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 10 

Abstract 11 

This study introduces a new strategy for periodic stacking of positively charged NiAl layered 12 

double hydroxides (LDHs) nanosheets with negatively charged monolayers of graphene (G) by 13 

systematically optimizing several parameters in a controlled co-feeding fashion and resultant 14 

heterostacked NiAl LDH/G LBL nanocomposites have been practically applied in sensitive 15 

detection of dopamine released from live cells as early Parkinson’s disease (PD) diagnostic tool. 16 

PD is the second most chronic neurodegenerative disorder with gradual progressive loss of 17 

movement and muscle control causing substantial disability and threatening the life seriously. 18 

Unfortunately majority of dopaminergic neurons present in substantia nigra of PD patients are 19 

destroyed before it is being clinically diagnosed, so early stages PD diagnosis is essential. 20 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

 

Because of direct neighboring of extremely conductive graphene to semiconductive LDHs 21 

layers, enhanced intercalation capability of LDHs, and huge surface area with numerous active 22 

sites, good synergy effect is harvested in heteroassembled NiAl LDH/G LBL material, which in 23 

turn shows admirable electrocatalytic ability in DA detection. The interference induced by UA 24 

and AA is effectively eliminated especially after the modifying the electrode with Nafion. The 25 

outstanding electrochemical sensing performance of NiAl LDH/G LBL modified electrode has 26 

been achieved in terms of broad linear range and lowest real detection limit of 2 nM (S/N=3) 27 

towards DA oxidation. Benefitting from superior efficiency, biosensor has been successfully 28 

used for real-time in-vitro tracking of DA efflux from live human nerve cell after being 29 

stimulated. We believe that our biosensing platform of structurally integrated well-ordered LBL 30 

heteroassembly by inserting graphene directly to the interlayer galleries of LDHs material will 31 

open up new avenue in diseases determination window. 32 

Keywords optimized co-feeding methodology, NiAl LDH/G LBL nanocomposites, 33 

electrochemical biosensor, DA detection, live nerve cells 34 

 35 

1. Introduction 36 

 Dopamine (DA) as one of the extensively studied monoaminergic neuroreceptors which 37 

functions as chemical messenger in synaptic communication between cells, plays a vital role in 38 

cardiovascular modulation, control of stress responses in renal systems [1, 2] and various aspects 39 

of brain circuitry in living organisms [3, 4]. Owing to the co-existence of various biological 40 

molecules in human body, constructing an extremely accurate and ultra-sensitive method for 41 

precise monitoring of DA is incredibly important for clinical diagnosis, pathological analysis and 42 
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to be conscious of neuronal function [5]. To date, among the several analytical approaches [6, 7], 43 

electrochemical transducer based methods being low cost, sensitive and portable, [8, 9] have 44 

widely been used for real-time detection of DA since they hold certain intriguing abilities of 45 

selectivity, ease of operation, swift response and ultrasensitivity in biological systems [10].    46 

It is worth mentioning that electrochemical response intensities are greatly influenced by 47 

material composition as well as surface properties of working electrode. In addition, it is 48 

challenging to exclude the influence of interfering species such as ascorbic acid (AA) and uric 49 

acid (UA) with almost same oxidation potential and high concentrations of AA together with DA 50 

in extracellular fluids [11]. Concerned with these consequences, electrochemical biosensors 51 

based on tailored nanocomposites and biological recognition species such as noble 52 

metal/oxides/hydroxides, and carbon based materials have been presented for DA sensing with 53 

improved sensitivity and selectivity [12, 13]. At bare electrodes, DA and AA are oxidized at 54 

similar potential giving overlapped peak and feeble response in DA detection [14]. To 55 

circumvent these bottlenecks, modified electrodes could be capable to avoid interference 56 

reactions and encourage DA oxidation through effective electrocatalytic reactions [15] and 57 

specific electrostatic interactions. Though, the noble metals being highly expensive and scarce as 58 

well as natural enzymes which are extremely instable, easily be denatured and complex while 59 

immobilizing [16, 17] have rendered their practical implementation in electrochemistry. 60 

Therefore, there is an urgent need of highly efficient electrocatalyst composed of inexpensive 61 

non-noble metals having conductive surfaces that should be characterized by the properties of 62 

high versatility in shape and size, surface regeneration, provide suitable mechanic and 63 

conducting characteristics, marvelous catalytic. Undoubtedly, nonprecious 3d metal 64 
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oxides/hydroxides have exposed tremendous electrocatalytic properties owing to huge surface 65 

area, good stability and decent capability in electro catalysis systems [18]. 66 

Layered double hydroxides (LDHs), a class of inorganic materials with tunable 67 

heterogeneous metal cations and interlayer space offering the availability of anion exchange 68 

within the interlayer gallery, have been used as a superb working electrode material in electro 69 

catalysis, [19] separation [20] and biosensor platform [21]. Single layer macromolecular 70 

arrangement of LDH crystals by exfoliation is one of the fascinating characteristics of LDH, 71 

ultimately constructing 2D assembly of cationic nanosheets [22, 23]. Actually, the insulating 72 

behavior of these non-noble (Fe, Co, Ni, Mn, Zn) metal oxides/hydroxides has constrained LDH 73 

based proficient electro catalytic nanomaterials [24]. To circumvent these issues, molecular level 74 

hybridizing of single layer of very thin LDH nanosheets together with monolayers of some super 75 

conductive carbon materials such as conductive polymers or graphene (G) could be a perfect 76 

methodology to develop an electrode material with remarkable electrochemical performances. 77 

