-Vis spectra of LCGO (0.02 mg ml
-1

) and LCGO-AuNR (0.02 mg ml
-1

) 

for the wavelength range 200–1000 nm. LCGO-AuNR and LCGO showed a peak at 

~230 nm (π→π* transitions) and a shoulder at 300 nm (n→π* transitions of C=O 

bonds). Magnified image shows the presence of an SPR peak at 798 nm in LCGO-

AuNR. b. UV-Vis spectrum of protein-coated gold nanorods (AuNR) suspension of 

0.039 mg ml
-1

. The maximum longitudinal LSPR peak and the transverse peak are 

shown at 798 nm and 523 nm respectively. 

 

 

Morphology of LCGO-AuNR film 

Presence of both gold nanospheres and nanorods was observed on the scanning electron 

microscopy (SEM) image of the protein-coated gold nanoparticles (Figure3a).  The SEM 

image of LCGO (Figure3b) showed a wrinkled topography, typical of LCGO[40,41], which is 

formed by thermodynamic requirements and interactions of LCGO with the substrate.[42] 

This is usually observed in graphene-based materials.[42] As expected, the SEM image of 

LCGO-AuNR (Figure3c) showed both presence of gold nanoparticles (both nanorods and 
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nanospheres) and graphene-like wrinkles of LCGO. This wrinkled morphology of LCGO-

AuNR is advantageous as it offers an increased surface area for cell stimulation as well as 

interaction between the cell and the interface.  

The density on the LCGO-AuNR film was evaluated at 2.19±0.05 gold nanorods μm-2 (n=3) 

which could ensure interaction between the nanorods and the cells. Our measurement of 

the average area of an NG108-15 cell body at 4h being approximately 100 μm2 (Figure7b), 

we deduced that any NG108-15 cell cultured on the single-layer LCGO-AuNR film would be 

in contact with an average of 219 gold nanorods.  

 

Figure 3 Scanning electron microscopy (SEM) images of a. AuNR b. LCGO and c. 

LCGO-AuNR films (100000X magnification). SEM image of LCGO-AuNR shows the 

presence of AuNR (white rods and spheres) and graphene-like wrinkles typical of 

LCGO (arrow). Scale: 200 nm. 

 

Finer structures of LCGO and LCGO-AuNR were observed via transmission electron 

microscopy (TEM). TEM images of LCGO (Figure4a) presented multi-layered sheets of 

LCGO with a high level of wrinkles, ripples and some crumples, usually observed in 

LCGO[41]. The single sheets of LCGO observed were large with a lateral width of more than 



 

 

 

This article is protected by copyright. All rights reserved. 

13 

1µm (Figure4b). This characteristic makes LCGO an advantageous material for electrode 

interface fabrication as an important sheet size ensures ease of processibility and 

coverage[43].  The TEM images of LCGO-AuNR showed presence of both gold nanorods and 

nanospheres conjugated to LCGO on the multi-layered sheets (Figure4c). Marginally large 

single sheets of LCGO-AuNR conjugated with nanorods were also observe (Figure4d). This 

further confirmed the success of the conjugation method used. These LCGO-AuNR films 

presented a slightly higher degree of wrinkling compared to single sheets of LCGO possibly 

due to an increase of π-π stacking caused by the loss of some oxygen groups during the 

conjugation process.[44]  

 

Figure 4 Transmission scanning microscopy (TEM) images of a. multi-layered sheets 

of LCGO b. single LCGO sheets c. multi-layered sheets of LCGO-AuNR and d. 

single LCGO-AuNR sheets (7500X magnification). The presence of AuNR were 

observed on single sheets of LCGO in LCGO-AuNR. Note: white spots are artefacts 

possibly due to reflection of beam. 
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Surface Properties of LCGO-AuNR film 

The drop-casting method used formed a LCGO-AuNR coating with full substrate coverage 

of 0.12mg cm-2. The surface roughness of LCGO-AuNR films on air-plasma treated glass 

(LCGO-AuNR/AP Glass) and on air-plasma treated gold mylar (LCGO-AuNR/AP GM) were 

quantified by measuring the root mean square roughness, Rq via AFM. The Rq reflects the 

dispersion of film height distribution from the mean.[45] LCGO-AuNR presented higher 

surface roughness than the bare substrates (Figure 5b and e). The LCGO-AuNR films 

presented a nanorough surface with wrinkles, ripples and grooves (Figure5a and d). These 

were more pronounced in LCGO-AuNR/AP GM with a higher Rq in LCGO-AuNR/AP GM 

(27±8 nm; n=3) than in LCGO-AuNR/AP Glass (15±5 nm; n=3) (one-way ANOVA, p<0.05; 

