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Abstract—An electrochemical immunosensor based on screen-printed graphite electrodes is developed for
the determination of the antibiotic chloramphenicol in water and milk samples. It is shown that the immobi-
lization of chloramphenicol-specific antibodies in the liquid-crystal layer of the membrane-like didodecyldi-
methylammonium bromide preserves the mobility and accessibility of active centers of antibodies, and the
addition of gold nanoparticles improves the electron transfer from the electrode surface to the redox centers
of horseradish peroxidase, which is used as a label. The limit of detection of chloramphenicol is 0.02 μg/L in
water and 0.04 μg/L in milk. This method can be used to determine the residual amounts of chloramphenicol
in animal products.
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Chloramphenicol (CAP, ([R–(R*,R*)]-2,2-di-
chloro-N-[2-hydroxy-1-(hydroxymethyl)-2-(4-nitro-
phenyl)ethyl]acetamide, levomycetin, chloromycetin,
synthomycin) belongs to the class of aromatic com-
pounds of amphenicols (Fig. 1); it is a broad-spectrum
antibiotic. The CAP bacteriostatic activity is mani-
fested in the binding of the antibiotic to the 23S rRNA
subunit of the 50S bacterial ribosome, inhibiting pep-
tidyl transferase and disrupting the RNA translation
processes. Chloramphenicol is widely used to treat
infections caused by pathogenic Gram-positive and
Gram-negative bacteria and to suppress rickettsiae,
spirochetes, and chlamydia. Microorganisms acquire
resistance to this antibiotic relatively slowly. However,
administering chloramphenicol orally or intrave-
nously for treating human infectious diseases can
result in toxicity, leading to conditions like aplastic
anemia, irreversible suppression of the spinal cord’s
hematopoietic function, leukemia, etc. [1–3]. Con-
sidering its potential hazards to human health, chlor-
amphenicol should be classified as an antibiotic with
restricted usage. Consequently, its application in clin-

ical medicine has been limited to specific fields such as
ophthalmology and the treatment of superficial skin
inflammations. Due to its effectiveness and relatively
low cost, chloramphenicol is still actively used in vet-
erinary medicine, animal husbandry, and poultry
farming, including for the prevention of infectious dis-
eases. Therefore, the ingress of the antibiotic itself and
its metabolites in animal products remains highly
probable. The Food and Drug administrations of the
European Union, the United States, China, and the
Republic of Belarus have set the minimum required
detection limit for chloramphenicol or its metabolites
in foodstuffs at 0.3 μg/kg. On the territory of the Cus-
toms Union, the residual concentration of chloram-
phenicol in food products of animal origin should not
exceed 10 μg/kg, and it is limited to only 0.3 μg/kg in
products intended for baby food [4, 5]. Thus, the
development of methods for the highly sensitive and
selective determination of trace amounts of chloram-
phenicol in food products is an urgent task.

Currently, high-performance liquid chromatogra-
phy, enzyme immunoassay (ELISA), thin-layer chro-
matography, and microbiological methods are applied
for the certification and sanitary and hygienic control
of agricultural products for the concentration of chlor-
amphenicol. The highest sensitivity is typical for
HPLC with tandem mass spectrometry (the detection
limit of chloramphenicol is 0.2 μg/kg), but there is a

Abbreviations: AuNP, gold nanoparticles; CAP, chlorampheni-
col; CVA cyclic voltammogram; DDAB, didodecyldimethylam-
monium bromide; ELISA, enzyme-linked immunosorbent
assay; HRP, horseradish peroxidase; SPE, screen-printed
graphite electrode.
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Fig. 1. Chemical structure of chloramphenicol.
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high relative standard deviation of the determined
concentration values in the range from 0.2 to 1.0 μg/kg
[4]. The cost of equipment associated with this
method poses a significant limitation to its widespread
use. Microbiological methods, in contrast, are quite
inexpensive and easy to apply, but they are character-
ized by low sensitivity and specificity, and their detec-
tion limits for chloramphenicol are higher than those
specified in the standards. The ELISA approach is
widely used for the screen inspection of samples of
food raw materials for a residual amount of chloram-
phenicol. These methods are characterized by high
levels of specificity and accuracy, enabling the analysis
of numerous samples quickly. The limit of determina-
tion of chloramphenicol here is 0.3–0.7 μg/kg,
depending on the type of product (eggs, milk, meat)
[6]. However, small laboratories require portable ana-
lytical devices to efficiently monitor the chloramphen-
icol concentration.

