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Abstract:

In this work, we demonstrate label-free electrocicamimpedance spectroscopy (EIS) based
alkaline phosphatase (ALP) detection using gold oparticles (AuNPs), electrochemically
engineered Au-nano-Dendroids, and graphene oxi@® (@nocomposite. These nanomaterials were
sequentially deposited on to the screen-printedaraelectrode (SPCE) and antibodies against ALP
(anti-ALP) were immobilized using carbodiimide bdmjugation process. The sensor probe has been
characterized extensively using TEM, EDX, SAED, XRIE-SEM, FTIR, DIC, and electrochemical
techniques. The analytical performance of fabritdtimsensor has been evaluated using EIS, where
linear dynamic range and limit of detection wer¢agted to be 100-1000 U/L and 9.10 (+0.12) U/L,
respectively. The developed biosensor showed higlecsvity towards ALP with negligible
interference ks << 1; n=3) due to coexisting molecules. The sepsobe has successfully recovered
ALP between 108.84% and 172.50% (n=3) in humannsesamples. The sensor has been used to
estimate ALP in clinical serum samples, where tieel was found to be 83.15 U/L and was
comparable with standard technique used in theitadspThe shelf life, stability, and reproducityli

have been also been evaluated.
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1. Introduction:

ALP is a phosphate-cleaving enzyme found in biaBu{viz. serum, saliva, and other bodily
secretions) and participates in various vital pbiggjical functions in biological systems. The
physiological range of serum ALP in adults is 2@ 14/L in the case of a normal adult, which
increased slightly higher in case of infants, kimsgd pregnant women. The clinical ranges above 350
U/L were reported in case of liver and bone assedidisorders. Moreover, elevated serum ALP level
is also found in various cases of cancer relapseri&guro et al., 2019) and at the onset of hepaliti
(Bodlaj et al., 2010; Keshaviah et al.,, 2007). larrent clinical scenario, the serological
determinations of ALP are performed using the metteported by McComb and coworkers, where
ALP can be detected by formation of a chromogenidpct (p-nitrophenol) (McComb and Bowers,
1972). This chromogenic product is formed due td?Atansphosphorylation capability. Inspired by
these spectroscopic methods, various other metimgsalso been reported to detect ALP using wide
range of substratesjz. 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) (M &., 2016), nitro blue
tetrazolium (Takehana et al., 2019), 4-Aminophengiphateetc (Jiang et al., 2016). In addition to
the colorimetric detection of ALP in blood serunmemiluminescence, fluorescence, and surface-
enhanced Raman spectroscopy based sensing havbealsdested (Hallaway and O'Kane, 2000;
Kim et al., 2011; Ruan et al., 2006). Moreovercehemical based techniquasz(voltammetry ,
amperometryetc) are used for the detection of ALP in recent pasiere the product formed after
ALP catalysis has been targeted for its quantificaf{Lee et al., 2018; Wang et al., 2009). These
reported methods have used the indirect approactietect ALP as well as involves multiple
enzymes, which eventually arises complexity and-motrustness. Furthermore, these sensors are
susceptible to the insensitive, false positive oesp especially in real sample environments dtleeto

certain coexistences of other peroxidases andractive molecules (King and Delory, 1948).

In recent past, the advances in nano-fabricatime lpaved a way to obtain robust biosensors for
the direct sensing of bio-analytes (Chandra, 2@itandra et al., 2017), where various metallic
nanocomposite (Pei et al., 2015; Zhao et al., 2@bh&po et al., 2015) have been used by exploiting

their excellent optoelectronic properties (Baranwalal.,, 2016; Mahato et al., 2019). Recently,



branched-metallic structures-based nanocomposite Heeen employed in various applications
including energy storage and nano-catalysis. Tis¢setures have also been attempted in various
biosensing methods because of relatively largefaserarea for the electron conduction at sensor
surfaces (Valera et al., 2019), which eventuallytibutes sensitive determination. However, most of
the reported biosensors using metallic dendritésvicdirect electrochemical transfer method, where
the target analyte participates in electro-catalyithe sensor surface to generate electrochemical
signals. Few works have also been reported by inlinoly the recognition elements by physical
adsorption on these nanostructures (Fu et al.,;20/BhHg et al., 2018), which are considered to be
unstable due to its susceptibility of leaching oliherefore, these metallic branch-structured
nanomaterials are limited when there is a needttdrle coupling of bio-receptors due to absence of
the flanking groups, which are used for covalenmobilization. Thus, branched structure-based
nanocomposite has been used for coupling the loepters by incorporating additional materials
comprising flanking functional groups. In one oésle strategies the composite consisting of branched
Au-metallic-structure and conducting polymers ofypayrrole has been used to immobilize the
antibody (Valera et al., 2019), which may suffarl&ss sensitivity caused by loss of conductivig d

to disruption of molecular planarity in presenceadfled functional groups during functionalization
(Berezhetska et al., 2015; Jimison et al., 2018)oV¥ercome such limitations, GO has been used in
sensor matrix due to the excellent availabilityflahking groups for covalent immobilization. To the
best of our knowledge this combination has nevegnbatilized to immobilize bioreceptor for
immuno-sensors. Therefore, it is interesting terafit such kind of new matrices in sensitive sensor
fabrication.

