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A B S T R A C T   

Antibiotics in water bodies have raised global concerns due to the risk of developing drug-resistant bacteria 
stains. Thus, the occurrence of macrolide antibiotic residues in environmental waters has attracted significant 
attention lately. Herein, a composite material comprised of Super P carbon black particles and chitosan was 
developed as an electrochemical sensor to determine macrolide antibiotics, including erythromycin, azi-
thromycin, clarithromycin, and roxithromycin. The electrode was characterized by cyclic voltammetry, elec-
trochemical impedance spectroscopy, scanning electron microscopy, and Raman spectroscopy. The proposed 
sensor coupled to a batch injection analysis system proved to be rapid (125 injections h− 1), reproducible (RSD =
2.60%), and present a wide linear range (1.0–190.0 µmol L− 1). Also, it was successfully applied for the direct 
determination of the four macrolide antibiotics in water and pharmaceutical samples. Recovery tests were 
performed on both samples, in which recovery values between 96.0% and 104.7% were achieved for tests 
performed on environmental samples, and between 95.6% and 105.1% for tests performed on pharmaceutical 
samples, proving the excellent accuracy of the system. Based on electrochemical/physicochemical character-
izations and sensing performance, the applicability of this material was demonstrated as an attractive alternative 
for use in routine analysis from economic and portability points of view.   

1. Introduction 

Macrolides have been categorized as a critically important class of 
broad-spectrum antibiotics that effectively treat infectious diseases 
caused by gram-positive and gram-negative bacterias. The antimicrobial 
effect of macrolides is based on blocking the activity of peptidyl t-RNA 
on the 50S ribosome, inhibiting protein synthesis during bacterial 
replication [1,2]. Erythromycin (ERY) was the first macrolide antibiotic 
to be identified and present clinical applications, from which Azi-
thromycin (AZI), Clarithromycin (CLA), and Roxithromycin (ROX) were 
synthesized through small structural changes (Fig. 1) [3]. These com-
pounds are widely used in the treatment of infectious diseases as they 
are active against most infections, especially in the respiratory tract, and 

can act against atypical respiratory pathogens. Owing to their efficiency 
and low cost, they are often used in human and veterinary medicine, 
treating and preventing diseases [4]. 

The indiscriminate use of these drugs worldwide has been causing 
severe effects to the environment and, consequently, to the living beings, 
since 30%–90% of macrolide antibiotics are eliminated intact (non- 
metabolized) through urine and feces [5,6]. Recent studies have detected 
macrolide antibiotics in surface waters, sediments, and river and lake biota 
[7,8]. Therefore, the frequent exposure of aquatic microorganisms to these 
antibiotics can lead to another significant problem: the emergence of 
resistant bacteria. As they represent a threat to the environment, a report 
produced by the European Commission in 2015 includes the macrolide 
antibiotics ERI, AZI, and CLA in a list that contains the ten substances 
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potentially harmful to the environment and that require better control [9]. 
Thus, the importance of analytical methods in monitoring these com-
pounds in the environmental samples becomes evident. 

Some analytical methods are reported in the literature for the 
determination of macrolides, e.g., spectrophotometric [10], capillary 
electrophoresis [11], and chromatographic methods [12,13]. Liquid 
chromatography-mass spectrometry (LC-MS) is the most used technique 
for quantifying macrolide antibiotics in environmental and pharma-
ceutical samples [13]. This technique has high sensitivity, selectivity, 
accuracy and presents the possibility of simultaneous determination of 
several species in a single analysis. However, they require strict sample 
treatment and pre-concentration steps, generating large amounts of 
toxic waste. Also, the instrumentation is expensive, and analyzes must 
be performed in a laboratory without the possibility of fieldwork [14]. 

Therefore, electrochemical methods are an attractive alternative for 
the efficient and straightforward determination of pharmaceutical com-
pounds in various sample matrices [15,16]. These methods generally do 
not require prior sample treatment, and when necessary, they are per-
formed effortlessly, with low-cost instrumentation compared to chro-
matographic methods. When electrochemical methods are associated with 
hydrodynamic systems, such as Batch Injection Analysis (BIA), the gain in 
speed and efficiency is notorious; also, the use of screen-printed electrodes 
(SPE’s) promote the portability of this method, facilitating the analysis 
under environmental conditions at the sample collection site [17,18]. The 
modification of working electrodes is widely explored in electrochemical 
methods to achieve greater sensitivity, stability, and low limit of detection 
(LOD) and quantification (LOQ). Modifiers based on gold nanoparticles 
[19], graphene oxides [20], and composites based on molecularly 
imprinted polymers (MIP’s) with metallic nanoparticles and carbon 
nanotubes were used recently to improve the analytical performance of 
electrochemical sensors in the detection of antibiotics, increasing the 
number of electroactive sites and improving the electronic transfer rate at 
the electrode/solution interface [21,22]. 