The aim of this study is to develop an immunosen-
sor with electrochemical detection for the determina-
tion of chloramphenicol in aqueous solutions and
milk. Immunosenors were created using screen-
printed graphite electrodes (SPEs) that have a high
level of standardization, surface chemical modifica-
tion capability, a broad range of potentials, minimal
background current, and low cost [7]. This study
involved several tasks: selecting a principle for deter-
mining chloramphenicol, optimizing antibody immo-
bilization on the SPE surface, determining conditions
for detecting chloramphenicol, and using the newly
developed immunosensor for detecting chloramphen-
icol in milk and water samples.

EXPERIMENTAL
Materials

We used didodecyldimethylammonium bromide
(DDAB), HAuCl4⋅3H2O, sodium borohydride, cate-
chol, horseradish peroxidase (Sigma-Aldrich, United
States), hydrogen peroxide, ferrocyanide, casein,
acids, alkalis, and inorganic salts—components of
buffer systems of high-purity grade (Khimmed, Rus-
sia). Buffer solutions were prepared using deionized
water (Milli-Q System, United Kingdom). Polyclonal
antibodies to chloramphenicol were provided by NVO
Immunotek (Russia); and the chloramphenicol con-
jugated with horseradish peroxidase (HRP) was
obtained according to the procedure [8]. Milk samples
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with 3.2% fat content were purchased from a retail
chain in Moscow. We used three-contact electrodes
with a graphite working electrode (diameter 2 mm), an
auxiliary electrode, and the silver–silver chloride ref-
erence electrode (SPE) obtained by the ColorElec-
tronics screen printing procedure (Russia,
http://www.colorel.ru). The spectral studies were car-
ried out using a UV 1602 spectrophotometer (Shi-
madzu, Japan); electrochemical measurements were
conducted using an Autolab 12 potentiostat (Metrohm
Autolab, Netherlands) with the GPES software (ver-
sion 4.9.7). Electrochemical studies were performed
in a 0.1 M potassium phosphate buffer solution con-
taining 50 mM NaCl, pH 7.4 (PPB) at room tempera-
ture. Cyclic voltammograms (CVAs) were recorded at
a scan rate of 10 to 100 mV/s. All electrochemical
potentials are given relative to the silver–silver chlo-
ride (Ag/AgCl) reference electrode.

Synthesis of a DDAB-Stabilized Colloidal Solution 
of Gold Nanoparticles

A 0.5-mL portion of a 10 mM aqueous solution of
HAuCl4⋅3H2O was added to 1 mL of 0.1 M DDAB in
chloroform upon stirring. Then, 0.2 mL of a freshly
prepared 0.4 M aqueous solution of NaBH4 was slowly
added upon vigorous stirring. After 2 h, the colored
organic layer was separated and washed with the same
volume of water. The colloidal solution of gold
nanoparticles (AuNPs), stabilized by DDAB in chlo-
roform, was characterized by absorption spectroscopy.
The concentration of gold nanoparticles in 0.1 M
DDAB in chloroform was calculated according to the
reaction stoichiometry.

Preparation of Immunosensors and Determination
of Chloramphenicol

A 2-μL portion of a 5 mM colloidal gold solution in
0.1 M DDAB in chloroform was applied to the SPE
working surface. After chloroform evaporation for 10
min, the immunoglobulin fraction of antibodies at a
concentration of 5 μg/mL was applied. The fraction
was obtained from antiserum by double reprecipita-
tion with ammonium sulfate, followed by dialysis
against PPB. The electrodes were left for 12 h at +4°C
in a humid chamber to prevent the electrodes from
drying completely. The resulting electrode was washed
in a f low system for 5 min in a PPB solution contain-
ing a 0.5% Tween-20 solution (PPBT) and then in a
PPB solution (flow rate 1 mL/min). Then, a solution
consisting of a mixture of standard solutions of chlor-
amphenicol and a chloramphenicol–HRP conjugate
in a buffer containing a 0.5% casein solution was
passed through the electrode for 20 min. The reference
chloramphenicol solutions with concentrations of 0,
0.05, 0.1, 0.3, 1.0, 3.0, and 10.0 μg/L were prepared in
a buffer solution from an antibiotic stock solution in
methanol (1 mg/mL). After washing the electrode in
ITY CHEMISTRY BULLETIN  Vol. 78  No. 5  2023
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Fig. 2. Schematic representation of a printed graphite electrode, modification of its working surface, and competitive enzyme
immunoassay of chloramphenicol with electrochemical detection.
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PPBT and PPB solutions in a f low system for 5 min
(flow rate 1 mL/min), the electrochemical activity of
HRP was determined by passing the substrate of
hydrogen peroxide and a catechol mediator. The cali-
bration curves of the dependence of the recorded cur-
rent on the chloramphenicol concentration were plot-
ted. The detection limit of chloramphenicol was deter-
mined as the average of the maximum current of the
chloramphenicol-free solution minus three standard
deviations.

