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Abstract

A sensitive and selective voltammetric biosensor composed of layer-by-layer (LbL) self-assembly of positively charged
poly(diallyldimethylammonium)-wrapped oxidized single-walled carbon nanotubes (PDDA-oSWCNTs), negatively charged
serotonin (5-hydroxytryptamine, 5-HT)-specific aptamer, and tyrosinase on Au nanoparticles deposited screen printed carbon
electrode was developed for measurement of 5-HT. Surface characteristics of 5-HT biosensor were explored using scanning
electron microscopy, X-ray photoelectron spectroscopy, and electrochemical impedance spectroscopy. The respective effects of
5-HT-specific aptamer and oSWCNTSs on the detection of 5-HT were investigated by differential pulse voltammetry (DPV). The
peak current at the potential of 0.29 V (vs. Ag/AgCl) increased with respect to 5-HT concentration resulting in two dynamic
ranges from 0.05 to 0.5 and 1 to 20 uM with a limit of detection of 2 nM from the LbL biosensor in buffer solution, which were
better than those without the LbL of aptamer and 0SWCNTSs. The developed biosensor was applied to the direct determination of
5-HT concentrations in undiluted healthy control and Internet gaming disorder serum samples. The results were verified by
comparison with those from liquid chromatography-mass spectrometric analyses.
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Introduction

Internet gaming disorder (IGD) which has a distinct charac-
teristic of excessive and uncontrolled gaming behavior [1]
becomes a social problem because more people including
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adolescents are exposed to a high risk of indulging in internet
games and further resulting in IGD, while it has been shown
that IGD is related to increased impulsivity and highly comor-
bid with depression and social phobia [2]. Lee et al. previously
demonstrated that IGD is related to the dysregulation of sero-
tonin (5-hydroxytryptamine, 5-HT) [3], a well-known mono-
amine neurotransmitter which plays an important role in reg-
ulating various physiological functions including appetite,
mood, sexuality, obesity, and sleep [4—7]. 5-HT was also re-
ported to be associated with depressive mood and anxiety as
well as impulsivity [8]. While there are some studies to ex-
plore the role of 5-HT in IGD [2], the sensing of 5-HT level in
biofluids with IGD has not been reported yet. Therefore, it is
worthwhile to develop a feasible method for detection of 5-HT
in human serum or plasma samples associated with IGD.
Conventional detection methodologies including radioim-
munoassay [9], high-performance liquid chromatography
[10], capillary electrophoresis [11], and spectrophotometry
[12] have been employed for 5-HT which often require com-
plicated sample pretreatment, expensive instruments, and te-
dious processes, whereas chemiluminescence, fluorescence,
and electrochemical biosensors offering a simple and
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inexpensive fabrication process alongside high selectivity and
sensitivity have been reported [13—16]. Among these, electro-
chemical biochip sensors have been most widely used and a
list of electrochemical biosensing platforms for 5-HT are sum-
marized in Table S1; for example, an electrochemical sensor
using reduced graphene oxide and silver selenide composite
self-assembled on glassy carbon electrode (GCE) provided a
linearity region from 0.1 tol5 uM having a limit of detection
(LOD) value 0f 29.6 nM for 5-HT [15]. Further improvements
in the selectivity alongside sensitivity toward 5S-HT were made
from integration of biorecognition elements such as DNA
aptamer into electrochemical sensing surface [16].

