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ABSTRACT

A Na-montmorill onite nanoparticles modified carbon paste el ectrode (CPE)
denoted as serotonin sensor is described. A mixture of fine graphite powder
and Na-montmorillonite nanoparticles is obtained by dispersing in
paraffine, and it is applied for the preparation of serotonin sensor. The
electrocatal ytic oxidation of serotonin at Na-montmorillonite nanoparticles
modified electrode is examined by using cyclic voltammetry (CV). The
mechanism of electrochemical behavior of serotoninon Na-montmorillonite
nanoparticles film electrode is investigated. The oxidation peak current
linearly increased with the serotonin concentration in the range of 0.45 M
to 51 uM with a low detection limit of 57 nM. This Na-montmorillonite
nanoparticles modified electrode shows high sensetivity for the
determination of serotonin. It has been used to monitor serotoninin human
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blood serum as a sensor.

INTRODUCTION

Clay minerals have attracted the attention of
electrochemidts, in particular for their analytical appli-
cationg¥. Theuse of montmorillonite ascatalyst sup-
portsto construct chemical sensorshasgained much
attention23, Many sensors and bi osensors based on
clay-modified electrodes have been devel oped“ ™.

Serotonin (5-hydroxytryptamine or 5-HT) is a
monoamine neurotransmitter widely distributed in the
brain and playsasignificant rolein various pharmaco-
logicd, physica andbiologica processesincludingtem-
peratureregulation, musclecontraction, liver regenera:
tion, endocrineregul ation and depression’®¥. Release
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or leskage of serotoninintothegut lumen hasbeen dem-
onstrated previoud y'*!Y, Serotonin hasalso beenim-
plicated in severd gastrointestina disordersincluding
irritablebowe syndrome*2%3, inflammatory bowd dis-
easd™¥, food hypersensitivity™, etc. High performance
liquid chromatography!*>2% and electrochemical
method?-2¢ have been used in the determination of 5-
HT. However, itisstill need to develop novel and sen-
sitivemethodsfor the determination of 5-HT. To our
knowledge, no serotonin sensor based on theincorpo-
ration of Na-montmorilloniteinto carbon pastehasbeen
reported previoudly.

In thisstudy, we report acarbon paste electrode
incorporating Na-montmorillonite as serotonin sen-
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sor for the entrapment of serotonin. Thisprocedure
constitutes aninexpensive, fast and easy method for
thefabrication of serotonin sensors, by incorporating
Na-montmorillonite nanoparticlesinto the carbon
paste, followed by packing the carbon pasteinto the
cave of ahome-made electrode and smoothingit on
aweighing paper. The serotonin sensor shows great
electrocatal ytical ability towardsthe oxidation of se-
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rotoninandit will receiveextensiveapplicationinbio-
medical system. Moreover, we compared the sensor
based on Na-montmorillonite -CPE with other sero-
tonin sensorg?*2:2934, Asshownin TABLE 1, this
sensor haslower detection limit than portion of oth-
ersand longer lifetimethan others, which may make
it have practical application in the determination of
serotonin.

TABLE 1: Figuresof compar ablemethodsfor deter mination of serotonin by electr ochemical sensor

Working potential/reference

detection lifetime

Electrode dlectrode limit Linear range (d) Ref
iron(I1) _ 131
tetrasulfophthalocyanine/CPE +0.33V/ (Ag|AgCl) 1uM 1~15uM n.r.
nano-Au/overoxidized- N [24]
polypyrrole/GCE +0.37V/SCE 1nM 7nM~2.2uM n.r.
MWNTs-DHP/GCE +0.36/SCE 9nM 0.02~5uM n.r. (29
GCRE +0.35V/ (Ag|AgCl) 5uM 100NM~5uM n.r. 0]
RU/WGE +0.45/SCE 0.1uM 0.3~9uM 7 [28]
acetylcholine /GCE +0.41/SCE 0.5uM 1~30uM 5 (23]
Poly(phenosafranine)/ GCE +0.28/SCE 20nM n.r. 7 27
nano-Au/ITO +0.41V/ (Ag|AgCl) 9.1nM 10nM ~250pM n.r. [29)
Na-montmorill onite/CPE +0.33V/SCE 57nM  045.M~51yM 10 V\‘/’(‘)’rrk

EXPERIMENTAL

Na-montmorillonite (SWy-2) was obtained from
Source Clay Minerals Repository, University of Mis-
souri (Columbia, MO). Graphite powder was pur-
chased from Shanghai Reagent Factory (Shanghai,
China). Paraffin oil was purchased from Wuhan Re-
agent Factory (Wuhan, China). Serotonin (SigmaCo.)
wasdissolvedinredistilled water to form astock solu-
tion of 5.7 mM and stored at 4°C. Dopamine (DA),
ascorbicacid (AA), uricacid (UA) and other reagents
wereof anaytical grade and used asreceived. Human
blood serum obtained from the Hospita of Wuhan Uni-
versity wasused asreal biological samplein serotonin
measurement. Aqueous sol utionswere prepared with
doubleredistilled water.