Tukey HSD; p<0.05) (Figure5b and e).  This is an advantageous feature as surface 

roughness is an important parameter in neuronal cell adhesion with neuronal cells tending 

to adhere better to nanorough surfaces.[46] LCGO-AuNR interface (n=3) showed a lower 

surface roughness than LCGO (n=3) (ANOVA, p<0.05; Tukey HSD; p<0.05) on glass but not 

on gold mylar (one-way ANOVA, p<0.05; Tukey HSD; p>0.05). Such differences may be 

explained by dissimilarities in interaction between LCGO-AuNR and the respective 

substrates due to their different physicochemical nature. 

 

Contact angle measurements showed that LCGO-AuNR films were hydrophilic with contact 

angles inferior to 90° (Figure5c and f). LCGO-AuNR/AP Glass and LCGO-AuNR/ AP GM 
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presented statistically similar contact angles of 44±3° (n=3) and 43±3° (n=3) respectively 

(one-way ANOVA, p<0.05; Tukey HSD; p>0.05). These were no different from their LCGO 

counterparts (n=3) (one-way ANOVA, p<0.05; Tukey HSD; p>0.05). Such similarity could be 

explained by little differences in expression of oxygen groups between LCGO-AuNR and 

LCGO[47] and little effect due to the difference in surface roughness observed above. 

Higher hydrophilicity was observed for AP Glass (31±5°; n=3) compared to AP GM (53°±4° 

n=3) (one-way ANOVA, p<0.05; Tukey HSD; p<0.05) with air-plasma treatment. This may 

be explained by different surface densities of hydrophilic groups (namely oxygen groups) 

on AP Glass and AP GM under the same conditions. 
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Figure 5 a. Height mode atomic force microscopy (AFM) image of LCGO-AuNR 

deposited on air-plasma treated glass (LCGO-AuNR/ AP Glass). b. Analysis of 

surface roughness, quantified in root mean square deviation (Rq) of bare glass (n=3), 

air-plasma treated glass (AP Glass) (n=3), LCGO deposited on air-plasma treated 

glass (LCGO/AP Glass) (n=3) and LCGO-AuNR/ AP Glass (n=3). c. Contact angle 

(CA) measurement of bare glass (n=3), AP Glass (n=3), LCGO/AP Glass (n=3) and 

LCGO-AuNR/AP Glass (n=3). d. Height mode AFM image of LCGO-AuNR deposited 

on air-plasma treated gold mylar (LCGO-AuNR/ AP GM). e. Analysis of surface 

roughness, in Rq, of bare gold mylar (GM) (n=3), air-plasma treated gold mylar (AP 

GM) (n=3), LCGO deposited on air-plasma treated gold mylar (LCGO/AP GM) (n=3) 

and LCGO-AuNR/ AP GM (n=3).  f. CA measurement of bare GM (n=3), AP GM 

(n=3), LCGO/AP GM (n=3) and LCGO-AuNR/AP GM (n=3). Note: Mean values are 

represented in Figures 5b, c, e and f. Error bars represent the standard deviation, S.D. 
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“*” indicates a statistically significant difference of p-value, p< 0.05 (one-way ANOVA 

and Tukey HSD post-hoc test). 

X-ray photoelectron spectroscopy (XPS) of LCGO-AuNR showed carbon atoms (C) as the 

major element at 67±2% (n=3) followed by oxygen (O) at 28±1% (n=3). These percentages 

were statistically similar to those observed in LCGO (n=3) for C and O thus yielding similar 

carbon to oxygen ratios (t-test; p>0.05) (see Supplementary Table1 and Supplementary 

FigureS3). The presence of nitrogen (N) at 2.2±0.3% (n=3) and gold (Au) at 0.02±0.01% 

(n=3) atoms in LCGO-AuNR only further confirmed the successful conjugation of AuNR to 

LCGO.  The C1s spectrum of LCGO-AuNR (see Supplementary FigureS3) further detailed 

the C-containing functional groups as: C-C/C=C (non-oxygenated ring C), C-O, C=O 

(carbonyl) and O-C=O (carboxylate)[48]. Similar groups were observed in LCGO thus 

explaining the similar hydrophilicity between LCGO-AuNR and LCGO observed above due 

to similar oxygenated  groups[47] (see Supplementary FigureS3). The N1s spectrum of 

LCGO-AuNR showed the presence for C-NH and O=C-NH groups resulting from the 

conjugation with AuNR (see Supplementary Table1 and Supplementary FigureS3). The 

presence of AuNR at the outermost part of the LCGO-AuNR surface (see Supplementary 

Table1 and Supplementary FigureS3) ensures direct contact between the gold nanorods 

and the cell membrane for optical stimulation via photothermal effect.  