In the current study, we demonstrate for the first time a
highly selective and sensitive voltammetric biosensor featur-
ing poly(diallyldimethylammonium)-wrapped oxidized
single-walled carbon nanotubes (PDDA-oSWCNTs) in con-
junction with 5-HT-specific aptamer and tyrosinase (Tyr) onto
a screen printed carbon electrode (SPCE) for 5-HT in buffer
and clinical serum samples. A simple layer-by-layer (LbL)
assembly process of alternating the oppositely charged mole-
cules was used instead of covalent attachment; a positively
charged PDDA-oSWCNTs and a negatively charged 5-HT
aptamer were alternately assembled onto a carboxylic acid-
terminated monolayer modified gold nanoparticles (AuNPs)
deposited SPCE followed by the adsorption of Tyr as the last
layer. The combined use of DNA aptamer, Tyr, and PDDA-
oSWCNTs was essential for constructing our sensor; an
aptamer sequence specific to 5-HT was used for not only
providing negatively charged surface but also improving the
selectivity of our sensor. As a comparison, a negatively
charged double-stranded DNA (dsDNA) with random se-
quences was employed instead of 5-HT aptamer. The PDDA
was also employed in LbL assembly to offer not only a pos-
itively charged layer but also biocompatibility; polyaniline
could be used but requires an organic solvent such as N,N-
dimethylformamide [17] for LbL fabrication resulting in
destroying an adhesion layer in SPCE. Furthermore,
SWCNTs were used to enlarge the active surface area with
an excellent electrical conductivity, which have been fre-
quently employed for building electrochemical biosensors
[18]. Lastly, the role of Tyr was to increase the selectivity
where the hydroxyl group in 5-HT in contact with Tyr will
be selectively electrocatalyzed to generate oxidative peak re-
sponses. Such an LbL assembly approach to introduce sensing
compartment including enzymes, DNAs, metallic NPs, car-
bon allotropes, and polyelectrolytes has previously proven to
be a promising tool for sensitive sensing of metabolites, pro-
teins, and other targets [19-21]. Our biosensor was fully op-
timized for cyclic and differential pulse voltammetric analyses
of different concentrations of 5-HT and further applied to the
direct measurement of native 5-HT concentrations in undilut-
ed healthy control (HC) and IGD serum samples. Liquid
chromatography-mass spectrometry (LC-MS) analyses of 5-
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HT in the HC and IGD serum samples were also pursued for
verification of the results of LbL sensor.

Experimental section
Materials and clinical samples

Materials including purified HIPCO SWCNTs (Unidym), Tyr
from mushroom (7164 U/mg, isoelectric point of 4.7, Sigma-
Aldrich), PDDA (35 wt.% in H,O, Sigma-Aldrich), 5’-amine
modified DNA aptamer specific to 5-HT of which sequence is
5'-NH,-CTC TCG GGA CGA CTG GTA GGC AGA TAG
GGG AAG CTG ATT CGA TGC GTG GGT CGT CCC-3'
[16] (Integrated DNA Technologies), and human normal se-
rum (HNS, Sigma-Aldrich) were used as received. HC and
IGD serum samples used in the current study were approved
by the Institutional Review Board of SMG-SNU Boramae
Medical Center (IRB No. 16-2014-139). It must be mentioned
that all serum samples for electrochemical measurements were
used as received without any pretreatment. Full details on
materials and clinical samples are provided in the
Supplementary Information.

Fabrication of LbL biosensor and electrochemical
measurements

The fabrication process of LbL biosensor for 5-HT is shown in
Fig. 1a. A disposable customized SPCE chip (Daeyoungsilk
Co. Ltd., Republic of Korea) configuring an Ag/AgCl refer-
ence, a carbon counter, and a carbon working electrode (sur-
face area = 28 mm?) was used. AuNPs were first electrodepos-
ited onto a SPCE surface using a chronoamperometric method
[20] by immersing SPCE into 0.5 mM HAuCl, in 0.5 M
H,SO, with a constant potential 0.18 V under stirring follow-
ed by rinsing with water. The air-dried chip was immediately
immersed into 20 mM ethanolic mercaptopropionic acid
(MPA) solution overnight at room temperature to form a car-
boxylic acid-terminated monolayer. After rinsing sensor chip
with ethanol and water, the LbL assembly process via electro-
static interaction underwent by alternatively dropping a 20-uL
aliquot of PDDA-0oSWCNTs following a procedure reported
in literature [22] (see further details in Electronic
Supplementary Material) and a 10-uL aliquot of 1 uM 5-HT
aptamer on the MPA modified AuNPs-SPCE for 20 min. The
surface assembled layers were confirmed via monitoring the
tubular diameter of about 10 nm for oSSWCNTs increased up
to 50 nm when sequentially interacting with PDDA and 5-HT
aptamer as seen in field emission-transmission electron micro-
scope images (FE-TEM, Fig. S1) coupled with the presence of
P element from energy dispersive spectroscopy analyses
(EDS) (Table S2). The processes were repeatedly continued
to achieve the optimal number of layers. The final layer of



Microchim Acta (2021) 188: 146

Page3of8 146

a

(i) AuNPs ? PDDA-
deposmon OSWCNTs
o s (ii) MPA

DNA aptamer

PDDA-oSWCNTs

Tyr
c, !' :
S i
NH,
(0]
—- \
N N -2e”
o 0, HO N 2e (o) N
5-HT Ortho-hydroxyl 5-HT 5-HT-o-quinone

