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Abstract

This study introduces a new strategy for periodacleng of positively charged NiAl layered
double hydroxides (LDHs) nanosheets with negativélggrged monolayers of graphene (G) by
systematically optimizing several parameters inoatrolled co-feeding fashion and resultant
heterostacked NiAl LDH/G LBL nanocomposites haverbgractically applied in sensitive
detection of dopamine released from live cellsatyd?arkinson’s disease (PD) diagnostic tool.
PD is the second most chronic neurodegenerativerdiis with gradual progressive loss of
movement and muscle control causing substantialbdity and threatening the life seriously.
Unfortunately majority of dopaminergic neurons prasin substantia nigra of PD patients are

destroyed before it is being clinically diagnosed, early stages PD diagnosis is essential.
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Because of direct neighboring of extremely condectgraphene to semiconductive LDHs
layers, enhanced intercalation capability of LDHEBSd huge surface area with numerous active
sites, good synergy effect is harvested in hetemabled NiAl LDH/G LBL material, which in
turn shows admirable electrocatalytic ability in Di&tection. The interference induced by UA
and AA is effectively eliminated especially afttéletmodifying the electrode with Nafion. The
outstanding electrochemical sensing performanciiaf LDH/G LBL modified electrode has
been achieved in terms of broad linear range amgdbreal detection limit of 2 nM (S/N=3)
towards DA oxidation. Benefitting from superior ieféncy, biosensor has been successfully
used for real-timen-vitro tracking of DA efflux from live human nerve celfter being
stimulated. We believe that our biosensing platfofmstructurally integrated well-ordered LBL
heteroassembly by inserting graphene directly &itherlayer galleries of LDHs material will

open up new avenue in diseases determination window

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

electrochemical biosensor, DA detection, live nareks

1. Introduction

Dopamine (DA) as one of the extensively studiechoaminergic neuroreceptors which
functions as chemical messenger in synaptic comeation between cells, plays a vital role in
cardiovascular modulation, control of stress respenn renal systems [1, 2] and various aspects
of brain circuitry in living organisms [3, 4]. Owgnto the co-existence of various biological
molecules in human body, constructing an extrenaglgurate and ultra-sensitive method for

precise monitoring of DA is incredibly important fdinical diagnosis, pathological analysis and



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

to be conscious of neuronal function [5]. To darm@png the several analytical approaches [6, 7],
electrochemical transducer based methods beingctmst; sensitive and portable, [8, 9] have
widely been used for real-time detection of DA sirthey hold certain intriguing abilities of

selectivity, ease of operation, swift response @trdsensitivity in biological systems [10].

It is worth mentioning that electrochemical respoitgensities are greatly influenced by
material composition as well as surface propertéswvorking electrode. In addition, it is
challenging to exclude the influence of interferspecies such as ascorbic acid (AA) and uric
acid (UA) with almost same oxidation potential dngh concentrations of AA together with DA
in extracellular fluids [11]. Concerned with thesensequences, electrochemical biosensors
based on tailored nanocomposites and biologicalogmition species such as noble
metal/oxides/hydroxides, and carbon based matdnale been presented for DA sensing with
improved sensitivity and selectivity [12, 13]. Aare electrodes, DA and AA are oxidized at
similar potential giving overlapped peak and feebésponse in DA detection [14]. To
circumvent these bottlenecks, modified electrodesidc be capable to avoid interference
reactions and encourage DA oxidation through dffecelectrocatalytic reactions [15] and
specific electrostatic interactions. Though, thblaanetals being highly expensive and scarce as
well as natural enzymes which are extremely instabsily be denatured and complex while
immobilizing [16, 17] have rendered their practicdahplementation in electrochemistry.
Therefore, there is an urgent need of highly effitielectrocatalyst composed of inexpensive
non-noble metals having conductive surfaces thatishbe characterized by the properties of
high versatility in shape and size, surface regdiwr, provide suitable mechanic and

conducting characteristics, marvelous catalytic. ddibtedly, nonprecious3d metal
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oxides/hydroxides have exposed tremendous eletatgtia properties owing to huge surface

area, good stability and decent capability in etecatalysis systems [18].

