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Abstract:

Abnormal level of serotonin (ST) in body fluidsrslated to various clinical conditions
including behavioral and psychotic disorders, hdatectast detection in clinically relevant ranges
have tremendous importance in medical science.idw wf this, we have developed a novel
biosensor for ST detection using Au-nanorattles NRTis)- reduced graphene oxide (rGO)
nanocomposite coated on to the gold nanopartidledlPs) deposited glassy carbon electrode
(GCE). The nanocomposite / sensor probe was cleaized using UV-Vis, TEM, SAED, EDX,
AFM, and electrochemical techniques including LSMI &EIS. Thereafter, the suitability of
fabricated GCE/AuUNPs/AUNRTs-rGO-Naf sensor probe g@plied for ST determination which
showed a linear dynamic range (LDR) of 3%101x10°M and the detection limit (DL) of 3.87
(+0.02) x10" (RSD < 4.2%WM, which falls in the ranges of normal as well asious abnormal
pathophysiological conditions. The designed sensosuccessfully applied to detect ST in
various real matricesiz. urine, blood serum, anith vitro model to show its direct clinical /
practical applicability. Interferences due to tloexisting molecules were assessed and the long-

term stability of the designed sensor was also é@nwhich was found to be 8 weeks.

Key words: Serotonin; Electrochemical biosensor; label-fredini€al determination; Au-

nanorattles; in vitro detection



1. Introduction

Serotonin is one of the principle neurotransmit{®Ts), chemically known as 5-
hydroxytryptamine and is regarded as molecule oftesdment as it participates actively in
controlling a number of behavioral as well as ctigaiactivities (Godoy-Reyes et al.,2018). It is
majorly produced by the brain under physiologiaahditions, where it functions in passing the
information to various organs through the centmivous system (Lacasse and Leo0,2005). In
addition, the gastrointestinal tract has also lreported for secreting ST to control the intestinal
movement (Camilleri,2009). Its abnormal levels haween related not only with various
disordersviz. neurodegenerative diseases, autism, inflammatargremes, but also linked with
a number of psychotic states including; attentiefieit hyperactivity disorder (Carver et
al.,2009). Its abnormally high serum level is agsed in various carcinoid tumors, commonly
arising from the gastrointestinal tract. Thus, Sfedmination in bio-fluidviz. serum and urine
level have become one of the confirmatory testcéocinoid tumors in clinics (Feldman,1986;
Godoy-Reyes et al.,2018). The serum serotonin lgvelarcinoids have been reported > 400
ng/mL (.e. 22.59 x 10 M) in case of tumorigenic growth, while furtheeehted level >1000
ng/mL (.e.56.74 x 10° M) was reported in metastatic state. This is mhigher than the normal
clinical serum level of ST, which is up to 300 ng/fire. 17.01 x 10° M) (Plapp,2019).

In clinical tests for the confirmation of such setye ST has been determined in various
samples using the conventional methods majorly dbase the fluorimeter (Andén and
Magnusson,1967), capillary electrophoresis (Soln@t al.,2018), high-performance liquid
chromatography (Patel et al.,2005), enzyme-basedumoassay (Maurer-Spurej et al.,2002),
chemi-luminescence (Barnett et al.,1998), and nspsstrometry (Yilmaz et al.,2019)hese
methods are powerful and sensitive, but involveged@ious process, sophisticated high-end
instruments, longer time, and are often required dample pretreatment before testing, which
not only restricts their utility for real time impations but also limits their usage in onsite poin
of-care analysis. In order to address these issuegmber of advanced strategies have also been
employed; where electrochemical biosensor basettragshave found great attention due to
their high sensitivity, ultrafast detection, andnraturizability (Baranwal and Chandra,2018;
Moon et al.,2018). Despite the advancement in tweldped electrochemical ST determination,
they suffer because of interfering signals duehtogresence of inherently coexistent molecules

and NTsviz. ascorbic acid, dopamine, epinephrine, norepinephgtc. due to their close



reduction potentials (Wu et al.,2003), which nolyanake the systems insensitive but also non-
selective. Therefore, in order to eliminate suchiting factors, the nanomaterial-empowered
strategies were employed, where nanomaterials wereduced to achieve better-resolved
determination of NTs by tuning the effective redaictpotentials (Baranwal and Chandra,2018).
In this context, a number techniques were empldyedxploiting their intrinsic optoelectronic
properties in nano-domain including a wide rangenetallic and compositesz. metal oxides,
polymers, and carbon based nanocomposites (Dusdiad],2018; Si and Song,2018). Recently,
caged-nanostructures, particularly nanocages amdraitles have found wide attention for
various application including, adsorbent, drug \d&ly agent, nanoreactor etc. due to their
extremely high surface area, porosity, and uniquepgrties (Ahlawat et al.,2019; Priebe and
Fromm,2015; Singh et al.,2018).