 

Electrochemical characterisation 

The cyclic voltammogram (CV) of LCGO-AuNR deposited on gold mylar electrode (LCGO-

AuNR/Gold Mylar) presented a higher current and CV area than bare gold mylar (Figure6a, 
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c). This suggested that the LCGO-AuNR electrode interface is electroactive and charge 

delivery can occur by capacitive process during electrical cell stimulation.[49] However, 

compared to other graphene-based films, the current magnitude was relatively low mainly 

due to the low intrinsic conductivity of the LCGO component of the nanocomposite given 

that it was not reduced.[50]  LCGO-AuNR/Gold Mylar shows two oxidation peaks (I’ and II’) 

which were both reversible as shown by the presence of corresponding reduction peaks 

III’ and IV’ respectively.[51] Redox peaks at similar potential values (I, II, III and IV) were 

observed in LCGO (Figure6b). Although they were more prominent in LCGO than in LCGO-

AuNR, likely due to more effective surface electron transfer, these similar redox peaks 

showed conservation of reversible electrochemical properties of LCGO component after 

the conjugation. The functional groups associated with these redox peaks are carboxyl, 

phenol and quinone groups. The maintenance of the CV profile shape for 5 cycles in LCGO-

AuNR/Gold mylar showed the electrochemical stability of the interface[49] (Figure6c).  
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Figure 6 Cyclic voltammogram of a. bare gold mylar electrode, b. LCGO on gold 

mylar electrode (LCGO/Gold Mylar) and c. LCGO-AuNR on gold mylar electrode 

(LCGO-AuNR/Gold Mylar). Arrows show the scanning direction. I, II, III and IV 

indicate redox peaks on LCGO/Gold Mylar. The corresponding peaks on LCGO-

AuNR/Gold Mylar are labelled I’, II’, III’ and IV’. CV of each electrode was 

measured for 5 cycles as shown here. 
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Biocompatibility 

Cell adhesion on LCGO-AuNR films 

The cell adhesion studies showed that LCGO-AuNR films supported NG108-15 cell 

adhesion with 70.2±7.6% of cells attached at 4h (n=6) (Figure7a). The number of cells 

attached to LCGO-AuNR remained statistically similar over the 24h period (n=6, one-way 

ANOVA, p<0.05; Tukey HSD; p>0.05). Furthermore, the cell adhesion properties and 

cytotoxicity observed on LCGO-AuNR films (n=6) showed no difference compared to 

standard tissue culture plastic (TCP) (n=5-6) (one-way ANOVA, p<0.05; Tukey HSD; p>0.05). 

This suggested that the LCGO-AuNR surface allowed the cells to undergo the normal 

process of cell attachment[52] despite the observed lower cell adhesion compared to LCGO 

films at 24h. This could be explained by the difference in cytotoxicity observed between 

the two films at 24h (Figure7c) ((n=6) LCGO at 24h; (n=6) LCGO-AuNR at 24h; one-way 

ANOVA, p<0.05; Tukey HSD, p<0.05).  

The analysis of surface area occupied by the cells showed a steady increase over 24h on 

LCGO-AuNR films (n=561-1136 cells) at levels similar to air-plasma treated glass (control) 

(n=524-1318 cells) (one-way ANOVA, p< 0.05; Tukey HSD, p< 0.05) (Figure7b). Initially, 

NG108-15 cells were spherical in shape at 4h. Flattening of cells and formation of 

extensions were observed over the 24h period (see Supplementary FigureS4). This 

phenomenon translates into the process of cell spreading normally observed during cell 

adhesion due to creation of focal adhesion points.[53] Such process is essential for future 

cell development such as proliferation and differentiation. At 8h and 24h, the mean cell 

area occupied by NG108-15 cells was, however, lower on LCGO-AuNR films compared to 
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LCGO which may imply better cell adhesion on LCGO films (LCGO-AuNR at 8h, n=1136 

cells; LCGO-AuNR at 24h, n=876 cells; LCGO at 8h, n=705; LCGO at 24h, n=566 cells; one-

way ANOVA, p<0.05; Tukey HSD, p< 0.05). 