Fig. 1 a Schematic showing the preparation of 5-HT selective LbL biosensor composed of SPCE-AuNPs-MPA-(PDDA-oSWCNTs-5-HT aptamer),-
PDDA-0oSWCNTSs-Tyr. b A brief reaction scheme for the catalysis of 5-HT and Tyr followed by the electro-oxidation of ortho-hydroxyl 5-HT

LbL biosensor was configured by exposing a 10-uL aliquot of
3 mg/mL Tyr solution to the electrode surface and incubated
for 6 h at 4 °C. The prepared biosensors were finally rinsed
with 10 mM phosphate-buffered saline solution (PBS, pH 7.0)
and kept at 4 °C before any measurements. The surface mor-
phology and elemental composition of LbL biosensors were
characterized using FE-scanning electron microscopy (FE-
SEM, a Hitachi SU8220 model) and X-ray photoelectron
spectroscopy (XPS, Thermo Fisher NEXSA model), respec-
tively. Electrochemical experiments were performed with a
computer-controlled potentiostat (Autolab PGSTATI128N)
connected with General Purpose Electrochemical system
(GPEs) program (version 4.9).

Results and discussion
Voltammetric detection of 5-HT
The strategy to determine the concentrations of 5-HT in both

buffer and serum sample solutions using our developed sensor
is the combined use of 5-HT-specific aptamer and Tyr

alongside oSSWCNTs wrapped with polyelectrolytes for im-
proving selectivity and sensitivity, respectively. A double bi-
layer of a positively charged PDDA-0SWCNTs and negative-
ly charged 5-HT-specific aptamer on MPA modified AuNPs-
SPCE chip with the Tyr as a final top layer, namely SPCE-
AuNPs-MPA-(PDDA-0SWCNTs-5-HT aptamer),-PDDA-
oSWCNTs-Tyr, was used to monitor the selective electrocat-
alytic reaction with 5-HT to produce ortho-hydroxyl 5-HT
(see Fig. 1a). CV and DPV responses of the further electro-
oxidation of ortho-hydroxyl 5-HT to 5-HT-o-quinone were
directly correlated with the quantitative analyses of 5-HT
(Fig. 1b). The homogeneously packed SWCNTs layers on
the electrode surface, which resulted in enlarging the
electroactive surface area and facilitating faster electron trans-
fer process, were confirmed using FE-SEM, XPS, cyclic volt-
ammetry (CV), and electrochemical impedance spectroscopy
measurements (relevant results and full discussion are ad-
dressed in the Electronic Supplementary Material).

A typical voltammetric response for the electrocatalysis of
5-HT by Tyr at various concentrations of 5-HT when using
the LbL biosensor is shown in Fig. 2. No reduction peak was
seen at all concentrations due to the irreversible oxidation of
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Fig. 2 Representative a CV data a

for the detection of various 5-HT
concentrations (0.1, 1, 2, 5, 10,
and 20 pM) using LbL biosensor
consisting of SPCE-AuNPs-
MPA-(PDDA-0oSWCNTs-5-HT
aptamer),-PDDA-0oSWCNTs-Tyr
in 10 mM PBS (pH 7.0). (") is in
the absence of 5-HT. Scan rate =
50 mV/s. b Calibration plots in-
cluding some of data points taken
from a. Inset in b shows the data
points for the low concentration
range of 5-HT

5-HT [23]. On the other hand, a peak-shaped current at
~0.33 V (vs. Ag/AgCl) resulting from the electro-oxidation
of 5-HT to 5-HT-o-quinone linearly increased with respect
to the 5-HT concentrations with two distinct dynamic regions
from 0.1 to 0.5 and 1 to 20 uM with sensitivity (LA/uM/cm?)
values of 5.761 and 0.734, respectively (Fig. 2). The smaller
sensitivity at high concentration range could be assigned to the
internal resistance produced due to the limited diffusion of 5-
HT as the concentration increased. The active sites could also
be blocked with increased 5-HT concentration resulting in the
saturation of oxidation current responses. This is a typical
characteristic of surface-based sensing methods [24]. The es-
timated LOD was about 35 nM according to 3Sy/m criteria.
The S, is the standard deviation of the lowest detectable con-
centration and m is the corresponding calibration curve slope.
In addition, the oxidative peak current was shifted more pos-
itively and increased versus the scan rate with a linear regres-
sion fit of y (LA) =58.93x (V/s) +0.92 (R*=0.997), indica-
tive of adsorption-controlled process (Fig. S6). The optimum
adsorption time was measured as 60 s from cyclic
voltammetric monitoring of the reaction of 5-HT and Tyr
(Fig. S7). The superior oxidation peak current response from
the LbL sensor at a fixed 5-HT concentration compared to
those using differently modified sensors including only bare,
direct attachment of Tyr on the electrode surface, and LbL
biosensor in the absence of Tyr (Fig. S8) indicated that the
combined use of Tyr and SWCNTSs plays an important role in
enhancing the sensitivity; for example, the peak current re-
sponse at 0.33 V (vs. Ag/AgCl) for 10 uM 5-HT when using
LbL biosensor (Fig. S8, iv) is 1.2 times higher than that using
the sensor in the absence of Tyr (Fig. S8, iii). Such an en-
hancement in peak current due to the presence of enzyme
can also be supported by previously published work on L-
tyrosine detection [25, 26].

