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hlorogenic acid detection based
on multiple layer-by-layer self-assembly films of
chitosan and multi-walled carbon nanotubes on
a glassy carbon electrode†

Wenxue Cheng,ac Jianzhi Huang,a Cheng Liu,a Qiang Zeng,*a Yanli Tong,*b

Lishi Wanga and Faliang Cheng*c

A chlorogenic acid sensor based on a chitosan (CS) and multi-walled carbon nanotubes (MWCNTs)

modified glassy carbon electrode (GCE) was fabricated via a layer-by-layer (LBL) self-assembly method.

The prepared electrode exhibited excellent catalytic performance for chlorogenic redox reactions

compared to the bare GCE. The effects of the number assembly layers, scan rate, pH of the supporting

electrolyte and accumulation time on chlorogenic acid detection were optimized. Under the optimal

conditions, the proposed sensor was significantly sensitive for the detection of chlorogenic acid and

showed wide linear detection ranges at low concentrations from 2 � 10�8 to 1 � 10�7 mol dm�3 and at

high concentrations from 1 � 10�7 to 2.25 � 10�4 mol dm�3. The detection limit was estimated to be

1.16 � 10�8 mol dm�3 (S/N ¼ 3). Furthermore, the chlorogenic acid sensor exhibited excellent selectivity

and stability and was utilized in practical applications, in particular, for the determination of human real

samples.
1. Introduction

Chlorogenic acid is an ester of dihydroxycinnamic acid and
quinic acid (Chart 1),1 and has been used widely in the food,
pharmaceutical and health care industries, particularly for
cancer treatment2,3 because of its positive effects on antibiotics,
cholagogue, physiology of hemostasis, and anti-inammatory
and anti-virus activities.3 However, overdoses (7 mg kg�1 body
weight) cause some side-effects, such as nausea, sensitization,
vomiting, oxidative stress, inammation reactions and derma-
titis.4 To strictly control the dosage and quality of chlorogenic
acid application, a highly sensitive and reliable method for the
determination of chlorogenic acid is required.

Various methods, such as high performance liquid chro-
matography (HPLC),5,6 liquid chromatography-mass spectrom-
etry (LC-MS),7 electrospray ionization mass spectrometry (EIS-
MS),8 capillary electrophoresis,9 NMR spectrometry,10 and
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electrochemical methods, have been used for the determination
of chlorogenic acid.11–13 Throughout these reported methods,
spectroscopic and chromatographic methods are usually
time-consuming and require expensive equipment and
complicated working conditions. By contrast, electrochemical
methods exhibit denite advantages of higher sensitivity, lower
measurement cost, faster response times and more convenient
operations. According to these admirable properties, electro-
chemical chlorogenic acid sensors have been developed
successfully based on various materials, such as poly amino-
sulfonic acid,1 tetranuclear copper(II) complex,11 ionic liquid-
containing iridium nanoparticles polyphenol oxidase,12 and
bean sprout homogenate chitosan microspheres and silica13

due to their catalytic ability toward chlorogenic acid.
Multi-walled carbon nanotubes (MWCNTs) have garnered

strong interest in the applications of electrochemistry because
of the unique electronic properties.14–18 In particular, MWCNTs
Chart 1 Chemical structure of chlorogenic acid.

This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra26378j&domain=pdf&date_stamp=2017-01-18
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26378j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007012