Carbon nanostructures are always an excellent choice to improve the 
performance of electrochemical sensors. In the light of this, films based 
on carbon black (CB) nanoparticles have increased relevance as modi-
fiers for electrodes [23–25]. CB is a low-cost amorphous carbon 
(approximately 1 euro/Kg) formed by roughly spherical particles, pro-
duced from incomplete carbon burning or through the pyrolysis of 
carbonaceous materials in the industry [25,26]. From an electro-
chemical point of view, CB has desirable characteristics such as high 
surface area, chemical stability, high conductivity, and the ability to 
form stable dispersions [25]. Silva and collaborators recently used a film 
based on CB (Vulcan XC72R) and chitosan to determine the antihyper-
tensive losartan in pharmaceutical compounds and synthetic biological 
fluids [27]. The sensor was stable and reproducible, with a wide linear 
range and limit of detection less than 1.0 µmol L− 1. 

Herein, we present a simple, rapid, versatile, and low-cost method 
for the determination of ERY and its derivatives AZI, CLA and ROX, in 
environmental and pharmaceutical samples, using carbon electrodes 
modified with Super P carbon black film (SPCB) and chitosan (CT), 
coupled to a batch injection analysis system with amperometric detec-
tion (BIA-AMP). To fulfill the demand for a low-cost, compact, and easy- 
to-use device, the proposed method additionally takes advantage of the 
reduced size of screen-printed electrodes and the CB electrochemical 
capabilities. A study of the voltammetric behavior of the prototype 
macrolide ERY on the modifying film, optimization of all experimental 
parameters, and application of the method was carried out. Also, elec-
trochemical/physicochemical characterizations were performed, sup-
porting the sensing performance. 

2. Experimental 

2.1. Reagents e solutions 

Deionized water (resistivity ≥ 18 MΩ cm− 1) was obtained from a 

Milli-Q system (Millipore, Bedford, MA, USA) and used to prepare all the 
solutions. Also, all the reagents were of analytical grade and used as 
received. The reagents ERY, AZI, CLA, and ROX were purchased from 
Sigma Aldrich, and the solutions were prepared one day before the ex-
periments. The solvent mixtures used for the antibiotics solutions 
preparation comprised ethanol:deionized water (v/v) at different ratios: 
50:50 (ERY), 70:30 (AZI and CLA), and 80:20 (ROX). For improved 
dilution, an ultrasonic bath was used for 5 min. Britton-Robinson (BR) 
buffer solution, used as a supporting electrolyte in the initial voltam-
metric measurements, was prepared from stock solutions containing 
acetic acid (Merck, Darmstadt, Germany), phosphoric acid, and boric 
acid (Isofar, Duque de Caxias, Brazil), 0.1 mol L− 1 each. 2.0 mol L− 1 

NaOH solution (Isofar, Duque de Caxias, Brazil) was added for pH 
adjustment. Sörensen buffer solution, used as a supporting electrolyte in 
amperometric measurements, was prepared from a mixture of 0.1 mol 
L− 1 Na2HPO4 and KH2PO4 stock solutions in the ideal proportion for the 
required pH value. [28]. 

2.2. Instrumentation 

Cyclic voltammetry (CV) and amperometry (AMP) measurements 
were performed using an Ivium CompactStat.h portable potentiostat 
(Ivium Technologies, Eindhoven, Netherlands) connected in a computer 
equipped with IviumSoft software (version 2.783). Electrochemical 
Impedance Spectroscopy (EIS) measurements were performed using a 
FRA2 module coupled to an Autolab PGSTAT 302 N potentiostat/gal-
vanostat (Metrohm Autolab B.V., Utrecht, Netherlands) interfaced to a 
computer equipped with NOVA software (version 2.1.4). A system 
composed of a glass electrochemical cell (15 mL) and a Teflon® cap, 
adapted to accommodate three electrodes, was used in the initial CV and 
EIS measurements. We used a glassy carbon (GCE, 3.0 mm in diameter), 
an Ag/AgCl, KCl(sat.), and a platinum wire as working, reference, and 
counter electrodes, respectively. 

BIA-AMP measurements were performed in a system similar to that 
described by Cardoso et al. [29]. The BIA cell consisted of a cylindrical 
container with a maximum capacity of 100 mL, produced in a 3D printer 
using an ABS filament (Acrylonitrile Butadiene Styrene) by the Fused 
Deposition Modeling (FDM) technique. A single channel EDP3-Pus 
electronic micropipette (Raynin, MA, USA) was used to inject standard 
solutions and samples in the upper part of the cell. At the bottom of the 
cell, a compartment accommodated the screen-printed electrodes (SPEs) 
(Dropsens, Oviedo, Spain), which remained in contact with the elec-
trolyte solution through a hole. An “O-ring” was used to limit contact 
with the region of the three electrodes: work, auxiliary, and pseudo- 
reference (PRE) electrodes. 