In order to further improve the sensitivity while lowering
background current, a DPV technique was employed; the
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oxidative peak current at 0.29 V (vs. Ag/AgCl) associated
with electrocatalysis of 5-HT similar to that of CV linearly
increased depending on the 5-HT concentrations (Fig. 3a).
The sensitivity for the range of 0.05-0.5 pM shows about
1.1 times higher and the LOD (2 nM) value is 10 times lower
than that from the CV method (Fig. 3b). DPV performance of
our LbL biosensor (i) for 5-HT compared to those using dif-
ferently modified biosensors such as (ii) SPCE-AuNPs-MPA-
Tyr and (iii) SPCE-AuNPs-MPA-(PDDA-5-HT aptamer),-
PDDA-Tyr is summarized in Table SS5. It is obvious that the
LbL biosensor (i) shows the lowest LOD value in addition to
the highest sensitivity for the dynamic range of 0.05-0.5 uM,
which is 6 and 15 times higher than those modified electrodes
without LbL modification (ii) and with only PDDA without
SWCNTs as the positive layer for LbL fabrication (iii), respec-
tively (Fig. S9). Such excellent sensing performance of 5-HT
using the LbL biosensor could arise from the enlarged surface
area with enhanced conductivity due to the presence of
oSWCNTs assembled in the sensor when compared to that
of using only PDDA. A neutrally charged and biocompatible
polyethylene glycol (PEG) was also investigated as a sensing
compartment instead of PDDA. The DPV response for 10 uM
5-HT when using PEG in LbL sensor was almost six times
reduced compared to that of using PDDA, which confirms the
necessity of positively charged polyelectrolyte layer (Fig.
S10a). In addition, a negatively charged DNA with any se-
quences can be used instead of DNA sequences specific to 5-
HT and it was observed that the use of randomly sequenced
DNA in the sensor instead of using DNA aptamer specific to
5-HT slightly improved the sensitivity but reduced the selec-
tivity which will be discussed in the next section.

Further comparison of the performance of our sensor to
those from recently published research works listed in
Table S1 revealed that the LOD and dynamic range of our
biosensor for 5-HT detection are comparable or better than
those of previously reported works utilizing multi-walled
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Fig.3 Representative a DPV data a

for the detection of various 5-HT
concentrations using LbL biosen-
sor composed of SPCE-AuNPs-
MPA-(PDDA-0SWCNTs-5-HT
aptamer),-PDDA-0SWCNTs-Tyr
in 10 mM PBS (pH 7.0). The 5-
HT concentrations were 0.05, 0.2,
0.5,2,5,10,and 20 uM. (") is in
the absence of 5-HT. A step po-
tential of 10 mV, scan rate of

20 mV/s, pulse interval of 50 ms,
and amplitude of 50 mV were
used. b Calibration plots includ-
ing data points taken from a. Inset
in b shows the data points for the
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low concentration range of 5-HT

CNTs-chitosan-poly(m-aminobenzenesulfonic acid), AuNPs/
Au nanorattles-reduced graphene (rGO), and rGO/Co30,
modified GCE [23, 27, 28]. More importantly, the dynamic
range of our LbL biosensor for 5-HT falls within clinically
relevant serum concentration level from 0.48 to 1.33 uM [29].