Scheme 1 Producing (CS/MWCNTs)n nanofilms using an immersive
LBL self-assembly method.
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have been utilized widely in the development of various elec-
trochemical sensors as an electrode material to efficiently
accelerate electron transfer between experimental substances
and electrodes.15,19,20 To improve the stability of MWCNTs on an
electrode surface, chitosan (CS), which is known as a linear
natural biopolymer, is usually introduced as a lm material to
disperse MWCNTs by forming nanocomposites,21,22 which show
good adhesion and high mechanical strength for sensor
construction.22–24 This method is not only limited to MWCNTs,
but is also available for other nanomaterials, such as gra-
phene,23 metal oxide nanosphere,24 graphite,25 metal nano-
particles,26 and boron nitride nanotubes.27 In the following
process of lm formation, the immobilization of these nano-
composites on an electrode surface is mostly based on the drop
cast method, but it is difficult to obtain a uniform lm with the
desired thickness. By contrast, the sensor construction by
a layer-by-layer (LBL) self-assembly method can provide an
approach with the advantages of high stability, homogeneity
and controllable lm characters, e.g., thickness and rough-
ness.28–31 For example, Yang and co-workers reported
a hydrogen peroxide biosensor by LBL self-assembly of stable
Pt/MWCNTs/CS layers, which resulted in high electrocatalytic
activity when the assembled layers reached seven.32 Zou and co-
workers prepared multiple self-assembly layers of porous
homogeneous and controllable CS/MWNTs/glucose oxidase for
the determination of glucose with the maximum catalytic ability
at six layers of CS/MWCNTs/glucose oxidase.33

In this contribution, a chlorogenic acid electrochemical
sensor was fabricated successfully. Compared to previously re-
ported sensors in this eld, the sensor based on (CS/
MWCNTs)n/GCE is probably more promising and attractive for
several reasons. First, the sensor preparation is much easier via
a simple LBL self-assembly method based on the electrostatic
interaction34,35 between negatively charged MWCNTs and posi-
tively charged CS (NH3

+) layers on a glassy carbon electrode
((CS/MWCNTs)n/GCE). Second, the sensor materials are easily
prepared and no specic synthetic processes are required.
Third, superior catalytic ability of this sensor toward chloro-
genic acid is beneted from both MWCNTs and CS and can be
adjusted by varying the number of assembled CS/MWCNTs
layers. Finally, the resulting sensor is more sensitive to chloro-
genic acid and possesses a wider detection range and a lower
detection limit. Moreover, the proposed sensor is also available
for the determination of chlorogenic acid in real practice with
higher stability, and the results are as reliable as to those ob-
tained by a conventional HPLC method.

2. Experimental
2.1 Reagents and materials

Chlorogenic acid (analytical grade) and MWCNTs were
purchased from Aladdin Chemical Reagent Co. Ltd. (Shanghai,
China). Chitosan (CS, 99%) was obtained from Sigma-Aldrich
Chemical Co. Normal human serum samples were received
from Huayueyang Biotechnology Co. Ltd (Beijing, China). All
other reagents used in the experiment were of A.R. Grade and
used without any further purication.
This journal is © The Royal Society of Chemistry 2017
Prior to use, 0.005 g of MWCNTs were dispersed in 10 mL of
double-distilled water and sonicated for 1 hour. An acetic acid
(2.0%) solution was prepared by diluting 2 mL of acetic acid in
100 mL of double-distilled water. A CS solution (in acetic acid)
was obtained by dissolving 0.05 g of CS in 10 mL of the prepared
acetic acid solution. The chlorogenic acid stock solution (1 �
10�3 mol dm�3) was prepared by dissolving in a phosphate
buffer solution and kept at 277.15 K. A phosphate buffer solu-
tion (0.1 M) was prepared from Na2HPO4 and NaH2PO4. The pH
of a series of buffer solutions (containing 1 � 10�4 mol dm�3

chlorogenic acid) ranging from 1.0 to 7.0 was adjusted by the
addition of HCl or NaOH. All aqueous solutions were prepared
using double-distilled water.

The human serum samples were diluted using a phosphate
buffer solution (pH 1.0) at a 1 : 50 (serum : buffer) volume ratio.
By the standard addition method, extra chlorogenic acid was
added to these samples for further analysis, making the added
concentration of chlorogenic acid 0.05, 0.10, 80, 130, 160 and
190 mmol dm�3.
2.2 Fabrication of bare GCE and (CS/MWCNTs)n/GCE

The bare GCEs (3 mm, Xianren, Shanghai, China) were initially
polished with 0.3 and 0.05 mm alumina powder and then
washed ultrasonically in acetone, absolute ethanol and double-
distilled water in sequence for about 1 minute each to obtain
a smooth and clean electrode surface. The bare GCE was further
scanned in a 0.5 mol dm�3 sulfuric acid solution from�0.5 V to
+1.0 V at a scan rate of 50 mV s�1 until gaining stable cyclic
voltammograms to generate negatively charged electrode
surfaces.