Since, ST biosensor relies on its electro-catalgsigrobe surface, conducting nature of the
constituents probe materials and electroactiveasararea play a crucial role (Yang et al.,2015;
Zestos,2018). In view of this, nanorattles-basadmusites could serve a promising material for
the sensor probe fabrication. In our previous stwdy have discussed that nanorattles possess
three available surface®. (i) the outer porous shell, (ii) the inner wall thie cubic shell, and
(i) the surface of inner solid core (Singh et2017; Ahlawat et al.,2019; Singh et al.,2018).
This unique structure not only provide larger scefarea for electro-catalysis, but it may also
assist selective channelization of redox activellsmalecules (e.g. ST) through its porous cage
to the movable solid core by restricting the budloexisting entities (e.g. proteins, lipids etc.)
present in biological samples. These bulky groupsnoreported to foul the electrode surface
and thus sensitivity is compromised in real samghalyses. Therefore, nanorattles based
composites could be a promising and important pnolagerials for ST biosensor design and
application in various biological matrices.

In the present study, we have developed a novelammposite comprising AUNRTSs - rGO,
which was coated onto the AuNPs deposited GCEhildbel-free detection of ST. The sensor
material / probe was characterized by UV-Visible@mscopy (UV-Vis), transmission electron
microscopy (TEM), selected area electron diffrattiGSAED), energy dispersive X-ray
photoelectron spectroscopy (EDX), atomic forceroscopy (AFM), linear sweep voltammetry
(LSV), and electrochemical impedance spectrosc&pg)( Further, the probe was used for the

determination of ST in standard conditions, whéee dose dependent study was performed and



analytical performances were obtained using diffea¢ pulse voltammetry (DPV). The practical
implications of the probe were examined in serurmey andin vitro cell samples using spike
and recovery method. The selectivity test for thericated probe towards ST was assessed and

the shelf-life of the developed biosensor was alsduated.

2. Experimental
2.1. Chemicals and instruments
All the chemicals and instruments used have beestritbed in the supplementary
information (SlI-1)
2.2. Synthesisof AUNRTSs
AuUNRTSs have been synthesized using seed mediatedgs shown in scheme 1(A). The

detailed procedure has been discussed in supplargentormation (SI-2).

2.3.AuNRTsrGO-Naf nanocomposite preparation and fabrication of
GCE/AUNPYAUNRTsrGO-Naf sensor probe

The AuNRTs-rGO-Naf nanocomposite was prepared pydoAuNRTSs in rGO containing
Naf (0.1% in alcohol). In the first step, the AuNRWere extracted in ethanol, where 1 ml of the
previously synthesized aqueous solution was ceged at 8000 rpm for 10 minutes and were
re-suspended in 1 mL of ethanol. In the meantiB€) solution was obtained by dissolving the
rGO (10 mg/mL) in ethanol separately. Thereaftaesé separately prepared solutions were
mixed in the ratio of 1.5 (v/v) (optimized), whi@tso contains 0.1% nafion. The solution was
then sonicated for 4 hours in order to obtain AUNRGO-Naf nanocomposite which was used
to develop the sensor probe. Further, GCE electn@depolished with 0.05 pm alumna slurry on
a microcloth pad and was rinsed with deionized wakbdter this, AuNPs were electro-
chemically deposited onto the GCE using a potestih method in an acidic solution (0.5 M
H,SQ,) containing 0.0025% HAuglby performing LSV between +1.5 and +0.4 (V3.
Ag/AgCl. The AuNPs electrodeposition conditions agefollows: 60.0 s deposition time, — 0.6
V deposition potential, 0.1 V' §scan rate with five sweeps. Thereafter, the AUNFI®-Naf
nanocomposite (2 puL) was coated onto the GCE/AudNiface. The final probe was termed as
GCE/AUNPs/AUNRTs-rGO-Naf. The detailed process OCBFAUNPS/AUNRTs-rGO-Naf

sensing probe fabrication is shown in scheme 1.