In view of such importance, we demonstrate a ditalgel-free immunosensor for serum ALP
detection on the Au-branched structures (Au-nanodb@ids) and GO nanocomposite based
biosensing probe. The biosensor has been developedn SPCE by sequential deposition of
nanomaterials vz AuNPs, Au-nano-Dendroids, GO sheets) and imnudiitbn of anti-ALP
bioreceptor. Followed by this, the fabricated SPAERPs/Au-nano-Dendroids/GO/anti-ALP
biosensor has been characterized systematicallyg usourier transformed infrared spectroscopy

(FTIR), field emission scanning electron microscqp¥-SEM), transmission electron microscopy



(TEM), energy-dispersive X-ray spectroscopy (ED26lected area electron diffraction (SAED), and
X-Ray diffraction (XRD), linear sweep voltammetritSV), EIS, and digital image colorimetry
(DIC). The analytical performance of biosensor hesn evaluated using EIS in the spectral range of
10° to 10 Hz. The interferences due to coexisting mdis have also been evaluated. The sensor
probe has been tested in blood serum samples ¢ssafize analytical capability in clinical samples
using spike-recovery and standard addition meth®te. unknown concentration of ALP in serum
sample has also been evaluated using standardoadatiethod, which was found to be comparable
with clinical method. The shelf life of fabricatésP CE/AuNPs/Au-nano-Dendroids/GO/anti-ALP
probe has also been evaluated.
2. Experimental:

2.1. Chemicals and instrumentation:

The chemicals and instruments used in the expetirheme been detailed in th®l-1 of
supplementary information.

2.2. Synthesis of GO:

For the synthesis of GO, modified Hummer’'s meth@s adopted (Zaaba et al., 2017). The brief

discussion on adopted synthetic procedure hasdesamibed irS1-2 of supplementary information.

2.3. DIC-based control study:

For the DIC based study, 50 of 5 mM BCIP solution was employed onto the fipabbe after
immuno-complexation at working electrode regioneTdaptured ALP catalyzes BCIP to a blueish
green colored compound 5,5'-dibromo-4,4'-dichlavdigo. The incubation time for BCIP on to the
immuno-complexed sensor probe has been optimizegsiog DIC techniques, where incubation time
for colored product formation from BCIP is found tiopum at 30 minutes. The process of
optimization has been described in sect®&#8 of supplementary sectiofigure SI-1 (A-B) shows
the time-dependent imaging of ALP immuno-comple$&CE/AuNPs/Au-nano-Dendroids/GO/anti-
ALP sensor chip after incubation of 50 pL of BCHdhe obtained plot after DIC analysis using the
captured images. Thus, by keeping BCIP solution3@rminutes over the working electrode, the

colored solution has been taken to the hydrophagitulose acetate thin sheet with a white



background and appeared color was captured usimgt@mone camera. Thereafter, the captured
image was processed using RGB (Red, Green, and Bioiler application at the droplet region and
values were extracted to trace the color changehé&n DIC analysis in the control studies was also
performed using the procedure followed by the teplm reported earlier (Mahato and Chandra,
2019). Briefly, effective normalized intensities@sponding to the color change were obtained using

equation 1.

I
Effective |, = log, (228

----------------------- Equation 1
IRed Conc.)

Where keqis the mean pixel intensity of the red channelclvis obtained from selected area

analyses.

2.4. SPCE/AuNPs/Au-nano-Dendroids/GO/anti-ALP Sensor prbe fabrication:

The sensor probe has been fabricated by sequsatface modifications on to the bare SPCE. In
the first step, SPCE has been modified with eletiemically deposited AuNPs. In this step, the
AuNPs were deposited electrochemically on to thes BBPCE, where acidic solution of HAyCI
(0.005% in 0.5M HSQO,) was taken as an electrolyte in three-electroddenay and allowed for
consecutive five LSV scans under the potential wimabf 1.5 V to 0.4 V at the scan rate of 100
mV/s. The provided voltage and time for depositwén0.6 V and 60 seconds, respectively. In the
next step, Au-nano-Dendroids were synthesized relgdoemically on to the SPCE/AuNPs modified
surface. The deposition of Au-nano-Dendroids wachieved by the electrochemical deposition
process, where chrono-amperometric technique wadogad, which has been performed at - 0.3 V
for 600s using the three-electrode system contgitiAuCl, solution (5% in KCI 0.1M) as an
electrolyte. In the further step, synthesized G@ haen coated onto the SPCE/AuNPs/Au-nano-
Dendroids modified electrode surface. Briefly, G@uton (1mg/mL) was prepared by dissolving
GO in ethanol and coated2 of the solution by spin coating method followeg 80 minutes of
drying. The dried SPCE/AuNPs/Au-nano-Dendroids /&€xtrode surface was then activated for the
anti-ALP  immobilization. For that, 50 microliters f o the solution containing
ethyl(dimethylaminopropyl) carbodiimide - N-hydresyccinimide (EDC-NHS; 100 mM-100 mM)

was treated and incubated for 30 minutes (Roy.e2@l1). After this incubation, the EDC-NHS was



washed and 4 microliters of anti-ALP (pH 7.0) wéneated with SPCE/AuNPs/Au-nano-Dendroids
/GO modified surface for 30 minutes which was foutd be optimum time for anti-ALP
immobilization (Figure SI-2 (A-B)). The detailed optimization process has been destih the SI-4
section of the supplementary information. Afterubation, the sensor probe surface was gently
washed with distilled water to remove unreacted-AbP followed by the 0.1% bovine serum
albumin blocking for nullifying nonspecific interdan sites. The final modified sensor probe was
termed as SPCE/AuNPs/Au-nano-Dendroids/GO/anti-Alllie step by step sensor probe fabrication
and detection principle have been showadheme 1

3. Result and discussions:

3.1. Characterization of GO:

After the successful synthesis of GO using the fiedli hammers method, it has been
systematically characterized using the TEM, EDXEBA and XRD techniques. In the first step, GO
was exfoliated before the TEM imaging, where cleansparent sheet was observed, indicating the
successful synthesis of the graphene shéigizré 1(A)). In the following step, to know elemental
composition of the graphene sheets EDX has beemded {igure 1(B)), where the clear elemental
composition of C and O has been obtained, whicltates the sheets consisting the GO. Thereafter,
the material properties of GO have been studiedguSIAED and XRD, where clear SAED ring
pattern figure 1(C)) and the peak in X-ray diffractogranfigg(re 1(D)) shows crystalline nature of
the material.

