
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/333406650

Label-free electrochemical detection of Cloxacillin antibiotic in milk samples

based on Molecularly Imprinted Polymer and graphene oxide-gold

nanocomposite

Article  in  Measurement · May 2019

DOI: 10.1016/j.measurement.2019.05.068

CITATIONS

4
READS

166

5 authors, including:

Some of the authors of this publication are also working on these related projects:

Microfluidic sperm selection View project

miRNA nanobiosensors for breast cancer detection View project

Saeid Jafari

Islamic Azad University of Yazd

6 PUBLICATIONS   36 CITATIONS   

SEE PROFILE

Mohammad Dehghani

Islamic Azad University of Yazd

11 PUBLICATIONS   91 CITATIONS   

SEE PROFILE

Navid Nasirizadeh

Islamic Azad University of Yazd

96 PUBLICATIONS   2,061 CITATIONS   

SEE PROFILE

Mohammad Hadi Baghersad

Baqiyatallah University of Medical Sciences

14 PUBLICATIONS   182 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Saeid Jafari on 09 July 2019.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/333406650_Label-free_electrochemical_detection_of_Cloxacillin_antibiotic_in_milk_samples_based_on_Molecularly_Imprinted_Polymer_and_graphene_oxide-gold_nanocomposite?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/333406650_Label-free_electrochemical_detection_of_Cloxacillin_antibiotic_in_milk_samples_based_on_Molecularly_Imprinted_Polymer_and_graphene_oxide-gold_nanocomposite?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Microfluidic-sperm-selection?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/miRNA-nanobiosensors-for-breast-cancer-detection?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Saeid_Jafari10?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Saeid_Jafari10?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Islamic_Azad_University_of_Yazd?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Saeid_Jafari10?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohammad_Dehghani5?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohammad_Dehghani5?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Islamic_Azad_University_of_Yazd?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohammad_Dehghani5?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Navid_Nasirizadeh?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Navid_Nasirizadeh?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Islamic_Azad_University_of_Yazd?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Navid_Nasirizadeh?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohammad_Baghersad?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohammad_Baghersad?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Baqiyatallah_University_of_Medical_Sciences?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohammad_Baghersad?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Saeid_Jafari10?enrichId=rgreq-a222a7bffa9fc15b719d4c50eebc4bf4-XXX&enrichSource=Y292ZXJQYWdlOzMzMzQwNjY1MDtBUzo3Nzg2Njk1MzAzMTI3MDVAMTU2MjY2MDY5MTE2Nw%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Measurement 145 (2019) 22–29
Contents lists available at ScienceDirect

Measurement

journal homepage: www.elsevier .com/locate /measurement
Label-free electrochemical detection of Cloxacillin antibiotic
in milk samples based on molecularly imprinted polymer
and graphene oxide-gold nanocomposite
https://doi.org/10.1016/j.measurement.2019.05.068
0263-2241/� 2019 Elsevier Ltd. All rights reserved.

⇑ Corresponding authors.
E-mail addresses: nasirizadeh@iauyazd.ac.ir (N. Nasirizadeh), hadibaghersad@

bmsu.ac.ir (M.H. Baghersad).
Saeid Jafari a, Mohammad Dehghani a, Navid Nasirizadeh b,⇑, Mohammad Hadi Baghersad c,⇑,
Mostafa Azimzadeh d,e,f

aYoung Researcher and Elite Club, Yazd Branch, Islamic Azad University, Yazd, Iran
bDepartment of Textile and Polymer Engineering, Yazd Branch, Islamic Azad University, Yazd, Iran
cApplied Biotechnology Research Center, Baqiyatallah University of Medical Sciences, Tehran, Iran
dMedical Nanotechnology & Tissue Engineering Research Center, Yazd Reproductive Sciences Institute, Shahid Sadoughi University of Medical Sciences, PO Box: 89195-999, Yazd, Iran
e Stem Cell Biology Research Center, Yazd Reproductive Sciences Institute, Shahid Sadoughi University of Medical Sciences, PO Box: 89195-999, Yazd, Iran
fDepartment of Advanced Medical Sciences and Technologies, School of Paramedicine, Shahid Sadoughi University of Medical Sciences, Yazd 8916188635, Iran

a r t i c l e i n f o
Article history:
Received 25 February 2019
Received in revised form 19 May 2019
Accepted 21 May 2019
Available online 27 May 2019