2.3. Preparation of the modified electrodes 

The method for obtaining the electrode modifier was based on the 
literature, with modifications [25,27]. In a typical procedure, the CB 
powder was dispersed in 300 µL of dimethylformamide before adding 
400 µL of 0.1% chitosan solution (prepared in 1.0% acetic acid) and 300 
µL of deionized water. This mixture was maintained under sonication at 
59 kHz for 120 min. 

Before each modification, the glassy carbon electrode (GCE) and 
SPEs surface were carefully cleaned. GCE was polished on abrasive 
paper and synthetic diamond suspension (Kemet, China), followed by 
rinsing with deionized water. The SPEs were only cleaned with light jets 
of deionized water before each modification. The electrodes were 
modified using the drop-casting method, i.e., by adding on the surface of 
the working electrode 10 µL of the CB dispersion in two successive steps 
of 5 µL. After each step, the electrodes remained under an airflow at a 
moderate temperature (around 34 ◦C) for 10 min or the time necessary 
for solvent evaporation and film formation. After the modification, the 
GCE and SPEs were called SPCB-CT/GCE and SPCB-CT/SPE, 
respectively. 
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2.4. Physical characterizations 

The samples for microscopy analyzes were prepared by drop-casting 
an isopropanol suspension of the materials over a carbon-coated copper 
grid, followed by drying under ambient conditions. Field-strength 
scanning electron microscopy (FEG-SEM) images were obtained using 
JEOL® JSM-IT300 (JEOL, Tokyo, Japan), operating at 5 kV. The parti-
cles sizes range of SPCB was determined using the open-source image 
processing program ImageJ. Raman spectroscopy was recorded with a 
micro-spectrometer model LabRAM (Horiba, Tokyo, Japan) at room 
temperature in the 200–4000 cm− 1 region using a He-Ne laser as the 
excitation source through an Olympus TM BX41 microscope operating at 
a wavelength of 512 nm and maximum output power of 5.9 mW. 

2.5. Water and drug samples 

Water samples were collected from a lagoon located in the Federal 
University of Maranhão (São Luís, Maranhão, Brazil). After collection, 
samples were stored in the absence of light and at 4 ◦C until usage. 
Analyzes were performed without any previous sample treatment, with 
only a dilution in support electrolyte (1:5 v/v). Some samples were 
enriched with antibiotic standards at different concentrations to perform 
addition and recovery tests. Drug samples containing AZI and CLA were 
purchased at a local drugstore and were analyzed using the proposed 
methodology. Three capsules of each drug were weighed, macerated, 
and the average mass of a single capsule was determined. Then, these 
drug masses were dissolved in 100 mL of ethanol:water mixture (70:30 
v/v), which was kept in an ultrasonic bath for 20 min for complete 
solubilization of the analytes; the insoluble excipients were removed by 
simple filtration, obtaining a clear stock solution. 

2.6. Analytical procedures 

A preliminary voltammetric study was conducted to prove the elec-
troactivity of ERY and compare the analytical signals between GCE and 
SPCB-CT/GCE. These measurements were performed in the absence and 
presence of 40.0 µmol L− 1 of ERY in an electrochemical cell containing 
0.1 mol L− 1 of BR buffer (pH 7.0). After that, other optimization steps of 
experimental parameters were carried out to obtain a better analytical 
response. Thus, the modifier parameters (CB concentration and disper-
sion volume) and the supporting electrolyte (composition, concentra-
tion, and pH) were evaluated. These parameters were used in a portable 
BIA-AMP system, in which the working potential, injection volume, and 
dispensing rate of the electronic micropipette were also optimized. Intra 
(n = 25) and inter-day (n = 10) repeatability studies were performed to 
assess the proposed method’s precision. The calibration curves for ERY, 
AZI, CLA, and ROX were obtained by successive injections (n = 3) of 
standard solutions of each antibiotic in the BIA cell containing 50 mL of 
the supporting electrolyte. LOD and LOQ values were obtained 
following IUPAC recommendations [30] using the following equations: 

3 × SDb/m(LOD)

10 × SDb/m(LOQ)

where SDb is the standard deviation of ten measurements of the blank 
solution (supporting electrolyte only) and m is the analytical sensitivity. 

The Randles–Ševćik equation was used to estimate the electroactive 
surface area of studied working electrodes: [31] 

Ip = 2.686x105n3/2ACD1/2v1/2  

where D = 7.6 × 10− 6 cm2 s− 1, n = 1, C = 1.0 × 10− 6 mol cm− 3. 
The number of transferred electrons (n) in the ERY oxidation was 

obtained from the equation:  
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where Ep is the peak potential, Ep/2 is the half-wave potential, and α is 
the electron transfer coefficient (α = 0.5 for irreversible processes). 

The determination of each antibiotic in water and drug samples was 
performed by constructing a calibration curve through injections of 
standard solutions (10.0–160.0 µmol L− 1), followed by injection of 
sample solutions (s). Injections of sample solutions enriched with stan-
dards of the respective antibiotics (r1 and r2) were performed, and an 
additional calibration curve was constructed in the inverse direction of 
concentration (160.0–10.0 µmol L− 1). 