3.2. SPCE/AuNPs/ Au-nano-Dendroids /GO/anti-ALP sensor iobe characterization:

The fabrication of SPCE/AuNPs/Au-nano-Dendroids/&@@FfALP sensor probe has been
characterized using the physical as well as elelsenmical techniquesaz. FE-SEM, FTIR, LSV, and
EIS have been used. Firstly, the fabrication pret¢es been assessed by FE-SEM, where the surface
topological changes have been analyzed. For thes,FE-SEM micrographs of the bare electrode
surface, AuNPs deposited electrode surface, deaigirsynthesized AuNPs deposited electrode
surface, GO deposited on the dendroids grown eléetsurface, and anti-ALP immobilized at the
GO modified electrode surface was capturBgufe 2(A)). From the figure, clear small bright

uniform dot imprints have been observed at the AsiNEposited electrode surfa@@, which was,



however, not observed at the bare electrode suffac€his indicates the successful deposition of
AuNPs on to bare electrode surface. In next miaplyy a layer of irregular protruded features at
modified surface was observed @i — iii”), indicating the deposition of dendroids like Au-
nanostructures. Thereafter, in the micrograph nexhis (iv — iv”), patches of small flakes were
observed over Au-nano-Dendroids deposited surfadeating the successful deposition of GO over
previously modified surface. At the final step ofdification, EDC-NHS has been treated to
immobilize anti-ALP. The FE-SEM micrograph recordsgter immobilization of anti-ALRv — v”)
shows clear change in surface topology with granstilaucture, indicating the successful anti-ALP
immobilization.

In order to confirm such modification at the sensarface, corresponding FTIR spectfigure
2(B)) at bare SPCE, SPCE/AuNPs, SPCE/AuNPs/Au-nano-Datyjr SPCE/AuUNPs/Au-nano-
Dendroids/GO, and SPCE/AuNPs/Au-nano-Dendroids/GALP modified surfaces. In the FTIR
spectrum corresponding to bare SPCE, peaks at 8@B5and 1065 cr were observed. These
correspond to -OH and C-C stretching vibrationsjcivtare present in the carbon paste and used
binder in SPCE. In the spectrum taken after SPCHPg) the peaks were observed much fainted
which is due to the deposition of AuNPs over SPEEBt only in this step, the peaks completely
disappeared in next step of modification, wherenano-Dendroids were electrochemically grown
which is due to the further metallic layering otbe exposed SPCE surface. This layering of Au-
nano-Dendroids can also prominently be visualizgdhdked eye, where the color of SPCE surface
changes from dark black to golden brown colorhimhext spectrum, the appearance of peaks at 3253
cmi', 1645 cnit, 1420 crit and 1065 crwere observed, which are due to the —OH, C=0, C-aid,
C-C vibrations of GO confirming the successful dgpon of the GO at SPCE/AuNPs/Au-nano-
Dendroids electrode surface. The appearance ofvitenational peaks along with a subtle shift has
been observed in the next spectrum at anti-ALP ibilzed SPCE/AuNPs/Au-nano-Dendroids/GO
surface, where the broad peak at the 3253 was found narrower and appearance of a new peak at
1558 (amide I) cmfiwas observed. In addition to this, the slight shift-C=0 peak at 1635 ¢
(amide 1) and 974 cth(C-C-C) were found, indicating the successful irbifipation of anti-ALP at

the GO flakes.



Thereafter, in order to assess the charge trahsfleavior of fabricated SPCE/AUNPs/Au-
nano-Dendroids/GO/anti-ALP probe, we have chareetdr the fabrication process using
electrochemical techniques. The deposition of AuMRSs characterized using the LSV technique
where consecutive scans were performed. The céghrction peak at 0.95 (V) vs. Ag/AgCl was
observed. This reduction peak is due to the redicif AU of solution phase to Auat the electrode
surface, which eventually forms AuNPs at SPCE sbéet surfacefigure SI-3 (A)). Interestingly,
when the subsequent scans were performed, therieateon reduction peak was observed, indicating
its gradual increment in charge transfer and erg@raonductivity of modified surface. In the
subsequent step, nano-dendroids like structures baen grown onto the SPCE/AuNPs modified
electrode surface using chrono-amperometric tedenidrigure SI-3(B) shows the chorno-
amperometric response due to the deposition df dwelectrode surface eventually deposits nano-
Dendroids, the gradual increment of current, inldbginning, is due to the increased conductivity of
surface. After few seconds, the amperometric respaittained its plateau, indicating the initiatéfn
Au-nano-Dendroids formation over the SPCE/AuNPs ifrext] surface. On further continuation, the
current response was observed constant at plageal indicating the vertical growth of the Au-
nano-Dendroidgfigure SI-3(B)).