 

Figure 7 a. Cell adhesion on tissue culture plastic (TCP) (n=6), LCGO films (n=6) 

and LCGO-AuNR films (n=6) over 24h. The number of cells adhered is expressed as a 

percentage of the total number of cells present at each time point b. Evolution of cell 

area of NG108-15 cells cultured on glass substrate, LCGO films and LCGO-AuNR 

films. Number of cells analysed per condition, n=419-1318 c. Cytotoxicity of TCP 

(n=6), LCGO films (n=6) and LCGO-AuNR films (n=6) at 24h.  d. Cell proliferation 

profile of NG108-15 cells cultured on LCGO films, LCGO-AuNR films and TCP over 

3 days. e. Cytotoxicity on NG108-15 cells cultured on TCP, LCGO films and LCGO-

AuNR films over a period of 3 days.  Note: Mean values are represented in Figures 7a-

e. Error bars represent the standard deviation, S.D. “*” indicates a statistically 

significant difference of p-value, p< 0.05 (one-way ANOVA and Tukey HSD post-hoc 

test). 



 

 

 

This article is protected by copyright. All rights reserved. 

22 

 

Cell Proliferation on LCGO-AuNR films  

NG108-15 cells showed a steady increase in cell number on LCGO-AuNR films at a 

proliferation rate of 0.47±0.08 (n=6) (see Figure7d and Supplementary Table 2). Thus, 

LCGO-AuNR films supported cell proliferation. The rate of cell proliferation observed on 

LCGO-AuNR films was lower compared to that of LCGO films and TCP (see Supplementary 

Table 2). However, a statistical difference was only shown between LCGO-AuNR and LCGO 

(LCGO-AuNR, n=6; LCGO, n=5; one-way ANOVA, p<0.05; Tukey HSD, p<0.05). A Univariate 

Analysis of Variance (Interaction Analysis) indicated that the difference in cell number 

observed at the different time points is dependent on differences in material type (n=5-6, 

for each substrate per time point; Univariate Analysis of Variance (Interaction Analysis), 

p<0.05). Consequently, this difference in cell number may be due to the presence of AuNR 

as their possible effect on cell proliferation has previously been reported.[54] An initial drop 

in cell number was noted on all three surfaces possibly due to seeding and inherent 

cytotoxicity of the surfaces (Figure7d). 

Furthermore, NG108-15 expressed similar cytotoxicity on LCGO-AuNR films (n= compared 

to LCGO and TCP over the 3-day period (Figure7e) (one-way ANOVA, p<0.05; Tukey HSD, 

p>0.05). This confirms that the lower proliferation rate of NG108-15 cells observed on 

LCGO-AuNR is not primarily due to the cytotoxicity measured at these time points but due 

to direct material effect on proliferation. 
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Cell Differentiation on LCGO-AuNR films 

NG108-15 cells were able to differentiate on the LCGO-AuNR films and presented fine 

neurites (Figure8a). The neurites stained for βIII-tubulin (green) which is a protein involved 

in neurogenesis and expressed in NG108-15 cells.[35] The percentage of cells expressing 

neurites on LCGO-AuNR films steadily increased from 4.1% on Day 0 to 71% on Day 7 of 

differentiation (Figure8b) (n=291-484; one-way ANOVA, p<0.05; Tukey HSD, p<0.05). At 

Day 7, the number of differentiating NG108-15 cells was statistically superior on LCGO-

AuNR films (n=484) compared to LCGO films (n=625) and glass (n=742) (one-way ANOVA, 

p<0.05; Tukey HSD, p<0.05) (Figure8b). The number of neurites per cell was also assessed 

for each condition (Figure8 c, d, e). Considering the differentiating cells on LCGO-AuNR 

films, the proportion of cells presenting two neurites and three or more neurites increased 

from 25% to 52% and 0% to 33% respectively over the 7-days differentiation period. A 

Pearson Chi-square test showed that this change in distribution over the 7-day 

differentiation period was statistically significant thus confirming the differentiation 

process (n=291-484; Pearson Chi-square; p< 0.05). Similar trend was observed on the 

controls (LCGO, n=354-625; Glass, n=329-742; Pearson Chi-square; p< 0.05) (Figure 8 d and 

e). Hence, NG108-15 cells mostly adopted a bipolar or multipolar morphology. This 

denotes normal differentiation of the cell line on LCGO-AuNR films as NG108-15 cells are 

models for development and differentiation of cholinergic peripheral neurons (including 

motor neurons) which have this morphology.[55,56]  Moreover, the proportion of cells 

expressing one, two, three or more neurites on Day 3 (n= 434) and Day 7 (n=484) on 

LCGO-AuNR films were statistically different compared to the controls (Pearson Chi-
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square; p<0.05), with LCGO-AuNR films showing a higher proportion of cells expressing 

two or more neurites (85%) on Day 7 (Figure 8c).   