The preparation of a multiple LBL self-assembly lm of CS
and MWCNTs on a GCE is shown in Scheme 1. Under acidic
conditions, the activated GCE was rst immersed in a CS–acetic
acid solution for 5 minutes to allow the formation of self-
assembly between the negatively charged GCE and positively
charged CS through electrostatic interactions. The self-
assembly of negatively charged MWCNTs was obtained by
further immersing the GCE with a CS layer in a 1 mg dm�3

MWCNTs solution for 10 minutes. The resulting GCE was
washed alternately with a phosphate buffer solution and
distilled water and then dried under nitrogen aer each modi-
cation. By repeating these steps, a multiple self-assembly lm
of CS and MWCNT-modied GCE was formed.
RSC Adv., 2017, 7, 6950–6956 | 6951
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2.3 Apparatus and method

All electrochemical measurements were conducted on a CHI660E
electrochemical workstation (Chenhua, Shanghai, China) with
a conventional three-electrode conguration, including a bare
GCE or a modied GCE working electrode, a saturated calomel
electrode (SCE) as the reference electrode and a platinum wire as
the counter electrode. The thickness of the LBL self-assembly
layer was determined by spectroscopic ellipsometry (HJY
UVISEL-NIR, Horiba Jobin Yvon, France). A eld emission scan-
ning electron microscope (FE-SEM; Zeiss Ultra55, Germany) was
used to characterize the surface morphology of the bare and
modied GCEs. High performance liquid chromatography
(HPLC) was carried out on a HP-1100 system (Agilent technolo-
gies co., Ltd. USA) equipped with a C18 chromatographic column
(ODS: 20 cm � 46 mm) using an aqueous mobile phase (con-
taining acetonitrile and 0.1% phosphate buffer solution) with
a ow rate of 1.0 mL min�1 and an injection loop volume of 10
mL. The pH was measured using a PHS-3C pH meter (Precision
scientic instruments co., Ltd. China).

The electrochemical properties and determination of
chlorogenic acid were studied using cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) observations, respec-
tively. In contrast, the latter exhibits higher sensitivity and
a lower detection limit. The potential range for cyclic voltam-
metry was from 0 V to 1.1 V at a scan rate of 50 mV s�1 with
a sample interval of 0.001 V and a quiet time of 2 s. For DPV, the
increment was 0.005 V and the amplitude was 0.05 V with
a pulse width of 0.2 s, sampling width of 0.05 s and pulse period
of 0.01 s.

For the determination of chlorogenic acid, the detection
limit, Cm, was obtained using eqn (1):

Cm ¼ 3Sb/m (1)

where m is the slope of the calibration curve in the linear range
(2 � 10�8 to 1 � 10�7 mol dm�3), and Sb is the standard devi-
ation of the blank response, which was obtained from 20
replicate measurements of the blank PBS buffer solution.
Fig. 1 SEM images of the bare GCE (A) and after modification (CS/
MWCNTs)6/GCE (B).
3. Results and discussion
3.1 Formation of the modied electrode of (CS/MWCNTs)6/
GCE

A formed self-assembled layer usually brings a homogeneous
structure. Thus, the formation of the lm on GCE by the LBL
self-assembly method resulted in a gradual increase in its
Table 1 Film thicknesses of the bare GCE and (CS/MWCNTs)n/GCE