3. Results and discussion 

3.1. Morphological and electrochemical characterization of the material 

SPCB is neglected in publications for GCEs modification in sensing 
applications, which is intriguing once different CB types are well-known 
as excellent materials for electrode improvement due to their nano-
dimension [25]. Therefore, we decide to study such material as this can 
be part of a valuable field to explore. Usually, a binder agent must be 
chosen for the GCE modification to guarantee adhesion; for our pro-
poses, we chose CT due to previous literature on CB application in the 
sensing field [27]. Also, initial assessments of the GCE modification with 
SPCB without CT proved to be insufficient to maintain the material over 
the electrode surface. 

FEG-SEM analyses were conducted on the SPCB before and after the 
CT modification, as shown in Fig. 2a,b. One can notice that the nano-
metric amorphous carbon particles observed in the bare SPCB (Fig. 2a) 
are evidenced in the chitosan-modified sample (Fig. 2b). Due to the 
aggregated structures detected in both materials, a size-distribution 
histogram construction can be unreliable; however, carbon particle 
sizes between 40 and 100 nm were observed in both samples. With 
branched chains that create space in the aggregates, such a highly 
complex CB structure is easier to disperse, presents high viscosity and 
low wettability, which are essential properties for ink production for 
electrode modifications [32]. Although both materials showed such 
features, the CT modification improved GCE adherence with the SPCB- 
CT particles due to amino groups’ existence on the CT molecule [33]. 

Raman analyses were used to investigate the SPCB samples’ defec-
tiveness before use and, consequently, the CT modification’s effect on 
the SPCB particles’ structure (Fig. 2c). The bare and modified SPCB 
samples presented two main vibrational signals around 1580 and 1350 
cm− 1. The band with the lower energy is attributed to the E2g mode of in- 
plane vibration of carbon–carbon bonds of graphite (G band), while the 
higher energy band corresponds (D band) to 6-membered rings 
breathing [34]. The simultaneous redshift, intensity increasing, and 
broadening of the D band indicate a more disordered structure, which is 
the SPCB-CT material case [35]. Specifically, the relative intensities of 
these D and G bands, ID/IG, are a convenient parameter to analyze the 

Fig. 2. SEM images of (a) SPCB, (b) SPCB-CT and (c) Raman spectra of SPCB and SPCB-CT.  

Fig. 1. Chemical structure of the macrolides erythromycin (a), azithromycin (b), clarithromycin (c), and roxithromycin (d).  
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level of disorder in the samples, as shown in Table S1. The nanoscale 
dimension of the SPCB materials is expected to present more significant 
defects and an increased distortion of the graphitic-like domains due to 
the disruption of the sp2 systems’ symmetry [36]. The ID/IG = 1.6 shows 
an excellent disorder for the SPCB, an interesting feature for achieving 
an increased capacity current. Remarkably, the chitosan-modified SPCB 
sample presented a ratio of 1.9. Indeed, such a result shows that the 
modification of the SPCB with chitosan was beneficial for the system. 
Also, the Raman spectra show differences in the region of higher 
wavelengths. The SPCB sample presents a broad peak centered at 
2894.4 cm− 1, which suggests a convolution of peaks. The SPCB-CT 
sample shows a peak centered at 2632.8 cm− 1, attributed to the D 
second-order mode [37]. 

Once we physicochemically settled that the CT modification of SPCB 
particles was beneficial for the system, the electrochemical advantages 
should be highlighted to ensure the modification’s efficiency regarding 
sensing properties. The electrochemical characterization of SPCB-CT/ 
GCE was performed by CV in the presence of 1.0 mmol L− 1 of the 
redox probe [Fe(CN)6]4− /3− in 0.1 mol L− 1 KCl. As shown in Fig. S1a, 
both the SPCB-CT/GCE and the bare GCE have well-defined oxidation 
and reduction peaks, with peak separation (ΔEp) of 60.0 mV and 85.0 
mV, respectively. Also, remarkable increases in peak currents (Ip) are 
observed when comparing the electrodes before and after modification, 
which were 9.26 µA (Ipa) and 8.30 µA (Ipc) for the GCE, and 73.0 µA (Ipa) 
and 71.3 µA (Ipc) for the SPCB-CT/GCE, showing the electrocatalytic 
effect that the electrode modified with the SPCB-CT film can provide. 
Then, a study of the variation of the scanning rate (v) was carried out 
under the same conditions, where the values of Ipa were monitored as a 
function of the scan rate (v). In Fig. S1b, one can observe the linear 
response between Ipa and v1/2 (r = 0.997) indicates a diffusional- 
controlled process ruled by the Randles–Ševćik equation [31]. Based 
on this equation, the electroactive area of the SPCB-CT/GCE obtained 
was 1.38 cm2. Such a result represents a 20-fold increase over the GCE’s 
area, which was 0.07 cm2. 