In the next step, the modified electrode was aeseds/ recording LSV under the
experimental conditions of the window -0.2 V to %@t a scan rate of 50 mV/s in 5mM Zobell's
solution. Figure 3(A) shows the LSV responses for bare SPCE (black), EBRINPs (red),
SPCE/AuNPs/Au-nano-Dendroids  (blue), SPCE/AuNPsiaAne-Dendroids/GO (grey), and
SPCE/AuNPs/Au-nano-Dendroids/GO/anti-ALP (pink).eTlepresentative peak currents,)(were
observed at the 0.26 V due to the electrochemiebh¥ior of the mediator. It is interesting to note
that the anodic peak current was found to be isetavhen SPCE/AuNPs were analyzed. This
increment is due to the deposition of AUNPs ove€BRurface, making the surface conducting as
well as increasing effective surface area for ohdrgnsfer. Thereafter, Au-nano-Dendroids were
deposited over the SPCE/AuNPs surface, the LSVoresp has been observed with further
increments in the peak current, indicating the SRGNPs/Au-nano-Dendroids modified surface is

capable of giving amplified signal. This amplificat of signal is due to the further increment daf th



surface area for charge transfer and its conduttitgvior. In next step, GO was deposited over the
previously modified electrode surface and the LS\ Iheen recorded at SPCE/AuNPs/ Au-nano-
Dendroids/GO surface and peak currents were ardilyidge effective current was decreased due to
less conducting behavior of GO. In further stepiafbe fabrication, anti-ALP was conjugated using
the EDC-NHS bio-conjugation technique over the SPQOEPs/Au-nano-Dendroids/GO modified
surface and the LSV was recorded. The effectiv pearents were found to be decreased in these
modified electrodes, which is due to the insulatiadgure of anti-ALP. Finally, the fabricated segsin
probe was termed as SPCE/AuNPs/Au-nano-Dendroidsi@@ALP. We have also tested other
combinations (SPCE/AuNPs/Au-nano-Dendroids/GO/Ah#, SPCE/AuNPs/GO/anti-ALP,
SPCE/Au-nano-Dendroids/GO/anti-ALP and SPCE/GO/abR) to show the importance of
nanomaterials towards signal amplification. Amoing tested probes maximum current was observed
in case of SPCE/AuNPs/Au-nano-Dendroids/GO/anti-Mligure SI-4), indicating that incorporation

of AuNPs and Au-nano-Dendroids has amplified tlgmai greatly. The electrochemical behavior of
any fabricated surface depends on the charge érapsEnomena occurring at electrode/electrolyte
interface, where the diffusion of charge carridesyp an important role in electrochemical sensing.
order to assess the importance of modified surfdoescharge transfer capability in such
phenomenon, we have deduced the diffusion coeffisief bare SPCE and every layer of the
modified electrode using Randles-Sevick’'s modelugipn - 2) and found 1.5-fold greater transfer of
charge species through SPCE/AuNPs/Au-nano-Dend@@anti-ALP modified electrode surface

than the bare SPCE.

— 3/2 1/2 |12
Iy = (2'69>< 16)n ACD Equation 2

Where, | is the peak current (in ampere), n is number ectbns transferred in redox
process (here n=1), A is the electrode surface afi@acnf: here A = 0.196 cA), C is the
concentration of electroactive species (in molé*nD is the diffusion coefficient (in ém"), and v
is the scan rate (in V3.

The findings of Randles-Sevcik's model clearly segjgthat developed SPCE/AuNPs/Au-

nano-Dendroids/GO/anti-ALP sensing surface is it conducting and capable of transferring



greater amount of charged species in order to geobetter sensitivity. The results obtained by LSV
were also validated using EIS, where spectra ilNyepuist plot were recorded for bare SPCE (black),
SPCE/AuUNPs (red), SPCE/AuNPs/Au-nano-Dendroidsefbl8PCE/AuNPs/Au-nano-Dendroids/GO
(grey), and SPCE/AuNPs/Au-nano-Dendroids/GO/antRAhink) surfaces to obtain the resistance in
charge transfer (8 (Figure 3(B)). The obtained R values were 381.13+2.92, 352.71+2.72,
311.13+2.42, 316.36+2.46, and 331.81+2.58 for tlewe bSPCE (black), SPCE/AuNPs (red),
SPCE/AuNPs/Au-nano-Dendroids (blue), SPCE/AuNPsiAne-Dendroids/GO-Naf (grey), and
SPCE/AuNPs/Au-nano-Dendroids/GO/anti-ALP (pink) faaces, respectivelyF{gure 3(B); inse.
These results confirm that the developed SPCE/AINRPsano-Dendroids/GO/anti-ALP probe is
capable of delivering sensitive detection; hencs, suitable for electrochemical analysis. In ore
assess process involved at the electrode/ele@ratyerface, scan rate study has been performed,
where the LSV at SPCE/AuNPs/Au-nano-Dendroids/GWBAIOP sensor probe has been recorded
with varying scan rates between 10-100 mV/s (shawfigure 3(C)). Thereafter, the scan rate
dependent plot is obtained, where peak currentg \phatted against the square root of scan rates
(figure 3(D)). The linear relationship between current and sgueot of scan rates clearly suggests
that the involvement of the diffusion-controlledopess at the electrode/electrolyte interface. The
continuous increment of peak currents with the seéamalso indicates the stable fabrication of prob
which otherwise could be nonlinear increment wittréasing scan rates.