2.4.Mammalian cell culture and human serum sample prepar ation

Mammalian cell culture and human serum sample wegpared using standard method.

Details processes have been discussed in SI-3.

3. Resultsand Discussions
3.1. Characterization of the AUNRTs-rGO nanocomposite

The AuNRTs-rGOnanocomposite have been characterized using UVHRESEM, HR-
TEM, and SAED. In, UV-Vis spectrum (Figure 1(A);(blue curve), a absorbance peak at 657
nM @Amay Was observed in case of AUNRTS due to the SPfgrfrom its porous shell structure
(Singh et al.,2017). In addition, a shoulder atuatb540 nm is contributed by the inner solid
octahedron core present inside the cubic porouls @iagh et al.,2017). The peak at 657 nm
was reconfirmed by performing a dose dependent Wl/avialyses, where gradual increase in
the absorbance at 657 nm was observed with inog#@aiNRTs concentrations (Figure 1(B)).
A dose dependent plot was obtained using the UV¥¥gponses (inset Figure 1(B)), which
shows linear increment of peaks /at.x (657 nm) indicating this peak is merely due to the
AuUNRTS. In the UV-Vis spectrum corresponding to r@gure 1(A) (ii); red), an absorption
peak neakmax (260 nm) was observed due to the optical absorgti@-7* transition of aromatic
C=C, C=0, and C-0 bonds. Interestingly, in the U¥spectrum of nanocomposite comprising
AuUNRTSs and rGO (Figure 1(A) (iii); grey) two clepeaks near the 260 and 660 nm appeared
which were observed separately when these matexats tested individually. These results

clearly indicate the formation of AUNRTs-rGO nanoqmsite.

Further, in order to validate AUNRTs-rGO nanoconiigoformation, we have characterized
it by TEM. Figure 1(C) shows the representative TEMrograph of the nanocomposite, where
it is evident that AUNRTSs (black squares) are preset only on the surface of rGO sheets, but
also found entrapped within the multi-folded rG@des, indicating the successful formation of
the nanocomposite. The size distribution of thdigas was evaluated where the average size
was found to be 45.50 (£ 1.25) nm (Figure 1(C) thsko study the crystal structures, we have
further characterized the nanocomposite using HRATa&hd SAED. The representative HR-
TEM micrograph and SAED pattern are shown in Fid(2) and 1(E), respectively. From the



HR-TEM micrograph, it is evident that the synthesiAuNRTSs are of crystalline in nature with
the inter-planer distancaes= 0.22 nm, which is due to the presence of goldulNRTs. The

SAED image shows the multiple concentric rings atbiwcentral maxima indicating the
polycrystalline nature of the nanocomposite, whishcomprised of two highly crystalline
componentsviz. AUNRTs and rGO. Further, to validate the elemem@nposition of the

nanocomposites, we have complimented the charaatem by using EDX and observed the
elemental composition of C, O, and Au with the Jsigercentage of 85, 5, and 9 %,

respectively (Figure 1(F)), indicating the nanocaosite have no other impurities.

3.2. Characterization of GCE/AUNPS/AuUNRT s-r GO-Naf sensor probe

Using the synthesized AuNRTs-rGO nanocomposite risaseprobe was fabricated as
described in Scheme 1. In order to evaluate thetrele transfer properties, the fabricated sensor
probe has been characterized extensively using the etdwtmical methods. Firstly, the
formation of AUNPs was characterized by LSV, wharelear reduction peak at 0.95 (V) vs.
Ag/AgCl was observed, which was due to the reductibAu®** to Au’ on the electrode surface,
forming AuNPs. Interestingly, the peak current &350V increased with five consecutive LSV
sweeps, indicating the formation of a highly cortthg electrode surface due to the further
deposition of AuNPs (Figure SI-1). In the next stépe sensor probe was dipped into the
electrochemical cell containing 5 mM ruthenium hekee (RuHex) prepared in PBS. In this
step, all modified surfaces were evaluated using lt&chnique and anodic peak current
responses were recorded at the potential windovd.@b to 0.4 V at the scan rate of 50 mV/s.
Figure 2(A) shows the representative LSVs at bam@EG(black), GCE/AuNPs (red),
GCE/AuNRTs-Naf (blue), GCE/rGO-Naf (pink), GCE/AublRuNRTs-Naf (grey), and
GCE/AuUNPs/AuUNRTs-rGO-Naf (yellow). The current respe due to RuHex at GCE/AuNPs
was found to be higher compared to the bare GCEaltlee enhanced conductivity and surface
area. The similar increment in the current has &lksen observed at the GCE/AuNRTSs-Naf
surface, indicating the conducting nature of theNROs and its capability of assisting
electrochemical signal. In the next surface, weehasplaced AUNRTs with rGO and the
response of the GCE/rGO-Naf surface was recordesinmlar experimental conditions. The