Keywords:
Molecularly imprinted polymer
Electrochemical
Cloxacillin
Graphene oxide
Gold nanoparticle
a b s t r a c t

Detection of applied antibiotics in food productions could be the first step to avoid future health conse-
quences. The aim of this work was to the synthesis of molecularly imprinted polymer (MIP) particles via
non-covalent procedure and evaluation of efficiency MIP for the selective collection of Cloxacillin (CLO)
from aqueous and biological samples and consequently quantification of separated CLO using an electro-
chemical nanosensor. The effect of operational parameters including pH, contact time and MIP dosage for
optimization of CLO collection condition were studied. The CLO quantities were determined by a devel-
oped electrochemical nanosensor based on a screen-printed electrode modified with graphene oxide and
gold nanoparticles. The results showed that the optimum conditions for removal of CLO (92%) were deter-
mined at pH = 8.5, with 89 min as contact time and 0.79 g MIP. The linear range was from 110 to 750 nM
and the detection limit of the nanosensor was 36 nM. The performance of the MIP-based nanosensor for
the spiked Cloxacillin detection in real milk samples showed the potential of the developed nanosensor to
be considered in future real sample measurement analysis.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The growing rate of antibiotic usage in modern animal hus-
bandry, especially with excessive dosage, is a new threat for
human health as a food product user, due to the remaining of
antibiotics in the animal products such as meat, milk, etc. There-
fore, there is a need for an efficient system to determine/quantify
these compounds from the food samples or even environment such
as wastewater [1–3].

Cloxacillin (CLO) is a type of beta-lactamase-resistant penicillin.
This antibiotic is used to treat infections caused by Staphylococcus
species, microbial infections with golden staphylose (a bacterium
producing penicillinase), skin infections, and respiratory system.
CLO has oral absorption, but its absorption is reduced taking it with
food. More than 50% of the CLO is absorbed by the oral route and its
concentration reaches its peak after 1–2 h. The half-life of the drug
is between 1 up to 5 h, which increases by up to 2.5 h due to poor
kidney function. About 30–60% of unchanged CLO is usually
excreted by the kidney [4,5].

Various methods such as adsorption with activated carbon [6],
reverse osmosis [7], biological methods [8], as well as advanced
oxidation processes include ozonation [9], photo Fenton [10],
sono-oxidation [11], ultrasound radiation [12], ultraviolet radia-
tion [13] has been used to remove/collect drug compounds from
various samples. In this way, the adsorption process have been
used for a variety of new materials available for the recovery pro-
cess [14]. Researchers synthesis and design a suitable adsorbent,
not only having the ability to absorb compounds, but have high
absorption capacity as well as being stable in basic and acidic envi-
ronments [15–19].

Nowadays, a new generation of polymeric absorbers with
unique properties is used by researchers to reducing compounds

http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2019.05.068&domain=pdf
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in aqueous. It could be to mention the diverse characteristics of
these adsorbents, including selective absorption, high absorption
capacity, high specific surface, chemical, thermal and mechanical
stability, and the reusing ability, in addition capability of using in
aqueous and petroleum media. Molecularly imprinted polymers
(MIPs) are polymeric particles contain selective identification sites
relative to template molecule, which have attracted researchers in
the last decade. During the imprinting process, template molecules
are placed in the 3D polymer network based on shape, size and ori-
entation functional groups [20–22].

To best of our knowledge, few attempts have yet been made to
regarding the synthesis of MIP for antibiotic CLO and its applica-
tion for remove/collect of CLO from aqueous and biological media.
Nevertheless, in the study performed by Ashley et al., [23], the MIP
prepared with CLO was applied for extraction and determination of
CLO using Surface-Enhanced Raman Spectroscopy Nanopillars and
on the other hand, Du et al. [24] describes the application of molec-
ularly imprinted sol–gel material as adsorbents to the extraction of
CLO and recognition of cloxacilloic acid towards CLO.

