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Abstract
In this work, a novel label-free electrochemicaimmmosensor for the detection of alpha-
fetoprotein (AFP) is fabricated for early diagnoarsd prognostics of liver cancer. A porous
graphene nanoribbon (PGNR) was synthesized via icaémeduction method and it was
electrodeposited with gold nanoparticles (AuNPs) dbtain AuNPs/PGNR hybrid
nanomaterial. Anti-AFP was immobilized onto AuUNRGNR/glassy carbon electrode and
anti-AFP/AuNPs/PGNR/GCE was further studied to dest@te its electrocatalytic activity
towards AFP antigen. PGNR enhances the electre@astixface area and the electron transfer
ability between the electrode and redox probe wihdeAuNPs deposited on PGNR are used
to immobilize biomolecules and to facilitate theatton transport. The superior biosensing
performance towards AFP under physiological pH domd is demonstrated by a
corresponding decreased peak current in diffedeptiése voltammetry for a wide linear
range (5-60 ng/mL) with a low detection limit of fig/mL. Detection of AFP in serum
samples by this label-free electrochemical immunsse without fouling or significant
interference implies that the anti-AFP/AuNPs/PGNRBdified GCE has a great application
potential for clinical diagnosis of AFP.
Keywords: Porous graphene nanoribbons, gold naholesr; alpha fetoprotein, differential
pulse voltammetry.
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1. Introduction

Alpha fetoprotein (AFP), an oncofetal glycoprotepmoduced by liver, yolksac, and
gastrointestinal tract of humans, is consideredaawell-known clinical biomarker for
hepatocellular carcinoma (HCC) [1,2]. The concdiaraof AFP for a healthy body is 20 ng
mL™. The increase of AFP above 500 ngfih human serum is an indicator of liver tumor.
Therefore, the concentration of AFP can be usednagarly indicator for diagnosis and
prognostics of HCC and other related diseases)lidk sac cancer, testicular cancer and
nasopharyngeal cancer [3-5] . This necessitatesl¢lelopment of a reliable method for
sensitive and selective detection of AFP. Among thaous detection methods available,
such as surface plasmon resonance, quartz crysiatobalance, electrochemical
immunosensors, atomic absorption spectrometry, thenmescence assay and inductively
coupled plasma mass spectrometry, the electroclénmununosensor has received much
attention as the most reliable method for detecbbrAFP biomarker, owing to its high
sensitivity, specificity, rapid detection, costiei#ncy, low-temperature requirements and
compact instrumentation [6—10]. Furthermore, cormparith sandwich-type immunosensor,
label-free electrochemical immunosensors have icea@dvantages, for instance, they could
be directly used to diagnose and monitor the levdliomarker and avoid interference from
conjugated markers or other endogenous specied 3] 1—

Graphene nanoribbons (GNR), possessing excellepsigai, chemical, mechanical and
biological properties [14,15], have received tredwmrs scientific attention in a wide range of
applications like gas separation, water desalinatieenergy storage, fuel cells,
electrochemical capacitors and drug delivery [1p,Diving to its high aspect ratio, tunable
electronic properties, abundant edges, and deitest and high electron transfer rate, it has
been considered as a potential electrode mateonialtife fabrication of electrodes in
electrochemical sensors. Despite its excellent gntgs, pristine GNR tends to form
irreversible agglomerates or even restack to foraplgte through strong — = bonds and
van der Waal's interaction. This agglomeration égng has a deleterious effect on most of
its unique properties. . Therefore, tremendousrisffbave been taken on the synthesis of
porous graphene-based materials with unique p@tusture providing higher surface area,
abundant mass transfer channels, tunable bandggppbre edge activity, gas permeability,
good mechanical stability and biochemical sensit®].[To date, different strategies have
been successfully developed to prepare porous gn&plsuch as porous graphene nano
architectures using silver nanoparticles, activad exfoliated graphene oxide (GO) with
KOH, hydrothermal steam etching of GO nanosheeairiralled catalytic oxidation, laser



irradiation and electron beam irradiation [19-2B]ectrochemical activity of PGNR is
further improved by incorporating noble metal naatipgles into PGNR. Among numerous
nanoparticles, AUNPs are considered as an exceallgort material due to their remarkable
surface chemical properties [24], higher chemidabitity, excellent catalytic activity[25],
biocompatibility [26] and other notable propert[@g—30]. In this work, for the first time a
hybrid nanomaterial comprising of porous grapheaaonibbon and AuNPs is fabricated
through chemical reduction method. Porous grapmeam®ribbon was obtained by etching
FeOsNPs/GNR using hydrochloric acid. AuNPs were elattieonically deposited on PGNR
and the obtained AuNPs/PGNR hybrid nanomaterial aygdied as a novel immunosensor
electrode to detect AFP.