Layered double hydroxides (LDHs), a class of inargamaterials with tunable
heterogeneous metal cations and interlayer spdeeingf the availability of anion exchange
within the interlayer gallery, have been used asierb working electrode material in electro
catalysis, [19] separation [20] and biosensor ptatf [21]. Single layer macromolecular
arrangement of LDH crystals by exfoliation is orfetlee fascinating characteristics of LDH,
ultimately constructing 2D assembly of cationic ostmeets [22, 23]. Actually, the insulating
behavior of these non-noble (Fe, Co, Ni, Mn, Zn}ahexides/hydroxides has constrained LDH
based proficient electro catalytic nanomateriat§.[Zo circumvent these issues, molecular level
hybridizing of single layer of very thin LDH nanas#ts together with monolayers of some super
conductive carbon materials such as conductivenpety or graphene (G) could be a perfect
methodology to develop an electrode material withnarkable electrochemical performances.
Unambiguously, graphene having large surface ameasaperior electrical conductivity could
function as conductive pathways to improve catalyifficiency. Probably, an enhanced
synergistic effect and quick electron transferrieificiency would be expected if periodic
stacking of cationic LDH nanosheets with negativeiigrged graphene monolayer in an alternate
manner could be achieved as superlattice compdsitehe best of our knowledge, there is no
report on successful use of NiAl LDH/G LBL (layey kayer) hybrid composite in biosensing

platform.

Herein, we report structurally hybridized compositaterial by controllable co-feeding
methodology to yield heterostacked LBL self-assemnddl NiAl LDH/G as shown in Fig. 1.

Unequivocally, the confirmations about the condiamc of stacked NiAl LDH/G LBL hybrid

4
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material are provided by various characterizatiechhiques. Additionally, to circumvent the
coagulation or destruction of structure, our suiadty hybridized composite material NiAl

LDH/G LBL can be recovered by freeze drying methadcomparison with some above
mentioned studies which could only use superlatiem@ocomposites in wet conditions [25, 26].
As a proof of concept, NiAl LDH/G LBL modified eleode has demonstrated admirable
electrochemical sensing performances and has haetigally used foiin vitro monitoring of

DA efflux in live human nerve cells.

2. Experimental section
2.1. Reagents and materials

Sinopharm Group Chemical Reagent Co, Ltd. (Shangbaina) was selected to get
Ni(NO3)2: 6H0, AI(NO3)3- 9H,0, NaCO;, glucose, hydrogen peroxide AB}), urea, dopamine
(DA), ascorbic acid (AA), uric acid (UA), 0.75% Nah, Dulbecco’s modified eagle's medium
(DMEM) medium for cell culturing, highly concenteat K buffer solution to encourage DA
secretions from live cells and natural graphitel tAese reagents were used without further
purifications. Supporting electrolyte of 0.1 M pbbate buffer solution (PBS, pH=7.4) was used
during the whole electrochemical assays. TypicallyM solution of NgHPO, was prepared by
dissolving 35.8 g of it into 1000 ml of doubly diktd (DD) water and 0.1 M solution of
NaH,PO, by dissolving 3.9 g of it into 250 ml of DD waterhen finally, 810 ml of 0.1 M
NaHPO, and 190 ml of 0.1 M Na{PO, were mixed according to 81/19 proportion and pH was
adjusted. X-ray diffraction (XRD) was carried out @ Rigaku D/max-r A diffractometer (Japan)

using Cu Ka radiation (40 kV, 200 mA) with a Nitéf, X-ray photoelectron spectroscopy (XPS)
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was done on an ESCALAB MKII spectrometer (VG CoK)Uusing Mg Ka radiation (1253.6
eV) at a pressure of 2.0x10-10 mbar and Field-aamisscanning electron microscope (FSEM)
was acquired on HITACHI X-650 FSEM (Hitachi Co.,pda). Transmission electron
microscopy (TEM) and high-resolution transmissidacgon microscopy (HRTEM) images
were captured by TECNAI G220 U-Twin instrument (INgtands). The whole electrochemical
measurements were performed on CHI760 electroctadmmorkstation (CH Instrument
Company, Shanghai, China) fitted with referencejnter and working electrode as saturated
calomel electrode, platinum wire and glassy carblectrode in typical three electrode system.
All the electrochemical measurements were carrietl at room temperature as well as in

deoxygenated 0.1 M PBS (pH=7.4).
2.2. Cdll culturing and real-time tracking of DA secretions

The human neuronal cell line (SH-SY 5Y) that fuma$s as dopaminergic markers was
received from the American Type Culture Collecti@TCC, Manassas, VA, USA). The cell
line was cultured in DMEM, provided with 10% Fe®dvine Serum (FBS), 100 units mL
penicillin and 100 mg mt streptomycin and incubated at 875% CQ with continued various
passages. After completing few passages, the wale seeded in 6-well plate with 80%
confluency for real-time tracking of extracellulBA secretions. The working glassy carbon
electrode (GCE) modified with NiAl LDH/G LBL supeattice nanohybrid (NiAl LDH/G
LBL/GCE) was equipped very near to seeded cel@-iell plate at 3T for the detection of
DA flux in neuronal cells after being released by tnoculation of highly concentrated” K

buffer solution as stimulus [3].

