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Abstract
Portable electrochemical sensors for the detection of antibiotic (AB) contamination are gaining interest as point of care 
devices and as in-field analytical sensors. In that respect, the low cost and high sensitivity of the sensors is a major benefit. 
In this study, a low-cost indicator electrode was designed against neomycin (NEO), gatifloxacin (GAT) and sulfathiazole 
sodium (STNa) as examples of ABs with high probability of contaminating animal feed/water. Ionophore functionalized 
magnetic nanoparticles were incorporated into the electrode structure to enhance its performance. The detector was 
able to discriminate (within 10 s) AB clean from AB contaminated water in ranges of  10−3–10−8 M, of  10−2–10−8 M, and of 
 10−2–10−13 M for NEO, GAT and STNa, respectively. The developed electrodes can be fabricated at low cost; with promis-
ing fast and high sensitivity for the detection of AB contamination in water.
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Abbreviations
AB  Antibiotic
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GAT   Gatifloxacin
STNa  Sulfathiazole sodium
IUA  Irrational use of antibiotics:
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THF  Tetrahydrofuran
cPVC  Carboxylated polyvinylchloride
DOP  Dioctyl phthalate
β-CD  β-Cyclodextrin
OA  Oleic acid

1  Background

Irrational use of antibiotics (IUA) is a global concern. One 
form of IUA is the use of antibiotics (ABs) in animal hus-
bandries as growth promoters or for prophylaxis against 
bacterial infection [1]. This may take place by adding 
the ABs to the cattle feed or their drinking water [2] or 
by directly injecting/infusing the animals with ABs [1]. 
Another form of IUA is their use in aquacultures for a sim-
ilar purposes [3]. This practice is banned by many gov-
ernments but this is not easily acceptable by farmers and 
those working in farming industries [4]. For instance, the 
US department of agriculture (USDA) had rejected the 
WHO recommendations to cease the use of ABs in animal 
feed [5]. This IUA in agriculture and aquaculture hugely 
contributes to developing bacterial resistance and 
spreading of antibiotic-resistant infections in humans 
[1]. This is due to the possibility of the ABs disposal into 
the surrounding environment compartments such as 
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surface waters and soil, or by being a direct source of 
resistant bacterial strains [6]. It is alarming that, despite 
the awareness on developing bacterial resistance due 
to excessive use of ABs, there is a global warning that 
the use of ABs in livestock is estimated to increase from 
63 to 67% in the period between 2010 and 2030 [7]. 
Another important source of ABs contamination in the 
environment is their disposal from healthcare facili-
ties [8]. Against this background, there is a continuous 
demand on portable sensing devises for detecting ABs 
in environment. To this end, the device should be port-
able, require minimal technical experience to operate, 
and provide excellent sensitivity. Multiplexing, i.e., the 
ability to monitor several ABs of AB classes in one test, 
and low cost are also appreciated.

Literature review revealed several multi-residue 
screening assays for the determination of ABs in water. 
Most of these methods rely on the state of the art 
LC–MS/MS based techniques [9–13]. These assays offer 
excellent reliability, precision, and accuracy but they 
require extensive sample preparation procedures for 
sample clean-up and concentration and must be oper-
ated by well trained technicians. In addition to that, the 
running cost of LC–MS/MS methods is inherently high 
and it cannot be moved to application sites which adds a 
burden of sample transfer to central laboratories [14, 15]. 
Other laboratory based methods include electrophoresis 
[16–20] and enzyme assay (ELISA) [21, 22].

Electrochemical sensors are gaining interest as portable 
alternatives for in-field analysis, especially those utilizing 
nanoparticles for providing a large surface area for inter-
action which enhances the electrochemical sensitivity 
[23–25]. In this respect, immuno-sensor based devices 
have been described [26, 27]. These antibody-based alter-
natives are highly specific but being a biological product 
the repeatability of mass production and the product 
stability are compromised [28]. Other reports have inves-
tigated the aptamer-based sensors for the detection of 
ABs [29–34]. These methods are attractive in terms of cost 
where the preparation expenses of aptamers are relatively 
reasonable as well as their durability but their design 
requires special expertise that is not always available [35].

The use of non-biologically conjugated nanoparticles 
may be a good solution. They can be reproducibly syn-
thesized at low cost. Meanwhile, they will retain appropri-
ate stability. Literature survey revealed few non-biological 
electrochemistry-based sensors for the determination of 
neomycin (NEO) [36, 37], gatifloxacin (GAT) [38–40] and 
sulfathiazole sodium (STNa) [41]. The aim of this study was 
to enhance the sensitivity of non-biologically based elec-
trochemical methods for the three drugs by introducing 
surface-modified magnetic nanoparticles into the elec-
trode inner solution.