3.3. Control studies for the SPCE/AuNPs/Au-nano-Dendroid/GO/anti-ALP sensor probe:

Before assessing the analytical performance of gdedi SPCE/AuNPs/Au-nano-
Dendroids/GO/anti-ALP sensor probe, its immuno-clexgtion ability with ALP was confirmed.
For that, the droplet assisted DIC based technltage been employed by exploiting the catalytic
activity of ALP. To do so, the sensor and contnalb@s have been incubated with @0 of 5 mM
BCIP solution, which is a substrate for the ALP aiks the blue-green colored complégyre
4(A)). Figure 4(B) shows the effective intensities correspond (o SPCE/AuNPs/Au-nano-
Dendroids/GO/ALP, (i) SPCE/AuNPs/Au-nano-Dendroids/GO/anti-ALP/, and (iii)
SPCE/AuNPs/Au-nano-Dendroids/GO/anti-ALP/ALP suelscwhere the blocking agent was treated

post to the EDC-NHS activation (in case(®f / antibody immobilization (in case @f-iii) ) in every



probe to avoid the nonspecific interactions. THeative intensity corresponds to SPCE/AuNPs/Au-
nano-Dendroids/GO/anti-ALP/ALP surface was foundo# 0.58 units, which is significantly (p <

0.01, n=3) higher from the controls, suggesting shecessful immuno-complexation of ALP with

SPCE/AuNPs/Au-nano-Dendroids/anti-ALP sensor prabg no adsorption of ALP has occurred in
the fabrication process.

3.4. Analytical performance:

After the validation of ALP sensing by fabricate®GE/AuNPs/Au-nano-Dendroids/GO/anti-
ALP sensor probe, we have performed the dose-depénstudy for assessing its analytical
performance, where the dosage of different conagatis of ALP was treated to fabricated sensor.
Briefly, the sensor probe was incubated with thiéedint concentrations of ALP for 30.0 minutes
(optimized) followed by gentle rinsing of probe ngpisterile phosphate-buffered saline (PBS) solution
and EIS have been recorded using Zobell's solufphh7.0 mM, 5 mM).Figure 4(C) shows the
characteristics EIS responses of the SPCE/AuNPs&kio-Dendroids/GO/anti-ALP before binding,
which were found to be increased with the increasioncentration of ALP. This gradual increment
of the Ry is contributed by ALP immuno-complexation, whickertually introduces insulating layer
to charge transfer, where thg, Ralues were increased in Nyquist plot. A calilmatplot was drown
based on the Rvalues obtained from EIS responses in a dose-depérstudy(figure 4(D)). The
linear dynamic range was found between 100-100Q UKe linear regression equation is expressed
as follows: R (©2) = 0.058 (+ 0.001) [ALP] — 4.072 (x 1.117) and timait of detection has been
calculated as 9.10 (= 0.12) U/L (RSD < 3.7 %,) dase the standard deviation of three times
consecutive analysis of the blank (95% confideradae; n=3). This clearly shows that the developed
sensor has great potential for the detection of ALK worth mentioning that the linear dynamic
range of this biosensor falls within the rangesvafious clinical conditions, which indicates the
significance of fabricated SPCE/AuNPs/Au-nano-DerdiGO/anti-ALP biosensor in potential

clinical diagnostics.

3.5. Selectivity assay:



To study the selectivity of fabricated SPCE/AuMRshano-Dendroids/GO/anti-ALP biosensor
probe, the assessment of sensor probe was donesienge of potentially interfering molecules found
in biological fluids including serum albumin (1 mgL), immunoglobulin (1 mg/mL), glycine (10
mM), alanine (10 mM), glucose (10 mM), glutamicda¢l0 mM), uric acid (1 mM), cysteine (10
mM), and citric acid (10mM). No interfering signalgere observed from these under the tested
experimental window. The selectivity of SPCE/AuNRshano-Dendroids/GO/anti-ALP probe was

mathematically deduced by determining the seldgtooefficient using the following equation 3

— (Signal)interferent ____________ Equation 3

(Signal)ALP

sel

Where kse| is the coefficient of selectivit)(,SignaI) is the signal strength shown by the

interferent

probe when treated with the interfering moleculesd, (SignaD is the signal strength

ALP

corresponds to ALP.

The calculatedkselvalues for interfering molecules were extremely It()wksel << 1),

indicating that the fabricated sensor is highlyestive towards ALP (100 U/L). The results were
statistically analyzed by performing the T-testtod obtained R values, where p values were found
to be << 0.001 (n = 3) for all the tested interfgrinolecules, indicating the selectivity results af
statistical relevancefigure SI-5 and Figure 5 (A) show the EIS responses and corresponding

histogram, respectively for the selectivity asssing the biosensing probe.

3.6. Real sample analysis and clinical validation:

For the commercial viability, the analytical capdpiof fabricated biosensor has been assessed
using the real sample. Here, we have used thecalisierum sample for further assessment of the
SPCE/AuUNPs/Au-nano-Dendroids/GO/anti-ALP sensorberoThe whole study has been done

systematically; where in the first step, the sgikd recovery model were used. In this method, known



concentrations of ALP were spiked to the real semgid were recovered using fabricated sensor

probe using equation 4.

A -B
% Recovery= (Alwe 4B we) Equation 4

[C] ALP

Where,[A]N_p and [B] aALp are the analytical responses of ALP in the spiiad blank serum

samples, respectively; ar{@] aALp IS the analytical response ALP in the standard solutions.