Unambiguously, graphene having large surface area and superior electrical conductivity could 78 

function as conductive pathways to improve catalytic efficiency. Probably, an enhanced 79 

synergistic effect and quick electron transferring efficiency would be expected if periodic 80 

stacking of cationic LDH nanosheets with negatively charged graphene monolayer in an alternate 81 

manner could be achieved as superlattice composite. To the best of our knowledge, there is no 82 

report on successful use of NiAl LDH/G LBL (layer by layer) hybrid composite in biosensing 83 

platform. 84 

Herein, we report structurally hybridized composite material by controllable co-feeding 85 

methodology to yield heterostacked LBL self-assembly of NiAl LDH/G as shown in Fig. 1. 86 

Unequivocally, the confirmations about the construction of stacked NiAl LDH/G LBL hybrid 87 
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material are provided by various characterization techniques. Additionally, to circumvent the 88 

coagulation or destruction of structure, our structurally hybridized composite material NiAl 89 

LDH/G LBL can be recovered by freeze drying method in comparison with some above 90 

mentioned studies which could only use superlattice nanocomposites in wet conditions [25, 26].  91 

As a proof of concept, NiAl LDH/G LBL modified electrode has demonstrated admirable 92 

electrochemical sensing performances and has been practically used for in vitro monitoring of 93 

DA efflux in live human nerve cells. 94 

 95 

2. Experimental section 96 

2.1. Reagents and materials 97 

 Sinopharm Group Chemical Reagent Co, Ltd. (Shanghai, China) was selected to get 98 

Ni(NO3)2·6H2O, Al(NO3)3·9H2O, Na2CO3, glucose, hydrogen peroxide (H2O2), urea, dopamine 99 

(DA), ascorbic acid (AA), uric acid (UA), 0.75% Nafion, Dulbecco’s modified eagle's medium 100 

(DMEM) medium for cell culturing, highly concentrated K+ buffer solution to encourage DA 101 

secretions from live cells and natural graphite. All these reagents were used without further 102 

purifications. Supporting electrolyte of 0.1 M phosphate buffer solution (PBS, pH=7.4) was used 103 

during the whole electrochemical assays. Typically 0.1 M solution of Na2HPO4 was prepared by 104 

dissolving 35.8 g of it into 1000 ml of doubly distilled (DD) water and 0.1 M solution of 105 

NaH2PO4 by dissolving 3.9 g of it into 250 ml of DD water. Then finally, 810 ml of 0.1 M 106 

Na2HPO4 and 190 ml of 0.1 M NaH2PO4 were mixed according to 81/19 proportion and pH was 107 

adjusted. X-ray diffraction (XRD) was carried out on a Rigaku D/max-r A diffractometer (Japan) 108 

using Cu Ka radiation (40 kV, 200 mA) with a Ni filter, X-ray photoelectron spectroscopy (XPS) 109 
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was done on an ESCALAB MKII spectrometer (VG Co., UK), using Mg Ka radiation (1253.6 110 

eV) at a pressure of 2.0×10-10 mbar and Field-emission scanning electron microscope (FSEM) 111 

was acquired on HITACHI X-650 FSEM (Hitachi Co., Japan). Transmission electron 112 

microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images 113 

were captured by TECNAI G220 U-Twin instrument (Netherlands). The whole electrochemical 114 

measurements were performed on CHI760 electrochemical workstation (CH Instrument 115 

Company, Shanghai, China) fitted with reference, counter and working electrode as saturated 116 

calomel electrode, platinum wire and glassy carbon electrode in typical three electrode system. 117 

All the electrochemical measurements were carried out at room temperature as well as in 118 

deoxygenated 0.1 M PBS (pH=7.4).  119 

2.2. Cell culturing and real-time tracking of DA secretions   120 

 The human neuronal cell line (SH-SY 5Y) that functions as dopaminergic markers was 121 

received from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cell 122 

line was cultured in DMEM, provided with 10% Fetal Bovine Serum (FBS), 100 units mL-1 123 

penicillin and 100 mg mL-1 streptomycin and incubated at 37°C, 5% CO2 with continued various 124 

passages. After completing few passages, the cells were seeded in 6-well plate with 80% 125 

confluency for real-time tracking of extracellular DA secretions. The working glassy carbon 126 

electrode (GCE) modified with NiAl LDH/G LBL superlattice nanohybrid (NiAl LDH/G 127 

LBL/GCE) was equipped very near to seeded cells in 6-well plate at 37°C for the detection of 128 