 

Conclusions 

A liquid crystal graphene oxide-gold nanorods (LCGO-AuNR) nanocomposite was 

successfully fabricated by covalently conjugating liquid crystal graphene oxide (LCGO) and 

protein-coated gold nanorods (AuNR) via EDC/NHS chemistry. The nanocomposite 

presented photoactivity in the NIR range by expressing a localized surface plasmon 

resonance peak at 798nm due to the gold nanorods. Our results further demonstrate the 

electroactive capacitive properties of the LCGO-AuNR electrode coating thus showing its 

suitability as an interface for near-infrared and electrical cell co-stimulation. The LCGO-

AuNR coating further presented a wrinkled morphology with adequate density of gold 

nanorods, thereby offering a large effective surface area for electrical cell stimulation and 

effective optical stimulation. It showed good biocompatibility, in terms of cell viability, 

adhesion, proliferation and differentiation of NG108-15 neuronal cells on LCGO-AuNR 

films under passive culture conditions. Thus, these results confirmed its promising 

potential as an electrode-tissue interface for electrical and NP-NIR co-stimulation of 

neuronal cells in future studies. 
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Figure 8 a. Differentiation of NG108-15 cells on glass, LCGO-AuNR films and LCGO 

films over a 7-day period. Pictures were taken at Day 0, 3 and 7 of differentiation. 

Scale: 100μm; 10X magnification. Over the 7-day period, neurite outgrowth was 

observed (see arrows). Cells were stained for βIII–tubulin (green). Cell extensions 

observed were considered as neurites     1X cell body in length. b. Percentage 

number of NG108-15 cells expressing neurites on glass (n=329-742), LCGO films 

(n=354-625) and LCGO-AuNR films (n=291-484) at Day 0, 3 and 7 of differentiation. 

The percentage cells expressing neurites increased steadily over the 7-day period for 

all three surfaces with LCGO-AuNR presenting highest percentage of differentiating 
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cells at Day 7. Distribution of number of neurites per differentiating cell on c. LCGO-

AuNR films, d. LCGO films and e. glass at day 0, 3 and 7 of differentiation. The 

percentage number of NG108-15 cells expressing three or more neurites at Day 7 was 

highest on LCGO-AuNR films at 33%. Note: Mean values are represented in Figures 

8b. Error bars represent the standard deviation, S.D. “*” indicates a statistically 

significant difference of p-value, p< 0.05 (one-way ANOVA and Tukey HSD post-hoc 

test). 

 

Methods 

Synthesis of liquid crystal graphene oxide-gold nanorods nanocomposite 

(LCGO-AuNR) 

Our fabrication method was derived from Yang et al. (2012) and Liu et al. (2016).
[57,58]

  10 

ml of 1 mg ml
-1

 liquid crystal graphene oxide aqueous suspension (LCGO) (ANFF, 

University of Wollongong, Australia) was sonicated for 2h. Then, EDC/NHSS solution 

(5ml) and 2-(N-morpholino) ethanesulfonic acid (MES) buffer (500 mM; 5 ml) at pH 6.1 

(Sigma-Aldrich Pty Ltd, Australia) were added. The EDC/NHSS solution consisted of N-

(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (40 mM) and N-

Hydroxysulfosuccinimide sodium salt (NHSS) (20 mM) (Sigma-Aldrich Pty Ltd, 

Australia). The LCGO-EDC/NHSS solution was stirred at room temperature for 1h to form 

activated LCGO (a-LCGO) which was then washed by repeated centrifugation and 

resuspension in MES buffer (50 mM) at pH 6.1. a-LCGO was recovered by centrifugation 

and re-dispersed in MES buffer (10 ml; 50 mM) at pH 6.1. Protein-coated gold nanorods 



 

 

 

This article is protected by copyright. All rights reserved. 