On the other hand, there are few studies regarding electro-
chemical detection of CLO in food samples. Electrochemical meth-
ods, in comparison with other analytical methods, do poses some
advantages such as high sensitivity, the need of small amount of
sample, low-cost and less complicated methods [25–28]. Further-
more, the application of nanomaterials and nanocomposites in
electrochemical detection methods bring higher sensitivity and
conductivity and enhances the function of the sensing mechanism
[29–31]. In this way graphene derivatives, such as graphene [32],
graphene oxide [33] and reduced graphene oxide [29], have been
used before in electroanalytical methods for their electron transfer
enhancement, providing a media for other molecules/nanoparti-
cles to attach and increase the surface area of the electrode. Gold
nanoparticles (AuNPs) will also provide the same advantages along
with a surface that could be used for electrocatalytic activity [34–
37]

The present study describes for the first time the application of
a MIP imprinted with CLO antibiotic to the direct detection of CLO
from aqueous and milk sample using the pre-concentrate tech-
nique. The selective MIP particles are synthesized by mass poly-
merization in the presence of a template molecule to forming the
MIP. Subsequently, an electrochemical nanosensor for quantifica-
tion of CLO was developed based on a screen-printed carbon elec-
trode (SPCE) modified with the MIP/graphene oxide (GO)/gold
nanoparticles nanocomposite.
2. Experimental

2.1. Materials and instruments

Cloxacillin antibiotic (CLO) (98%) (See Sup. Fig. 1) as template
and 2, 20-Azobis (2-methylpropionitrile) (AIBN) as initiator of poly-
merization, as well as Graphene oxide (GO) (catalog number
763705) and Gold nanoparticles (AuNPs) (average diameter
30 nm, catalog number 753629) were purchased from Sigma-
Aldrich Co. (USA) Ethylene glycol di-methylacrylate (EGDMA) as
cross-linker and Methacrylic acid (MAA) as monomer was obtained
from Merck Co. (Germany). The buffer phosphate solution as car-
rier electrolyte was prepared using 0.1 M H3PO4 and NaOH.

For assessing of MIP performance in removal of CLO from aque-
ous, CLO residues was determined using galvanostat/potentiostat
M101 Autolab (Metrohm, Netherland) attached to NOVA software
and Screen-printed carbon electrode (SPCE, model DRP-C110 from
DropSens Co., Spain). The Field Emission Scanning Electron Micro-
scopy (FESEM) and transmission electron microscopy (TEM) stud-
ies used a TESCAN model MIRA3 FESEM and Carl Zeiss LEO 906
TEM, respectively. The CLO was extracted from MAA/EGDMA
copolymer matrix using soxhlet extractor (Germany).

2.2. Preparation of MIP

The CLO Molecularly imprinted polymer was prepared via the
following procedure which is a slight modification of the previous
protocol [38]. Amount of 9.0 mg CLO as a template, 35.0 mL dry
chloroform and 0.3 mL MAA was added to 100 mL balloon-flask
and stirred for 15 min. Afterward, 20.0 mL EGDMA as cross-linker
was added to the flask, then CLO and MAA were dissolved in chlo-
roform (35.0 mL), and the resulting mixture was stirred for 15 min
and then stood for another 4 h to prepare the pre-assembly solu-
tion. Then, EGDMA and AIBN (initiator, 0.22 g) was dissolved in
the pre-assembly solution. The mixture was sealed and deoxy-
genated with a stream of nitrogen. The obtained pre-
polymerization solution was shaken and stirred at 65 �C for 24 h.
At the end of the reaction, the polymers were separated from the
reaction medium.

Following, the polymers were extracted with MeOH in soxhlex
extractor to remove CLO until no CLO was detected by the electro-
chemical determination in extraction solutions and washed with
MeOH for 24 h. Then, the wet polymers were dried at 60 �C in a
vacuum oven for 24 h. The resulting MIP was used in adsorption
tests for separation of CLO from aqueous media. As a control exper-
iment, non-imprinted polymer (NIP) particles were also prepared
in a similar procedure but without the addition of CLO.

2.3. Experiments of CLO collection performance

The operational parameters include contact time of MIP as
adsorbent, pH and used MIP amount was affected on the removal
efficiency of CLO. In this research, removal conditions of CLO were
optimized using response surface method (RSM) by changing of
contact time, pH and MIP dosage. The RSM consists of a group of
statistical and mathematical methods that allow the optimal con-
ditions to be achieved in complex systems. For the study, the com-
posite statistical design (CCD) was used; this model is a
combination of second-order (quadratic) functions and interaction
coefficients.