DA flux in neuronal cells after being released by the inoculation of highly concentrated K+ 129 

buffer solution as stimulus [3].  130 

2.3. Preparation of NiAl LDH  131 
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 Powdered material of NiAl LDH with CO3
2- inter gallery ions was fabricated by 132 

hydrothermal treatment according to our prior studies [27]. Briefly, a solution containing 6 mM 133 

Ni(NO3)2·6H2O, 2 mM Al(NO3)3·9H2O and 24 mM urea was mixed together and transferred to 134 

Teflon-lined autoclave and placed at 100 ◦C for 24 h. The autoclave was cooled down in natural 135 

way; the precipitates were collected by filtration, washed five times with DD water and kept at 136 

45 ◦C overnight for drying after centrifugation. Under same conditions, other control samples 137 

were also prepared as shown in table S1.  138 

2.4. Anion interchange treatment 139 

 NiAl LDH with NO3
- interlayer ions was synthesized by ion exchange treatment. 140 

Typically, 0.6 g of NiAl LDH-CO3
2- was mixed thoroughly in 650 ml aqueous solution of 1.5 M 141 

NaNO3 and 4 mM HNO3 purged with N2 and stirred mechanical on shaker for 24 h at ambient 142 

conditions. The as-prepared NiAl LDH-NO3
- was washed many times with N2 purged DD water 143 

and dried at 45 ◦C after centrifugation. 144 

2.5. Delamination of NiAl LDH and GO precursors 145 

 The delamination of NiAl LDH nanosheets was completed by continuous mechanical 146 

stirring in formamide. Briefly, 100 mg NiAl LDH-NO3
- was mixed homogeneously in 300 ml of 147 

formamide and placed on mechanical shaker at 120 rpm for 72 h. The supernatant was collected 148 

after centrifuging at 4000 rpm for 10 min. 149 

 To acquire exfoliated graphene oxide (GO) monolayers, firstly GO was prepared by 150 

modified Hummer method [28]. We used DMF as exfoliating agent instead of commonly 151 

employed water, and this is the significant point of our new strategy. Typically, 30 mg GO was 152 

thoroughly dispersed in 100 ml DMF by 8 h of vigorous sonication. The centrifugation at 12000 153 
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rpm was used to get supernatant and it was made diluted to 200 ml by adding formamide under 154 

continuous stirring.   155 

2.6. Co-feeding protocol for NiAl LDH/GO LBL self-assembly     156 

 Controllable co-feeding protocol was designed to yield layer-by-layer self-assembly of 157 

NiAl LDH/GO LBL superlattice composite. In co-feeding process, two separate solutions 158 

containing 200 ml of each exfoliated NiAl LDH and GO supernatant were dropped at a well-159 

controlled speed of 1.5 ml/min into another solution of 200 ml formamide under vigorous 160 

stirring. After completely adding up the two feed solution at controlled rate, the mixed solution 161 

was further stirred for 2 hours. The LBL superlattice nanocomposites were got recovered by 162 

centrifuging of product, repeated washing with ethanol and water and then freeze-dried. To 163 

achieve NiAl LDH/G with reduced graphene in above recovered product, 40 mg of as-prepared 164 

NiAl LDH/GO was placed in a small vessel and that was kept in another big vessel containing 165 

600 µl of hydrazine (85%) to circumvent direct contact of two species. Finally, the air tight 166 

vessel was positioned at 90 ◦C for 12 h. Under same conditions, other control samples were also 167 

fabricated as shown in table S2.  168 

 169 

2.7. Modification of electrode 170 

To acquire the modified GCE, firstly the surface of GCE (3 mm diameter) was finely 171 

polished with 0.3 and 0.05 µm alumna slurry on microcloth pads and then rinsed with doubly 172 

distilled water. Subsequently, GCE was washed ultrasonically in DD water and ethanol and then 173 

allowed to dry under N2 purging. A homogeneous mixture of 3 mg of NiAl LDH/G LBL 174 

composite in 1 ml of DD water was prepared under vigorous stirring. Secondly, 5 µl of above 175 
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suspension was casted on polished surface of GCE and dried under ambient temperature for 176 

further use. Finally the image of modified GCE is shown in scheme 1A.      177 

2.8. Fabrication of electrochemical cell 178 

 The self-made electrochemical cell was designed and constructed. The photograph of as-179 

constructed self-made electrochemical cell is depicted in scheme 1B. As can be seen that the cell 180 

is made of glass and covered with lid having four holes through which three electrodes are 181 

immersed into target analyte and fourth one is used for N2 purging when necessary. The 182 

electrodes are fixed through positioning them in their respective holes as well as fixing the lid on 183 

the tope of cell. After purging N2 for 15 min, 10 ml of PBS was poured into cell and CV 184 

measurements were conducted with NiAl LDH/G LBL/GCE in blank PBS between (-0.2 V to 185 

0.6 V) by using CHI760 electrochemical workstation (CH Instrument Company, Shanghai, 186 

China). Then 50 µl of 0.1 M DA was injected in above solution and CV responses were recorded 187 

again in the presence of DA.  188 

2.9. Choice of materials 189 

 The choice of materials always remains critically important for researchers to get superior 190 

catalytic activity. Among the transition metals, Ni has always enhanced electrocatalytic aptitude 191 

for oxidation reactions because of Ni(OH)2/NiOOH redox process on electrode surface, low cost, 192 

good mechanical strength and electron transportation [29]. The boosted up catalytic reactivity of 193 