2.3. Preparation of NiAl LDH
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Powdered material of NiAl LDH with C§ inter gallery ions was fabricated by
hydrothermal treatment according to our prior s#8dR7]. Briefly, a solution containing 6 mM
Ni(NO3),- 6H0, 2 mM AI(NGs)s- 9H,0 and 24 mM urea was mixed together and transfeéaed
Teflon-lined autoclave and placed at Ia0for 24 h. The autoclave was cooled down in natura
way; the precipitates were collected by filtratiovgshed five times with DD water and kept at
45 °C overnight for drying after centrifugation. Undeme conditions, other control samples

were also prepared as shown in table S1.
2.4. Anion interchange treatment

NiAl LDH with NOj3 interlayer ions was synthesized by ion exchangatinent.
Typically, 0.6 g of NiAl LDH-CQ?* was mixed thoroughly in 650 ml aqueous solutior.&f M
NaNG; and 4 mM HNQ purged with N and stirred mechanical on shaker for 24 h at amtbie
conditions. The as-prepared NiAl LDH-NQvas washed many times withh Nurged DD water

and dried at 45C after centrifugation.
2.5. Delamination of NiAl LDH and GO precursors

The delamination of NiAl LDH nanosheets was coneileby continuous mechanical
stirring in formamide. Briefly, 100 mg NiAl LDH-N® was mixed homogeneously in 300 ml of
formamide and placed on mechanical shaker at 120fop 72 h. The supernatant was collected

after centrifuging at 4000 rpm for 10 min.

To acquire exfoliated graphene oxide (GO) monakyérstly GO was prepared by
modified Hummer method [28]. We used DMF as exfol agent instead of commonly
employed water, and this is the significant poihbor new strategy. Typically, 30 mg GO was
thoroughly dispersed in 100 ml DMF by 8 h of vigasasonication. The centrifugation at 12000
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rpm was used to get supernatant and it was madeedito 200 ml by adding formamide under

continuous stirring.

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

Controllable co-feeding protocol was designed igddylayer-by-layer self-assembly of
NiAl LDH/GO LBL superlattice composite. In co-feedi process, two separate solutions
containing 200 ml of each exfoliated NiAl LDH andOGsupernatant were dropped at a well-
controlled speed of 1.5 ml/min into another solutiof 200 ml formamide under vigorous
stirring. After completely adding up the two feemution at controlled rate, the mixed solution
was further stirred for 2 hours. The LBL supert@tinanocomposites were got recovered by
centrifuging of product, repeated washing with atilaand water and then freeze-dried. To
achieve NiAl LDH/G with reduced graphene in abogeavered product, 40 mg of as-prepared
NiAl LDH/GO was placed in a small vessel and thaisvkept in another big vessel containing
600 ul of hydrazine (85%) to circumvent direct amtof two species. Finally, the air tight
vessel was positioned at 9D for 12 h. Under same conditions, other contraiglas were also

fabricated as shown in table S2.

2.7. Modification of electrode

To acquire the modified GCE, firstly the surface@EE (3 mm diameter) was finely
polished with 0.3 and 0.05 pm alumna slurry on outath pads and then rinsed with doubly
distilled water. Subsequently, GCE was washedsdtrecally in DD water and ethanol and then
allowed to dry under Npurging. A homogeneous mixture of 3 mg of NiAl LK LBL
composite in 1 ml of DD water was prepared undgonaus stirring. Secondly, 5 pul of above

8
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suspension was casted on polished surface of G@Edaed under ambient temperature for

further use. Finally the image of modified GCEh®wn in scheme 1A.

2.8. Fabrication of electrochemical cell

The self-made electrochemical cell was designedcanstructed. The photograph of as-
constructed self-made electrochemical cell is dedin scheme 1B. As can be seen that the cell
is made of glass and covered with lid having foatek through which three electrodes are
immersed into target analyte and fourth one is usedN, purging when necessary. The
electrodes are fixed through positioning them eirthespective holes as well as fixing the lid on
the tope of cell. After purging Nfor 15 min, 10 ml of PBS was poured into cell and C
measurements were conducted with NiAl LDH/G LBL/G@Eblank PBS between (-0.2 V to
0.6 V) by using CHI760 electrochemical workstati@®H Instrument Company, Shanghai,
China). Then 50 pl of 0.1 M DA was injected in ab®olution and CV responses were recorded

again in the presence of DA.