2. Materialsand Methods

2.1 Materials

Alpha-fetoprotein antibody and antigen were puredasrom Biocell Co. (Zhengzhou,
China). Bovine serum albumin (BSA, 96-99%) and mwiélled carbon nanotubes
(MWCNT), carbon > 95% 6 - 9 nm O.D x jm L were procured from Sigma (USA).
Phosphate buffer solution (PBS), conc. sulphurid 8d,SOy), 88% ACS ortho phosphoric
acid (HPQy), iron sulphate (FeSQ potassium permanganate (KMy)©30% hydrogen
peroxide (HO,), 35% hydrochloric acid (HCI), 98% hydrazine hydraNH,),: H-O,
chloroauric acid (HAuG) potassium ferrocyanide (Re(CN)) and potassium ferricyanide
(KsFe(CN)}) were purchased from Merck India. All the elebtres were prepared with
ultrapure water (>18 M2 cm) from a Millipore Milli-Q water purification stem.

2.2 Experimental

2.2.1 Synthesis of porous graphene nanoribbon

As illustrated in Figure 1, 300 mg of graphene exitanoribbons (GONR) (Figure S1)
obtained by unzipping of multiwalled carbon nane&uia improved method [31] was mixed
with  0.01 M FeSQ7H,0 stock solution in which 2.8 g of Fea@,0 was dissolved in 1
mL concentrated sulfuric acid. After sonicating fbrh, iron hydroxide GONR mixture
obtained by the following reaction was kept underisg with 10 mL hydrazine hydrate for

12 h at 80° C in nitrogen atmosphere.

H,0 -H,S0,

FeSO,.7H,0 + H,SO, Fe(HSO,), Fe(OH), .H,0

The reduced iron oxide/graphene nanoribbon@#&NR) nanocomposite was rinsed with

distilled water, acetone and vacuum dried for 24throom temperature. Finally, porous



structured GNR was obtained through the removataf particles by stirring R©s/GNR
nanocomposite with 10 mL of 15% concentrated HClGoh. It was further rinsed with
distilled water and acetone before vacuum drigd@in temperature for 24 h.
Fl e
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Figure 1. Schematic representation of the syntligsAaINPS/PGNR.
2.2.2 Electro deposition of AUNPson PGNR
The AuNPs, an immobilization platform for biomolées; was electrochemically deposited
on PGNR by performing amperometry at a constanemi@ of -0.2 V for 120 s in 0.5 M
H,SO, with 1 g HAUCk [29].
2.3 Characterization
The morphology and elemental compostion of the yahgsized materials were
characterised by high resolution scanning electnicroscopy (HRSEM) (FEI Quanta FEG
200, HRSEM) andEnergy Dispersive X-Ray spectra (EDX) were recordgdlEOL JSM-
6700F microscope (Japan).The phase compositiol shimples was determined by X-ray
diffraction (XRD), PANalytical X-ray diffractometeX'Pert with a Cu k& radiation { =
1.5406 A). The Brunauer Emmett Teller (BET) surfacea was measured by BELSORP-
mini Il (BEL Japan, Inc.) using Nas the adsorption gas. The structural propertighe
samples was carried out using Raman spectroscopgdiialpha 300 CRF System excited
at 532 nm. All Electrochemical measurements weradaoted using a potentiostat/
galvanostat PG 302N, AUT 83909 (Metrohm, Autolaletiérlands) with a conventional
three-electrode system in the presence of elet&dBBS aqueous solution, of pH 7.4.
2.3 Fabrication of immunosensor
The working electrode of the electrochemical immsewsor was fabricated as follows: GCE
polished with 0.3 mm and 0.05 mm gamma aluminagestwhich was rinsed and sonicated