All ectrochemica measurementswere performed
on a CHI 830 electrochemical analyzer (Shanghai
ChenhuaCao., China). The measurementswerecarried
out inaconventional e ectrochemical cell withasero-
tonin sensor working e ectrode (4.5 mmin diameter), a
Pt wire counter electrode and asaturated calomel ref-
erenceelectrode. All potential sreported were versus

the saturated calomel electrode (SCE). Theserotonin
sensor was prepared asfollows. 100 mg graphite pow-
der, 30 mg Na-montmorillonite and 16 pL paraffin oil
were mixed by hand to produce ahomogenous carbon
paste. The carbon paste was packed into the cave of a
home-made carbon paste d ectrode and then smoothed
on aweighing paper. Scanning el ectron microscopy
(SEM) was performed with aHitachi X-650 micro-
scope.

A volumeof 10 mL 0.1 M phosphate buffer solu-
tion (PBS) (pH 7.0) was used as supporting el ectrolyte
and acertain volume of serotonin stock solutionwas
added into the supporting € ectrolyte to study the el ec-
trochemical response of serotonin at Na-montmorillo-
nite modified carbon paste el ectrode.

RESULTSAND DISCUSSION

Surfacemor phology of different electrodes

Inthiswork, the surface morphol ogiesof CPE and
Na-montmorillonite modified carbon paste el ectrode
(serotonin sensor) are characterized by SEM (Figure
1).AsshowninFigure 1A, thesurface of CPE isvery
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loose. Many nanoparticles are observed on the surface
of serotonin sensor, asshownin Figure1B. Thecarbon
pasteincorporating Na-montmorillonite nanoparticles

has asurfacewith plenty of micropores of nanosizes
that allow thefreeentry of serotoninto theinner of the
Serotonin sensor.

A

Figurel: SEM imagesof the surfaceof bare CPE (A) and serotonin sensor (B).

Electrochemical responseof serotonin

Figure 2 showsthe cyclic voltammograms of dif-
ferent electrodesin 0.1 M PBS (pH=7.0). At the
bare CPE, only aweak oxidation peak at 0.33 V
with a peak current of 6.97 pA isobserved in the
presence of 28.4 uM serotonin (curveb). Thereis
no electrochemical signal at the serotonin sensor in
the absence of 28.4 uM serotonin (curve a),
whereas, a sensitive oxidation peak (Ip:17.88 HA)
isobserved at 0.33V at the serotonin sensor in the
presence of 28.4 uM serotonin (curve c). These

20 4
15 4

10 4

1/ pA

EIV
Figure 2 : Cyclic voltammograms of bare CPE (b) and
serotonin sensor (a, ¢) with (b and ¢) and without (a) 28.4 pM
serotoninin 0.1 M phosphate buffer solution (pH=7.0). Scan
rate: 100mv/s.

HAnalytical CHEMISTRY o

suggest that the serotonin sensor can act as a pro-
moter to facilitate the el ectrochemical oxidation of
serotonin. Thismay be contributed to the incorpo-
rated Na-montmorillonite. Because of the small di-
mensions and porous structure, Na-montmorillonite
enlarges the surface area of the electrode (e. g. a
larger electrochemical reaction interface) and im-
provesthe adsorptive property of the sensor for se-
rotonin, which bringsthe great increase of the oxi-
dation peak current of serotonin.

Optimization of experimental parameters

Asthequantity of Na-montmorillonitemixed into
the carbon paste can affect the electrochemical re-
sponse of serotonin strongly, we optimized the quan-
tity of Na-montmorillonite mixed into the carbon
paste. The experimental results show that when the
quantity of Na-montmorillonite mixed into 100 mg
carbon pasteisin the range of 10 mgto 35 mg, the
oxidation peak current of serotonin at the serotonin
sensor increaseswith theincrease of the mixed quan-
tity of Na-montmorillonite, getsitshighest at 30 mg
and then decreases. This can be explained asfol-
lows: the adsorption quantity of serotonin at the se-
rotonin sensor increased with the increase of the
mixed quantity of Na-montmorillonite and getsits
biggest at 30 mg; however, with the continuousin-
crease of themixed quantity of Na-montmorillonite,
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thefilmissothick that it inhibitsthe & ectron transfer
between serotonin and serotonin sensor.