2.9. Choice of materials

The choice of materials always remains criticattportant for researchers to get superior
catalytic activity. Among the transition metals, INis always enhanced electrocatalytic aptitude
for oxidation reactions because of Ni(QHIOOH redox process on electrode surface, low,cost
good mechanical strength and electron transpontg#8]. The boosted up catalytic reactivity of
Ni centers is owing to the cases of fillidgorbital. The Band theory explains the bonding that
derived by the interaction between positively cledrgpns and valence electrons. Accordingly, in
transition metals the overlapping exists betwsenmbital andd orbital affecting the filling ofd

electrons. Instead of entering 10 electron8dmand of Ni, only 8 could enter after completely
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filling of 4s due to the band overlapping 48 orbital and3d creating band holes. The presence
of these band holes endow the metals with capglafitaccepting electrons from outside and
absorbing species with band construction that apregly increase catalytic efficiency. [30]
Here we preferred to use layer-by-layer assemblgxédliated NiAl LDH and graphene layers
rather than using direct mixing of two materialsheut exfoliation. It is because the insertion of
highly conductive graphene layers between thelayer galleries of LDH is possibly achieved
by mixing exfoliated nanosheets of both materialth veystematically controlled co-feeding
protocol which in turn enhances electron shuttliflgerefore, it is expected that good catalytic
activity of NiAl LDH and high conductivity of gramme synergistically would improve
electrochemical sensing performance. The sugggstinvays for possible catalytic mechanism

would be predicted as follows;
Ni(OH), + OH —> NIOOH+HO +€ (2)

Ni** + Dopamine —— K + Dopamine-o-quinone (2)

3. Resultsand discussion
3.1. Characterization of NiAl LDH/G LBL nanohybrid

Self-assembled superlattice system executing asiy@ and negative charged building
blocks respectively, was achieved by successfulbggrating NiAl LDH nanosheets with

graphene monolayers as depicted by Fig. 1.

The morphologies of heterostacked composites weneestigated by SEM at various
magnifications. The SEM image of as-fabricated NiLBIH/G in Fig. 2A shows typical platelet

10



219  like hexagonal flakes, demonstrating well restdredD structure while re-stacking assembly of
220 two oppositely charged nanosheets. Well-ordereeriay-layer shaped morphology of resulting
221  superlattice LDHs and graphene monolayers has Ipeegented in Fig. 2B. This typical

222 hexagonal structure of LDHs has been preciselyirretlaafter carefully executing the anion
223  exchange process (Fig. S1). Furthermore, the demlences of well-organized structure of
224  superlattice material were withessed by TEM imageFig. 2C. The high resolution TEM

225 (HRTEM) image in Fig. 2D displays that every periofdlamellar fringes has alternate layers
226 with d-spacing of 0.92 nm which consequently authenticateccessful insertion of graphene
227 layers into NiAl LDH nanosheets, and also negatespossibility of anions/solvent insertion in

228  between the interlayer gallery.

229 The SEM-EDX mapping results in Fig. 2E indicaterafarm distribution of Ni, Al, C and O
230 elements respectively. The aforementioned resultbstantially authenticate the true

231  heterostacked assembly of NiAl LDH/G superlattice.

232 The FTIR spectrum shows the successful incorgoratif CQ? NOsand G species
233 between the interlayer regions as shown in Fig. Bie very broad absorption at 3457 tm
234 belongs to stretching vibration of,@8 and hydrogen bonded —OH groups present in samples
235 The shifting of strong absorption band from 1354'camalogous to C§JF to another intense
236 absorption band at 1387 €nrorresponding to N is owing to the result of efficient ion
237 interchange treatment. A very small absorption peakl630 crit is may be due to C=C
238  vibrations resulting from graphitic domains of gnepe and bending vibration ot® [31]. The

239  absorption peak at 1104 €ndesignated to reduced graphene oxide which is graeable

240  segregation between pure LDHs and composite LDHa®rals.[32].
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Fig. 3B shows the typical XRD pattern of NiAl LDB/LBL nanohybrid material with
interlayer gallery spacing of 0.93 nm. Thisspacing value is almost similar with the sum-up
thickness values of NiAl LDH monolayer (0.49 nmypagraphene nanosheet (0.41 nm), further it
is also comparable with 0.92 nm HRTEM fringe spgcof two alternative layers of same
heterostacked hybrid material. It is noteworthyt tthee appearance of crystallographic peak of
(002) around 21° with interlayers spacing of 0.54 undoubtedly authenticates the construction
of layer-by-layer self-assembly of NiAl LDH/G hydrimaterial. The enlargement in basal
spacing of NiAl LDH material from 0.73 nm to 0.8#ris due to the effective replacement of
COs? with larged size N@ species by efficient ion exchange treatment [38p.( S2).
Additionally, A couple of in-plane basal peaks (1@8d (110) originated at 34° and 61° approve
the LDH existence in superlattice as well as comfine maintained 2D structure of LBL hybrid
material. In comparison, without following co-ferdiprotocol, most of the LDH nanolayers are
re-stacked with each other forming no LBL matewdaken NiAl LDH solution is directly poured

in graphene solution (Fig. S3).