subtle increment of the current, in this case was abserved in the LSV responses. Next, we



tested GCE/AuNPs/AuUNRTs-Naf electrode, where higherent was observed in LSV than the
previously tested surfaces. Intriguing by theseerggting results, we developed the
GCE/AUNPs/AUNRTs-rGO-Naf sensor probe. It is intérg to note that, in this case, the
highest current was observed due to the synerdisti@vior of AUNRTs and rGO present in the
sensing matrix. Therefore, for the further analyses have used the GCE/AuNPs/AuNRTSs-
rGO-Naf as a sensor probe. In order to evaluatanipertance of modified electrode surfaces
towards electrochemical sensing, we have calcultiedliffusion coefficients of bare GCE and
for each layer of the modified electrode using Rasx$evcik’s model (equation 1).

I, = (2.69x 1('5)n3’2 ACDY2 VY2 Equation 1

Where } is the peak current (in ampere), n is the numbfeelectron transferred in redox
process (here n=1), A is the electrode surface dimacnf: here A = 0.01 cr), C is the
concentration of electroactive species (in mole®nD is the diffusion coefficient (in éifs),

and v is the scan rate (in V/s).

The diffusion coefficient @) values for bare GCE, GCE/AuNPs, GCE/AuNRTs-Naf,
GCE/rGO-Naf, GCE/AuNPs/AuNRTs-Naf, and GCE/AuNPINRTs-rGO-Naf modified
surfaces were found to be 2.19 ¥*12.42 x 1¢, 2.51 x 10%, 2.80 x 1¢, 3.05 x 1, and 5.40 x
103 cn/s, respectively. The findings of Randles - Sevnitdel clearly indicates the ~ 2.5 fold
higher transfer of charged species through the GGEPs/AuUNRTs-rGO-Naf modified
electrode surface than the bare GCE. These resslts also validated using the EIS, where
spectra in the Nyquist plots were recorded to obthe charge transfer resistar(€®; values
(Figure 2 B). The R values obtained were 1307.26 (x45Q501257.12 (+43.99), 1131.42
(£39.5902, 1057.2 (= 37.0Q), 992.98(x34.7Hp, and 174.72(x10.19 for the bare GCE,
GCE/AuNPs,  GCE/AuNRTs-Naf, GCE/rGO-Naf,  GCE/AuNPgNRTs-Naf, and
GCE/AuUNPs/AUNRTs-rGO-Naf surfaces, respectivelg(re 2(C)). It is interesting to note that
the lowest R was obtained for GCE/AuNPs/AuNRTs-rGO-Naf surfaompared to other tested
surfaces. This was due to the fastest electrosfieaprocess at the electrode/electrolyte interface
in this case. The charge transfer is a cruciahpater for the modified surfaces due to its
complexity. In order to investigate the charge dfan behavior and stability of modified
electrode surfaces for electrochemical analysishaae further performed scan rate studies at
bare GCE, GCE/AuNPs, GCE/AuNRTs-Naf, GCE/rGO-NafEFAUNPs/AuNRTs-Naf (Figure



SI-2), and GCE/AuNPs/AuNRTs-rGO-Naf (Figure 2(Dhijere, LSV responses were recorded
between 10 and 100 mV/s in 5mM RuHex prepared i8.PBe peak currents were found to be
directly proportional to the square root of scatesain all the cases with the correlation
coefficient between 0.997 and 0.999, indicatingdHfusion-controlled charge transfer process.
These results confirm that the developed GCE/AuNESRTs-rGO-Naf probe is highly stable,

conducting, and sensitive; hence, it is suitabtesfectrochemical analysis.