using distilled water, ethanol; and dried undetr@asn of nitrogen.
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Figure 2. Schematic representation of the AUNPS/R&CTE electrochemical immunosensor
for the detection of AFP.
GCE was modified by coating with ul. suspension of GONR, GNR and PGNR dispersed
separately in DMF (1 mg/ 2 mL) by drop casting noetlon the electrode surface and was
dried at room temperature undervacuum. The stepwigssembly of the
proposed immunosensor is illustrated in Figure 2. irstly, AuNPs  were
deposited on PGNR modified electrode and then diredair. Next, 6uL of anti-AFP
(100pg mL™Y) was cast on AuNPs/PGNR/GCE modified electroddasar and incubated
for 1h. Subsequently, to avoid interaction betweeti-AFP/AuNPs/PGNR/GCE and non-
specific adsorbed antigens, the fabricated immursigewas incubated for 1 h inpd of
0.25%  bovine serum albumin (BSA). After rinsing it PBS, the
fabricated immunosensor was ready for measurenidrd. fabricated immunosensor was
stored at 4 °C when not in use. The electrochensigthal response was recorded by
differential pulse voltammetry (DPV) in the PBS @pH=7.4, in a potential range of
0.2to1.2 V.
3 Results and Discussion
3.1 Morphological studies
The morphology and elemental composition oidz6GNR and PGNR observed by HRSEM
are illustrated in Figure 3. Figure 3(a) clearlywhs that the F£s; particles with a size of
about 40-50 nm are randomly distributed onto thiéase of GNR.
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Figure 3 HRSEM images of (a) £&/GNR (b) PGNR with their respective EDX (¢ & d)
The porous structure, generated upon removal omhaReparticles from FE®3/GNR
was validated from the HRSEM image observed in feéig8(b)) [32,33]. The porous
structured PGNR not only increases the specifitasararea, but also prevents agglomeration
tendency of graphene nanoribbons. Furthermorecdneesponding energy dispersive X-ray
EDX analysis of Fg€3/GNR shown in Figure 3(c), exhibiting strong peaksC, O and Fe,
suggests the formation of aJB8/GNR hybrid. Moreover, the EDX measurement of PGNR
clearly (Figure 3(d)) evidences the effective realmf Fe particles.
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Figure 4 HRSEM image of (a) AUNPs/PGNR its respectlemental mapping and EDX
(b &c)
The morphology of AUNPs/PGNR as observed in Figu(a) reveals that spherical shaped

AuNPs with a diameter of 30 to 40 nm are homogesigodecorated on the PGNR.
Elemental quantification with mapping further illteges the uniform deposition
of AUNPs over PGNR surface in AuNPs/PGNR hybrigy@ife 4(b)). Moreover, EDX
analysis of the AUNPs/PGNR hybrid confirms the pree of the Au element along with C
in the AUNPs/PGNR hybrid (Figure 4(c)).

3.2XRD

The crystal structure of GONR, f&&/GNR and PGNR were studied by XRD and elucidated
in Figure S2. The XRD pattern of GONR is illusthie Figure S2(a) displays a diffraction
peak at B=8°, corresponding to unzipping of MWCNT. The difftion peaks of obtained
FeOs/GNR hybrid depicted in Figure S2(b) & @f 33.2°, 35.6°, 40.8°, 49.5°, 54.1° and
62.5° corresponding to (104), (110), (113), (024)16) and (214) crystal planes,
respectively reveals the well crystalline naturehefatite phase (JCPDS no. 97-002-2505)



[34,35]. The diffraction peakat around 25° cormgting to (002) plane
in PGNR, indicates a successful synthesis of PGN§ufe S2(c)).

3.3 Raman spectr oscopy

The information about the structural propertiesnofdified GONR was acquired from Raman
spectroscopy. As shown in Figure S3, the Ramantmsperf GONR, FgOs/GNR and
PGNR display two prominent peaks, correspondingDt@and G bands. The G band at
1570 cnit represents the first order scattering of thg reode of sp C atoms and the D
band at 1336 cilis due to the structural imperfection of thgyMode. From the intensity of
G band (&) and D band @), the average crystallite size of thé dpmains in graphene based
materials was measured by the well-known Tuingtchkoenig (TK) relation.

I
L, = 4.956 (—G)
Ip

Where, lrepresents the average crystallite size dfdemains and the value 4.956 was
obtained from the equation J€ -12.6+0.33.. A indicates the laser wavelength, 532 nm.
The average crystallite size of’sfpmains in GONR, KE®3/GNR and PGNR is calculated as
8.26, 5.98 and 4.54 nm, respectively. Reduced geecaystallite size in the case of PGNR,
compared to F®3/GNR and GONR, results in the formation of defeantsl disorders after
modification of GONR [36,37].

Moreover, the ratio between the intensity of D alband was effectively used
to evaluate the degree of disorder in the givenpsasn b/l ratio of GONR was increased
from 0.6 to 0.92 & 1.09 for KEE®z/GNR hybrid and PGNR respectively. The increassi |
ratio reveals the increased disorder and defecsityegenerated during the transformation
of sif to sp configuration and additional defects introduce@ach step of modification.