RESULTS AND DISCUSSION

The Principle of Determining Chloramphenicol
with Electrochemical Biosensors

Electrochemical analysis methods are the founda-
tion for portable analytical devices that have gained
increasing attention in recent years. These devices
require high selectivity and sensitivity and must be
compatible with programmable compact recording
devices. Furthermore, they should be seamlessly inte-
grated with mobile devices and smartphones [9, 10].
The low dependence on environmental factors is an
undeniable advantage of electrochemical biosensors.
The combination of specificity and sensitivity of
ELISA with a shorter analysis time and a decreased
number of reagents used, which are characteristic of
electrochemical detection methods, opens up broad
prospects for the development of immunosensors for
the determination of various biologically active com-
pounds. Using electrodes produced by screen-printing
with a working graphite electrode improves the repro-
ducibility of the system, cuts costs, and simplifies the
analysis. Such electrodes have a low background cur-
rent and a wide range of potentials used [7, 11, 12].
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
To determine chloramphenicol, we proposed an
immunosensor that uses a direct circuit of a competi-
tive enzyme immunoassay, which is fastest (the deter-
mination is performed in one stage) and most sensitive
for the determination of small haptens. This assay for-
mat is based on a competition between native chlor-
amphenicol and the chloramphenicol–HRP conju-
gate for a limited number of antibody active sites
immobilized on the SPE working surface. Schematic
representations of the SPE, modification of its sur-
face, and analysis with the use of the electrode are
shown in Fig. 2.

Immobilization of Antibodies on the Immunosensor 
Working Surface

Antibodies immobilized on the electrode surface
are the main biorecognizing element of immunosen-
sors. Immobilization of proteins on various surfaces
may be accompanied by partial denaturation or inac-
cessibility for interaction with ligands [13]; therefore,
the preservation of the activity and conformation of
their active centers, as well as their orientation relative
to the electrode surface, are key factors affecting the
sensitivity of immunosensors. To improve the stability
and preserve the properties of the immobilized pro-
teins, the electrodes are modified with membrane-like
synthetic surfactants, for example, didodecyldimeth-
ylammonium bromide (DDAB), dihexadecyl phos-
phate (DHP), lecithin, and dimyristoylphosphatidyl-
choline, which form stable lyotropic liquid crystal
films on the electrode surface [14–17]. In this study,
we used DDAB, an amphiphilic surfactant compound
that forms a multilayer permeable film on the surface
of graphite that simulates biological membranes [18].
Thus, antibodies are placed in the layer formed by the
hydrophobic “tails” of a synthetic surfactant, preserv-
 78  No. 5  2023
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Fig. 3. Cyclic voltammograms of screen-printed graphite electrodes with immobilized antibodies after interaction with chloram-
phenicol–horseradish peroxidase conjugate. Antibody (Ab) immobilization methods: (1) SPE/Ab, (2) SPE/DDAB/Ab,
(3) SPE/DDAB/AuNP/Ab. The measurements were carried out in a 0.1 M potassium phosphate buffer solution (pH 7.4) con-
taining 50 mM NaCl, 0.5 mM hydrogen peroxide, and 0.1 mM catechol. Potential range –0.5 to +0.5 V; scan rate 50 mV/s.
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ing their biological activity. The DDAB film was sup-
plemented with AuNPs, which function as electrical
signal transducers and have been demonstrated to
facilitate electron transfer between a protein’s redox
center and electrode surfaces [19, 20]. Three types of
electrodes were used to study the retention of the rec-
ognition activity of the active sites of antibodies on the
SPE with respect to chloramphenicol:

(1) unmodified graphite electrodes (SPE);
(2) electrodes modified with synthetic membrane-

like DDAB (SPE/DDAB);
(3) electrodes modified with DDAB and gold

nanoparticles (SPE/DDAB/AuNP).
The antibody immobilization efficiency was calcu-

lated based on the electrochemical signal strength
after the formation of an immobilized antibody com-
plex with a chloramphenicol–HRP conjugate at a
constant concentration. The number of complexes
formed on the electrode surface was proportional to
the electrochemical activity of the label enzyme
(HRP) in the electroreduction of hydrogen peroxide.
Catechol was used as a mediator, which does not oxi-
dize by hydrogen peroxide in the absence of peroxi-
dase. The CVAs of the differently modified SPE with
immobilized polyclonal antibodies to chlorampheni-
col, which were obtained after incubating them with
the chloramphenicol–HRP conjugate, are presented
in Fig. 3.

The highest electrochemical activity of HRP in the
composition of immune complexes was observed for
MOSCOW UNIVERS
the electrodes modified with DDAB/AuNP (Fig. 3,
curve 3). The maximum amplitude of the peaks of
electrooxidation and electroreduction of catechol as a
mediator was significantly higher for DDAB/AuNP
electrodes compared to electrodes modified only with
DDAB: by a factor of for the oxidation peak and by a
factor of three for the reduction peak. Thus, the com-
parison of different methods of immobilization sug-
gests that the use of electrodes modified with DDAB
and colloidal gold (DDAB/AuNP) yields an immuno-
sensor with immobilized antibodies that better retain
the availability and activity of their antigen-binding
sites compared to that modified with only DDAB or
unmodified graphite. We assume antibodies immobi-
lized in a DDAB liquid-crystal layer on the SPE sur-
face retain the mobility of their active centers better,
which ensures their availability for binding with the
antigen. The high permeability of the DDAB layer
facilitates electrolyte and mediator particle penetra-
tion from the bulk of the solution, while AuNPs boost
the electron transfer from the electrode surface to the
enzyme redox centers.

Direct Determination of Chloramphenicol Using
Label-Free Immunosensors

We studied the possibility of the direct determina-
tion of chloramphenicol using electrodes with immo-
bilized antibodies in a layer of DDAB with AuNPs. We
recorded the CVA of the electrodes by passing chlor-
amphenicol solutions in PPB with different concen-
ITY CHEMISTRY BULLETIN  Vol. 78  No. 5  2023
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Fig. 4. (a) Cyclic voltammograms of the SPE/DDAB/AuNP/Ab electrodes obtained at different concentrations of chloramphen-
icol: (1) 1, (2) 100, (3) 10, (4) 1, (5) 0.1, (6) 0.01, and (7) 0. Measurements were carried out in a 5 mM K3Fe(CN)6 solution; scan
rate 50 mV/s. (b) Calibration curve for the determination of chloramphenicol in a 0.1 M potassium phosphate buffer solution con-
taining 50 mM NaCl (pH 7.4).
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trations (Fig. 4a). A 5 mM K3Fe(CN)6 solution was
used as a supporting electrolyte. Changes in the maxi-
mum amplitude of the peaks of reduction and oxida-
tion of the electrolyte depended on the chloramphen-
icol concentration. Using a DDAB liquid crystal layer
with AuNPs improves the electron transport proper-
ties of the electrolyte. The maximum amplitude of the
reduction current depends on the chloramphenicol
concentration (Fig. 4a) and can be used as an analyti-
cal signal in its determination. Figure 4b shows the
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
calibration curve obtained from the dependence of the
cathode current at a voltage of 0.1 V on the chloram-
phenicol concentration. With an increase in the chlor-
amphenicol concentration, a proportional increase in
the cathode amplitude current is observed. The detec-
tion limit of chloramphenicol was determined as the
maximum amplitude of the electroreduction peak of a
K3Fe(CN)6 solution without chloramphenicol, plus
three times the standard deviation. The detection limit
was 0.2 μg/L.
 78  No. 5  2023
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Fig. 5. Calibration curves for the determination of chloramphenicol using SPE/DDAB/AuNP/Ab immunosensors in (1) buf-
fer and (2) milk. The measurements were carried out in a f low cell in the presence of 0.5 mM hydrogen peroxide and 0.1 mM
catechol.
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Determination of Chloramphenicol by Competitive 
Immunosensor Assay

To determine chloramphenicol using immunosen-
sors, we developed a competitive immunoassay proce-
dure: a mixture of standard solutions of chloramphen-
icol and a chloramphenicol–HRP conjugate at a con-
stant concentration were simultaneously passed
through the electrodes with immobilized antibodies.
In this case, the number of HRP-labeled immune
complexes on the electrode surface is inversely pro-
portional to the chloramphenicol concentration. The
number of immune complexes with HRP was deter-
mined from the electrochemical activity of the label
enzyme in the electroreduction of hydrogen peroxide
using catechol as a mediator.