Thereatfter, in order to confirm the macroscopicngjes at the modified electrode surface,
each layer was characterized using AFM. Figure 2fi) Figure SI-3 shows AFM micrographs
and z-deflectiongprofile of the surfaces at different stages ofritzdtion, respectively.e. bare
electrode (i), AUNPs deposited electrode (ii), #uNRTs-rGO-Naf coated electrode (iii). At
first, the surface topology of bare electrode wastured which shows the smooth morphology.
The mean surface roughness amedeflection were obtained to be 0.50 nm and 3 nm,
respectively. The AuNPs deposited surface showsuaugar morphology with the mean surface
roughness and-deflectionof the 4.81 nm and 11 nm, respectively; indicatihg successful
AuNPs deposition. In the final surface, a more déiiim-like morphology was observed with
the mean surface roughness andeflectionof 7.90 nm and 26 nm, respectively, indicating the

successful coating of AUNRTS - rGO over the elat#rsurface.
3.3. Analytical performance of the GCE/AUNPSAUNRT-r GO-Naf sensor probe

After the successful characterization, the GCE/AsIBNRTs-rGO-Naf sensor probe was
applied for the detection of ST. At first, we haested the suitability of the fabricated probe for
ST detection. For that, bare GCE was dipped in 5aB% (Blank/no ST) and LSV was recorded
by sweeping the potentials between 0.25V and 0.3%8here no peak was observed. In the
subsequent step, the LSV response was recordeutih BBS containing 1M ST using bare
GCE probe, where a broad peak at 0.39V was obsemradh is due to the presence of ST in an
electrolyte solution. Next, the GCE/AuUNPs/AUNRTI@®laf sensor probe was tested in the
same solution and LSV was recorded in the similatemtial window. Interestingly, a sharp
amplified peak at a relatively lower potential 0\3&vas observed, which is due to the electro-
catalytic activity of the sensor probe towards $fie signal response in this case was two-fold
higher compare to the bare GCE at the same comatientrof ST {.e.10°M), indicating the

fabricated sensor is capable of sensitive ST dete¢Figure 3(A)). In order to validate that the



peak observed at 0.37 V was merely due to thedaotien of ST with sensor probe, we
performed two separate control experiments. Int &gperiment, a concentration dependent
study was performed, where we tested IXBx10°, 6x10°, and 1x1d M of ST. Figure 3(B)
shows the signal responses, where peak currenteased linearly with increasing ST
concentrations. The representative dose depend@vitresponses are shown in inset of Figure
3(B). The linear regression equation for conceimatiependent plot is expressed as follows:
Al(uA) =14.87x10° (= 0.61x10°) +2.18x10° (+0.13x10P)Log conc [ST(M)] with the
correlation coefficient of 0.96, indicating the lalgi of GCE/AUNPS/AUNRTs-rGO-Naf sensor
probe for ST detection correctly. In the secondtrmrexperiment, a scan rate dependent study
was performed at TOM of ST between 10 and 10V/s (Figure SI-4). In this case, the peak
current was directly proportional to the squaret mfoscan rates due to the diffusion controlled
electrochemical process of ST only. The resultsaiabtd from both the control experiments
validate that the designed sensor probe is statolésaable to detect ST accurately. Comparable
peak potential for ST detection has also been tegat GCE/MWCNT-NIO electrode (Fayemi
et al.,2017). Further, we investigated the anaytrerformance of GCE/AUNPS/AUNRTs-rGO-

Naf sensor by detecting various concentrationsiofiSng DPV.

Firstly, the multiple blanks have been recordedPV using GCE/AuUNPsS/AUNRTSs-rGO-
Naf, where no foreign peaks or deflections wereeolEd under the operational potential
window (inset of Figure 3(C)). Thereafter, the ddspendent ST analysis was performed using
GCE/AUNPs/AUNRTs-rGO-Naf sensor. Figure 3(C) shdims representative DPV curves,
where the current response increased linearly thighincrease in the ST concentrations. Based
on the DPV responses a calibration plot was obdaiwaich shows the LDR between 35¢land
1x10° M of ST (Figure 3(D)). The linear regression equmatbf the calibration plot for ST
detection was expressed as followijuA)=3.80x10°(+0.38x10°%) Log conc [ST(M)]+20.41x10
®(+1.66x10°%) with the correlation coefficient of 0.95. The Dih, this case was determined to be
3.87(+0.02)x10M (RSD<4.2%,95% confidence level, n=3) using eqmtR. It is worth
mentioning that the detection range in our cads fetll in the clinical range related to various
pathophysiological conditions including carcinoidyndromes/tumors (Feldman,1986;