Supplementary Table 1 lists the variables and their intervals. By
the introduction of intervals the mentioned parameters to the
Design-Expert software, twenty tests were designed based on the
CCD (Supplementary Table 2). The CLO removal tests were per-
formed out by following way: the identified amount of MIP was
added to a solution containing 0.05 g/L CLO (its pH was adjusted
by PBS according to each test listed in Table 2). The mixture was
gently stirred for about 10–15 min and then the residual amount
of the CLO concentration in solution is determined by differential
pulse voltammetry.

In addition, the textural features of the synthesized MIP were
assessed using N2 adsorption/desorption isotherms at 77 K using
a Belsorp analyzer (BEL Japan Inc). The specific surface area (SBET)
was calculated by Brunauer–Emmett–Teller (BET) gas adsorption
method and the pore size distribution was obtained by means of
Barrett–Joyner– Halenda (BJH) method. The thermogravimetric
analysis was performed in a N2 atmosphere at a heating rate of
10 �C min-1 from room temperature to 800 �C using A Perkin Elmer
TGA 4000 (USA).

2.4. Determination of adsorption capacity of MIP and residues CLO
content

The absorption capacity of the MIP for CLO is determined from
the following equation (Eq. (1)) reported in a previous publication
[39]:
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qe ¼
ðCi � Cf Þ � V

m
ð1Þ

where, q is absorption capacity (mg/g), V is volume solution (L), Ci
and Cf are initial and final CLO concentration in the sample (mg/L)
and m is mass of MIP (g). The CLO collection percentage from aque-
ous was determined by below equation reported in a previous pub-
lication [39]:

Collection %ð Þ ¼ 1� Cf � Cið Þ � 100 ð2Þ
2.5. Determination of CLO using nanosensor

The CLO concentration in solution is determined by the electro-
chemical method using screen-printed carbon electrode (SPCE)
modified with gold nanoparticles and graphene oxide. The modifi-
cation steps of SPCE as a sensor for determination of CLO as fol-
lows. Firstly, a drop containing 2.0 lL of the GO solution
(2.0 mg mL�1) was dropped on the surface of the bare SPCE and
then the electrode was later kept in an isolating container until it
was completely dried. Afterward, a drop of AuNPs dispersion (final
concentration of 25.0 mg mL�1) was placed on the GO-modified
SPCE and the electrode was kept in the sealed and humid container
to be slowly dried. The Differential pulse voltammetry (DPV) anal-
ysis was performed in the 0.1 M phosphate buffer solution (pH 7.0)
in the range of 0.1–1.0 V.
3. Results and discussion

Scheme 1 is representing the process of MIP formation (Sec-
tion A), collecting/pre-concentration of CLP molecules using MIP
(Section B) and fabrication process of the electrochemical nanosen-
sor for CLP quantification (Section C) that is explained earlier in the
experimental section.
Scheme 1. Representation of the MIP fabrication, pre-concentration
3.1. Optimization and characterization of MIP

The response surface graphs are designed to show and estimate
the efficiency of the effective factors in the CLO absorption on MIP
by applying non-dependent variables, as shown in Sup Fig. 2. These
graphs show the effect of interactions between the two factors
from the three factors investigated on the efficiency of CLO remove
from the solution, while the other variables are constant. The Sup
Fig. 2a shows the effect of simultaneous changes in the contact
time (1–120 min) and the amount of MIP (0.01–1.0 g) on the col-
lection percentage of CLO, when pH was equal to 7.92. It can be
seen, by increasing the contact time of MIP in a CLO solution up
to 90 min, the CLO removal efficiency increases. The prolonging
of the contact time of MIP in the solution has no significant effect
on the removal efficiency of CLO.

Adsorbent mass is one of the important factors in removing
contaminants by adsorption. If this amount is less than the
required amount, the absorption step may not be complete and
all of the analyte will not be adsorbed by the sorbent. In this study,
with the increase in the amount of MIP particles, which is used as
an adsorbent to remove CLO, the removal efficiency has increased.
Due to the fact that the number of CLO molecules is constant in the
solution, and by increasing the number of active sites for the
adsorption of CLO molecules, it is possible to improve the CLO
removal process by increasing the amount of MIPs. Similar results
have been reported about increasing the amount of ampicillin
removal by MIPs [18].