Sample number Electrodes Film t

1 Bare GCE 0
2 CS/GCE 35.1 �
3 (CS/MWCNTs)1/GCE 172.9
4 (CS/MWCNTs)3/GCE 484.3
5 (CS/MWCNTs)6/GCE 1225.0

a Film thicknesses are expressed as a condence interval of 95% probabi

6952 | RSC Adv., 2017, 7, 6950–6956
thickness, which was characterized via spectroscopic ellipsom-
etry.36,37 The variation of the lm thickness of (CS/MWCNTs)n/
GCE is summarized in Table 1. Aer the GCE was initially
modied with a CS monomolecular layer, the lm thickness of
CS/GCE was approximately 35.1 nm. An extra MWCNTs layer
was added to form the (CS/MWCNTs)1/GCE, and the thickness
of the modication was increased to 172.9 nm. The thickness of
LBL self-assembled lms displayed steady growth from 0 nm to
1225.0 nm when six CS layers and six MWCNTs layers were
assembled on the GCE. The thickness of (CS/MWCNTs)6/GCE
was similar to the total thickness of six individual CS/MWCNTs
layers, indicating that the modication of (CS/MWCNTs)6/GCE
using LBL self-assembly was successful and the method was
controllable and feasible. The relative standard deviations
(RSD) were in the range, 91.3–99.6% at a 95% condence level,
which demonstrated the relative precision of the method. The
formation of (CS/MWCNTs)6/GCE can also be conrmed by
SEM images. As shown in Fig. 1A and B, the bare GCE without
any treatment expressed smooth and an undeled surface,
while (CS/MWCNTs)6/GCE revealed a homogeneous network
with a compact structure, where MWCNTs were dispersed
uniformly on the CS layer surface due to electrostatic interac-
tions without signicant agglomeration.
hicknessesa (nm) SD (nm) RSD (%, n ¼ 3)

0 0
18.5 9.450 6.9

� 24.93 12.72 7.3
� 82.41 42.05 8.7
� 34.26 17.48 1.4

lity.

This journal is © The Royal Society of Chemistry 2017
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3.2 Electrochemical characterization of (CS/MWCNTs)n/GCE

The formation of the (CS/MWCNTs)n/GCE was also monitored
via CV in a 1 � 10�4 mol dm�3 chlorogenic acid containing
phosphate buffer solution (pH ¼ 1.0). As illustrated in Fig. 2A,
the GCE modied with the LBL self-assembly lms of CS and
MWCNTs exhibited superior catalytical ability toward chloro-
genic acid compared to bare GCE. In particular, both the
reduction and oxidation peak currents increased with
increasing numbers of self-assembled monolayers and reached
the maximum at the sixth layer of CS/MWCNTs with more than
ten orders of magnitude increase. The redox peak current and
the number of layers showed a linear relationship with the
expression, Ipc (mA) ¼ 6.113–5.145n (r ¼ 0.9941). This observa-
tion clearly reveals the successfully assembled multiple CS and
MWCNTs layers, and this is in good agreement with the
previous discussion on the variation of layer thickness. While
self-assembling to the seventh layer, the enhancement of the
peak currents became less signicant due to the hindrance of
the total thickness of the layers. Hence, the optimal number of
CS/MWCNT layers was chosen to be six. By contrast, no signif-
icant redox process occurred on the bare GCE (curve 1, Fig. 2B)
Fig. 2 (A) CVs of 1 � 10�4 mol dm�3 chlorogenic acid from the (CS/
MWCNTs)n-modified GCE in a phosphate buffer solution (pH 1.0). The
number of layers varied from 0 to 6 and the scan rate was 50 mV s�1.
(Inset of A) Relationships of the number of layers vs. cathodic reduction
currents. (B) CVs of the bare GCE (curve 1) and the LBL self-assembly
films of (CS/MWCNTs)6 modified GCE (curve 2) in a phosphate buffer
solution (pH 1.0) in the absence of chlorogenic acid.