Ni centers is owing to the cases of filling d orbital. The Band theory explains the bonding that is 194 

derived by the interaction between positively charged ions and valence electrons. Accordingly, in 195 

transition metals the overlapping exists between s orbital and d orbital affecting the filling of d 196 

electrons. Instead of entering 10 electrons on 3d band of Ni, only 8 could enter after completely 197 
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filling of 4s due to the band overlapping of 4s orbital and 3d creating band holes. The presence 198 

of these band holes endow the metals with capability of accepting electrons from outside and 199 

absorbing species with band construction that consequently increase catalytic efficiency. [30] 200 

Here we preferred to use layer-by-layer assembly of exfoliated NiAl LDH and graphene layers 201 

rather than using direct mixing of two materials without exfoliation. It is because the insertion of 202 

highly conductive graphene layers between the interlayer galleries of LDH is possibly achieved 203 

by mixing exfoliated nanosheets of both materials with systematically controlled co-feeding 204 

protocol which in turn enhances electron shuttling. Therefore, it is expected that good catalytic 205 

activity of NiAl LDH and high conductivity of graphene synergistically would improve 206 

electrochemical sensing performance. The suggested pathways for possible catalytic mechanism 207 

would be predicted as follows;  208 

Ni(OH)2 + OH−             NiOOH + H2O + e−  (1) 209 

Ni3+ + Dopamine           Ni2+ + Dopamine-o-quinone (2) 210 

 211 

3. Results and discussion 212 

3.1. Characterization of NiAl LDH/G LBL nanohybrid  213 

 Self-assembled superlattice system executing as positive and negative charged building 214 

blocks respectively, was achieved by successfully integrating NiAl LDH nanosheets with 215 

graphene monolayers as depicted by Fig. 1.  216 

The morphologies of heterostacked composites were investigated by SEM at various 217 

magnifications. The SEM image of as-fabricated NiAl LDH/G in Fig. 2A shows typical platelet 218 
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like hexagonal flakes, demonstrating well restored LHD structure while re-stacking assembly of 219 

two oppositely charged nanosheets. Well-ordered layer-by-layer shaped morphology of resulting 220 

superlattice LDHs and graphene monolayers has been presented in Fig. 2B. This typical 221 

hexagonal structure of LDHs has been precisely retained after carefully executing the anion 222 

exchange process (Fig. S1). Furthermore, the clear evidences of well-organized structure of 223 

superlattice material were witnessed by TEM image in Fig. 2C. The high resolution TEM 224 

(HRTEM) image in Fig. 2D displays that every period of lamellar fringes has alternate layers 225 

with d-spacing of 0.92 nm which consequently authenticates successful insertion of graphene 226 

layers into NiAl LDH nanosheets, and also negates the possibility of anions/solvent insertion in 227 

between the interlayer gallery.  228 

The SEM-EDX mapping results in Fig. 2E indicate a uniform distribution of Ni, Al, C and O 229 

elements respectively. The aforementioned results substantially authenticate the true 230 

heterostacked assembly of NiAl LDH/G superlattice.  231 

 The FTIR spectrum shows the successful incorporation of CO3
-2, NO3

-and G species 232 

between the interlayer regions as shown in Fig. 3A. The very broad absorption at 3457 cm-1 233 

belongs to stretching vibration of H2O and hydrogen bonded –OH groups present in samples. 234 

The shifting of strong absorption band from 1354 cm-1 analogous to CO3
-2 to another intense 235 

absorption band at 1387 cm-1 corresponding to NO3
- is owing to the result of efficient ion 236 

interchange treatment. A very small absorption peak at 1630 cm-1 is may be due to C=C 237 

vibrations resulting from graphitic domains of graphene and bending vibration of H2O [31]. The 238 

absorption peak at 1104 cm-1 designated to reduced graphene oxide which is an agreeable 239 

segregation between pure LDHs and composite LDH-G materials.[32]. 240 
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 Fig. 3B shows the typical XRD pattern of NiAl LDH/G LBL nanohybrid material with 241 

interlayer gallery spacing of 0.93 nm. This d-spacing value is almost similar with the sum-up 242 

thickness values of NiAl LDH monolayer (0.49 nm) and graphene nanosheet (0.41 nm), further it 243 

is also comparable with 0.92 nm HRTEM fringe spacing of two alternative layers of same 244 

heterostacked hybrid material. It is noteworthy that the appearance of crystallographic peak of 245 

(002) around 21° with interlayers spacing of 0.54 nm undoubtedly authenticates the construction 246 

of layer-by-layer self-assembly of NiAl LDH/G hybrid material. The enlargement in basal 247 

spacing of NiAl LDH material from 0.73 nm to 0.84 nm is due to the effective replacement of 248 