The Sup Fig. 2b shows the effect of simultaneous changes in pH
(3–10) and contact time on the removal percentage of CLO while a
MIP value is 0.68 g. It is observed that with increasing pH from 3 to
7, the CLO removal rate with a rather steep slope increased and
then decreased in the range of 7 to 10.

The pH of the solution is one of the affecting factors on chemical
surface properties of the adsorbent, in other words, the surface
and detection of the CLO using the electrochemical nanosensor.



Fig. 1. The SEM imaging representing morphologies of (A) NIP and (B) MIP.
Magnification 10K�. The comparison of adsorption capacity the NIP and MIP
toward CLO. (Conditions: pH = 8.5, 0.79 g MIP and 89 min as contact time (C). The
thermogravimetric analysis of MIPs and NIPs (D). The FT-IR spectra of NIP and MIPs
before and after washing CLO (E).
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charge of absorbent may be varied in acid or alkaline conditions. By
reviewing literature, it can be abundantly found that pKa of MAA,
which is the main body of the polymer, is reported to be about
4.65. This means that the functional groups of COOH are converted
to COOH2

+ in acidic environments (>4.65) and have a positive par-
tial charge [19]. While CLO is also positive in acidic environments,
repulsive positive charges interfere with the interaction between
the CLO functional groups and the carbonyl groups of MAA, as a
result, a less amount of CLO will be adsorbed by the MIP. On the
other hand, in the mildly acidic environment (4.65 < ) to neutral,
the COOH converts to COO�, that is, a negative species in the envi-
ronment, therefore, conditions are appropriate for interactions
between CLO and MIP particles, consequently, the highest remove
is observed in the neutral region. With increasing pH, electrostatic
repulsion between CLO and functional groups at the MIP surface
also increased, resulting in fewer amounts of CLO will adsorbs on
MIP. What can be learned from the results of the effect of contact
time is that the rate of CLO absorption on the MIP particles is
slowly, so that the balance time is observed in 90 min. It seems
that CLO molecules have saturated MIP surface over time, and it
can be said that the adsorption process has reached a balance.
On the other hand, with the increase in the MIP amount in solution,
the removal efficiency of CLO is gradually increased.

In the adsorption process, there are ion exchange site and speci-
fic proprietary positions on the adsorbent surface, where the
antibiotic will interacts to them. The prolonging times, there will
be enough time for interaction of antibiotic molecules with specific
absorption sites. On the other hand, the prolonging the contact
time after reaching the equilibrium caused to some of the adsorbed
molecules on MIP with weak interaction exits from its place and
replaced by another molecule. Thus, we have seen no significant
change in efficiency. Similar studies have been carried out using
different adsorbents on antibiotic removal, where these conducted
to investigate the contact time and the amount of adsorbent.

Du et al. have been used modified silica gel particles for removal
of cloxacillin. It has been reported that the equilibrium time for
antibiotic absorption on these particles is about 2 h [24]. In another
study, kaolin was used to the elimination of tetracycline, where a
balance time of about 5 h has been reported [40]. By comparing
the equilibrium times, we can conclude that the highest removal
efficiency shorter time using proposed adsorbent is obtained than
similar ones.

The morphology of prepared polymer particles in presences
(MIP) and absence (NIP) of CLO molecules (as a template) was
observed by field emission scanning electron microscopy. Due to
the trapping of the CLO molecules in MAA molecular chains during
bulk polymerization and their extraction by the solvent in soxhelt
extractor, numerous cavities are observed at the polymer surface
(Fig. 1A). But, Fig. 1b shows the particle morphology of the NIP pre-
pared from MAA/EGDMA. As shown, we can see a smoother struc-
ture than the MIP due to no CLO adding to the mixture of MAA/
EGDMA during bulk polymerization.

In this study, during the synthesis of NIP (polymer without
molecular imprint), due to the absence of the (CLO) molecule at
polymerization process, it forms a continuous structure with less
porosity than MIP. However, in the SEM image of the MIP, there
is an enormous number of pores. This was due to the formation
of a polymer network around the template molecule, which these
pores created during the extraction process of CLO and its remove
from the polymer matrix. The presence of these pores can help to
increase the effective surface area for contacting the polymer sur-
face with the CLO molecule and thus separating it from the
solution.