E/V

Figure 3: Cyclic voltammograms of 28.4 uM serotonin at
serotonin sensor in the phosphatebuffer solution of different
pH values(formatog: 3.0,4.0,5.0,6.0,7.0,8.0,9.0and 10.0,
respectively). Insert A: plot of the dependence of the peak
current onthepH. Insert B: plot of thedependenceof the peak
potential onthepH.

The optimization of the pH isvery important for
theelectrochemical determination of serotonin asthe
pH value of the supporting el ectrolyte can also af -
fect the electrochemical response of serotonin
strongly. Figure 3 showsthe el ectrochemical behav-
iorsof serotonin on the serotonin sensor in different
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pH values. Itisclear that the highest peak currentis
obtained in the pH = 7.0 buffer solution (Figure 3,
insert A), dueto the best biology activity of seroto-
ninin thissituation. The peak potentia hasagood
linear relationship with solution pH in the range of
4.0t010.0 (Figure 3, insert B), indicating aproton
participated electrochemical processand the partici-
pated proton number isthe sameasthetransfer elec-
tron number.

Thee ectrochemical oxidation mechanism of sero-
tonin at the serotonin sensor wasinvestigated by linear
sweep voltammetry (LSV). The oxidation peak cur-
rentsof serotoninincreaselinearly withthescan ratesin
the range of 50-300 mV/s, Ip(uA) = 2.533 +
0.064v(mV/s), R=0.994. Thissuggeststhat the pro-
cess of theelectrodereactioniscontrolled by adsorp-
tion. Theoxidation of serotonin at the serotonin sensor
isalsototally irreversible. According to the Laviron
theory®d, the peak potentialsand the scan rates should
accordtherelaionship asfollows:

Ip=nFQVART D
wherelpispeak current, niselectron transfer number,
FisFaraday constant, Qischarge, visscanrate, nis
el ectron transfer number, T istemperature. According
to equation (1), we can calculatethe el ectron transfer
numbern=1.72~ 2.

(B)
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Figure4: Chronocoulometry (A) and thelinear relationshipsbetween chargeand the squar er oot of time (B) for 28.4 uM
serotonin at bare CPE (a, a’) and serotonin sensor sensor (b, b’). Theinitial potential is0.32V and thefinal potential is0.34 V.

Enhanced adsor ption of serotonin at serotonin
sensor

To verify the enhanced adsorption of serotonin at
the serotonin sensor, the chronocoulometry of seroto-
nin at bare CPE (curve a) and serotonin sensor (curve

b) isperformed (Figure4A). Theplotsof chargeagainst
thesquareroot of time (Q-tY2) show good linear rela-
tionshipsat bare CPE (curvesa’) and serotonin sensor
(curvesb’) in the presence of 28.4 uM serotonin (Fig-
ure4B). Accordingto theintegrated Cottrell equationt™,
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the relationship between Q and t2 can bedescribed as
follows

Q=2ncFAD¥ ¥ +Q +Q_ @)
Q,.=NFAT €)
whereA isthe electrode area, cisthe concentration
of serotonin, D isthediffusion coefficient, Q, isthe
doublelayer charge, Q. isthe adsorption charge, I
isthesurface coverage, and other symbolshavetheir
usual significance. Consideringn=2,A =0.16 cm?,
Cc=2.84x10°M, n = 3.14, F = 96500 C/mol, ac-
cording to equation (2), we can calcul ate that the D
is1.74x10° cm?sand 8.23x10-° cm?/sfor CPE and
serotonin sensor, respectively; according to equation
(3), wecan calculatethat theT is 5.8x10** mol/cm?
and 1.18x10*° mol/cm? for CPE and serotonin sen-
sor, respectively. Thelarger I' of serotonin sensor
may beattributed to itslarger surface areawhich was
brought by theincorporation of Na-montmorillonite.
The mixed Na-montmorillonite leads to the more
adsorbed amount (i.e. the surface coverage) of se-
rotonin at serotonin sensor than that at CPE. From
theseresults, itisclear that the enlargement of the
oxidation peak current of serotonin at serotonin sen-
sor ismainly due to the enhanced adsorption of se-
rotonininthe Na-montmorillonite mixed carbon paste
film.