This journal is © The Royal Society of Chemistry 2017
and the (CS/MWCNTs)6/GCE (curve 2, Fig. 2B) when chlorogenic
acid was absent in the phosphate buffer solution, conrming
the chlorogenic acid-based process.
3.3 Electrochemical properties of chlorogenic acid under
optimal conditions

As chlorogenic acid is unstable in an alkaline medium, the pH
effect on electrochemical properties of chlorogenic acid was
only investigated in electrolyte solutions with pH ranging from
1 to 7. When the pH was varied from 1.0 to 7.0, the redox peak
currents of chlorogenic acid decreased gradually (Fig. 3A),
suggesting that pH 1.0 can be chosen as one of the optimal
conditions to achieve better electrocatalytic performance of
chlorogenic acid. Simultaneously, both the oxidation potentials
and reductive potentials for chlorogenic acid shied to the
negative direction (Fig. 3A) and showed a linear relationship
with pH as Epa1 (mA) ¼ �0.06579pH + 0.6340 (r ¼ �0.9900) and
Epa2 (mA) ¼ �0.06879pH + 0.6340 (r ¼ �0.9970). According to
eqn (2),38

dEp/dpH ¼ �2.303mRT/nF (2)

where m and n are the number of protons and electrons trans-
ferred, respectively. The resulting m/n value in this redox
Fig. 3 (A) Cyclic voltammograms of 1 � 10�4 mol dm�3 chlorogenic
acid at the LBL self-assembly films of (CS/MWCNTs)6-modified GCE in
phosphate buffer solutions with different pH (from 1.0 to 7.0) recorded
at a scan rate of 50 mV s�1. (B) Relationship between accumulation
time and peak current.

RSC Adv., 2017, 7, 6950–6956 | 6953

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26378j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
11

:4
5:

51
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reaction was 1.1, showing that the number of protons and
electrons involved in the redox reaction of chlorogenic acid are
similar.

The relationship between accumulation time and peak
current was also investigated. As shown in Fig. 3B, the peak
current increased with increasing accumulation time and
reached the maximum at 80 seconds. Therefore, an accumu-
lation time of 80 seconds was chosen as the optimal condition
for the determination of chlorogenic acid in the following
section.
Scheme 2 Mechanism of the electrochemical reaction of chlorogenic
acid occurring on the surface of the (CS/MWCNTs)6/GCE.
3.4 Scan rate effect of the chlorogenic acid detection

Voltammograms of 1 � 10�4 mol dm�3 chlorogenic acid were
recorded at scan rates, ranging from 10 to 550 mV s�1 in
a phosphate buffer solution (pH ¼ 1.0) on both bare GCE and
(CS/MWCNTs)6/GCE. In particular, the redox peak currents
observed on a bare GCE increased in proportion to the square
root of the scan rate, indicating a diffusion controlled redox
reaction for chlorogenic acid (Fig. S1, ESI†). By contrast, the
resulting (CS/MWCNTs)6/GCE aer surface modication using
the LBL self-assembly method illustrated adsorption-controlled
reversible redox process. As shown in Fig. 4, the peak shapes
were independent of the scan rates up to 550 mV s�1 with
a consistent DEp of 21 mV, and the peak current scaled linearly
with the variation of the scan rates (the inset of Fig. 4), where
the linear regression equations are expressed as Ipa (mA) ¼
110.6n (mV s�1) + 1.448 (r ¼ 0.9970) and Ipc (mA) ¼ �176.9n (mV
s�1)� 3.293 (r¼�0.9986). These observations are probably due
to the inuences of the polyporus structure and hydrophilic
property of multiple layers of CS andMWCNTs.39,40 Based on the
Laviron formula of eqn (3),41

I ¼ nFQv

4RT
(3)

where n is the number of electrons transferred, F is the Fara-
day's constant, Q is the peak area, v is the scan rate, R is the
molar gas constant, and T is the temperature; n was calculated
Fig. 4 Cyclic voltammograms of 1 � 10�4 mol dm�3 chlorogenic acid
in a phosphate buffer solution (pH 1.0) recorded on (CS/MWCNTs)6/
GCE at different scan rates: 10, 50, 100, 150, 200, 250, 300, 350, 400,
450, 500, 550 mV s�1 (from bottom to top). Inset: the relationship of
the scan rates vs. oxidation peak currents and reduction peak currents.