The optimum conditions for the removal of CLO were obtained
in pH 8.5, the contact time of 89 min, and 0.79 g MIP. The absorp-
tion capacity of both synthesized polymers of MIP and NIP for CLO
removal in optimal conditions at various concentrations of CLO
was investigated, the results are presented in Fig. 1c. Regarding
the graph, it can be seen that the polymer capacity of MIP
increased with increasing CLO concentration.

Table 1 summarizes data of the N2 adsorption and desorption
analysis on MIP and NIP particles. As shown in the table, the
specific surface area, total pore volume and pore size for MIP are
18.11 cm2/g, 0.52 cm3/g and 42.91 nm, respectively. By comparing
the values of the specific surface, it is confirmed that the imprint-
ing in the polymers is well done.

The FT-IR spectra of the synthesized MIPs and NIPs were
obtained in the range of 500–4000 cm�1 by Bruker Tensor 27 FTIR



Table 1
Data analysis from N2 adsorption–desorption Isotherm.

Sorbent Special surface area
(cm2/g)

Total pores volumes
(cm3/g)

Average of pores
sizes (nm)

MIP 18.11 0.52 42.91
NIP 12.43 0.24 40.45
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Spectrometer. Fig. 1E shows FT-IR spectra of CLO-MIP after and
before removing the template (washed and unwashed, respec-
tively) and NIP. It can be seen that the spectrum of MIPs and NIP
are similar, indicating similarity in the structure of the network.
There is a broad band between 1100 and 1200 cm�1, corresponding
to the stretching vibrations of –C–O–C– that could be attributed to
the link of the MAA monomer and cross-linker EGDMA.

In addition, there are absorptions due to a stretch of the car-
bonyl group (1733 cm�1), CAO stretch (1263 cm�1), and vibration
CAH (756, 1396, 1458 and 2962 cm�1). At 2995 and 2962 cm�1,
are the stretching vibrations of CAH, band at 1458 cm�1 appears
to be due to –CH2–, and the band in 1398 cm�1 may be due to
CH3. The sharp peak at 1733 cm�1 is the characteristic peak of
C@O stretch, due to C@O vibration of EGDMA. Likewise, it was also
identified similarities between the spectrum of the template and
MIP unwashed mainly in the CAN and CAC bonds (500–
1600 cm�1). After washing, the spectra of the MIP are comparable
to the NIP (blank polymer), which indicates that the entire tem-
plate was removed from the MIP unwashed. At the FT-IR spectrum
of MIP unwashed, there are two clear absorptions at 3500 and
1560 cm�1 related to OAH stretch and NAH stretching, respec-
tively. The presence of these peaks can be attributed to the interac-
tion between the hydrogen of the carbonyl groups as well as
nitrogen groups of the CLO with the functional groups of MAA.
Similar results were obtained by Soledad-Rodríguez et al. [16], they
were synthesized MIPs based in MAA as monomer and EGDMA as
cross-linker, found in general, that the FT-IR spectra for all the MIPs
are very similar each to other, consistent with the fact that all the
products were synthesized based on same monomer and cross-
linker, and also there was no significant difference between MIPs
and NIPs.

The N2 adsorption-desorption curves for MIP and NIP particles
was plotted in Sup Fig. 3. As can be seen, N2 absorption curve of
the MIP particle did not overlap on the desorption curve, unlike
absorption- desorption curve of NIP particles. In addition, Table 1
summarizes data of the N2 adsorption and desorption analysis
on MIP and NIP particles. The results of N2 adsorption-
desorption isotherms for MIP and NIP particles are represented
in the Sup Fig 4.

The thermogravimetric analysis (TGA) curves of the MIPs and
NIPs are given in Fig. 1d. It can be seen with the temperature
increase at the range of 250–600 �C, the weight of both polymers
was significantly decreased due to thermal decomposition the
residual organic substrate. There existed about 6.34% difference
in the weight retention between NIP and MIPs. This small differ-
ence in weight retention could be owing to the residual template
molecules in MIPs.

3.2. Evaluation of the separation capacity and selectivity

The maximum absorption capacity (q) of MIP particles was
determined to 280 mg/g. However, the maximum NIP capacity
was 40 mg/g. These results confirm that MIP has a high ability to
absorb CLO. It is likely that low-absorbed amounts on the NIP are
also due to poor physical interactions between CLO and polymer
particles. In the removal of CLO by modified silica particles,
researchers have reported that the maximum absorption capacity
by particles is 6.5 mg/g of absorbent [41]. In another study, the
authors reported that one gram of synthesized MIP particles for
ampicillin can absorb 13.5 mg of antibiotics [42]. Compared to
these cases, the polymer particles prepared in this study are much
more efficient.