CO3
-2 with larged size NO3

- species by efficient ion exchange treatment [33] (Fig. S2). 249 

Additionally, A couple of in-plane basal peaks (100) and (110) originated at 34° and 61° approve 250 

the LDH existence in superlattice as well as confirm the maintained 2D structure of LBL hybrid 251 

material. In comparison, without following co-feeding protocol, most of the LDH nanolayers are 252 

re-stacked with each other forming no LBL material when NiAl LDH solution is directly poured 253 

in graphene solution (Fig. S3). 254 

 For further investigations, XPS measurements were executed in order to evaluate the 255 

valence oxidation states of elements present in NiAl LDH/G LBL material. The wide scan 256 

spectrum of NiAl LDH/G LBL hybrid nanoarchitectures illustrates that the material is composed 257 

of Ni, O, C and Al as shown in Fig. 3C. The core fitting spectrum of Ni has been displayed in 258 

Fig. 3D, which is further splitted into two peaks Ni 2p3/2 and Ni 2p1/2 centered at 856.4 eV and 259 

874.1 eV having two satellite peaks and with spin energy gap of 17.7 eV, which approve the 260 

existence of Ni+2 species in LDH/G based LBL nano hybrid [34]. 261 

3.2. Electrochemical performance of NiAl LDH/G hydride electrode. 262 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

The interfacial charge transfer characteristics of bare electrode, modified with NiAl LDH and 263 

NiAl LDH/G LBL nanohybrids were investigated by performing electrochemical impedance 264 

spectroscopy (EIS) in [Fe (CN) 6]
3‑/4 redox solution as presented in Fig. 4A. Inset is the Randle 265 

equivalence circuit diagram which is fitted with solution resistance (Rs), charge transfer 266 

resistance (Rct), double layer capacitance (Cdl), and Warburg constant (W), respectively. 267 

Compared with Rct value of 431 Ω shown by NiAl LDH/G LBL electrode, NiAl LDH exhibited 268 

a very large Rct value of 1967 Ω which is because of semiconductive nature of LDH materials. 269 

The very low electron transferring resistance demonstrated by our heterostacked LBL assembled 270 

NiAl LDH/G electrode is due to the fact that reduced graphene nanosheets inserted in interlayer 271 

spaces of LDHs enrich numerous small energy gaps, which are responsible for interfacial charge 272 

transfer aptitude [35]. Similar results have also been achieved by recording CV curve different 273 

modified electrodes in [Fe (CN) 6]
3‑/4 redox solution (Fig. S4). The electrochemical active 274 

surface areas of the electrodes are calculated according the Randles–Sevcik equation. [36-38] 275 

Ip = (2.69 × 105)n3/2AC*D1/2v1/2   (3) 276 

The estimated electrochemical active surface area of NiAl LDH/G LBL/GCE (0.112 cm2) is 277 

higher than NiAl LDH /GCE (0.094 cm2) and bare GCE (0.073 cm2) respectively. The boosted 278 

up electroactive surface area of NiAl LDH/G LBL modified electrode confirms the synergy 279 

effect of NiAl LDH and graphene to provide an effective platform and large surface in 280 

facilitating electron transportation between electrode and target solution. 281 

 To measure electrocatalytic abilities of NiAl LDH/G modified electrode, cyclic 282 

voltammetry (CV) was executed in the absence and presence of 0.5 mM DA in 0.1 M PBS (pH 283 

7.4) as presented in Fig. 4B. The distinct redox peaks are recorded in the presence of 0.5 mM DA 284 

corresponding to the oxidation of DA to equinone and consequently the reduction of equinone to 285 
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DA [39, 40]. The differential pulse voltammetry (DPV) curves have also been recorded with 286 

varied concentrations of DA in 0.1 M PBS (pH 7.4) as depicted by Fig. S5. By augmenting DA 287 

concentration, the oxidation peak current density is also going to increase linearly. To compare 288 

the results of NiAl LDH/G LBL nanohybrid in DA detection, we have also explored the 289 

electrocatalytic activities of as-fabricated other nanocatalysts such as graphene, NiAl LDH, and 290 

NiAl LDH/G (direct mixing) under same conditions as demonstrated by Fig. 4C. In comparison 291 

to graphene and NiAl LDH electrodes, NiAl LDH/G direct mixing illustrates higher oxidation 292 

peak current but lower than NiAl LDH/G LBL electrode. This is owing to the fact of good 293 

conductivity of graphene coupled with NiAl LDH direct mixing nanocomposites. The superb 294 

electrocatalytic properties presented by NiAl LDH/G LBL nanohybrids may be because of 295 

different aspects: (i) the inclusion of π-electron-rich nanosheets of extremely conductive 296 

graphene substrate between the interlayer spaces of NiAl LDHs to assist quick electron transport; 297 

(ii) the LBL nanohybrid material holds high surface area; (iii) the rapid accessibility of DA 298 

molecules to rough surface of heterostacked LBL nanohybrid material; (iv) the structural 299 

integration of charged nanosheets creates slight modification in electronic structure of NiAl 300 