6954 | RSC Adv., 2017, 7, 6950–6956
to be 2.0 under ambient conditions. According to the conclu-
sions mentioned above, m ¼ n; thus, the redox reaction of
chlorogenic acid is based on the transfer of two-electrons and
two-protons. The reaction mechanism can be concluded in
Scheme 2.11,13
Fig. 5 (A) DPVs of 2 � 10�8, 4 � 10�8, 6 � 10�8, 8 � 10�8, 1 � 10�7, 2
� 10�7, 2.5 � 10�5, 5 � 10�5, 7.5 � 10�5, 1 � 10�5, 1.25 � 10�4, 1.5 �
10�4, 1.75 � 10�4, 2 � 10�4, 2.25 � 10�4 mol dm�3 (from the bottom
to top) of chlorogenic acid at the LBL self-assembly (CS/MWCNTs)6
modified GCE at different concentrations in pH 1.0 phosphate buffer.
(B) Plots of oxidation peak potentials versus the different concentra-
tions. Inset: analytical curves at low concentrations of chlorogenic
acid. Accumulation time was 80 s.

This journal is © The Royal Society of Chemistry 2017
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3.5 Determination of chlorogenic acid

For quantitative determination of chlorogenic acid, a more
sensitive DPV was utilized under the optimized conditions.
From the Fig. 5A, the oxidation peak current continued to rise
with increasing concentrations of chlorogenic acid from 2 �
10�8 to 2.25 � 10�4 mol dm�3. In particular, the proposed
sensor showed good linear relationships at low concentrations
from 2 � 10�8 to 1 � 10�7 mol dm�3 (inset of Fig. 5B) and at
high concentrations from 1 � 10�7 to 2.25 � 10�4 mol dm�3

(Fig. 5B), and the linear equations could be given as Ipa1 (mA) ¼
160.3C (mmol L�1) � 2.365 (r ¼ 0.9937) and Ipa2 (mA) ¼ 0.4460C
(mmol L�1) + 16.98 (r¼ 0.9905), respectively. The detection limit
at the (CS/MWCNTs)6/GCE for chlorogenic acid was determined
to be (1.17 � 0.03) � 10�8 mol dm�3 according to a signal-to-
noise ratio of 3 by eqn (1) (S/N ¼ 3, a ¼ 0.05, n ¼ 3).
Compared to the reported electrochemical chlorogenic sensors,
the (CS/MWCNTs)6/GCE exhibited a wider detection linear
range with a lower detection limit (Table 2), which can be
attributed to the remarkable electrochemical activity of (CS/
MWCNTs)6/GCE by the LBL self-assembly method. However,
most importantly, the preparation of (CS/MWCNTs)6/GCE was
easier andmore controllable because the CS andMWCNTs were
combined by noncovalent bonding through the LBL method,
which allows the formation of homogenous lms.

3.6 Selectivity, stability and reproducibility of the (CS/
MWCNTs)6/GCE

Ionic species of K+, Na+, Mg2+, Cu2+, Mn2+, Al3+, Ca2+, Br�, NO3�,
SO4

2�, Cl�, Ac�, and CO3
2� and organic species of glucose,

sucrose, maltose, ascorbic acid, dopamine and tartaric acid
Table 2 Performance of the electrochemical chlorogenic sensor report

Method Modied electrode

CV Poly(aminosulfonic acid)/GCE
SWV Graphite powder–nujol–Cu(II) complex/carbon paste
SWV Ir-BMI$PF6–PPO polyphenol oxidase/carbon paste
CV/SWV Bean sprout homogenate–CS microspheres/carbon

paste bean sprout homogenate–silica/carbon paste
DPV (CS/MWCNTs)6/GCE

Table 3 Determination of chlorogenic acid in human serum samples

Sample number
Sample added
(mmol dm�3)

Sample responsea (mmol dm�3)

HPLC Proposed senso

1 0.05 0.051 � 0.003 0.052 � 0.002
2 0.10 0.106 � 0.009 0.109 � 0.003
3 80 83.1 � 4.1 82.5 � 7.6
4 130 131.3 � 3.4 132.7 � 3.0
5 160 161.1 � 4.2 162.2 � 4.0
6 190 191.9 � 4.7 188.7 � 5.0

a n ¼ 6, condence level of 95%.
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were selected as interferents to mimic the interruption on the
performance of the proposed sensor occurred in real human
samples. The effects from possible interferents on the determi-
nation of chlorogenic acid were negligible when 80-fold concen-
trations of inorganic ions and 10-fold concentrations of organic
compounds were added. These observations suggest favorable
selectivity of the proposed sensor towards chlorogenic acid.