For further investigations, XPS measurements vesteruted in order to evaluate the
valence oxidation states of elements present inl NiAH/G LBL material. The wide scan
spectrum of NiAl LDH/G LBL hybrid nanoarchitecturéisistrates that the material is composed
of Ni, O, C and Al as shown in Fig. 3C. The cotérfg spectrum of Ni has been displayed in
Fig. 3D, which is further splitted into two peaks2¥3/2 and Ni 2p1/2 centered at 856.4 eV and
874.1 eV having two satellite peaks and with spiergy gap of 17.7 eV, which approve the

existence of NF species in LDH/G based LBL nano hybrid [34].

3.2. Electrochemical performance of NiAl LDH/G hydride electrode.
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The interfacial charge transfer characteristicharfe electrode, modified with NiAl LDH and
NiAl LDH/G LBL nanohybrids were investigated by paming electrochemical impedance

spectroscopy (EIS) in [Fe (CN’’* redox solution as presented in Fig. 4A. Insehis Randle

equivalence circuit diagram which is fitted withlmn resistance Rs), charge transfer
resistance Rct), double layer capacitanceCdl), and Warburg constantMj, respectively.
Compared withRct value of 431Q shown by NiAl LDH/G LBL electrode, NiAl LDH exhiled

a very largeRct value of 19612 which is because of semiconductive nature of LD&tamnals.
The very low electron transferring resistance destrated by our heterostacked LBL assembled
NiAl LDH/G electrode is due to the fact that redd@gaphene nanosheets inserted in interlayer
spaces of LDHs enrich numerous small energy gapghware responsible for interfacial charge
transfer aptitude [35]. Similar results have algerbachieved by recording CV curve different

modified electrodes in [Fe (CNJ*" redox solution (Fig. S4). The electrochemical \axti

surface areas of the electrodes are calculateddingadhe Randles—Sevcik equation. [36-38]

Ip = (2.69 x 16)n*AC*D Va2 (3)
The estimated electrochemical active surface afeldial LDH/G LBL/GCE (0.112 cnj) is
higher than NiAl LDH /GCE (0.094 cthand bare GCE (0.073 énrespectively. The boosted
up electroactive surface area of NiAl LDH/G LBL niled electrode confirms the synergy
effect of NIAl LDH and graphene to provide an effee platform and large surface in

facilitating electron transportation between eled& and target solution.

To measure electrocatalytic abilities of NiAl LDBI/ modified electrode, cyclic
voltammetry (CV) was executed in the absence aadegnice of 0.5 mM DA in 0.1 M PBS (pH
7.4) as presented in Fig. 4B. The distinct redeakpeare recorded in the presence of 0.5 mM DA
corresponding to the oxidation of DA to equinond annsequently the reduction of equinone to

13
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DA [39, 40]. The differential pulse voltammetry (BpPcurves have also been recorded with
varied concentrations of DA in 0.1 M PBS (pH 7.8)depicted by Fig. S5. By augmenting DA
concentration, the oxidation peak current densitglso going to increase linearly. To compare
the results of NiAl LDH/G LBL nanohybrid in DA detgon, we have also explored the
electrocatalytic activities of as-fabricated othanocatalysts such as graphene, NiAl LDH, and
NiAl LDH/G (direct mixing) under same conditions demonstrated by Fig. 4C. In comparison
to graphene and NiAl LDH electrodes, NiAl LDH/G @it mixing illustrates higher oxidation
peak current but lower than NiAl LDH/G LBL electmdThis is owing to the fact of good
conductivity of graphene coupled with NiAl LDH datemixing nanocomposites. The superb
electrocatalytic properties presented by NiAl LDHIBL nanohybrids may be because of
different aspects: (i) the inclusion of-electron-rich nanosheets of extremely conductive
graphene substrate between the interlayer spadéi®\bEDHSs to assist quick electron transport;
(i) the LBL nanohybrid material holds high surfaaeea; (iii) the rapid accessibility of DA
molecules to rough surface of heterostacked LBLohghrid material; (iv) the structural
integration of charged nanosheets creates sligidification in electronic structure of NiAl
LDH/G LBL nanohybrids at nanoscale interface [2&).4ig. S6 (A) and (B) show the CV
curves of GCE’s modified by different NiAl LDH matals with varied Ni contents and NiAl
LDH/G LBL with varied amount of graphene inserted between NiAl LDH layers. The
admirable sensing capabilities of NiAl LDH/G LBLeetrode endorse enlarged surface area
providing more active sites, synergistic effectwmstn NiAl LHDs and graphene, unique well-
ordered LBL morphology which contributes to maximunterfacial effect between LDHs and

graphene layers.