LDH/G LBL nanohybrids at nanoscale interface [26, 41]. Fig. S6 (A) and (B) show the CV 301 

curves of GCE’s modified by different NiAl LDH materials with varied Ni contents and NiAl 302 

LDH/G LBL with varied amount of graphene inserted in between NiAl LDH layers. The 303 

admirable sensing capabilities of NiAl LDH/G LBL electrode endorse enlarged surface area 304 

providing more active sites, synergistic effect between NiAl LHDs and graphene, unique well-305 

ordered LBL morphology which contributes to maximum interfacial effect between LDHs and 306 

graphene layers.  307 
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 Probably, there are two potential biomolecules AA and UA that can cause interferences 308 

while detecting DA from biological fluids. We confirm the DA measurement in the presence of 309 

AA and UA as shown by the Fig. 4D. The oxidation peak current signal of DA 50 µM alone is 310 

almost the same when different concentrations of AA 10 µM and UA 10 µM first separately and 311 

then together (AA10 µM + UA 10 µM) are added in the same concentration of DA. It is worth 312 

mentioning that the electrode modified by NiAl LDH/G LBL which possesses various interfacial 313 

collaborations within LBL nanocomposites has been employed with structurally different biotic 314 

molecules, which assured the probability to separately detect DA from mixed solution of AA and 315 

UA. Moreover, amperometric measurements were performed to test the sensitivity of NiAl 316 

LDH/G LBL biosensor upon the successive addition of various concentrations of DA in stirring 317 

PBS at an applied potential of 0.14 V (Fig. 5A). A quick response is detected by adding 0.1 µM 318 

to 97 µM DA, which attains the steady-state current condition of ∼95% within 3 s. The rapid 319 

response to DA additions may be due to the fact of prompt accessibility of DA molecules to 320 

rough surface, enhanced surface active sites and instant electron transport kinetics of 321 

heterostacked LBL nanohybrids. The broad linear range and low detection limit of 2 nM signal-322 

to-noise factor of 3 (S/N=3) has been achieved by our proposed biosensor and these reports are 323 

even superior than most of electrochemical performances in DA detection compared with recent 324 

data from literature as presented by Table S3. Fig. 5B shows the linear range of oxidation peak 325 

current versus DA concentrations R2 value of 0.995.  326 

 The selectivity of biosensor was further examined in the presence of certain interfering 327 

species such as AA, UA, H2O2, glucose, KCl and NaCl that commonly may co-exist in blood and 328 

it is crucially important to measure the effect of these species [42, 43]. To improve the selectivity 329 

of NiAl LDH/G LBL nanohybrids towards DA, the NiAl LDH/G LBL electrode was modified 330 

with 5 µL of varied percentage of biocompatible polymer Nafion (0.25%, 0.5% and 0.75%) 331 
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which has already been used to modify electrodes in biosensors. The 5 µL of 0.75% Nafion 332 

modified electrode gave the best anti-interference capability to AA and DA. In PBS solution 333 

(pH=7.4), Nafion is negatively charged that could efficiently reduce the interference from other 334 

negatively charged biomolecules such as UA and AA by electrostatic interaction [44, 45]. The 335 

modified surface of electrode can easily attract positively charged aromatic DA molecules 336 

through π–π stacking and electrostatic attraction while repelling electronegative AA and UA 337 

molecules and consequently the selectivity is improved. The clear current signals are observed 338 

upon the addition of successive amount of DA but there is no obvious signal upon the 339 

inoculation of 80-folds higher concentrations as DA for each of interfering substances (0.8 mM 340 

of UA, AA and glucose ) in stirring 0.1 M PBS at an applied potential of 0.14 V as demonstrated 341 

by Fig. 5C. Moreover, no interference could be observed upon 1 mM addition of all other 342 

potential interfering metal ions during DA detection. The concentration of 0.8 mM of UA and 343 

AA could not create any noticeable interference even these concentrations are much higher than 344 

physiological ranges. The high selectivity and sensitivity may be accredited to the high electron 345 

density of NiAl LDH/G LBL and sulfonic groups of Nafion. In anti-interference assay, we have 346 

used Nafion film as modifier of NiAl LDH/G LBL electrode to inhibit the interference of 347 

biologically co-existive molecules. Therefore, we have performed some additional experiments 348 

to evaluate the sensitivity of NiAl LDH/G LBL electrode after modification with Nafion film. As 349 

presented by Fig. S7, the oxidation current densities of NiAl LDH/G LBL electrodes modified 350 

with Nafion (red line) and without modified (black line) to the addition of different 351 

concentrations of DA are almost same ensuring the good sensitivity of NiAl LDH/G LBL 352 

electrode after modification with Nafion film. Fouling is one of the common issues that ever 353 

encounters during electrochemical detection of dopamine and causes the sensor performance 354 

degradation [46]. There exists fouling to some extent because in biological conditions the surface 355 

of electrode may undoubtedly be blocked by the biomolecules present in the sample which in 356 

turn jeopardize the long term stability of electrode. There are two types of fouling which can be 357 

described: (i) passive biological fouling due to background species of proteins or lipids which 358 

adhere to electrode surface, whether it is active or not, and (ii) electrochemical fouling where an 359 