2  Methods

FeCl3,  FeSO4 and ammonia solution (25%) were obtained 
from Al-Gomhoreya for Chemical Industries in Cairo, Egypt. 
Reference standards for NEO (purity: 99.89%), GAT (purity: 
99.95%) and STNa (purity: 99.99%) were generously sup-
plied from National Organization for Drug Quality Con-
trol and Research (NODQCAR). De-ionized (DI) water was 
produced in house by a Milli-Q system (Milford, Con-
necticut, USA). A Jenway pH/mV/ °C meter 3505 by Bar-
loworld Scientific Ltd, (Staffordshire, UK) equipped with 
an Aldrich Ag/AgCl, double junction glass reference elec-
trode (Z113107; Sigma Aldrich, St. Louis; USA) was used for 
the measurement. A JEM-2100Plus transmission electron 
microscope (Jeol, MA; USA) was used.

2.1  Synthesis and surface modification 
of the nanoparticles

The thermal co-precipitation method was adopted for the 
preparation of magnetic iron nanoparticles (MNPs) using 
 FeCl3,  FeSO4 and ammonia (25%) [42, 43]. Briefly, 1.1 g of 
 FeCl3 and 0.6 g of  FeSO4 were weighed and dissolved in 
de-ionized water (33 mL). The solution was heated at  70◦C 
for 15 min with stirring [42, 43]. Fifteen mL of ammonia 
solution (25%) was added until a black precipitate was 
formed (magnetite  Fe3O4) and collected by an external 
magnet. The shape and size of the prepared MNPs were 
examined. One drop of the suspension was spread on 
the carbon grid and left to dry. The dried spot was then 
observed under a transmission electron microscope at 
electron acceleration voltage of 80 kV. MNPs were surface-
coated with oleic acid (OA) as described in [44] to prepare 
OA-MNPs. Alternatively, 2-hydroxyl-β-cyclodextrin-coated 
MNPs (2β-CD-MNP) were prepared by dispersing MNPs 
into tetrahydrofuran (THF; 1 mL) containing a mixture 
of carboxylated polyvinylchloride (cPVC; 0.2 g), dioctyl 
phthalate (DOP; 35 µL) and β-cyclodextrin (β-CD; 0.1 g) 
and left to dry in air while spread on glass sheet [45].

2.2  Synthesis of the membrane and electrode 
assembling

The membrane was synthesized by mixing 0.04 g β-CD, 
0.2 g of cPVC, and 35 µL of DOP in a total volume of 5.6 mL 
THF. The mixture was allowed to dry in air on a glass sheet 
until a flexible membrane was obtained [45, 46].

The conventional automatic pipette blue-tip (1 mL) was 
used as a case for the electrode. Briefly, the tip was wet-
ted with THF and placed on a previously cut membrane 
sheet which was slightly larger in diameter (1 mm) than 
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the tip opening. THF was allowed to dry to fix the mem-
brane on the blue tip opening. The electrode inner solu-
tion was filled into the tip (MNP suspension and equimo-
lar solution of KCl and the tested drug solution; 100 µL of 
each). A silver wire connected to the potentiometer was 
inserted carefully into the mini electrode cavity and the 
upper wider opening of the blue tip was closed by a para-
film to prevent contamination. The electrode was soaked 
in a solution of the target analyte for conditioning before 
use. Figure 1 illustrates the setup of the electrode. The 
electrochemical cell was assembled using the designed 
electrode as an indicator electrode and Ag/AgCl, double 
junction glass as a reference electrode both connected by 
cupper wire to the Jenway pH/mV/ °C meter for measure-
ment (Cell assembly: Ag/membrane/test solution//KCl salt 
bridge//Ag/AgCl).

2.3  Potentiometric measurement

Measurement was performed by dipping the refer-
ence and indicator electrodes in the working solution 
of the tested drugs and recording the change in elec-
tromotive force (emf ) over the ranges 1 × 10−3–1 × 10−8, 
1 × 10−2–1 × 10−13, 1 × 10−2–1 × 10−8 for NEO, STNa and 
GAT, respectively. Electrodes were allowed to equilibrate 

under stirring. Measurements was performed at neutral 
conditions (pH 7; 25 °C) with washing in distilled water in 
between. The potential difference (mV) between the indi-
cator electrode and the reference electrode was recorded. 
The durability of the electrode was investigated by moni-
toring its ability to detect AB contamination over 3 days.