The titration curves of immobilized specific anti-
bodies with chloramphenicol–HRP conjugate on the
surface of electrodes modified with a synthetic mem-
brane-like compound DDAB and gold nanoparticles
AuNPs (SPE/DDAB/AuNP) revealed the optimal
concentrations of immunoreagents for the analysis of
chloramphenicol in buffer and milk The concentra-
tions of catechol and hydrogen peroxide, as well as the
parameters and conditions of the analysis, were opti-
mized to ensure its optimal sensitivity.

Figure 5 shows the typical calibration curve for the
determination of chloramphenicol in buffer using
0.5 mM hydrogen peroxide and 0.1 mM catechol. The
MOSCOW UNIVERS
detection limit for chloramphenicol was 0.02 μg/L.
The analytical range of chloramphenicol concentra-
tions, defined as the region of the 20–80% binding of
the conjugate, was 0.02–40 μg/L. The procedure
demonstrates high levels of accuracy and reproducibil-
ity: the relative standard deviations of the determina-
tion of chloramphenicol in buffer solutions containing
0.1, 0.5, and 3.0 μg/L of chloramphenicol amounted
to 8.9, 7.6, and 7.1% for three different days (n = 3, P =
0.95), respectively. The SPE modified with DDAB
and AuNPs showed operational stability: the residual
activity of the electrode was maintained at 95% after
3 h of continuous operation. The reagents required for
analysis are stable for at least 6 months if stored at
+4°C. The analytical characteristics of the developed
method are superior in sensitivity and analytical range
to the standard ELISA method using 96-well plates
(Table 1).

Since chloramphenicol is widely used in veterinary
medicine, animal husbandry, and poultry farming,
including for the prevention of infectious diseases, the
probability of the antibiotic itself and its metabolites
getting into animal products is quite high. The devel-
oped immunosensor (SPE/DDAB/AuNP/CAP anti-
bodies) for the quantitative analysis of the antibiotic
was used to determine it in milk samples. To eliminate
the matrix effect of milk components on the results of
the quantitative determination of chloramphenicol,
ITY CHEMISTRY BULLETIN  Vol. 78  No. 5  2023
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Table 1. Comparison of the performance of the determination of chloramphenicol using immunosensors with other immu-
noassay methods

Method of determination Limit of detection,
μg/L

Range of linear 
concentrations, μg/L Reference

Immunosensors based on SPE
with electrochemical detection

0.02 0.02–40 This study

ELISA, spectrophotometric detection 0.3 0.3–100  [6]

Table 2. Results of the determination of chloramphenicol in milk samples using immunosensors

Sample
Chloramphenicol concentration (c ± σ), μg/L

Recovery, %
added found

1 0.50 0.47 94 ± 12

2 1.00 0.56 89 ± 8

3 5.00 5.8 116 ± 16
we diluted the milk samples with a buffer solution
without additional sample preparation. The dilution
of milk samples with 3.2% fat content by a factor of
five made it possible to obtain results close to those
found from the standard calibration curve in a buffer
solution (Fig. 5). The limit of detection of chloram-
phenicol in milk was 0.04 μg/L; the linear range of
determined concentrations was 0.04–80 μg/L; and
the recovery rate of chloramphenicol by the standard
addition method was 89–116% (Table 2).

Thus, the study demonstrated the advantages of
immobilizing antibodies in the liquid crystal layer of
DDAB formed on the surface of graphite electrodes
and adding AuNPs to them to preserve the immuno-
logical activity of antibodies and efficient electron
transfer, which is crucial for the analytical sensitivity
of the method for determining chloramphenicol. An
electrochemical immunosensor based on screen-
printed graphite electrodes is developed, which can
determine the residual amount of chloramphenicol in
food products.
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