insulating film is formed on electrode surface because of the reactions occur for detection of 360 

analyte and this is typical of the oxidation of DA. During electrochemical oxidation, DA is 361 

converted into dopaminoquinone via two-electron transfer then this intermediate undergoes 362 
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protonation of amine leading to leucodopaminochrome which further undergoes two-electron 363 

transfer giving dopaminochrome. Finally, through free radical polymerization, dopaminochrome 364 

may polymerize to melanin on electrode that can considerably hinder the surface dependent 365 

redox properties of DA [47]. In Fig. S8, the oxidation current density is going to decrease 366 

slightly with time in the presence of 200 µM DA owing to the adsorption of some oxidation 367 

products of DA on active cites of material. In contrast, oxidation current density of 10 µM DA is 368 

almost same with time. While investigating long-term stability, the electrode modified by NiAl 369 

LDH/G LBL material exhibited a retained response value of 90.8% compared with its initial 370 

peak current value to oxidation of 0.5 mM DA up to 25 days of post modification (Fig. 5D). To 371 

ensure reproducibility of biosensor, six electrodes were modified with NiAl LDH/G LBL 372 

material and recorded their current response values in the presence of 0.5 mM DA showing 373 

relative standard deviation (RSD) value less than 5%. The four successive assays of same 374 

electrode present the reproducible current with RSD less than 5% (Fig. 5D inset). The decline in 375 

sensitivity is due to fouling of electrode surface. The aforementioned results validate decent 376 

stability and reproducibility of self-made biosensing platform.  377 

3.3. Real-time in-vitro detection of DA from live cells 378 

 Intractable psychiatric and chronic neurodegenerative disorders such as Parkinson’s 379 

diseases (PD) have seriously threatened the public health worldwide because many of 380 

dopaminergic neurons present in substantia nigra of PD patients are destroyed before it is being 381 

clinically diagnosed. The second high mortality neurodegenerative disease PD gradually 382 

promotes the loss of movement, balance and muscle control [48, 49]. The early diagnosis of 383 

these lethal syndromes is the one and only way to upsurge the survival rate and get rid of them. 384 

Once enhanced sensitivity successfully achieved, the practical application of as-fabricated NiAl 385 

LDH/G LBL based biosensor has been assessed in real-time detection of DA secretions from 386 

human neuronal functioning neuroblastoma cell line (SH-SY 5Y) after being motivated by the 387 

addition highly K+ buffer solution.  388 
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Fig. 6A presents the bright field image of live neuronal neuroblastoma cell line (SH-SY 5Y). 389 

Furthermore, the CCK-8 assay has been used to evaluate the biocompatibility of as-prepared 390 

material to living cells, which shows that cells maintain 98.1%, 96.9%, 92.7%, 90.1% and 88.7% 391 

viability upon incubation with NiAl LDH/G LBL modified electrode for 1 h, 2 h, 3 h, 4 h and 5 392 

h, respectively (Fig. 6B). As highly concentrated extracellular K+ solution is added, 393 

depolarization of cell membrane occurs that produces an influx of Na+ and Ca2+ channels [50]. 394 

As a result, the enhanced Ca2+ influx arouses many protein immobilization, diffusion of dense 395 

vehicle of cells and the level of voltage-sensitive Ca2+ species increases sufficiently to initiate 396 

exocytosis, consequently DA flux merged with cell membrane is evolved to extracellular region 397 

where it can be measured [51, 52]. The extracellular DA is measured by recording amperometric 398 

current signals to the oxidation of DA secretions after being triggered upon the inoculation of 399 

different spikes of K+ solution in the absence and presence of (SH-SY 5Y) cell line and attained 400 

plateau value within 10 s as depicted by Fig. 6C. Undoubtedly, it is observed by adding every 401 

single spike of K+ solution as stimulus that no current response has been measured in the absence 402 

of living cells while in the presence of cells, enhanced oxidation current signals are observed. 403 

The current responses for each and every spike are went on lessening subsequently generating 404 

oxidation current densities 2.12 µA/cm2 1.03 µA/cm2 and 0.86 µA/cm2 respectively (Fig. 6D). 405 

By using regression equation, quantity of endogenous DA concentration has been measured after 406 

being stimulated and found to be 0.21 µM, 0.13 µM and 0.11 µM respectively. Additionally, the 407 

DA concentrations in live cells have also been determined by conventional colorimetric method 408 

for comparison as shown in Table 1. The above stated results unequivocally authenticate the 409 

trustworthy presentation of NiAl LDH/G LBL nanohybrid material for real-time detection of DA 410 

secretions from live cells as Parkinson’s diseases (PD) diagnostic probe.      411 
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Table 1 Analytical performance of electrochemical method compared with standard colorimetric 412 

method for detection of DA from live cells. 413 

Spikes 
Electrochemical  

method (µM) 

Calorimetric 

method (µM) 

Relative standard 

deviation (%) 

1st  0.21 0.22 3.2 

2nd  0.13 0.15 5.1 

3rd  0.11 0.10 6.6 

 414 

4. Conclusion 415 

 In conclusion, we have developed an alternately stacked heteroassembly of NiAl LDH/G 416 