2.4  Evaluation of response time

The electrode response time is the time required to reach 
a stable electrochemical signal. The stable electrochemical 
signal was recorded and the time to reach the stable sig-
nal was determined. This was based on recording a stable 
reading with average RSD < 4%.

2.5  Method optimization

Limit of detection (LOD); the limit of detection was experi-
mentally tested as the concentration below which the ana-
lytical response is not detected. In this experiment, serial 
dilutions (10-fold) of the stock solution were prepared 
and tested as working solutions  (10−3–10−8 M,  10−2–10−8 
M  10−2–10−13 M for NEO, STNa, and GAT, respectively). The 
measurement was performed by dipping the electrode in 
the working solution of the tested drugs with washing in 

Fig. 1  An illustration of the 
proposed electrode setup
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distilled water in between. Potential difference (mV) was 
recorded and the concentration at which no detectable 
change in emf was observed was considered the LOD [47].

Selectivity; the selectivity of the test was determined for 
validating the proposed detection assay by observing sig-
nal change in blank sample at variable pH values (6, 7, 8). 
The experiment was extended to be applied in tab water 
to resemble the animal drinking water [48].

3  Results

Synthesis of nanoparticles: MNPs were synthesized by the 
thermal co-precipitation method. The synthesized nano-
particles were negatively charged (− 18 mV), spherical in 
shape and of an average size of 5–15 nm as evident from 
their transmission electron microscope image (Fig. 2) [44]. 
The synthesized particles were subsequently surface-
coated with the lipophilic OA or β-CD [49].

3.1  Indicator electrode performance

Aminoglycosides (NEO): The electrode inner solution com-
posed of OA-MNPs, a stock solution of NEO (1 × 10−3 M) and 
KCl (1 × 10−3 M) was able to detect a potential difference 
on contact with blank samples (tap water) and samples 
containing variable concentrations of NEO. By using this 
mini-electrode, tap water recorded a potential difference 
of 58 mV with RSD less than 2% (n = 3). NEO solutions of 
variable concentrations  (10−3–10−8 M) recorded a potential 

difference of 124–66 mV. The measurements were stable 
where the RSD did not exceed 4% for all concentration 
when measurements were repeated in triplicate.

Sulfonamides (STNa): Good detection capabilities 
were obtained on using OA-MNPs, a variation in poten-
tial difference was observed between blank samples (tap 
water; 320 mV) and samples spiked with STNa in range 
of  10−2–0−13 M which recorded a potential difference of 
1808–515 mV.

Fluoroquinolones (GAT): The inner filing solution con-
tained 2β-CD-MNP along with the GAT stock solution  (10−2 
M) and the KCl  (10−2 M). This setup recorded a potential 
difference of 178 mV for tap water while a potential differ-
ence of 149–100 mV was measured in GAT-contaminated 
water over the concentration  10−2–10−8 M. The electrode 
signal was stable with RSD not exceeding 3% for all meas-
urements (n = 3).

The average response time to reach stable analytical 
signal was found to be 10 s. After those 10 s, the electrode 
signal reached an equilibration state where a stable signal 
was observed with RSD found to be ranging from 1 to 4% 
for NEO, 0.2–3% for STNa, and 0.4–2% for GAT. Although 
the electrode was designed to be disposable, it was capa-
ble of detecting AB contamination over 3 days which indi-
cate the durability of the electrode.

3.2  Method optimization

Limit of detection: Limit of detection was found to be 
 10−8,  10−13 and  10−8 M for NEO, STNa and GAT, respec-
tively.
Indicator selectivity: The selectivity was tested as the 
absence of analytical signals in blank sample (distilled 
and tab water). No analytical signal was observed in 
both cases (even at variable pH values) which indicates 
the selectivity of the indicator electrode.

4  Discussion

Numerous reports have indicated the irrational use of 
these antibiotics in animal husbandries and aquatic cul-
tures for prophylaxis against infectious diseases and as 
growth promoters [50]. For instance aminoglycosides were 
reported to be irrationally used in 18% of poultry farms 
in Ghana [51]. In the same context, sulfonamides were 
reported to be used in 53% of farms in Cameron [52] and 
the fluoroquinolones (the class to which GAT belongs) was 
reported to be used in 57 and 11% of farms in Cameroon 
and Ghana, respectively [51, 52].