14



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327
328
329
330
331

Probably, there are two potential biomolecules &#A&l UA that can cause interferences
while detecting DA from biological fluids. We confi the DA measurement in the presence of
AA and UA as shown by the Fig. 4D. The oxidatiomlpeurrent signal of DA 50 uM alone is
almost the same when different concentrations ofl@AM and UA 10 uM first separately and
then together (AA10 uM + UA 10 uM) are added in siaene concentration of DA. It is worth
mentioning that the electrode modified by NiAl LOBLBL which possesses various interfacial
collaborations within LBL nanocomposites has beepleyed with structurally different biotic
molecules, which assured the probability to sepéyatetect DA from mixed solution of AA and
UA. Moreover, amperometric measurements were paddrto test the sensitivity of NiAl
LDH/G LBL biosensor upon the successive additiowarious concentrations of DA in stirring
PBS at an applied potential of 0.14 V (Fig. 5A)giick response is detected by adding 0.1 uM
to 97 uM DA, which attains the steady-state cur@rtidition of~95% within 3 s. The rapid
response to DA additions may be due to the fagirompt accessibility of DA molecules to
rough surface, enhanced surface active sites asthnin electron transport kinetics of
heterostacked LBL nanohybrids. The broad lineageaand low detection limit of 2 nM signal-
to-noise factor of 3 (S/N=3) has been achieved Unyppoposed biosensor and these reports are
even superior than most of electrochemical perfocea in DA detection compared with recent
data from literature as presented by Table S3.3Bgshows the linear range of oxidation peak

currentversus DA concentrations Rvalue of 0.995.

The selectivity of biosensor was further examiimethe presence of certain interfering
species such as AA, UA,,B», glucose, KCl and NaCl that commonly may co-exidbtlood and
it is crucially important to measure the effectluése species [42, 43]. To improve the selectivity
of NiAl LDH/G LBL nanohybrids towards DA, the NiALDH/G LBL electrode was modified
with 5 pL of varied percentage of biocompatibleypeér Nafion (0.25%, 0.5% and 0.75%)
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which has already been used to modify electrodelsiarensors. The 5 pL of 0.75% Nafion
modified electrode gave the best anti-interferecapability to AA and DA. In PBS solution
(pH=7.4), Nafion is negatively charged that couficently reduce the interference from other
negatively charged biomolecules such as UA and A/lelectrostatic interaction [44, 45]. The
modified surface of electrode can easily attracsitpely charged aromatic DA molecules
throughn—n stacking and electrostatic attraction while rapgllelectronegative AA and UA
molecules and consequently the selectivity is impdo The clear current signals are observed
upon the addition of successive amount of DA buwrehis no obvious signal upon the
inoculation of 80-folds higher concentrations as @A each of interfering substances (0.8 mM
of UA, AA and glucose ) in stirring 0.1 M PBS at applied potential of 0.14 V as demonstrated
by Fig. 5C. Moreover, no interference could be olesg upon 1 mM addition of all other
potential interfering metal ions during DA detectidrhe concentration of 0.8 mM of UA and
AA could not create any noticeable interferenceneth@se concentrations are much higher than
physiological ranges. The high selectivity and gaity may be accredited to the high electron
density of NiAl LDH/G LBL and sulfonic groups of Man. In anti-interference assay, we have
used Nafion film as modifier of NiAl LDH/G LBL el@mde to inhibit the interference of
biologically co-existive molecules. Therefore, wave performed some additional experiments
to evaluate the sensitivity of NiAl LDH/G LBL eleode after modification with Nafion film. As
presented by Fig. S7, the oxidation current desssitif NiAl LDH/G LBL electrodes modified
with Nafion (red line) and without modified (blackne) to the addition of different
concentrations of DA are almost same ensuring thed gsensitivity of NiAl LDH/G LBL
electrode after modification with Nafion film. Faod is one of the common issues that ever
encounters during electrochemical detection of dopa and causes the sensor performance
degradation [46]. There exists fouling to some mixbecause in biological conditions the surface
of electrode may undoubtedly be blocked by the biecules present in the sample which in
turn jeopardize the long term stability of eleceodhere are two types of fouling which can be
described: (i) passive biological fouling due takground species of proteins or lipids which
adhere to electrode surface, whether it is activeot, and (ii) electrochemical fouling where an
insulating film is formed on electrode surface hmseaof the reactions occur for detection of
analyte and this is typical of the oxidation of DBuring electrochemical oxidation, DA is

converted into dopaminoquinonga two-electron transfer then this intermediate ugdes

16



363
364
365
366
367
368
369
370
371
372
373
374
375
376
377

378

379

380

381

382

383

384

385

386

387

388

protonation of amine leading to leucodopaminochromtéch further undergoes two-electron
transfer giving dopaminochrome. Finally, througbefradical polymerization, dopaminochrome
may polymerize to melanin on electrode that cansictemably hinder the surface dependent
redox properties of DA [47]. In Fig. S8, the oxidat current density is going to decrease
slightly with time in the presence of 200 uM DA owgito the adsorption of some oxidation
products of DA on active cites of material. In gast, oxidation current density of 10 uM DA is
almost same with time. While investigating longatestability, the electrode modified by NiAl
LDH/G LBL material exhibited a retained responséugaof 90.8% compared with its initial
peak current value to oxidation of 0.5 mM DA up2te days of post modification (Fig. 5D). To
ensure reproducibility of biosensor, six electrodesre modified with NiAl LDH/G LBL
material and recorded their current response valudbhe presence of 0.5 mM DA showing
relative standard deviation (RSD) value less thé&®m Fhe four successive assays of same
electrode present the reproducible current with R&IS than 5% (Fig. 5D inset). The decline in
sensitivity is due to fouling of electrode surfadde aforementioned results validate decent

stability and reproducibility of self-made biosergsiplatform.