In this study, the dose-dependent EIS responsastfie serum samples containing no ALP/ ALP
were recorded using the fabricated probe, wherenarease in the Rvalues was observed on
increase in ALP concentrationiSigure 5(B) shows the histogram showing; Ralues obtained from
the comparative dose-dependent responses obtaioed Serum sample assessments using sensor
probe. The sensitivity using sensor probe was padd, where the % recovery obtained between
10884% and 172.50% of ALP from the serum samples inousritested concentrations. The
analytical details of recovered ALP, % recovery &8D have been shown iable 1 The detection
limit was determined which was found to be 13.1®#7) U/L (RSD < 7.8%) based on the standard
deviation of consecutive five times responses & ktank (95 % confidence level, n=5). The
recovered concentrations obtained in this studyewebserved way greater than the spiked
concentration, indicating the presence of residldP in the serum sample. Therefore, in the next
phase, we have extended the study to find theuals{dnknown) concentrations of the ALP in serum
sample. Here, serum samples were collected fronunteér and samples were used for ALP
assessment using fabricated SPCE/AuNPs/Au-nanoDeisdGO/anti-ALP sensor probe and by
clinical method simultaneously. For this assessrasing sensor probe, standard addition method has
been adopted, where the probe is first tested daiagimes diluted (in PBS) serum sample (no ALP
spiked) and subsequent spiked known concentrafié&xLP followed by the recording of responses.
Thereafter, standard addition plot was obtainedqugtlS responses, where the linear regression
equation for ALP found to be RQ) = 0.058 (+ 0.036) [ALP] + 1.94 (+ 0.677) with tleerrelation
coefficient of 0.98. The representative standarditach plot has been shown figure 5(C), where

the concentration of ALP in serum sample was catedl as 83.15 (x 2.45) U/L (RSD < 2.9 %)



(16.63 U/L x 5 dilution factor). The clinical vahtion of the fabricated sensor probe was done &y th
classical method applied in hospitals. The ALP lévéhe same serum sample was found to be 79.31
(x 5.0) U/L, which is comparable to the levels db¢al from designed immunosensor. The
concentration of ALP obtained by our sensor andimeuclinical assay were comparalffeggure
5(D)), indicating the direct clinical application of fadated sensor in hospitals, health centers, and
point of care settings.

3.7. Storage conditions, stability, and reproducibilityassessment:

For studying the stability, a batch of SPCE/AuNRsffano-Dendroids/GO/anti-ALP biosensor
probes were fabricated and stored a€4The fabricated biosensor was used to obtairRthealue
after incubation with ALP in every seven days. Higresponses obtained by sensor probe shows that
it retained the sensitivity of 98.13% until 56 dafghownin figure SI-6), while the significant
decrement of signal was observed afterward, wigchast likely due to the loss of biological actvit
of anti-ALP and/or the degradation of chemical nficdtion stepsThe considerably good shelf-life
of 56 days was most likely due to the stable imrndtion of anti-ALP and retention of its biologlca
activity on SPCE sensor chip. The reproducibility @abricated SPCE/AuNPs/Au-nano-
Dendroids/GO/anti-ALP biosensor was evaluated, ilsbhowed the RSD below than the < 2.3%
even when same fabrication process was followedicating the sensor fabrication is highly
reproducible (shown ifigure SI-7), and this variation is most likely due to the ligigle deviation in

the sensor fabrication steps and handling errors.

4. Conclusions:

In this present work, a biosensor for label-freeedigon of the serum ALP has been developed
based on Au-nano-Dendroids-GO nanocomposites deposh the SPCE. The developed sensor
probe has been characterized using TEM, SAED, EXRD, DIC, and electrochemical techniques.
The analytical performance has been assessed, rghavwdynamic range between 100 and 1000 U/L,
covering the ALP levels in various pathophysiolagiconditions (viz. bone disease, liver disease,
carcinoid syndrome, etc.) with the detection liroft 9.10 (x0.12) U/L. The biosensor is highly

selective towards ALP even in the presence of wuaricoexisting molecules including, albumin,



globulin, alanine, glucose, citric acid, uric acahd glutamic acidk{.<< 0.08). The sensor is able to
detect the ALP in clinical serum samples, whichveh&o recoveries between 108.84% and 172.50%.
The shelf life of the biosensor has also been ewatlj where the sensor probe was found to be stable
(RSD < 2.3%) up to 56 days. The fabricated biosertsas many attractive features such as
robustness, easy fabrication, and its possibleiajun in point of care analysis of serum ALP. To
the best of our knowledge, this is the first workene ALP has been detected using a label-free
immunosensor comprising Au-nano-Dendroids and Gs§eéha nanocomposites in clinically

comparable range and validated by standard hodpitsd technique.

Figure captions

Scheme 1 Schematic representation of the SPCE/AuNPs/ @&wsrDendroids/GO/anti-ALP probe
fabrication or ALP determination in clinical serwample.

Figure 1. Characterization of GO, figure shows (A) TEM naigraph (B) EDX, (C) SAED, and (D)
XRD of the exfoliated GO sheet.

Figure 2. (A) FE-SEM micrographs of subsequently modified sw$aof (i) bare electroddii)
AuNPs modified electroddiii - ii”) Au-nano-Dendroids synthesized AuNPs modified ebeld, (iv

— iv") GO deposited on Au-nano-Dendroids modified elatdrassembly(v — v”) anti-ALP
immobilized on GO at Au-nano-Dendroids electrodedified electrode assembl{B) FTIR spectra
of different modified surfaces wher@) SPCE, (i) SPCE/AuNPs,(iii) SPCE/AuNPs/Au-nano-
Dendroids,  (iv) SPCE/AuNPs/Au-nano-Dendroids/GO, (vi) SPCE/AuNPs/Au-nano-
Dendroids/GO/anti-ALP.