27 

solution (AuNR) (10 ml; 0.039 mg ml
-1

) was prepared by diluting stock AuNR (3.9 mg ml
-

1
; 5.2x10

12
 nanoparticles ml

-1
; Nanopartz Inc., USA) in MES buffer (50 mM) at pH 6.1. The 

AuNR solution (10 ml; 0.039 mg ml
-1

) was added to a-LCGO solution. The mixture was 

stirred overnight at 150rpm at 20°C (avoid light). The LCGO-AuNR aqueous suspension 

obtained was purified by dialysis (dialysis membrane cut-off of 14kDa; Sigma-Aldrich Pty 

Ltd, Australia) in MilliQ water (18MΩ.cm at 25°C) at 4°C for 4 days. Dialysis water was 

changed 3 times per day. After the dialysis, the LCGO-AuNR suspension was recovered 

and stored at 4°C.  

 

Fabrication of LCGO-AuNR coated electrodes 

LCGO-AuNR films were formed on gold mylar conductive substrate (ANFF University of 

Wollongong, Australia) for electrode fabrication. Firstly, gold mylar was air-plasma treated 

at a flow rate of 2 sccm for 20min at 50W. The air-plasma apparatus was composed of a 

plasma reactor connected to an RF generator (Model RFG100/13) and a manual 

impedance matching network (MMN150) from Coaxial Power Systems Ltd, UK. LCGO-

AuNR films were formed using drop-casting technique. LCGO-AuNR suspension (171 μl; 

0.234 mg ml-1) was deposited per cm2 of gold mylar and air-dried for 24h in sterile 

condition. This was repeated 3 times to form a 3-layer thick film of LCGO-AuNR films 

(0.12mg cm-2). LCGO-AuNR films on glass coverslips were made similarly for in vitro 

testing. Control LCGO films on glass coverslips and on gold mylar were also made via this 

method. 
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Material characterisation and topography  

Fourier transform infrared spectroscopy (FTIR) (NicoletiS5 FT-IR Spectrometer, Thermo 

Scientific) was performed on LCGO-AuNR and LCGO solid samples. Samples were prepared 

by freeze-drying aqueous suspensions of LCGO-AuNR (0.234 mg ml-1) and LCGO (1 mg ml-1) 

for 24h (FreeZone Benchtop Freeze Dry System, Labconco). AuNR solid samples were 

made by air-drying drop-casted AuNR suspension (0.039 mg ml-1). UV-Vis 

spectrophotometry (Cary50Bio UV-Visible spectrophotometer, Varian Instruments) of 

LCGO-AuNR suspension was performed in a quartz cuvette. The UV-Vis spectrum was used 

to calculate the concentration of LCGO-AuNR suspension using Beer’s Law: 

 

                    (2)                      (3) 

where A230nm is the absorbance at 230nm, cLCGO is the concentration of LCGO (mg ml-1), d is 

the path length of the cuvette (1 cm), εLCGO is the extinction coefficient of LCGO (53ml.mg-

1.cm-1),[59] A798nm is the absorbance at 798 nm, cAuNR is the concentration of AuNR (mg ml-1) 

and εAuNR is the extinction coefficient of AuNR (19.7ml.mg-1.cm-1). Summation of the 

amount of LCGO and AuNR in 1ml of suspension provides the concentration of LCGO-

AuNR produced in mg ml-1 (n=4). UV-Vis spectrophotometry of LCGO aqueous suspension 

and AuNR aqueous solution was also performed. Amount of LCGO-AuNR suspension 

produced at each production cycle was measured using graduated cylinder (n=3). 

 

Scanning Electron Microscopy (SEM) (ZEISS Supra40VPSEM, Carl Zeiss Pty Ltd) was 

performed on single-layer LCGO-AuNR films. LCGO-AuNR suspension was drop-cast onto a 
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silicon wafer and dried in air for 24h in sterile conditions. LCGO and AuNR samples were 

prepared similarly. SEM images at 50000X magnification were further used to determine 

the density of gold nanorods on the single-layer LCGO-AuNR film. The area of SEM images 

(50000X; n=3) of LCGO-AuNR films was measured and the number of gold nanoparticles 

present were counted. The density of gold nanoparticles, D, present was determined via 

Equation (1). 

 

  
                               

                              
 (1) 

 

LCGO-AuNR single-sheets were observed using transmission electron microscopy (TEM) 

(JEOL JEM-1010 Electron Microscope, JEOL Ltd.) at an accelerating voltage of 100kV. 

LCGO-AuNR samples were prepared by placing 2 µl of 0.2 mg ml-1 suspension on soft 

carbon grids and air-drying. Control LCGO samples were prepared by placing soft carbon 

grids on a 15 μl drop of LCGO suspension (0.2 mg ml-1) for 10 min and air-drying.  