Detection of serotonin at serotonin sensor

Cyclic voltammetry measurementswere carried
outinastirred deaerated 0.1 M PBS (pH 7.0). The
accumulation wascarried out at open circuit with tir-
ring thesolutionfor 170 s, and then kept quiet for 10
s. Thevoltammogramsin the potential range of -0.4
V ~ 0.8V wererecorded. The current response ex-
hibits an excellent linear relationship with the con-
centration of serotoninintherangeof 0.45uM to 51
uM, Ip (nA) = 7.38 + 1.96¢ (uM), R = 0.9996.
The sensitivity of the serotonin sensor is 1.96 uA/
(uM). Thedetection limit was detected for eight times
and estimated to be 57 nM (signal-to-noiseratio =
3.0).

Sability and reproducibility study

Stability and reproducibility are key elements of

the electrode performance. It was observed that the

serotonin sensor remains 93% of itsinitial response
after it waskept inair for ten days, which indicates

that themodified el ectrode hasgood stability. Thelin-
ear sweep voltammetric responses of 28.4 uM sero-
tonin at the serotonin sensor were almost the same
with arelative standard deviation (RSD) of 3.36%
(n=10), which suggeststhat this serotonin sensor have
agood reproducibility.

Selectivity study

TABLE 2: Theinfluencesof someionsand or ganic compounds
on thepeak current of 28.4 pM serotonin at serotonin sensor.

Interferant Concentration(mM)  Signal change (%)

DA 05 16.23
AA 0.5 35
UA 05 2.3
Glucose 5 0.26
K* 05 0.12

Na" 05 0.16
ca” 0.5 0.22
Mg® 0.5 0.27
Fe* 0.5 2.9

TABLE 2 showsthe anti-interference ability of
the serotonin sensor. The experimental resultsindi-
catethat 0.5 mM Na*, K*, NH,*, Ca**, Mg*, Fe**,
5 mM glucose did not interfere and 0.5 mM DA
interfere the determination of 28.4 uM serotonin.
Here, if the addition of agiven substance causesa
current change of 5% or more, we consider it has
interference.

Real samples analysis

TABLE 3: Resultsof therecovery experiment.

concentration concentration theoretic practical

of serotonin of serotonin  concentration concentration recovery

from sample  from stock of serotonin  of serotonin (%)
(uM) solution (uM) (uM) (eM)
0.103 0.5 0.603 0.592 98.17
0.103 0.5 0.603 0.608 100.83
0.103 0.5 0.603 0.612 101.49
0.103 0.7 0.803 0.792 98.63
0.103 0.7 0.803 0.809 100.75
0.103 0.7 0.803 0.812 101.12

Wetested the practical application ability of the
sensor towards serotonin by using linear sweep
voltammetry. 10mL 0.1 M PBS (pH 7.0) was used
asthe supporting electrolytein aconventional elec-
trochemical cell, acertain volume of human blood
serum was added into the cell to make up serotonin
solution and then acertain volumeof serotonin stock
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solution was added into the cell to examinethere-
covery result. The experimental resultsin TABLE 3
show that therecovery is100.17% in average (n =
6) and thisresult issatisfied, it suggeststhat the sen-
sor have practical application in the determination of
serotonin.

CONCLUSION

In summary, in this paper, the serotonin sensor
was prepared on the basi s of incorporating Na-mont-
morilloniteinto carbon paste. Theincorporated Na-
montmorillonite enlargesthe surface area of the se-
rotonin sensor and improvesits adsorptive property
for serotonin, dueto its small dimensions and po-
rous structure, thisresult in improving the el ectro-
chemical response of serotonin. The experimental
parameters, such asincorporated Na-montmorillo-
nite quantity and pH val ues were optimized; more-
over, themechanism of the oxidation of serotoninon
the serotonin sensor was discussed. This serotonin
sensor has good propertiesfor the determination of
serotonin. The oxidation peak currents of serotonin
have agood linear relationship with the serotonin
concentrations in the range of 0.45 uM to 51 uM
and the detection limitislow to 57 nM. The seroto-
nin sensor was used for the measurement of seroto-
ninin human blood serum and the result showed that
the serotonin sensor has a high sensitivity and may
have practical applicationsin serotonin monitoring
system.
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