3.4 Surface area analysis

The nitrogen adsorption/desorption isotherm ofREBNR displays a typical IUPAC type-IV
adsorption isotherm pattern with a hysteresis Isoggests an increase in the specific surface
area of PGNR as 132%g’ by the BET measurement, whereas the specific ciréaea
of reduced graphene oxide (RGO)was only 26g'm The increased surface area
of PGNR further confirms that the porous structureeffectively prevents
the restacking property of GNR.

3.5 Optimization of experimental conditions

To achieve better electrochemical performance,sitnecessary to optimize the pH and
concentration of PGNR, which influence the electt@msfer and activity of AFP and anti-

AFP. However, acidic or alkaline pH value of buffeould damage the immobilized protein,



the experiment was optimized by PBS at differentipétween 5.0 and 8.0. The current
responses obtained from CV towards different pHwshan Figure S4 (a) reveals that the
peak current increases with increase in pH from 8.5. After reaching a maximum value at
pH 7.5, the peak current decreased with furtheresse of pH, indicating the optimum pH of
7.5 for this immunosensor. Thus, PBS at physiolgaH 7.4 which is closest to 7.5 was
used as the electrolyte for electrochemical measemé throughout this study.

In addition, the effect of PGNR concentration ore thlectrochemical response of the
immunosensor was also investigated. As shown inurBigS4(b), with an increase
in PGNR concentration from 0.5 to 2 mg/mL, the eatrresponse increased, with further
increase in concentration, the electroactive sitethe electrode get decreased, resulting in a
decrease in the current response. Therefore, dptonaentration of 2 mg/mL PGNR
solution was preferred for further experimentshiis study.

3.6 Electrochemical characterization of the immunosensor

Cyclic voltammetry (CV) and electrochemical impedarspectroscopy (EIS) depicted in
Figure S5 and Figure S6 evidence the stepwisecktion of immunosensor. Maximum peak
current observed in CV of AUNPs/PGNR/GCE (Figure 8&ve a) indicates its enhanced
electrocatalytic property A gradual decrease in peak current observed ini- ant
AFP/AuNPs/PGNR/GCE (Figure S5, curve b), and BS&ARP/AUNPs/PGNR/GCE
(Figure S5, curve c) indicates the successful imhzalion of anti-AFP and BSA on the
electrode. Further, a decrease in peak currentwdsafter detection of AFP on BSA/anti-
AFP/AuNPs/PGNR/GCE demonstrates the antibody—amtigeaction and successful
fabrication of immunosensor (Figure S5, curve dje Tecrease in peak current in each step
of fabrication is due to the hindrance observedatols the transfer of electrons.

The step wise fabrication of the immunosensor wahér characterized by EMsa Nyquist
plots (Figure S6), which was recorded from 1 t3 H® in a solution containing 0.1 M PBS
(pH 7.4) of [Fe(CNg]*/*.The obtained data of all the modified electrodesenfitted by a
Randles equivalence circuit model, including the rMag impedance (4, the charge
transfer resistance {R the double layer capacitancegjCand ohmic resistance of the
electrolyte (R). The EIS includes a semicircle portion and a.liflee semicircle portion at
higher frequency expresses the electron-transfeiteld process, and the corresponding
diameter is equal to the.RAfter fitting the data the Rvalue of 320Q2 (curve a) observed
in bare GCE implies a low-charge-transfer resisant the redox couple. PGNR/GCE,
AuNPs/PGNR/GCE modified electrodes shows a decreaBg to 320Q and 175Q (curve

b and c) respectively, indicating enhanced condifgtdf both the modified electrode.



Anti-AFP immobilized on AuNPs/PGNR/GCE, blocks tlaetive sites of the modified
electrode and hinders the interfacial electron dfem between the redox probe and the
modified electrode, thereby increase the chargestea resistance to 66@ (curve c).
Further increase indRto 13000Q observed after incubating a non-conductive bioacti
substance BSA on anti-AFP/AuNPs/PGNR/GCE indic#itessuccessful immobilization of
BSA on the electrode (curve d). Increase in thedr18300Q2 observed after sensing of AFP
on BSA/anti-AFP/AuNPs/PGNR/GCE (curve e) demonetatthe effective specific
recognition between antibodies and antigens.

3.7 Concentration studies
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Figure 5 DPV of the fabricated immunosensor aeddht concentrations of AFP from 5 to

60 ng/mL (a) and the respective calibration cutvetsveen peak current and concentration of
AFP (b).