Besides the sensitivity and LOD, the reproducibility, sta-
bility, reusability, and selectivity are also important compart-
ments in the sensor used for clinical sample analyses. The
relative standard deviation (RSD) value of seven electrodes
was 3.3% obtained from measurements of DPV responses at a
fixed concentration of 5-HT of 5 uM on seven individually
prepared LbL biosensors under the same condition (see
Fig. 4a). As for the stability of our LbL biosensor, the biosen-
sor performance retained about 81% of its initial activity with
an RSD value of 5.9% after 9 days (Fig. 4b) when the sensor
was stored in a humid Petri dish in the dark at 4 °C. The
reusability was also examined by recording DPV response
of 10 uM 5-HT repeatedly with a single sensor via washing
it with PBS buffer followed by incubated with PBS buffer for
1 h in a dark and humidity chamber after each measurement.

0.0 0.1 0.2 0.3 0.4 05 0 5 10 15 20
E /V (vs. Ag/AgCI)

Concentration / uM

As we reused three times, the peak current value decreased
about 40%, and then 70% after 4th usage due to possible loss
of enzyme activity and electrode surface contamination (Fig.
S10b).

The selectivity of the LbL biosensor was investigated using
some interfering agents, which have similar structures to 5-HT
and are known to be present in human serum samples (Fig.
S11, i). These are glucose (Glu 10 mM), dopamine (DA
1 uM), epinephrine (EP 1 uM), tryptophan (TP 40 pM), and
tyrosine (Ty 50 uM). The concentration of each interfering
agent was set to be higher or similar level in human serum [25,
30-33]. The DPV peak current recoveries of 5-HT only and 5-
HT with the addition of above interfering reagents were eval-
uated. A less than 4% increase in the recovery was observed
for each solution containing either Glu, DA, EP, or Ty. In the
presence of TP, around 11% decrease was seen, which could
result from the competitive reaction of TP with 5-HT toward
Tyr. Interestingly, the LbL biosensor incorporated with a
dsDNA layer instead of 5-HT-specific DNA aptamer was
found to be more prone to be affected by the interfering

Fig.4 a Reproducibility and b a — — b . .
stability tests of LbL biosensor for 5 ]
5-HT at a fixed concentration of 5+ 7]
5 uM 5-HT in 10 mM PBS
- -@D- 41+ .
4t0-O- -9 ©-9- ¢ --_- _____ P
g T i .
3l 4 3 3r 7
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compounds, for example, Glu, TP, and Ty with a significant
decrease of 6%, 25%, and 22%, respectively (Fig. S11, ii).
This implies that the use of 5-HT-specific aptamer layer in
the LbL biosensor helped enhance the selectivity for detection
of 5-HT.

Analyses of 5-HT in clinical samples

Confirmed the clinically relevant level of selectivity and sen-
sitivity of our LbL biosensor, native 5-HT concentrations in
undiluted pooled HC and IGD samples from a local medical
center using the LbL biosensor were determined for exploring
potential applicability of IGD diagnosis. DPV responses of
two different sets of undiluted pooled HC and IGD serum
samples followed by spiking a series of known 5-HT concen-
trations ranging from 1 to 6 uM into the samples were mea-
sured and analyzed with a well-known standard addition
method. Considering background effects due to the coexis-
tence of different metabolites and 5-HT in the serum samples,
each raw DPV data was baseline-corrected using OriginLab
software and then used for 5-HT analyses.

The oxidative DPV peak current corrected by baseline for
both the pooled HC and IGD serum samples (1st set) in-
creased linearly as a function of the spiked known concentra-
tions (1-6 uM) of 5-HT (see Fig. 5a and b, respectively). The
resulting linear fit equations of the pooled HC and IGD sam-
ples (1st set) in Fig. 5¢ were y (LA)=0.19x (uM) + 0.70 and
v (HA) = 0.24x (uM) + 0.97, respectively. By substituting the
baseline-corrected peak current (1A) values of 0.82 and 1.16
for the pooled HC and IGD serum samples only into the linear
fit equation (1st set), the native 5-HT concentrations were then
estimated as 0.63+0.03 and 0.79 £0.04 uM, respectively. It
should be mentioned that the shift of peak potential and dif-
ferent linear ranges in undiluted serum samples could be due
to the severe matrix effect leading to a reduced sensitivity of 5-

HT compared to that of buffer (0.48 wA/uM for 5-HT con-
centrations ranging from 1 to 5 uM). For example, matrix
components such as ions, hormones, and amino acids present
in undiluted serum solutions could affect the electrochemical
sensing results of 5-HT due to altered ion strength and close
oxidation peak potential while proteins could interact with the
sensor surface and hinder the accessibility of the analyte [34,
35]. In addition, the high viscosity of undiluted human serum
has an influence on the diffusion flux of 5-HT to the electrode
surface. These problems could be resolved by modifying elec-
trode surface with anti-fouling nanomaterials such as self-
assembled monolayers and sample pretreatment processes
[36]. Our LbL biosensor was further applied to analyze anoth-
er set of pooled HC and IGD samples (2nd set, see Fig. S12)
with the same approach and the 5-HT concentrations evaluat-
ed were 0.58£0.04 and 0.74 £0.05 puM, respectively, from
HC and IGD samples (2nd set).