Figure 3: LSV (A) and EIS(B) responses of the different modified electrodeaxe$ of SPCH),
SPCE/AuUNPs (ii), SPCE/AuNPs/Au-nano-Dendroid@ii), SPCE/AuNPs/Au-nano-Dendroids/GO

(iv), SPCE/AUNPs/Au-nano-Dendroids/GO/anti-Al(») in 5mM Zobell's solution. Inset (A) and



inset (B) shows corresponding histograms obtainaa the LSV and EIS responses respectivi@gy;
LSV responses of the SPCE/AuNPs/Au-nano-Dendroid#@ti-ALP sensor probe at different scan
rates (10-100 mV/s) in Zobell's solutiof) linear fit for the Ipa.

Figure 4: Control tests showindA) colorimetric visual responsedsf (i) SPCE/AuNPs/Au-nano-
Dendroids/GO/ALP/BCIP (ALP wash out condition)) @PCE/AuNPs/Au-nano-Dendroids/GO/anti-
ALP/BCIP, and (iii) SPCE/AuNPs/Au-nano-Dendroid€@nti-ALP/ALP/BCIP, (B) Histogram
showing the effective intensity values obtainedngsDIC technique,(C) dose dependent EIS
responses of ALP (100-1000 U/L) at SPCE/AuNPs/AnenBendroids/GO/anti-ALP sensor probe,
(D) calibration plot obtained from the dose dependefmuist plot.

Figure 5: (A) Interference study using the fabricated SPCE/AUNE&®ano-Dendroids/GO/anti-ALP
sensor probe, (B) comparative dose-dependent dateat ALP in blood serum and PBS based on
% recovery, (C) shows standard addition plot oletifor ALP detection in blood serum sample (5
times diluted) and (D) histogram showing the corigmar of ALP levels detected using the sensor

probe and clinically accepted method.



References:

Baranwal, A., Mahato, K., Srivastava, A., MauryaKP Chandra, P., 2016. RSC Adv. 6(107),
105996-106010.

Berezhetska, O., Liberelle, B., De Crescenzo, @&9ifa, F., 2015. J. Mater. Chem. B 3(25), 5087-
5094.

Bodlaj, G., Hubmann, R., Saleh, K., Stojakovic, Biesenbach, G., Berg, J., 2010. World J.
Gastroenterology 16(19), 2407-2410.

Buonaguro, F.M., Caposio, P., Tornesello, M.L., Be, V., Franco, R., 2019. BioMed Res.
International 2019.

Chandra, P., 2016. Nanobiosensors for personadinddonsite biomedical diagnosis. The Institution
of Engineering and Technology.

Chandra, P., Tan, Y.N., Singh, S.P., 2017. Nextegmion point-of-care biomedical sensors
technologies for cancer diagnosis. Springer.

Fu, L., Wu, K., Ji, J., Zhang, J., Guo, X., 2017highly sensitive disposable glucose biosensordase
on platinum nanoflowers decorated screen printéoloteelectrode, 2017 IEEE Sensors. pp. 1-3.
Hallaway, B.J., O'Kane, D.J., 2000. Chemilumineseeassay of serum alkaline phosphatase and
phosphoprotein phosphatases, Methods in Enzymolegpdemic Press, pp. 391-401.

Jiang, H., Islam, M.S., Sazawa, K., Hata, N., T&gus., Nakamura, S., Sugawara, K., Kuramitz, H.,
2016. Int. J. Electrochem. Sci. 11, 5090-5102.

Jimison, L.H., Hama, A., Strakosas, X., Armel, ¥hodagholy, D., Ismailova, E., Malliaras, G.G.,
Winther-Jensen, B., Owens, R.M., 2012. J. Mateen@22(37), 19498-19505.

Keshaviah, A., Dellapasqua, S., Rotmensz, N., lhedtJ., Crivellari, D., Collins, J., Molleoni, M.,
Thirlimann, B., Mendiola, C., Aebi, S., Price, Ragani, O., Simoncini, E., Castiglione Gertsch, M.,
Gelber, R., Coates, A., Goldhirsch, A., 2007. Asral Oncology 18(4), 701-708.

Kim, T.-I., Kim, H., Choi, Y., Kim, Y., 2011. ChenCommun. 47(35), 9825-9827.

King, E., Delory, G., 1948. Postgraduate Med. J222), 299.

Lee, J.Y., Ahn, J.K., Park, K.S., Park, H.G., 20R8C Adv. 8(20), 11241-11246.

Mahato, K., Chandra, P., 2019. Biosens. Bioelectt@g, 9-16.

Mahato, K., Nagpal, S., Shah, M.A., Srivastava, Maurya, P.K., Roy, S., Jaiswal, A., Singh, R.,
Chandra, P., 2019. 3 Biotech 9(2), 57.

McComb, R.B., Bowers, G.N., 1972. Clin. Chem. 18&)-104.

Pei, H., Zhu, S., Yang, M., Kong, R., Zheng, Y., ®u 2015. Biosens. Bioelectron. 74, 909-914.
Roy, S., Soin, N., Bajpai, R., Misra, D.S., McLalighJ.A., Roy, S.S., 2011. J. Mater. Chem 21(38),
14725-14731.

Ruan, C., Wang, W., Gu, B., 2006. Anal. Chem. 78(3879-3384.

Takehana, K., Onomi, R., Hatate, K., Yamagishi,2019. J. Vet. Med. Sci. 81(4), 551-554.



Valera, A.E., Nesbitt, N.T., Archibald, M.M., Naugin, M.J., Chiles, T.C., 2019. ACS Sensors 4(3),
654-659.

Wang, J.H., Wang, K., Bartling, B., Liu, C.-C., Z0®ensors (Basel) 9(11), 8709-8721.