Under optimal conditions, the performance of thepared immunosensor was examined by
DPV. The fabricated immunosensor was implemented fod#tection of AFP antigen with
different concentrations from 5 to 60 ng/ml. Figbréa) showed the electrochemical current
responses obtained from DPV towards the additiorABP antigen for the concentration
range of 5 to 60 ng/mL.
The decrease in peak current observed with anaeseren AFP concentration as shown in
Figure 5(a), indicates the non-conducting antigdtPAound to the antibody hinders the
electron transfer efficiency. The correspondingbecation plots displayed in Figure 5(b)
implies a good linear relationship for a conceiratrange of 5-60 ng.mt between
electrochemical current responses and the AFP otratci®n with a correlation coefficient of
R?=0.99 and a limit of detection of 1 ng/mL.



3.8 Selectivity, stability and repeatability

The immunosensor selectivity could be investigatgd 10 ng/mL AFP in the presence
of interfering agents, which potentially coexisttwiAFP in human serum. The interfering
agents like UA, DA, AA and glucose were incubataethviO ng/mL AFP. Negligible change
in the current value demonstrated (Figure S7) tdwdhe interfering substances, indicates
the high selectivity of as fabricated immunosentmwards AFP. The repeatability of
the immunosensor was evaluated (Figure S8), ushegelectrodes for the detection of AFP
(10 ng/mL). Obtained current response elucidates #xcellent repeatability of this
immunosensor, with relative standard deviation (R&3s than 5%. The long-term storage
stability of immunosensor, stored in PBS (pH 7#3°€, was also determined by measuring
the current response after 30 days. The currerngons® measured every six days as
demonstrated in Figure S9, implies a very littleadein the peak currents (barely 5.3%). This
clearly shows that proposed immunosensor retaiosliext stability over a period of 30 days
with 90.6 % current response.

We speculate that the long-term stability and regiebty of the BSA/anti-
AFP/AUNPs/PGNR modified immunosensor could be bsedi to three reasons: (1)
the BSA/anti-AFP/AuNPs/PGNR film has good stabjlif2) the biocompatibility of the
AuNPs/PGNR is excellent, and (3) the antibody ghtty attached to the electrode. The
better repeatability, high selectivity and good bsity confirmed that the as-
prepared immunosensor is suitable for quantitategermination of AFP in real human
samples. The performance of the PGNR/AuNPs immursmsewas compared with other
nanomaterial (Table 1). It can be seen, that theeldped immunosensor exhibited
comparable linear range and lower detection limit.

Table 1. The performance comparison of the developenunosensor with other different

Au based AFP immunosensor

S.No Electrode material Linear range Limit of Reference
detection

1 AU/AET/PAMAM 5-500 ng/mL 3 ng/mL [38]

2 Au/PA 5-80 ng/ml 3.7ng/mL [39]

3 HRP-MPS/PVA/ITO  1-90 ng/mL 0.5 ng/mL [40]

4 Self-assembled 15-350 ng/mL 5 ng/mL [41]
monolayers
AuNPs/HRP

5 PdNi/N-GNRs 0.0001-16 ng/mL 0.03 pg/mL  [42]




6 Pd nanoplates 0.01 4 pg/mL [43]
to 75.0 ng/mL

7 Pd—rGO 0.01tol12 ng/mL. 5 pg/mL [44]

8 AuNPs/PGNR 5-60 ng/mL 1 ng/mL This work

3.9 Real sample analysis

The reliability and precision of the immunosenswrreal sample analysis are investigated by
standard addition method to detect the recoverigdifierent concentrations of AFP in the
human serum sample. The results obtained are tadufa Table 2. The recovery of the
spiked sample ranging between 99.9% and 102 %gatak the applicability of the proposed
immunosensor for real sample analysis.

Table 2 Determination of AFP added in human bloatum with the proposed

immunosensor.

Sample Added (ng/mL)  Found (ng/mL) Recovery (%)
1 1 1.02+0.03 102

2 5 4.98+0.02 100.4

3 10 9.96+0.09 100.4

4 15 14.98+0.19 100.1

5 20 20.02+0.45 99.9

4 Conclusion

A novel electrochemical immunosensor based on AUNBNER/GCE for the sensitive
detection of HCC displayed a wide range of linemponse (5-60 ng/ml) and a low detection
limit (1 ng/mL). The immobilized anti-AFP moleculeghibited an excellent electrochemical
response selective to the AFP in pH 7.4. The fabe@ immunosensor exhibited high
sensitivity, good repeatability, and long-term dtgbin quantitative detection of AFP.
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Highlights

» A novel porous graphene nanoribbon was obtained via chemical reduction method

AuUNPs electrodeposited on porous graphene nanoribbon acts as platform for
immobilizing biomolecule

» Porous graphene nanoribbon/AuNPs can be used for detection of AFP in human
serum.
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