LBL on molecular-level by electrostatic interactions between oppositely charged nanosheets of 417 

conductive graphene and catalytically active LDH. To overcome the problem of high insulating 418 

nature of metal oxides/hydroxides, charge conducting graphene layers have been inserted in 419 

between interlayer regions of LDH material which slightly modulates electronic structure at 420 

nanoscale interface. In addition, the bottlenecks of enzyme based electrochemical sensors, such 421 

as high cost and feeble stability of enzyme, and short storage and usage life-time of sensor have 422 

also been overwhelmed by using as-prepared enzyme-less nanomaterial. Our electrochemical 423 

biosensor based on NiAl LDH/G LBL nanohybrid has outperformed in quantitative detection of 424 

DA under biological environment. Compared with numerous other reported DA biosensors, NiAl 425 

LDH/G LBL modified electrode demonstrated excellent selectivity, durability, wide linear range 426 

from 0.1 to 97 µM, and low detection limit reaching down to 2 nM. Moreover, the practical 427 

application of this electrochemical biosensor has been explored in real-time in-vitro detection of 428 
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DA concentrations from live human nerve cell after being stimulated. Thus, our findings hold 429 

intriguing features of well-controlled, economical, high-yield process for self-assembled periodic 430 

stacking of 2D charged nanosheets, and open new horizon in exploring vertically stacked 431 

artificial 2D nanomaterials as-well-as inspiring application potential in biosensing podium, state-432 

of-the-art biomedical devices and pathological diagnostics. 433 
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Figures and captions 602 

  603 

 604 

Scheme 1. The photographs of (A) GCE with modified surface, (B) self-made electrochemical 605 

cell 606 

 607 
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 608 

Fig. 1. Flow chart presentation of different steps involved in the fabrication mechanism of NiAl 609 

LDH/G LBL nanocomposites. 610 

 611 
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 612 

Fig. 2. Morphological analysis of LBL-assembled product, (A and B) SEM, (C) TEM images at 613 

various magnifications and (D) HRTEM image, and (E) SEM-EDX mapping results of NiAl 614 

LDH/G LBL nanocomposites. 615 
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 616 

Fig. 3. (A) FTIR spectra of NiAl LDH with CO3
2-, NO3

- and graphene inserted in between the 617 

layers, (B) XRD patterns, XPS (C) wide scan, (D) core level Ni 2p spectra of NiAl LDH/G LBL 618 

assembly.  619 
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 620 

Fig. 4. (A) EIS plots of bare GCE and modified with NiAl LDH and NiAl LDH/G LBL in 0.1 M 621 

KCl containing 1.0 mM K3Fe(CN)6 and 1.0 mM K4Fe(CN)6. Frequency range: 0.1–105Hz. Inset 622 

is the equivalent circuit, (B) typical CV curves in the absence (black line) and presence (red line) 623 

of 0.5 mM DA in 0.1 M PBS (pH=7.4, scan rate=100 mV/s), (C) CV curves in the presence of 624 

0.5 mM DA in 0.1 M PBS (pH=7.4) with different modified GCE, and (D) DPV profiles of DA 625 

between -0.2 V and 0.6 V vs SCE in the presence of different concentrations of AA and UA. 626 

DPV conditions: Incr E 4 mV, Amplitude 50 mV, Pulse width 0.06 s, Sample width 0.02 s, Pulse 627 

period 0.25 s, and Quiet time 2 s, (The number of experiments performed, n=6).   628 

 629 
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 630 

Fig. 5. (A) Amperometric i-t curve of NiAl LDH/G LBL electrode with successive additions of 631 

different DA concentrations in N2 saturated stirring 0.1 M PBS at an applied potential of 0.15 V. 632 

(B) The linear calibration curve of current density vs. DA concentration, (C) Investigation of 633 

interference activities on the response of 10 µM DA, and (D) Variation of current response to 0.5 634 

mM DA with time. Inset is the current response of six different GC electrodes to 0.5 mM DA at 635 

an applied potential of 0.14V, (n=6).   636 
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 637 

Fig. 6. (A) Bright-field image of neuroblastoma cell line, (B) Cell viability results performed by 638 

CCK-8360 assay for SH-SY 5Y cells incubated with NiAl LDH/G LBL electrode (C) 639 

Amperometric responses of NiAl LDH/G LBL electrode with the addition of different aliquots of 640 

stimulator in the absence (black line) and presence (red line) of neuroblastoma cell line, and (D) 641 

Analysis of current responses upon inoculation of different spikes of stimulator to living cells, 642 

(n=6).   643 

 644 

 645 
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Highlights 

� Optimized co-feeding methodology has been used for the fabrication of NiAl LDH/G 

LBL nanocomposites.  

� Graphene nanosheets as π-electron-rich substrate modulate electronic structure of NiAl 

LDHs.  

� NiAl LDH/G electrode exhibits excellent electrochemical performance for the sensitive 

detection of DA. 

� Real-time monitoring of DA secretions from live human nerve cells. 