The EIS is a powerful tool to investigate surface phenomena and 
changes in material bulk properties, suitable for a direct comparison 
between the GCE and SPCB- CT/GCE materials. The measurements were 
carried out in 5.0 mmol L− 1 of the redox pair [Fe(CN)6]4− /3− in 0.1 mol 
L− 1 of KCl. Fig. S2 displays the impedance spectra obtained for the 
electrodes. The bare GCE shows the characteristic Nyquist-plot format, 
with a single semicircle associated with the charge transfer process in 
the high-frequency region and a linear region attributed to diffusion 
control in the lower frequency region.[38] By comparison, the GCE 
modification with SPCB-CT also presented a semicircle and linear re-
gion; however, the GCE arc radii is considerably larger than the 
observed for SPCB-CT/GCE, implying lower electron-transfer resistance 
kinetics of the redox probe for the modified electrode. The solution 
resistance was quite different for the electrodes, i.e., 121.0 and 12.6 Ω 
for GCE and SPCB-CT/GCE, respectively; the latter is considerably 
reduced, indicating faster electron transfer processes in the modified 
electrode. The excellent properties shown herein present the material as 
an attractive alternative in the preparation of electrochemical sensors, 
as well as other types of CB that are already used for this purpose, e.g., 
Vulcan XC72R, N220, and M 1100 [39–41]. 

3.2. Voltammetric behavior of ERY 

The electrochemical response of ERY was initially investigated by 
CV; measurements were performed in the absence and presence of 40.0 
µmol L− 1 ERY in 0.1 mol L− 1 BR buffer (pH 7.0) as supporting electro-
lyte. For comparison purposes, the electrochemical response of the 
antibiotic was evaluated using the bare GCE and the SPCB-CT/GCE as 
working electrodes. Fig. 3 presents the cyclic voltammograms obtained 
over a potential range from + 0.45 V to + 1.10 V vs. Ag/AgCl, KCl(sat.). In 
both cases, scanning in the anodic potential direction presents oxidation 
peaks at + 0.95 V and + 0.77 V for GCE and SPCB-CT/GCE, respectively. 

At the reversing scanning, no peaks of reduction in the potential range 
used are apparent, suggesting that ERY undergoes an irreversible 
oxidation process under these conditions. Furthermore, the anodic peak 
current value obtained for the SPCB-CT/GCE was considerably higher 
than that verified using the bare electrode. Thus, a 12-fold increase in 
current and a potential anticipation of 180.0 mV were obtained when 
comparing the Ep obtained for the GCE with the SPCB-CT/GCE. 

3.2.1. Effect of pH and scan rate 
The supporting electrolyte’s pH effect (from 4.0 to 10.0) was eval-

uated through the signals obtained by recording linear scanning vol-
tammograms in the anodic direction in the presence of 40.0 µmol L− 1 

ERY in 0.1 µmol L− 1 BR buffer (Fig. S3). Fig. S3a presents the oxidation 
peaks at the chosen pH range, while Fig. S3b allows us numerical ana-
lyses. An increase in Ip values up to pH 7.0 is noted, and after that, a 
gradual decrease of the signal is observable with pH augmentation. 
Furthermore, a linear dependence of the peak potential (Ep) to less 
positive values (Fig. S3b) causes a displacement rate of –60 mV per pH 
unit (r = 0.998). This value suggests that the number of protons involved 
in the ERY oxidation mechanism equals the number of electrons [42]. 
Using the voltammogram for oxidation of ERY at pH 7.0 (Fig. S3a), the 
value of Ep–Ep/2 was 45.0 mV and, for irreversible processes, [50] n was 
estimated as two. Therefore, two protons and two electrons are involved 
in the oxidation of ERY on the surface of SPCB-CT/GCE. According to the 
literature, oxidation occurs at the tertiary amino group moiety of one of 
the sugars of ERY molecule. [43]. The effect of scan rate (v) on ERY 
oxidation was evaluated in a range between 5.0 and 300.0 mV s− 1 

(Fig. S4a). One can notice that the increase in scan rate causes an in-
crease in Ip and a shift in Ep towards more positive potentials, which is a 
consequence of the irreversibility of the ERY oxidation [42]. Further-
more, a linear relationship was verified between Ip and v (r = 0.999) and 
between log Ip and log v, with a slope of 0.957 (Fig. S4b,c), indicating 
that the oxidation of ERY in SPCB-CT/GCE is an adsorption-controlled 
process [43]. 