In this study, a simple and low-cost mini-indicator 
electrode with excellent sensitivity was designed for the 
detection of NEO, STNa, and GAT. The indicator electrode is 

Fig. 2  A transmission electron microscope image of the magnetic 
iron nanoparticles
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designed to give an indication on the presence or absence 
of antibiotics in water samples in field. For this purpose, 
the electrode was designed to act as a disposable sensor 
which mandates a low-cost fabrication. To this end, the 
electrode casing was chosen as the disposable pipette tip. 
The tip was filled by the inner solution for each drug and 
closed from one end by the electrode membrane while 
from the other end a  Parafilm® was used to seal the mini-
electrode and prevent evaporation of its components. The 
design of the electrode is presented in Fig. 1.

cPVC was recruited as a membrane support material. 
This selection is based on its improved adhesive property 
over the non-functionalized PVC based supports [53]. In 
addition to that the carboxyl function group tends to sup-
port the ionophore mediated selectivity and counteract 
the reduction of selectivity which may be induced by the 
charged membrane additives. This propably via acting as 
an inherent ion exchanger [53–55].

β-CD was used as an ionophore through which the ABs 
diffuse across the concentration gradient. β-CD is oligosac-
charide composed of six glucose units arranged to form a 
hydrophobic inner cavity and a hydrophilic outer side. The 
drug can be included in a host guest complex in the β-CD 
nano-sized cavities which acts as a molecular recognition 
and inclusion complexion site [56]. Those sites acts as 
molecular receptors which form hydrogen bonds, hydro-
phobic interactions and Van der Waals forces within their 
hydrophobic cavity to support the cooperative binding 
processes with the analyte [57–59]. The molecular recog-
nition of β-CD is dependent predominantly on hydrogen 
bonding and its orientation in the β-CD molecule [56, 60, 
61].

The electrodes performance (analytical signal) is based 
on generating a potential difference (mV) across the mem-
brane as a result of selective permeability and exchange of 
the analyte between the indicator electrode inner solution 
(reference solution) and the sample solution through the 
ionophore which are pores embedded into the membrane 
(Fig. 1) [61]. These ionophores, which show size and usually 
bonding selectivity to the analyte, contribute along with 
the inner solution to the selectivity of the membrane [62].

Our literature review revealed that polymer membranes 
fortified with lipophilic ion exchangers exhibit large and 
reproducible potentiometric responses toward poly-ions, 
specifically those of biomedical relevance [63]. Further-
more, the lipophilic ions can reduce resistance and cease 
the counter ion effect [53]. More importantly, the lipo-
philic additives, specifically anionic ones, are reported to 
enhance the selectivity to nitrogen-containing organic 
bases [64]. Specifically OA was previously reported to 
act as a lipophilic additive in lidocaine selective elec-
trodes [65]. In this context, the OA conjugation on the 
MNP surface may act as an ion-exchanger with enhanced 

availability and exposure for interaction. This is primarily 
due to the large surface area of magnetic nanoparticles 
and secondly due to the proper dispersion of the nanopar-
ticles being in a colloidal state. These two factors together 
may contribute to the availability of reaction sites for ion-
exchange process which in turn is expected to enhance 
electrode sensitivity [66]. Being magnetic enables its col-
lection from the matrix by an external magnet whenever 
a leakage occur [67]. Based on this, OA-MNPs were incor-
porated in the design of the mini-indicator. The particles 
were in-house synthesized by the thermal co-precipitation 
method and subsequently coated with OA. In doing this, 
we benefited from the large surface area the nanoparticles 
has to offer as well as the lipophilicity as imparted by the 
OA which enhance the potentiometric response of poly-
ions and selectively interacts with NEO [66].

The electrode was challenged to record potential dif-
ference between AB-clean and AB-contaminated sam-
ples. For sensing NEO, the electrode inner solution was 
composed of OA-MNPs, a stock solution of NEO and KCl. 
The electrode was able to detect a potential difference 
on contact with blank samples (tap water) and variable 
concentrations of NEO in range of  10−3–10−8 M. This may 
be explained by the reported selective interaction and 
complex formation between Fatty acids, including OA, 
and aminoglycosides, specifically NEO [68, 69]. This is in 
addition to the possible electrostatic interaction between 
poly-amines of NEO and the fatty acid [70, 71]. In the same 
context, for detecting STNa (which was recruited as a rep-
resentative of sulfonamide antibiotics), good detection 
capabilities were obtained on using OA-MNPs for detect-
ing STNa in range  10−2–10−13 M. This may be explained 
by the inherent ability of STNa to interact with carboxylic 
acids via its amine groups [72].