Stability is also one of the most important elements to
evaluate the performance of the proposed (CS/MWCNTs)6/GCE
chlorogenic acid sensor in practical applications. The voltam-
metric response of 1 � 10�4 mol dm�3 chlorogenic acid on (CS/
MWCNTs)6/GCE changed remarkably little during the cyclic
scans, and the redox peak currents retained 90% of their orig-
inal current even aer over 200 scans. Furthermore, the changes
in the redox peak currents were approximately 4.8% and 6.4%
when the (CS/MWCNTs)6/GCE was placed at 279.15 K for 7 and
15 days, respectively, exhibiting excellent stability.

The reproducibility of (CS/MWCNTs)6/GCE for the determi-
nation of chlorogenic acid is an important factor for practical
applications and further development. This study examined ve
different electrodes that were prepared using the LBL self-
assembly method for parallel experiments. The relative stan-
dard deviation (RSD) of the oxidation peak current for chloro-
genic acid was calculated to be 2.32%� 0.44% (a¼ 0.05, n¼ 3),
resulting in satisfactory reproducibility.
3.7 Determination in real samples

The determination of chlorogenic acid in human serum
samples was achieved using a standard addition method and
conducted by HPLC and the proposed electrochemical sensor
ed in literature and this study

Detection range (mol dm�3)
Detection limit
(mol dm�3) Reference

4.0 � 10�7 to 1.2 � 10�5 8.0 � 10�8 1
8.0 � 10�6 to 1.45 � 10�4 8.0 � 10�7 11
3.48 � 10�6 to 4.95 � 10�5 9.15 � 10�7 12
4.89 � 10�6 to 3.20 � 10�4 8.02 � 10�7 13
4.89 � 10�6 to 4.85 � 10�5 8.52 � 10�7

1 � 10�7 to 2.25 � 10�4 1.16 � 10�8 This study
2 � 10�8 to 1.00 � 10�7

Recovery (%) RSD (%)

r HPLC Proposed sensor HPLC Proposed sensor

103.5 � 5.9 104.0 � 3.9 3.2 2.2
106.2 � 8.5 109.0 � 2.8 4.5 2.6
103.9 � 5.0 103.1 � 9.3 2.5 4.1
101.0 � 2.6 102.1 � 2.3 1.3 0.81
100.7 � 2.7 101.4 � 2.5 1.3 0.92
101.0 � 2.5 99.33 � 2.7 1.2 1.3
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based on (CS/MWCNTs)6/GCE, in which human serum samples
were used for quantitative analysis. As shown in Table 3, the
recoveries of chlorogenic acid from human serum samples
obtained via HPLC (100.7–106.2%) and the proposed sensor
(99.33–109.0%) were comparable and close to 100.0%. This
demonstrates that the proposed sensor for real sample analysis
is as reliable and accurate as HPLC and can be used as an
efficient method for the determination of chlorogenic acid in
real human serum samples.

4. Conclusion

In this study, a CS and MWCNT-modied GCE was prepared
using an easily controlled LBL self-assembly method for the
determination of chlorogenic acid. The modied electrode with
six layers of CS/MWCNTs demonstrated the maximum catalytic
ability to chlorogenic acid. Under the optimized conditions,
(CS/MWCNTs)6/GCE showed a wider linear detection range and
a lower detection limit for chlorogenic acid compared to the
reported electrochemical sensors in this eld. (CS/MWCNTs)6/
GCE also expressed excellent selectivity, stability and repro-
ducibility for chlorogenic acid detection and was used
successfully in real sample applications with satisfactory
results.
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