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

Intractable psychiatric and chronic neurodegenaratlisorders such as Parkinson’s
diseases (PD) have seriously threatened the puigalth worldwide because many of
dopaminergic neurons present in substantia nigiRRDopatients are destroyed before it is being
clinically diagnosed. The second high mortality melegenerative disease PD gradually
promotes the loss of movement, balance and muscigat [48, 49]. The early diagnosis of
these lethal syndromes is the one and only waysunge the survival rate and get rid of them.
Once enhanced sensitivity successfully achieveslpthctical application of as-fabricated NiAl
LDH/G LBL based biosensor has been assessed intimealdetection of DA secretions from
human neuronal functioning neuroblastoma cell (BEl-SY 5Y) after being motivated by the

addition highly K buffer solution.
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Fig. 6A presents the bright field image of live real neuroblastoma cell line (SH-SY 5Y).
Furthermore, the CCK-8 assay has been used toagalhe biocompatibility of as-prepared
material to living cells, which shows that cellsimain 98.1%, 96.9%, 92.7%, 90.1% and 88.7%
viability upon incubation with NiAl LDH/G LBL moditd electrode for 1 h, 2 h, 3 h, 4 hand 5
h, respectively (Fig. 6B). As highly concentratedtracellular K solution is added,
depolarization of cell membrane occurs that produae influx of N4 and C4" channels [50].
As a result, the enhanced Zinflux arouses many protein immobilization, diffasiof dense
vehicle of cells and the level of voltage-sensitive* species increases sufficiently to initiate
exocytosis, consequently DA flux merged with ceimbrane is evolved to extracellular region
where it can be measured [51, 52]. The extracellDiais measured by recording amperometric
current signals to the oxidation of DA secretiofterabeing triggered upon the inoculation of
different spikes of K solution in the absence and presence of (SH-SYc&¥)ine and attained
plateau value within 10 s as depicted by Fig. 6@daubtedly, it is observed by adding every
single spike of K solution as stimulus that no current responsebkaa measured in the absence
of living cells while in the presence of cells, anbhed oxidation current signals are observed.
The current responses for each and every spikevanté on lessening subsequently generating
oxidation current densities 2.12 pA/mh.03 pA/cni and 0.86 pAl/chrespectively (Fig. 6D).
By using regression equation, quantity of endogsrid@ concentration has been measured after
being stimulated and found to be 0,44, 0.13uM and 0.11uM respectively. Additionally, the
DA concentrations in live cells have also been meiteed by conventional colorimetric method
for comparison as shown ihable 1. The above stated results unequivocally autheetitize
trustworthy presentation of NiAl LDH/G LBL nanohybbmaterial for real-time detection of DA

secretions from live cells as Parkinson’s diseéB&y diagnostic probe.
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Table 1 Analytical performance of electrochemical methochpared with standard colorimetric
method for detection of DA from live cells.

Electrochemical Calorimetric Relative standard
Spikes
method (LM) method (LM) deviation (%)
1 0.21 0.22 3.2
2" 0.13 0.15 5.1
3 0.11 0.10 6.6
4. Conclusion

In conclusion, we have developed an alternatelgkstd heteroassembly of NiAl LDH/G
LBL on molecular-level by electrostatic interactsobetween oppositely charged nanosheets of
conductive graphene and catalytically active LDId.dvercome the problem of high insulating
nature of metal oxides/hydroxides, charge condgctirephene layers have been inserted in
between interlayer regions of LDH material whicliglsily modulates electronic structure at
nanoscale interface. In addition, the bottlenedkenzyme based electrochemical sensors, such
as high cost and feeble stability of enzyme, amattsdtorage and usage life-time of sensor have
also been overwhelmed by using as-prepared enzgsserlanomaterial. Our electrochemical
biosensor based on NiAl LDH/G LBL nanohybrid haspauformed in quantitative detection of
DA under biological environment. Compared with nuows other reported DA biosensors, NiAl
LDH/G LBL modified electrode demonstrated excellselectivity, durability, wide linear range
from 0.1 to 97 puM, and low detection limit reachidgwn to 2 nM. Moreover, the practical

application of this electrochemical biosensor hasnbexplored in real-tim@-vitro detection of
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DA concentrations from live human nerve cell atveing stimulated. Thus, our findings hold
intriguing features of well-controlled, economidhaiigh-yield process for self-assembled periodic
stacking of 2D charged nanosheets, and open newohoin exploring vertically stacked

artificial 2D nanomaterials as-well-as inspiringplpation potential in biosensing podium, state-

of-the-art biomedical devices and pathological dasiics.
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612