3.2.2. Effect of supporting electrolyte composition 
The effect of different chemical compositions of the supporting 

electrolyte was also evaluated at pH 7.0. The following solutions were 
tested at a concentration of 0.1 mol L− 1 each: BR, Sörensen, McIlvaine 
buffers, and KCl solution. The antibiotic behaves similarly to the pre-
viously shown, with an irreversible oxidation peak for all the electro-
lytes. However, differences in intensity and peak definition were 
observed, in which the 0.1 mol L− 1 Sörensen buffer presented stronger 
signal intensity, definition, and stability. Thus, to obtain the best 
experimental conditions for developing the method, a new pH study 
within the buffering range (6.2–7.8) and a study of the supporting 
electrolyte concentration were carried out. The pH study in the 0.1 mol 
L− 1 Sörensen buffer solution, shown in Fig. S5a, demonstrated a slight 
variation in Ip values and a shift of Ep to less positive values with 
increasing pH. Therefore, pH 7.8 was chosen as the optimum condition 
once the reaction occurs at less positive potentials. The effect of the 
concentration of the supporting electrolyte (Fig. S5b) demonstrated 
that, in the concentration range studied, 0.5 mol L− 1 presented higher 
current intensity and lower standard deviation, being the chose con-
centration for other studies. 

3.3. Determination of macrolide antibiotics 

According to mechanisms presented in the literature, the first step of 
the process is the removal of an electron from the nitrogen atom to form 
an aminium cation radical. This reaction product undergoes demethy-
lation, resulting in the corresponding secondary amine [44]. The exact 
mechanism is attributed to the oxidation of its ERI’s derivatives AZY, 
CLA, and ROX [45–47]. Similar behavior was also observed when 
recording the voltammetric profile of these four antibiotics on the sur-
face of SPCB-CT/GCE. Fig. S6 shows the cyclic voltammograms of ERY, 
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AZI, CLA, and ROX under the experimental conditions optimized in the 
previous item. As illustrated in the figure, the macrolide antibiotics AZI, 
CLA, and ROX showed their respective oxidation peaks in positions and 
intensities similar to ERY. This effect can be explained by the fact that 
these four antibiotics follow the exact oxidation mechanism. Based on 
this, it was decided to verify the method’s applicability in determining 
any of these four antibiotics. 

3.3.1. Hydrodynamic voltammograms 
Hydrodynamic voltammograms were constructed in the BIA system 

for each antibiotic in the potential range of 0.0 to 1.1 V vs. PRE to verify 
the analytical signal and define the oxidation potential. Therefore, 50.0 
µmol L− 1 solutions of each antibiotic were injected in triplicate directly 
onto the surface of the SPCB-CT/SPE, applying fixed potentials (interval 
potential of 0.05 V). The resulting hydrodynamic voltammograms are 
shown in Fig. S7, and each point represents the average (n = 3) obtained 
as a function of the respective potentials applied for each amperometric 
measurement. 

The oxidation processes of the four antibiotics studied under hy-
drodynamic conditions started at potentials around +0.4 V vs. PRE. 
After that, the current values increase with the increase of the applied 
potential. The parameters for choosing the potentials for the subsequent 
amperometric measurements were based on the highest current values 
with the lowest standard deviation from the mean. The selected poten-
tials were: +0.85 for ERY and ROX, and +0.90 for AZI and CLA. 

3.3.2. Optmization of the BIA-AMP paramters 
Some parameters related to the BIA-AMP system were optimized to 

obtain higher current values, namely, injection volume (Vinj) and 
dispensing rate (Rdis). The experiments were carried out by injecting 
50.0 µmol L− 1 ERY solutions (n = 3) using an electronic micropipette 
that allows injection volume variations from 10.0 to 200.0 µL and 
dispensing rate from 18.9 to 100.0 µL s− 1. The results presented in 
Fig. S8a show that the values of Ip increase as the injected volume in-
creases. However, volumes above 100 µL generate higher standard de-
viation values, compromising the method’s precision. Then, a volume of 
100 µL was chosen for the following measurements. The results obtained 
for the Rdis (Fig. S8b) show that, at 100 µL s− 1, higher current values are 
obtained (keeping the injection volume at 100 µL). This effect occurs due 
to decreased analyte dispersion in the sample zone over the SPCB-CT/ 
SPE at higher velocities. Therefore, this was the chosen dispensing 
speed for the other experiments. 

3.3.3. Application of the BIA-AMP method 
After optimizing the parameters of the BIA-AMP system, a repeat-

ability study was carried out to assess the method’s precision. Thus, a 
sequence of 25 injections (50.0 µmol L− 1 ERY solution each) was per-
formed on the SPCB-CT/SPE surface in a BIA-AMP system, using the 
previously optimized parameters. Fig. 4a shows no significant variation 
in Ip values over the 25 injections (RSD = 0.98%), evidencing the pre-
cision of the proposed method. In addition, the analytical frequency (AF) 
was estimated at 125 injections h− 1, which is highly superior to the AF of 
other methods used to determine macrolides [48,49]. 

Subsequently, the reproducibility of the SPCB-CT/SPE was evalu-
ated. At this stage, analyzes were performed successively for ten 
consecutive days. For each daily measurement, SPCB-CT/SPE was pre-
pared before each analysis using just a new SPE. Consecutive injections 
of 100 µmol L− 1 ERY were performed using the parameters optimized for 
the BIA-AMP system. The results obtained (Fig. 4b) show the excellent 
repeatability of the method, considering the eight consecutive days of 
analysis (RSD = 2.60 %). Furthermore, the modification of the com-
mercial SPE ensured the reuse of this substrate for eight successive days 
of study, reducing the cost of the method (the modifier was removed 
daily after the analysis without compromising the integrity of the SPE). 