Our LbL sensing results from the two different sets of
pooled HC and IGD samples were finally verified via com-
paring those using LC-MS technique, and the summary is
listed in Table 1. The measured 5-HT concentration values
of the pooled HC and IGD serum samples using the LbL
biosensor were generally in good agreement with those ob-
tained from the LC-MS analyses; slightly higher concentra-
tion values estimated from the LbL sensor for all serum sam-
ples. The divergence could be due to (i) systematic error
caused by imperfect calibration and environment interference
and (ii) matrix effects in undiluted serum samples (e.g., DA,
Glu, TP interferents) resulting in the overestimation of 5-HT
in electrochemical sensing. Nevertheless, it must be noted that
the measured concentrations levels from both LbL biosensor
and LC-MS analyses showed the 5-HT levels were higher in
IGD samples than in HCs, which evidently demonstrates that
the concentrations of the 5-HT are significantly associated
with the IGD in serum samples. In addition, the 5-HT

a I T T b T T c T T T T T T
2 ~ . R/
< 26 ',// \\\ 6 “M < 2 | ?g 2e // '\\\ 6 HM n <:(L . q]
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B i/ \%‘ 3 AS I/’ AT \ % . .
3 ///z« 13 e AN o m A
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~— A Py £
| | 1 N 0 4.: 4 pooledlserum \\‘ AT | . | ‘ | . ]
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Fig. 5 Representative baseline-corrected DPV responses for 5-HT con-
centrations ranging from 1 to 6 pM in undiluted a pooled HC and b IGD
serum samples using LbL biosensor. The solid curve in a and b is the data
acquired from serum itself without spiked 5-HT. The same DPV
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parameters as described in Fig. 3 were used. ¢ Calibration plots corre-
sponding to a and b with pooled HC and IGD serum samples (1st set),
respectively. (A) and (m) represent the pooled HC and IGD serum sam-
ples only, respectively
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Table1  Summary of 5-HT concentrations in undiluted pooled HC and

IGD serum samples using LbL biosensor and LC-MS analyses

Sample CS—HT/HM CS*HT/HM

(biosensor) (LC-MS)

HC sample Ist 0.63 +0.03 0.49 + 0.03
2nd 0.58 £ 0.04 0.52 £ 0.05

IGD sample Ist 0.79 + 0.04 0.74 + 0.04
2nd 0.74 £ 0.05 0.70 £ 0.03

concentration levels in the pooled HC samples were compa-
rable to that obtained from HNS (0.50 +0.04 uM, see Fig
S13). However, the LbL biosensor still needs challenging im-
provements including the limited storage stability (<10 days)
and reusability (1 or 2 times), alongside the selectivity explic-
itly distinguishing the peak potentials between the interfering
agents of ascorbic acid and 5-HT.

Conclusions

An LbL assembled voltammetric biosensor consisting of al-
ternating layers of PDDA-0oSWCNTs, and 5-HT aptamer,
followed by the final layer of Tyr on AuNPs deposited
SPCE was successfully developed for the direct analyses of
5-HT concentrations in buffer and undiluted HC and IGD
serum samples. The use of both Tyr and 5-HT aptamer con-
tributed to the enhancement of sensitivity and selectivity to-
ward detection of 5-HT, whereas the oSSWCNTs were capable
of improving the sensitivity of the LbL biosensor. Such an
improved sensitivity is superior to some of the recently pub-
lished methods for 5-HT detection including the use of car-
bon, metallic, and/or polymeric nanocomposites as a
performance-enhancing tool (Table S1). Moreover, the results
from our LbL biosensors were in good agreement with those
of LC-MS of the 5-HT analyses in the pooled HC and IGD
serum samples, which clearly shows that the concentrations of
the 5-HT are significantly related to the IGD and that our
biosensor for 5-HT can be used as a potential diagnostic meth-
od for 5-HT indicative of IGD.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04798-x.
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