Wang, R., Liu, W.-D., Wang, A.-J., Xue, Y., Wu, Eeng, J.-J., 2018. Biosens. Bioelectron 99, 458-
463.

Xi, C., Jin, C., ZHANG, H.-Y., Fu-Bing, W., Fang-k@ W., Xing-Hu, J., Zhi-Ke, H., 2016. Chinese
J. Anal. Chem. 44(4), 591-596.

Zaaba, N.I., Foo, K.L., Hashim, U., Tan, S.J., \,-W., Voon, C.H., 2017. Procedia Engineering
184, 469-477

Zhao, Y., Zheng, Y., Kong, R., Xia, L., Qu, F., BOBiosens. Bioelectron. 75, 383-388.

Zhao, Y., Zheng, Y., Zhao, C., You, J., Qu, F.,2@iosens. Bioelectron. 71, 200-206.



Sl. No. Spiked ALP Recovered ALP % Recovery % RSD

(UIL) (UIL)
1 100 172.5 (+10.17) 172.5 5.9
2 200 279.3 (+12.10) 139.65 4.3
3 300 431.52 (+19.41) 143.84 4.5
4 400 527.9(+24.28) 131.97 4.6
5 500 646.72 (+28.42) 129.34 4.4
6 600 727.86 (+30.42) 121.31 4.2
7 700 777.4 (+31.87) 111.06 4.1
8 800 870.75(+37.44) 108.84 4.3
9 900 1015.58 (+51.79) 112.84 5.1
10 1000 1132.71(+44.17) 113.27 3.9

Table 1: The recovery table showing the spiked - recovéddd concentrations, % recovery, and RSD
values.



Element Weight% Atomic%
CK 86.35 89.39

OK 13.65 10.61

(001)

20 25

15 30
Angle (20)

35 40



(A)

(B)

(C=0) —
3253 em’! 1065 em!
«—(-OH) (c-C)

(iv)

V1065 cm’!
o 1 Nzgg")‘ “c-c)
aiics i
T S~ g em ~r0es em (i)
- ~ o) N (cc)
T T ! M
3600 2700 1800 900

Wavenumbers (cm-)



—

>
—

0
—
N
o
o

—SPCE
150 |——SPCE/AuNPs
—— SPCE/AuNPs/
Au-nano-Dendroids
~——— SPCE/AuNPs/
100} Au-nano-Dendroids/
GO
———SPCE/AuNPs/
Au-nano-Dendroids/,
50+ GO/anti-ALP

50 . —m— SPCE —e— SPCE/AuNPs

—A— SPCE/AuNPs/Au-nano-Dendroids
—v— SPCE/AuNPs/Au-nano-Dendroids/GO
—<4— SPCE/AuNPs/Au-nano-Dendroids/GO/anti-ALP
-0.2 0.0 0.2 0.4 0.6 0 50 100 150 200 250
Potential (V) vs. Ag/AgCI Z' (Q)

Current (nA)

G
L=/

21 o | [Equation y=a+b'x

20 0 L —10mVis 20 mVis Adj.R-Squa  0.999
—30mVis 40 mV/s Value Standard Err
- Intercept -4.501 1.187
} ——50mVis 60 mVis 180}
——70mVis 80 mVis -~ Slope  20.839 0.161
1 50 - ——90mVis 100 mV/s

-
(3]
o

N
o

90

Current (LA)
2
Current (uA)
5

o

»
o

[ I R R U REPUN U R RN

02 00 02 04 06 3 4 5 6 7 8 9 10 11
Potential (V) vs. Ag/AgCl Scan rate"?( mV/s)'?




30 minutes

5,5'-dibromo-4,4'-dichloro
-indigo

—=—Blank —®—100 U/L:,
—4A—200 U/L —v— 300 U/L
—<4— 400 U/L —»— 500 U/L
—4— 600 U/L —&—700 U/L
—®— 800 U/L —%—900 U/L
—9— 1000 UL

50

100 150
Z' ()

200 250

0.6
0.5
04
0.3} 0.002 a.u.
0.2}
01F
0.0
I 1 1]
| | Equation y=a+bx
R-Square 0.972
Value Standard Error
a Intercept -4.372 2.051
b Slope 0.058 0.003

400 600 800
[ALP (U/L)]

200

1000



800 1000

600
[ALP (U/L)]

400

200

Il Blood serum
60 - I PBS

o o o
~ L <
— »
@ (©) "uv
A
o P10 JLHD
€ audyshd
€  prpou
o
\"4
¥ PIoD JWD}NIS
ok a50on|9
o
° aulub|y
[ sudAlo
h%4
ujingojbounwiwi)
[ uiwnqo wnisg

Interfering Molecules

poyjow
[PoID

aqoid
losuag

[(/N) dv ]

200 300
[ALP (U/L)]

100

0



Clinical serum
Sample

Dendroid/GO/anti-ALP
P
FE0

: Ty
(v) SPCE/AuNPs/Au-nano-

(iv) SPCE/AuNPs/
Au-nano-Dendroid/GO

50 100 150 200 250

z(Q)

Signal output

ili)SPCE/AuNPs/
Au-nano-Dendroid

o

(ii) SPCE/AuNPs

(

Screen printed Carbon
Electrode (SPCE)

(i) Bare SPCE

.,
e,
.
----------



Highlights
L abel-free sensor for the estimation of alkaline phosphatase (ALP) in blood
serum
Developed sensor is able to detect serum ALP in clinical range
First impedimetric determination of ALP using Au-nano-Dendroids and GO

nanocomposites
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