Plapp,2019) and pre-eclampsia (Vural et al.,1999).
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Where, SB is standard deviation of blank; x is the limit @fiantification or lowest

concentration measured.
3.4. Selectivity assay

Another most critical parameter to assess the hiakvalues of developed sensors is
selectivity (Mahato and Chandra,2018; Mahato eR@l8; Pallela et al.,2016). For that, the
GCE/AuUNPs/AUNRTs-rGO-Naf sensor was tested towast®rbic acid (10mg/mL) due to its
coexistence in higher concentrations and close ctemu potential to ST in the biological
samples. Not only this, we have also tested cicid (1mg/mL), uric acid (1mg/mL), glutamic
acid (Img/mL), glucose (10 mg/mL), serum albumim(@/mL), urea (1 mg/mL), and alanine (1
mg/mL), which are the most common biochemicals gme@ the real sample matrices. These
molecules are present in pg/mL in normal conditi{Bsrtis et al.,2012), but we have tested
them at 18times higher concentrations to show the accurdoypsensor probe. No signal was
obtained for alanine, ascorbic acid, citric acid¢ acid, and glutamic acid most likely due to the
precise operational potential window and / or the&pulsion from the negatively charged
electrode surface. In case of glucose, serum alguamd urea, no peaks were obtained due to
their electrochemical inertness and / or inabitifythe sensor probe material to electro-catalyze
them. Other NTwiz. dopamine, epinephrine, and nor-epinephrine areoprafly reported in
coexistence with ST, hence the interference dudeém may be possible. Therefore, we have
tested the sensor probe for these NTs at 1 mg/rmkeravno current responses were observed at
0.37V, however, the peaks for these NTs were obsgeat 0.25 V. These results clearly indicate
that these NTs do not interfere towards ST detecfihe selectivity of the sensor probe was

mathematically deduced by determining the seldgtooefficient K using the equation 3.

selectivity



Signal).
K _ ( g )mterferent __________________________ Equati0n3

selectivity — (S|g nal) o

Where K is the coefficient of selectivitfSignal)

interferent

is the signal due to the interfering

selectivity

molecules, andSignal)_is the signal corresponds to ST.

The calculatedK values for tested molecules were found to be mdhg low (

selectivity

Kk <<1), indicating that the fabricated sensor is higbelective towards ST. We also

selectivity
performed T-test and calculatpevaluesagainst all the tested molecules, which were fotond
be <<0.001 (n=5), indicating that the selectivigsults are statistically significant. Figure 4
shows the histogram obtained from DPV responsdabieinterfering molecules and ST at the
GCE/AuNPs/AUNRTs-rGO-Naf sensor probe.

3.5. Real sample analysis

There are number of pathophysiological conditiavisere the variable levels of ST in urine,
blood, and cellular systems have been reporteddifiaet,1986; Murugesan et al.,2018).
Therefore, these matrices were selected for reapksa analyses using spike and recovery
method. Firstly, various concentrations of ST watedted in PBS equilibrated urine samples
using the GCE/AuNPs/AuNRTs-rGO-Naf sensor probas lvorth mentioning that the urine
samples were not subjected to any pretreatmentssielp as filtration or centrifugation before
processing. The results of these experiments weatyzed and % recoveries of ST were

calculated using equation 4.

% Rewovery= % -—- - Equation 4

Where, [Y; and [B]s; are the analytical responses 8T in the spiked and blank urine

samples, respectively; aj®3g;is the analytical response 8fT in the standard solutions.

Figure 5 shows the signal response of ST detectentime samples (red bars), where peak
currents increased linearly with the increase inc8ficentrations from 3x10to 1x10°M. The
sensitivity of ST detection was evaluated by conmgathe DPV signals obtained from urine

samples with blank buffer (black bars). Interediinghe designed biosensor is able to detect