High selectivity is one of the most important characteristics of
MIPs to the template molecule. This is probably due to the fact
that, during molecular imprinting, the functional groups of the
template molecules (here CLO) form a unique arrangement toward
the functional groups of monomer units, which is specific to itself.
In order to verify the selectivity of MIPs toward CLO, other h-
lactam antibiotics with similar chemical structures as competitive
molecules: Amoxicillin (AMOX), Oxacillin (OXA), and Penicillin G
(PEN-G) were examined (see Sup Fig. 3). For interference studies,
recoveries of these antibiotics at concentration levels of 1 lMwere
tested by a procedure developed for the MIPs. These results
demonstrated that the synthesized MIP particles for CLO exhibited
specific selectivity towards CLO in the presence of other struc-
turally related compounds, as they are shown in the Sup Fig. 1.

3.3. Characterization of nanomaterials and modified electrode

The TEM image, Fig. 2a, is representing the appropriate condi-
tions of single layer GO and the image of the purchased AuNPs
(Fig. 2b) is representing the correct shape and size and also lack
of agglomeration. Furthermore, the FE-SEM images of the
nanomaterials-modified working area of the SPCEs was shown
the correct assembly and decoration of the nanomaterials. Fig. 2c,
shows a single layer of the GO on the bare SPCE is shown while in
the image of Fig. 2d, the decoration of the AuNPs on the GO-
modified SPCE are characterized. This observation suggests that
AuNPs/GO nano composition has been prepared properly. Further-
more, the Energy Dispersive Spectroscopy (EDS) analysis (Fig. 2e)
shows the elemental composition of the modified electrode and
as it can be seen the carbon, oxygen and gold are the main compo-
nents. This is another evidence that the nanocomposite of gra-
phene oxide and gold nanoparticles are forming the surface of
the modified electrode, to be used as the designed electrochemical
nanosensor.

The Cyclic Voltammetry (CV) and Electrochemical Impedance
Spectroscopy (EIS) as reliable electrochemical characterization
methods were performed to assess the modification steps of the
working electrode. The cyclic voltammograms of the modified
electrodes were recorded in a 0.1 M phosphate buffer containing
5.0 mM K3[Fe(CN)6] at pH 7 and shown in Fig. 3a.

The oxidation peak intensity decreased at the surface of the
electrode after the modification of SPCE with GO, in comparison
to the bare SPCE. This can be interpreted in that GO has a partially
negative charge, and K3[Fe(CN)6] in an aqueous environment has a
negative charge too. The presence of K3[Fe(CN)6] reduced at the
surface of the GO/SPCE due to the repulsion among the same
charges. It can be seen that the oxidation current of K3[Fe(CN)6]
was increased due to the presence of AuNPs at the SPCE surface
modified with GO. Due to its high conductivity, partially positive
charge and very small dimensions, AuNPs increased the effective
surface area of the electrode and the sensitivity of the sensor to
K3[Fe(CN)6]. This observation suggests that the AuNPs/GO hybrid
is a promising material that can improve the electrochemical sen-
sitivity of electrodes for K3[Fe(CN)6] detection.

In the EIS studies, the Nyquist curves consisting of the imagi-
nary part of the impedance versus the actual part at each frequency
in a solution of 5.0 mM K3[Fe(CN)6] containing 1.0 M KCl for vari-
ous electrodes, showed in the Fig. 3b. In EIS, upon modification
of the SPCE with GO, the Rct significantly increased. This could be
due to the insulating nature of the GO [33]. As the SPCE surface
was is modified with AuNPs, the electrode showed lower resis-
tance. This is because AuNPs has a large surface area and good con-
ductivity, and the slope of the linear region that represents the



Fig. 2. The TEM images of the Graphene Oxide (GO) (a) and the Gold Nanoparticles (b). The FE-SEM images of the GO-modified SPCE electrode (c), GO/AuNPs-modified SPCE
electrode (d) and EDX of the GO/AuNPs-modified SPCE electrode (e).
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surface diffusion control process is has increased. It can be con-
cluded that the behavior of the modified electrode is in agree in
both CV and EIS studies.