In case of using the OA-MNP in the inner solution of 
the electrode for sensing GAT, no response was observed. 
This may be explained by the chemical structure of GAT 
which has carboxylic acid moiety attached to it, prevent-
ing its interaction with fatty acids. Previous research has 
shown that β-CD can form an inclusion complex with GAT 
and thereby enhance its electrochemical detection [61]. 
This may be explained by the possible hydrogen bonding 
interaction between the hydroxyl groups of 2β-CD and the 
carboxylate and ketone moiety of GAT [38]. These findings 
had encouraged us to coat MNP with β-CD. Accordingly, 
the filling solution was changed from containing OA-MNP 
to contain 2β-CD-MNP along with the GAT stock solution 
and the KCl. On doing this, the indicator electrode was 
able to detect a potential difference on changing the GAT 
concentration in the range of  10−2–10−8 M.

It is important to mention that the AB contaminants can 
be present in extremely minute concentrations. At such 
low contaminant levels, the electrochemical response to 



Vol:.(1234567890)

Short Communication SN Applied Sciences (2020) 2:483 | https://doi.org/10.1007/s42452-020-2270-x

varying concentration becomes progressively less. This 
implies more closely spaced calibration points to evalu-
ate the concentration. Yet, the percentage error per mV 
on the calculated concentration will be progressively 
higher as the slope reduces. It is also important to men-
tion that the deviation from the Nernstian slope is likely 
to happen in the presence of counter ions, ionophores or 
at very low concentrations [73]. In that sense, the detec-
tion of the presence of AB contamination will be a more 
useful application than its quantitation [74]. A proposed 
flow-chart for application is presented in Fig. 3. Where the 
electrode can give a preliminary insight into the cleanli-
ness of water sample as compared to tap water and spiked 
AB samples (which are considered as a reference standard 
for our application). This detection is based on a potential 
difference between the clean and contaminated sample. 
Only suspected contaminated samples can be transferred 
to central laboratories for confirmation and quantitation 
purposes. This is expected to reduce the work-flow on 
the central laboratories. The designed simple electrodes 
exhibit fast sensing dynamics where a stable potential dif-
ference can be recorded after 10 s. Finally, the performance 
of the proposed electrode was compared with a reference 

method and results are tabulated in Table 1. This is in terms 
of application range, LOD and the response time. The pro-
posed electrodes had a larger application range, a lower 
limit of detection and a faster response time than those 
reported in literature [36, 38, 41].

5  Conclusions

In this study, a cheap and simple indicator electrode with 
preliminary capabilities for discriminating AB-clean and 
AB-contaminated water samples was fabricated. The elec-
trode is only based on micropipette tips as a casing and a 
tiny in-house made selective membrane. Meanwhile, the 
electrode filling is also not expensive where it is based 
on functionalized MNP which can be easily synthesized 
in-house. The electrode showed promising preliminary 
response for detecting the presence of NEO, STNa, or GAT 
provided the corresponding inner filling solution is added. 
Furthermore, the detection dynamics of the electrode is 
fast where it reaches a stable potential difference record 
in few seconds.

Fig. 3  A flow-chart for applica-
tion of the propose electrode
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The proposed electrode can be easily transferred to a 
(potential) AB application site such as farms and animal 
husbandries for the determination of AB contaminants in 
animal drinking water. This is a characteristic which repre-
sents a clear prerequisite for in-field analytical techniques 
and cannot be conveyed by laboratory based instruments. 
The test is intended to give an indication on the presence 
of AB contaminants and will direct the analysts to per-
form more targeted LC–MS/MS based assays in a central 
laboratory facility. Such procedure is expected to reduce 
the work-flow and analysis cost on central laboratories 
and have a positive impact on the screening potentials 
and capabilities of the authorities. In addition to that, the 
preparation of the electrode is rather simple and of low 
cost. It does not require special expertise for preparation 
like those required for aptasensor-based electrodes. Also, 
being a non-biological product, their stability does not 
represent a technical problem, like with immune-sensors. 
The proposed electrode exhibits a favorable analytical per-
formance over previously reported non-biologically based 
ones. It exhibits a faster response, improved sensitivity 
and a wider application range where the LOD is 1 × 10−8, 
1 × 10−13 and 1 × 10−8 for NEO, STNa and GAT, respectively 
[36, 38, 41]. In conclusion, the designed electrode shows 
preliminary capabilities to generate fast signal in the pres-
ence or absence of AB contamination in the sample at a 
remarkably high sensitivity  (10−8 or even  10−13 M, depend-
ing on the target molecule) and at very low cost. Future 
studies include further optimization and investigation of 
the electrode applicability and selectivity towards vari-
ous organic molecules including members of the same 
AB class.
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