96.23 to 98.49% of ST from the human urine samjidased on the dose dependent ST detection
in urine, a calibration plot was obtained whichwhdhe linear regression equation as follows:
Al(pA)=3.71(+0.33)x1FLog conc [ST(M)]+20.28 (+1.47)xI™ with the correlation
coefficient of 0.959. The DL of 4.93(+0.32)x1@ (RSD< 3.58%) was obtained in human urine
sample based on the standard deviation of threestitonsecutive analyses of the blank (95%
confidence level;, n=3), which indicates the faltedabiosensor is efficient to detect ST in
human urine sample and is highly reproducible. Harrtthe fabricated probe was challenged for
the determination of ST in relatively complex mags. For this purpose, the fabricated probe
was used to detect ST in clinical serum sampleseiHehuman blood sample was obtained from
IITG hospital and serum was extracted by followihg standard protocorlhereafter, the serum
was equilibrated with PBS and used for the deteation of ST. Similar to the assessment in
urine samples, here also different concentratidmd @ to 3x10° of the ST were spiked and
DPV responses were recorded (Figure 5; blue bBeged on the DPV responses, % recovery
for ST were calculated, which were found in betweh62 and 90.69%, indicating the
fabricated probe is capable of detecting ST evehencomplex matrix like blood serum. Based
on the dose dependent responses in serum samplkjbeation plot was traced and the
regression equation was obtained as folloms(uA)=3.31(+0.34)x1F Log conc [ST(M)] +
18.06 (+1.50)x16 M with the correlation coefficient of 0.947 and the &f 8.73(x0.35)x10 M
(RSD<4.92 %). After demonstrating the ability oé thensor probe for ST detection in biological
fluids, we enthusiastically extended our investmattowardsin vitro ST detection. For this
purpose, ST was spiked in the cellular environnietite range of 3xIBto 1x10° and recovery
was calculated as done for the biological fluid$icgated above. Figure 5 (gray bars) shows the
dose dependent increment in ST signals when téstadvitro settings. Similar to the above,
here also we have obtained a calibration plot aftetting the peak currents of responses against
concentrations spiked. The regression equation otssined asAl(pA)=3.45(+0.38)x1¢Log
conc [ST(M)]+18.79(+1.66)xI0OM with the correlation coefficient of 0.932. The Di_this case
was found to be 7.37 (x0.27)x10 (RSD<4.92 %), indicating the sensor is capabldeaiécting

ST even in cellular environments. Thereafter, thee@overies were calculated which was found
to be in between 86.19 and 94.88%. It is intergstonnote that the DL in all the real sample
matrices was slightly higher compared to the stahtaffer conditions, indicating the negligible

matrix effect and excellent catalytic ability of GAUNPS/AUNRTs-rGO-Naf sensor probe for



the sensitive determination of ST. Table 1 sumnearithe analytical details for recovered ST
concentrations, RSD, and % recovery for all théetksoncentrations in urine (A), blood serum
(B), andin vitro model (C).

3.6. Reproducibility and stability studies

Reproducibility and stability are the other paraengtwhich decide the commercialization of
any such sensor€lfandra,2016 ; Chandra et al.,2017; Mahato et al.,2017;). In otdeest the
fabricated GCE/AuUNPs/AUNRTs-rGO-Naf sensor forrgproducibility, the current responses
were recorded at five separately prepared sen3twes.current responses were found to be
negligibly altered when same fabrication proceduas followed (RSD < 3.9%), indicating the
developed sensor is highly reproducible. The sualiation was most likely due to the minor
difference in sensor development and / or due tallvgy errors. The long-term stability has also
been studied for the fabricated GCE/AUNPs/AUNRT&H®af sensor probe, where the sensor
was found to be stable until 8 weeks. Thereafter résponse decreases with time suggesting the

developed sensor is stable up to 8 weeks.
4. Conclusion

We have fabricated a novel biosensor based on thERASs decorated-rGO/AuNPs
nanocomposite for label-free detection of ST. Téessr was characterized by UV-Vis, TEM,
SAED, EDX, AFM, and electrochemical techniques.thms study, we have experimentally
demonstrated for the first time AUNRTSs as a sensairix component and its importance in fast
electron transfer at electrode/electrolyte intexfadhe sensor shows excellent analytical
performance with the wide LDR of 3x®®1 -1x10°M with the DL of 3.87 (+0.02)x10
(RSD<4.2%) M, which falls in the concentration rarfgr various diseases where ST levels are
monitored. The biosensor is capable of deliveriighlly selective and sensitive determination of
ST in urine, blood serum, an vitro model. The fabricated sensor shows excellent extes
between 84.62 and 98.40% of ST in real samples,ingak suitable for various clinical
applications. The biosensor shows high selectitotyards ST and was found stable up to 8
weeks. The fabricated biosensor has many remarKahteares including ease to handle, fast,
label-free, and inexpensive detection; thus, itlddae a method of choice for ST determination

in the biological and clinical samples obtainednfrnospitals. In the future, the developed



biosensing system can be translated towards armgemoiniaturized sensing device for various

applications.
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Figur e captions

Scheme 1. Schematic representation for the synthesis/depasitf AUNRTSs (A), rGO (B), and AuNPs
(C) on the GCE; the sensor probe development USINR Ts-rGO-Naf nanocomposite and ST detection
mechanism (D).