613  Fig. 2. Morphological analysis of LBL-assembled product,gAd B) SEM, (C) TEM images at
614  various magnifications and (D) HRTEM image, and @8§M-EDX mapping results of NiAl

615 LDH/G LBL nanocomposites.

28



A B [0.93nm

_‘\/-‘_W (001)

*
a? v(C=C) =
= =
8 ) s
c V[NOS} a
E S ‘B
= 1387 (L100)
£ c
@ 2
= =
3 =
—— NiAl LDHI/G LBL (L110)
—— NIAI-NOg 1354
—— NiAl-cO, % v(C05%)
4000 3.;00 zulao 1ﬂlo|) 0 20 30 40 50 s 70 80
Wavenumber (cm) Bragg angle (26}
C Ni 2p D NiZpz/s
O1s
3 3
© s Ni 2p y
> e Nizpyp V2 NiZpyp
‘@ @ satellite
c =
[+
c1s Al2p A
A 1 M 1 A 1 A 1 i 1 A A i L A 1 i 1
1200 1000 800 600 400 200 0 890 830 870 860 850
616 Binding Energy (eV) Binding Energy (eV)

617 Fig. 3. (A) FTIR spectra of NiAl LDH with C&", NOs and graphene inserted in between the
618 layers, (B) XRD patterns, XPS (C) wide scan, (Djecevel Ni 2p spectra of NiAl LDH/G LBL

619 assembly.

29



620

621

622

623

624

625

626

627

628

629

v
B
=
L]

A = Bare GCE
. ® NiAl LDH
«® "®_a NiAILDHG LBL,

—— 0.5 mM DA
Blank PBS

2
(=]
L]

Current density (uA/cm?)
&
=
L}

0 1000 2000 3000 4000 -0.2 0.0 02 0.4 0.6

Z' (ohm) Potential (V)
CrnoF —— NiAl LDH/G LBL D DA
—— NiAl LDH/IG

Direct mixing o~ 800 F
a —— NiAl LDH
E a00 : E
2 G -
< Bare GCE ER
z 2
% 400 E 400 -
& 3
z ;
@ = R AA
g 0 S 200
Q

s 1 i 1 M 1 " 0F " i i i .
0.2 0.0 0.2 0.4 06 02 0.0 0.4 0.6

k 0.2
Potential (V) Potential (V)

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

KCI containing 1.0 mM KFe(CN)} and 1.0 mM KFe(CN}. Frequency range: 0.1-105Hz. Inset
is the equivalent circuit, (B) typical CV curvesthre absence (black line) and presence (red line)
of 0.5 mM DA in 0.1 M PBS (pH=7.4, scan rate=100/8)Y(C) CV curves in the presence of
0.5 mM DA in 0.1 M PBS (pH=7.4) with different mdiéd GCE, and (D) DPV profiles of DA
between -0.2 V and 0.6 & SCE in the presence of different concentration&Afand UA.
DPV conditions: Incr E 4 mV, Amplitude 50 mV, Puls&dth 0.06 s, Sample width 0.02 s, Pulse

period 0.25 s, and Quiet time 2 s, (The numbexpéements performed, n=6).
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Fig. 5. (A) Amperometric i-t curve of NiAl LDH/G LBL elecbde with successive additions of

different DA concentrations in N\saturated stirring 0.1 M PBS at an applied poatiofi 0.15 V.

(B) The linear calibration curve of current densisy DA concentration, (C) Investigation of

interference activities on the response of 10 uM Bd (D) Variation of current response to 0.5

mM DA with time. Inset is the current response iafdifferent GC electrodes to 0.5 mM D&

an applied potential of 0.14V, (n=6).
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Fig. 6. (A) Bright-field image of neuroblastoma cell lin®) Cell viability results performed by
CCK-8360 assay for SH-SY 5Y cells incubated withANILDH/G LBL electrode (C)
Amperometric responses of NiAl LDH/G LBL electrodéh the addition of different aliquots of
stimulator in the absence (black line) and preséreskline) of neuroblastoma cell line, and (D)
Analysis of current responses upon inoculation iiexent spikes of stimulator to living cells,

(n=6).
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Highlights
» Optimized co-feeding methodology has been used for the fabrication of NiAl LDH/G
LBL nanocomposites.

» Graphene nanosheets as n-electron-rich substrate modulate electronic structure of NiAl
LDHs.

> NiAl LDH/G dectrode exhibits excellent electrochemical performance for the sensitive
detection of DA.

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