The dependence of the analytical signal on concentration was eval-
uated for ERY, AZI, CLA, and ROX in 0.5 mol L− 1 Sörensen buffer (pH 
7.0) as supporting electrolyte. Injections (n = 3) of standard solutions in 
the concentration range of 1.0–190.0 µmol L− 1 for ERY, AZI, CLA, and 
ROX were performed. The BIA amperograms and their respective cali-
bration curves (Fig. S9) were recorded in ascending and descending 
order of concentration. The results show the linear behavior in the wide 
range studied for the four antibiotics. From these data, it was possible to 
estimate the LOD and LOQ values. These results are shown in Table 1. 

Subsequently, the proposed method was applied to determine the 
four antibiotics (individually) in groundwater samples. Fig. 5 shows the 
amperograms obtained by triplicate injections of five solutions in 
increasing concentrations of ERY (i), AZI (iii), CLA (v), and ROX (vii) 
(a–e: 10.0–160.0 µmol L− 1), water sample (s), samples enriched with 
two known concentrations of the respective compounds (r1 and r2), and 
finally standard solutions in decreasing order of concentration (e–a: 
160.0–10.0 µmol L− 1). The results obtained in this step confirmed the 
linear behavior of the system (r ≥ 0.998) and sensitivity values close to 
the values obtained in the previous test for the respective antibiotics, 
showing the excellent reproducibility of the method. The signals ac-
quired for the water samples did not detect the antibiotics, or they are 
present at concentrations below the LOD of the method. The recovery 
values obtained for the enriched water samples range between 96.0% 
and 104.7%, evidencing the good accuracy of the proposed method. 
Some sample analyses presented negative signals; however, it is 
straightforwardly explainable. A similar effect, the so-called Schlieren 
effect [50], is common in flow injection analysis measurements with 
spectrophotometry detection. This effect is always concentration- 
dependent and temperature-dependent; it occurs when a sample solu-
tion, which is different from the carrier solution, is injected into the 
system. The difference in the refraction index between the sample and 
the carrier will affect the analytical signal, causing some negative 
transient signals. Similarly, when a solution is inserted into the BIA cell 
with electrochemical detection, solutions with different ionic strengths 
will affect varying extensions on the double layer interface. As the 
sample preparation is just a dilution process, we suppose that the effect 
observed for the “negative” sample signal is due to the difference in the 
ionic strength between the sample and the supporting electrolyte into 
the BIA cell. The same effect can be observed in the method developed 
by De Faria et al. to determine sulfanilamide by batch injection analysis 
using a reduced graphene oxide electrode [51]. In addition, the observed 
effect did not compromise the analytical signal of the antibiotics or the 
performance of the proposed BIA system (Table 2). 

Drug samples containing AZI and CLA as active ingredients were 
analyzed to investigate the sensor’s feasibility in quantifying these 

Fig. 3. Cyclic voltammograms of the bare electrode (GCE) and modified with 
Super P carbon black (SPCB-CT/GCE) in 0.1 mol L− 1 buffer BR (pH 7.0) in the 
absence (dotted lines) and in the presence (solid lines) of ERY (40 µmol L− 1). 
Insert: Voltamograms obtained with GCE. v = 50 mV s− 1; step potential = 5 mV. 
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compounds in pharmaceutical formulations. Analyzes were performed 
similarly to the water analysis described before. The amperograms and 
their respective calibration curves are shown in Fig. S10. Table 3 sum-
marizes the results of the quantification of AZI and CLA in the drugs. The 
mass values obtained for each of the samples analyzed were below the 
value described on the drug label. However, these values are within the 
range acceptable by the Brazilian Pharmacopoeia [52]. Also, recovery 
values close to 100% in all analyzed samples confirm the excellent ac-
curacy of the method. Although recent literature has proposed some 
electrochemical detection of macrolide antibiotics, our system presents 
superior performance and is cheaper and easier to prepare. For example, 
Rebelo et al. designed a molecularly imprinted polymer prepared on a 
disposable SPE, with recoveries in the range between 84 and 123%. 
Their material counts on an interesting synthesis method; however, their 
sensor is more expensive and time-consuming for its preparation. Their 
reproducibility was 9.3 and 11.6% for concentrations of 2 and 8 µmol 
L− 1. Also, our linear range reached a wide range (1.0–190.0 µmol L− 1), 
while they obtained a linear relationship between 0.5 and 10.0 mmol 
L− 1 [53]. Vajdle et al. obtained a silver-amalgam film electrode with 
linearity in concentration ranges 4.81–23.3 mg mL− 1, and 1.96–28.6 mg 
L− 1 for AZI and CLA, which is interesting, but also presents a lower 
performance compared to our system [54]. Other methods were 
described in the literature using chromatography, which was avoided by 
us, due to the required equipment [55–57]. 