Figure 1. Physical characterization of AUNRTs-rGO nanocomeosfA) UV-Visible spectra of (i)
AuNRTSs, (i) rGO, and (iii) AuNRTs-rGO; (B) dose plndent responses of the AuNRTs (inset:
calibration plot); (C) representative TEM micrognapof AUNRTs-rGO composite (inset: particle size
distribution plot); (D) HR-TEM micrograph and d+ige of the AuNRTS; (E) SAED pattern of AUNRTSs-
rGO nanocomposite; (F) EDX of the AUNRTs-rGO nammoposite.

Figure 2. LSV (A) and EIS (B) responses of bare GCE, GCE/AsNBCE/AUNRTs-Naf, GCE/rGO-
Naf, GCE/AuNPs/AuNRTs-Naf, GCE/AuNPs/AuNRTs-rGO-Nafiodified electrode surfaces; (C)
histograms showing the respectivg Yalues obtained from the EIS spectra; (D) LSV oeses of the
GCE/AuUNPs/AuUNRTs-rGO-Naf modified surfaces at difg scan rates (10-100 mV/s); (E) AFM
micrograph of the bare electrode surface (i), AuN@gosited electrode surface (ii), and AUNRTs-rGO-
Naf deposited electrode surface (iii) wittdeflectiorand respective mean surface roughness.

Figure 3: (A) LSV responses at bare GCE and GCE/AuUNPs/AuNRE®-Naf in absence/presence of
ST; (B) dose dependent plot obtained for ST anslgsilifferent concentrations between I3ditd 1x10

* M) by using the sensor probe, (inset shows coomdipg LSV responses); (C) DPV responses of the
sensor probe at various concentrations of ST ben8&&0° and 1x1G M, (inset shows DPV responses
of sensor probe in blank PBS/without ST, five cangize scans); (D) the corresponding calibratiost pl
obtained from the dose dependent DPV responses.

Figure 4. Selectivity assay of GCE/AUNPsS/AUNRTs-rGO-Naf sermmobe.

Figure5: Comparative concentration dependent determinati@T in PBS (black bars) urine (red bars),
blood serum (gray bars), aimdvitro model (blue bars).



Spiked ST (M)

(A) Urine

(B) Blood serum

(C) Céll culture

Recovered ST (M) RSD % Recovery Recmza;:d ST RSD % Recovery Recoza;:d ST RSD % Recovery
3.00x10 2.95(+0.19)x10" 5.75 98.40 | 2.72(x0.19)x10°  4.48 90.69 | 2.84(x0.13)x10  4.73 94.88
1.00x10 0.97(+0.06)x10 4.14 97.41 | 0.89(x0.06)x10 3.98 89.53 | 0.93(#0.44)x10  5.19 93.23
3.00x10 2.92(+0.17)x10" 5.97 97.37 | 255(x0.17)x10°  4.52 85.07 | 258(x0.12)x10  4.78 86.19
1.00x10 " 0.96(+0.05)x10 5.33 96.23 | 0.84(x0.05)x10  3.78 84.62 | 0.87(x0.41)x10  3.72 87.82
3.00x10 " 2.95(+0.14)x10" 4.86 98.49 | 2.55(x0.14)x10  5.58 8522 | 2.61(+x0.01)x10  4.68 87.15
1.00x10 0.96(+0.03)x10" 3.59 96.8 | 0.87(x0.03)x10 4.76 87.79 | 0.91(:0.04)x10°  5.12 91.86

Tablel: Recovered concentration, RSD, and percent re@svef ST in different biological matrices.
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Highlights:

* AUNRTs rGO nanocomposite assisted electrochemical biosensor for serotonin detection
has been reported for the first time.

«  Thebiosensor shows wide clinically relevant dynamic range between 3x10°M and 1x10°
M

» Biosensor shows excellent recovery in various bio-matrices including urine, blood serum,
and in vitro model.

»  Sensor was found to be stable upto 8 weeks
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