3.4. Electrochemical detection of CLO in buffer and milk samples

In order to determine of CLO in solution, a calibration curve is
first required to measure the concentration CLO in samples. The
calibration curve was plotted based on the electrochemical sensor
response of AuNPs/GO SPCE towards different concentrations of
CLO, as shown in Fig. 3c. As shown in this Figure, the oxidation
peak current is increased by the gradual increase of CLO concentra-
tion, and there is a direct linear relationship between the concen-
tration and the oxidation peak current, as shown in Fig. 3d. The
residues CLO concentration at any time of the collection process
was calculated based on the peak-oxidation current and using
the equation shown in Fig. 3d. The wide linear range from
110 nM to 750 nM and the detection limit of 36 nM describes a



Fig. 3. The cyclic voltammetry (CV) of the different modified electrode in the 1.0 mM K3[Fe(CN)6] solution in phosphate buffer solution (a) and the Nyquist plot of the
different electrodes in the solution of 5.0 mM K3[Fe(CN)6] containing 1.0 M KCl (b). Differential pulse voltammetry of modified screen-printed carbon electrode with Au
nanoparticles and graphene oxide in buffer phosphate solution (pH 7.0) containing different CLO concentration. Numbers 1–10 represents CLO concentration range in 110–
750 nM (C). The calibration curve of CLO sensor (D).
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sensitive detection method of CLO comparing to previous similar
publications in this field [43–48]. This might be because of applied
graphene oxide and gold nanoparticles for electrode modification
that expand the surface area and also accelerate electron transfer
as well as the electrocatalytic effect of gold nanoparticles. Another
reason could be the use of MIP for pre-concentration of the CLO
molecules prior to being quantified using developed electrochem-
ical nanosensor. In another experiment, the repeatability of the
nanosensor was assessed by 12 replications of the sensor fabrica-
tion process and the relative standard deviation was 4.6% which
is very acceptable.

In addition, the nanosensor has tested for stability in 7 days
after fabrication and the stability was 91.1% compared to the
freshly fabricated biosensor. The repeatability of the nanosensor
was also tested by the nanosensor in 5 replication and relative
standard deviation of replications was 6.1% which is in acceptable
order.

Additionally, in order to evaluate the performance of synthe-
sized MIP particles for absorbing residues CLO values in real sam-
ples such as milk, 0.79 g of MIP particles were added to 20 mL of
milk, which prepared from a livestock farm in Yazd, after stirring
of solution for 89 min, polymer particles were removed from the
milk using a paper filter. The concentration of CLO in the milk
was calculated before and after the addition of MIP particles by
electrochemical nanosensor that discussed earlier, and the average
value of 10 replicates was reported in Table 2. To confirm the
measurement method and high adsorption capability, different
volumes of CLO with given concentration were added to the milk.
The results of this test indicate the proper performance of MIP
adsorbent particles in the effective collection of the antibiotic
residues of CLO from aqueous media that could be used for
Table 2
Results of CLO Measurement in milk sample.

Added (nM) Found (nM) Recovery (%) Relative standard deviation (%)

150.0 152.8 101.8 5.3
250.0 246.7 98.6 4.6
500.0 501.5 100.3 4.3
pre-concentration of the CLO and determined afterward using a
simple developed electrochemical nanosensor.
4. Conclusions

This research focused on the evaluation of MIPs as a sorbent for
the selective recognition and adsorption for CLO to pre-
concentrate. The maximum CLO adsorption capacity on MIP adsor-
bent in the optimum conditions, including pH, 8.5 and contact time
of 89 min, is 280 mg/g. The adsorption selectivity experiments sug-
gested that the MIPs exhibited high affinity toward CLO when com-
pared with NIPs, even in the presence of other compounds. This
high capacity indicates that synthesized MIP particles can be used
to effectively reduce the residue of drug contamination in dairy
samples. The developed electrochemical nanosensor showed a
good electrocatalytic activity towards CLO and the high sensitivity
for CLO detection were of advantages of this method. Finally, the
good function of both pre-concentration and electrochemical
detection of the CLO in a real sample of milk could be a new way
to determine the residual dosage of the CLO antibiotic in dairy
products to avoid consequences of excessive consumption of the
antibiotic in human foods.
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