 

Surface properties 

Atomic force microscopy (AFM) (MultiMode 8-HR, Bruker) was performed in tapping 

mode and at a scanning rate of 0.996Hz on LCGO-AuNR films on gold mylar (n=3)  and on 

glass substrate (n=3) at (0.12 mg cm-2).  Height mode AFM images of the surface (5μm x 

5μm) were captured and processed in Nanoscope Analysis v1.40 to measure the surface 
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roughness. Static contact angle measurements were performed by sessile drop method 

(FTA1000 Drop Shape Instrument, FirstTen Angstroms™) on the LCGO-AuNR films (0.12mg 

cm-2) (n=3) using MilliQ water (18MΩ.cm at 25°C). X-ray photoelectron spectroscopy (XPS) 

scans of the LCGO-AuNR (n=3) and LCGO films (n=3) were performed (AXIS Nova XPS, 

Kratos Analytical Shimadzu Group Company). Samples were prepared by drop-casting the 

LCGO and LCGO-AuNR suspension on silicon wafers and air-drying. 

 

Electrochemical characterisation 

Cyclic voltammetry (CV) of LCGO-AuNR coated gold mylar electrodes (0.12 mg cm-2) was 

recorded at room temperature and pressure (CHI430A Electrochemical Analyser, CH 

Instruments, Inc.). The 3-electrode cell used consisted of a working electrode (LCGO-AuNR 

on gold mylar electrode), an Ag/AgCl (3.0M NaCl) reference electrode and a platinum 

mesh auxiliary electrode. CV measurements were recorded in phosphate buffer saline 

solution at pH 7.4 in the potential window of -0.1 to 0.75 V and at a scan rate of 50 mV s-1 

for 5 cycles. Controls comprised of bare gold mylar electrodes and LCGO coated electrodes 

(0.12 mg cm-2). 

 

Cell culture 

NG108-15 cells (ATCC) (passage 17) were used. For cell adhesion and proliferation studies 

on LCGO-AuNR films, NG108-15 cells were cultured in cell proliferation media (DMEM + 

10%FBS + 1%L-glutamine + 1%Penicillin/Streptomycin) (Sigma-Aldrich Pty Ltd, Australia) 

under standard tissue culture conditions (5%CO2 and at 37°C). For cell differentiation 
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studies on LCGO-AuNR films, NG108-15 cells were cultured in differentiation media 

(DMEM + 1%FBS + 1%L-glutamine + 1%Penicillin/Streptomycin) (Sigma-Aldrich Pty Ltd, 

Australia) in 5%CO2 and at 37°C. All films and surfaces were sterilised using 70% ethanol 

followed by rinsing with sterile MilliQ water prior to cell seeding. 

 

Cell adhesion and cytotoxicity studies 

Polystyrene 96-well tissue culture plates (Corning®) (TCP) were coated with 3-layer thick 

LCGO-AuNR films (0.12 mg cm-2) made by repeated drop-casting and air-drying. Controls 

included LCGO films prepared similarly and as-received (TCP). NG108-15 cells were seeded 

on each substrate at a density of 8x104cells ml-1 (100 μl per well) and were incubated for 

4h, 8h and 24h in 5%CO2 and at 37°C. Number of adhered cells to each substrate at each 

time point was estimated by lactate dehydrogenase (LDH) assay (CytoTox96 assay Kit, 

Promega) and was expressed as a percentage of the total number of cells present (n=5-6 

wells per conditions). CytoTox96 assay Kit was also used to determine cell cytotoxicity at 

24h by measuring the LDH released by dead cells into the culture media (n=6 wells per 

conditions).  

To measure cell area, LCGO-AuNR films on glass coverslips (0.12 mg cm-2), were seeded 

with NG108-15 cells at 8x104cells ml-1. Cells were incubated for 4h, 8h and 24h. At each 

time point, coverslips with the adhered cells were fixed and stained for βIII-tubulin (see 

below). Pictures of cells were taken via fluorescence microscopy (Olympus IX70 

Fluorescence Microscope and SPOT RT230 Slider Scientific Digital Camera System). 

Controls included air-plasma treated glass coverslips and LCGO films on glass coverslips 
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(0.12 mg cm-2). Then the cell area was calculated for 400 cells minimum per condition 

using ImageJ (n=419-1318).  