Table 4 compares the proposed BIA-AMP method with other elec-
troanalytical methods reported in the literature to determine macrolide 
antibiotics ERY, AZI, CLA, and ROX, highlighting the sensor used, 
technique, linear range, detection limit, analytical frequency, and 
sample. In this comparison, the BIA method proposed herein presented 
analytical performance superior to most methods developed to deter-
mine any of the four antibiotics. However, sensors prepared from 
molecularly immobilized polymers (MIP’s) showed a higher linear range 
and lower LOD than the obtained in our studies. Considering that in the 
preparation processes of MIP’s, large volumes of organic solvents and 
long preparation times are necessary, the method proposed here is su-
perior once it is easy to prepare, with minimal consumption of organic 
solvent, cheap, and presents a quick analysis. In addition, the proposed 
BIA method is the only so far that can be applied in the determination of 
any of these four macrolide antibiotics. 

4. Conclusions 

We demonstrate the potential of using SPCB as a modifier in printed 
carbon electrodes to determine four macrolide antibiotics (ERI, AZI, 
CLA, and ROX) using the BIA-AMP system. Optimizations performed 
both in the modifier and in the system parameters ensured better 
analytical performance of the method, such as lower detection and 
quantification limits, wide linear range, higher analytical sensitivity, 
and frequency than other electroanalytical methods reported in the 
literature. Furthermore, it allows applying the same method, without 
significant changes, to determine any one of the four compounds, with 
the portability advantage that the BIA system presents. The procedure 
was successfully applied in determining the four macrolide antibiotics in 
an environmental and pharmaceutical sample. The results obtained 
demonstrated the accuracy of the proposed method, having attractive 
characteristics for its application in routine analyses. 
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Fig. 4. (a) Amperogram obtained from successive injections of ERY 50.0 µmol 
L− 1 (n = 25) into the BIA-AMP system. (b) Reproducibility study for SPCB-CT/ 
SPE was obtained through the average of ten injections of 100.0 µmol L− 1 ERY 
solution over ten days. E = +0.85 V; Supporting electrolyte: 0.5 mol L− 1 

Sörensen buffer (pH 7.8); Vinj = 100 µL; Rdis = 100 µL s− 1. Insert: Amperograms 
obtained on the 1st, 8th, and 10th day of analysis. 

Table 1 
Analytical signal dependence parameters with macrolide concentration in the 
presence of 0.5 mol L− 1 Sörensen buffer (pH 7.8) in the BIA-AMP system.   

Linear range 
(µmol L− 1) 

Slope (µA 
L µmol− 1) 

Intercept 
(µA) 

r LOD 
(µmol 
L− 1) 

LOQ 
(µmol 
L− 1) 

ERY 1.0–190.0 0.057 ±
0.001 

0.281 ±
0.010  

0.999  0.191  0.637 

AZI 1.0–190.0 0.072 ±
0.002 

0.150 ±
0.068  

0.995  0.153  0.509 

CLA 10.0–190.0 0.069 ±
0.002 

0.774 ±
0.212  

0.998  0.161  0.536 

ROX 1.0–190.0 0.062 ±
0.002 

0.095 ±
0.035  

0.999  0.186  0.619  
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Fig. 5. Amperogram obtained through in-
jections (n = 3) in a BIA-AMP system of 
standard solutions of ERY (i), AZI (iii), CLA 
(v), and ROX (vii) at different concentrations 
(a–e: 10–160 µmol L− 1), water sample (s) 
and sample enriched in two concentrations 
of the respective standards (r1 and r2). Sup-
porting electrolyte: 0.5 mol L− 1 Sörensen 
buffer (pH 7.8); Vinj = 100 µL; Rdis = 100 µL 
s− 1. Calibration curves were obtained from 
the values of Ip in the increasing and 
decreasing directions of concentration of 
ERY (ii), AZI (iv), CLA (vi), and ROX (viii).   
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Z. Kónya, S. Petrović, A. Bobrowski, Voltammetric behavior and determination of 
the macrolide antibiotics azithromycin, clarithromycin and roxithromycin at a 
renewable silver–amalgam film electrode, Electrochim. Acta 229 (2017) 334–344, 
https://doi.org/10.1016/j.electacta.2017.01.146. 

[55] L.K. Bekele, G.G. Gebeyehu, Application of different analytical techniques and 
microbiological assays for the analysis of macrolide antibiotics from 
pharmaceutical dosage forms and biological matrices, ISRN Anal. Chem. 2012 
(2012) 1–17, https://doi.org/10.5402/2012/859473. 

[56] M.F. Zaater, Y.R. Tahboub, E. Ghanem, Determination and stability assessment of 
clarithromycin in human plasma using RP-LC with electrochemical detection, 
J. Chromatogr. Sci. 50 (2012) 763–768, https://doi.org/10.1093/chromsci/ 
bms055. 
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