 

Cell proliferation and cytotoxicity studies 

NG108-15 cells were seeded at a density of 2x104 cells ml-1 (100μl per well) on LCGO-AuNR 

films (0.12 mg cm-2) prepared in standard 96-well TCP(Corning®) by drop-casting and air-

drying. Cells were incubated at 5% CO2 and 37°C for 3 days. Number of cells present at 1, 2 

and 3 days in each well (n=6) was determined using LDH assay (CytoTox96 assay Kit, 

Promega). The cell proliferation rate was calculated by Equation (4):  

     (   )     (   )   (4)[60] 

where P is the rate of cell proliferation, ND1 is the cell density (cells ml-1) at day1 and ND3 

(cells ml-1) is the cell density at day3.[60] The cytotoxicity at each time point was 

determined using LDH assay (CytoTox96 assay Kit, Promega) and expressed as a 

percentage of the total cells present. Controls included as-received TCP (n=6) and LCGO 

films (n=5-6) prepared similarly to LCGO-AuNR films for both proliferation and cytotoxicity 

studies. 

  

Cell differentiation studies 

NG108-15 cells in proliferation media were seeded at 3x104 cells ml-1 on LCGO-AuNR films 

on glass coverslips (0.12 mg m-2) and were incubated for 24h. The media was then 

replaced with differentiation media and cells were incubated for 0, 3 and 7 days. At each 
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time point, cells were stained for βIII-tubulin via indirect immunofluorescent staining (see 

below) and observed via fluorescence microscopy (Olympus IX70 Fluorescence Microscope 

and SPOT RT230 Slider Scientific Digital Camera System). For each time point, cells 

differentiated on LCGO-AuNR films (n=291-484) were analysed on ImageJ to count the 

number of neurites per cell. A neurite was defined as an extension  1X diameter of the 

cell body. The number of cells presenting neurites were expressed as a percentage of the 

total number of cells counted at each time point. Controls included cells differentiated on 

air-plasma treated glass coverslips (n=329-742) and LCGO films on glass coverslips (n=354-

625).  

 

Immunofluorescence staining of NG108-15 cells 

NG108-15 cells were fixed in 10% neutral buffered formalin (NBF) for 20min. NBF was 

removed and cells were conserved in 1X phosphate buffer saline solution (1XPBS) at 4°C 

for 24h.  Cells were permeabilised by incubation in 10% goat serum with 0.1% TritonX100 

for 1h. Cells were then washed in 1XPBS solution and primary antibody (1/1000 purified 

mouse antibody monoβ-tubulin (TUJ1) Covance® + 10% goat serum + 0.1% TritonX100) 

was added. Cells were incubated for 2h at room temperature and washed in 1XPBS. The 

secondary antibody (1/2000 Alexa Fluor® 488 goat anti-mouse IgG, Invitrogen® + 10% goat 

serum + 0.1% TritonX100) was added and cells were incubated for 2h. Cells were washed 

in 1XPBS and mounted on microscope slides.  

 

Statistical Analysis 
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All experiments were performed at least in triplicate. Results were reported as mean ± 

standard deviation (mean ± S.D.). Microsoft Office Excel, OriginPro2015 and IBM™ SPSS™ 

Statistics25 were used for statistical analysis. One-way analysis of variance (ANOVA) and 

Tukey’s HSD (Post-hoc) tests were performed for statistical comparisons namely in surface 

roughness, contact angle, cell adhesion, cell proliferation and cell differentiation studies. 

Two-tailed t-test was also performed on XPS results for statistical comparison. For ANOVA, 

Tuckey’s HSD and t-tests, a statistically significant difference was established for p<0.05. A 

Univariate Analysis of Variance (Interaction Analysis) was further performed in cell 

proliferation studies to evaluate the dependence of the effect observed, on the materials 

assessed. Statistical significance was established for p<0.05. A Pearson Chi-square test was 

performed in the cell differentiation studies for statistical comparison of cell distributions. 

A statistically significant difference was established for p<0.05. 

  

Data Availability Statement 

The data generated and analyzed during the current study are available in the 

Supplementary Information files and in the figshare repository, 

https://figshare.com/s/2330ac2ce5fa31d9cca4   
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Summary 

Today, electrical and optical neuronal cell stimulation techniques require high 

precision and energy efficiency respectively. As a solution, an electrode-tissue 

interface made of liquid crystal graphene oxide-gold nanorods composite was 

constructed for electrical and near infrared (NIR) co-stimulation of neuronal cells. Its 

photoactivity in the near-infrared range, electroactivity and biocompatibility with 

neuronal cells showed its promising potential for this application. 
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