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FRANK DAVIS AND SÉAMUS P. J. HIGSON

Cranfield Health, Cranfield University, Bedford MK43 0AL, United Kingdom

ABSTRACT: The rise of antibiotic-resistant bacteria is a major
concern for the continued health and well-being of the general
population. The widespread use of antibiotics within the farming
industry is one of the factors that have been linked to the appearance
of these resistant strains. Regulation exists to prevent antibiotic
foodstuffs such as milk being distributed to consumers; however, for
this to be effective, methods must exist for testing the milk to enforce
these regulations. Current techniques are often time consuming and
expensive, especially when applied to large number of samples. This
has led to an interest in milk analyses, which can be carried out
outside the laboratory. The development of immunosensors that
exploit the exquisite specificity of antibody binding has been studied,
both using labeled antibodies such as ELISA assays and, more
recently, label-free approaches that directly detect the presence of the
antibiotic on binding to a specific antibody. Within this review, we
detail recent advances in the detection of antibiotics, especially in
milk, using a variety of methods. Various techniques such as elec-
trochemical and surface plasmon resonance methods are described.
(Pediatr Res 67: 476–480, 2010)

The use of antibiotic drugs is widely spread within our
society, and these drugs have, over the years, saved many

millions of lives. However, their use is not just restricted to the
human population of the world, and they are widely used in
veterinary medicine to treat a wide range of infectious dis-
eases. However, concerns have been raised by the introduction
of such compounds into the food chain, namely that it could
lead to continual low dosing of the consumers of the animal
products (meat, milk, etc) with antibiotics and may lead to the
development of antibiotic resistant species of bacteria (1,2).
For example, fluoroquinolone drugs, such as ciprofloxacin, are
broad-spectrum antibiotics active against many bacteria in-
cluding anthrax. Many of these fluoroquinolones are added to
farm animal feed because they can lead to greater and more
rapid weight gain. The use of fluoroquinolones has been
thought to have enabled the rise of resistant species of bacteria
(3) in addition to a number of other problems such as chlor-
amphenicol displaying bone marrow toxicity and penicillin
causing a number of allergic reactions.

In a response to these concerns, maximum residue limits
(MRL) have been set for many of these antibiotics in various
foodstuffs. Milk is one of the most widely consumed food-

stuffs within the world, and if animals are being treated with
antibiotics, these drugs or their residues will be present in the
milk and meat of these animals. Table 1 lists many of the
common antibiotics and their maximum permissible residue
limits in milk within the European Union (4).

To enforce these regulations and to ensure that consumers
are protected from accidental consumption of contaminated
milk, it is necessary to have strategies in place for the regular
testing of large numbers of milk samples. Traditional methods
usually involve methods such as microbial inhibition assays or
enzymatic colorimetric assays along with immunoassay meth-
ods such as ELISA (5). Usually, milk samples will be exam-
ined using rapid screening methods that may only indicate
whether antibiotics are present and not the levels and types of
antibiotics. Samples that fail to pass the screening tests will
then be examined using more complex instrumental methods,
such as HPLC and mass spectrometry, to identify and quantify
which antibiotics are present. More recently, immunoassay
type methods have been developed, which are faster and more
specific than traditional screening methods. These ELISAs can
identify and quantify a wide range of antibiotics and can be
specific to a single or a group of antibiotics (6). Multi analyte
ELISAs are available, which can simultaneously screen for a
variety of antibiotics (6). However, ELISAs do require mod-
ification of the antibodies used in the assay and can become
laborious and time consuming when large numbers of samples
are to be analyzed.

Therefore, for this reason, there has been an interest in the
development of sensors for antibiotics that do not require
extensive chemical modification or pretreatment steps and that
are rapid, quantitative, and selective. This has led to investi-
gations into the use of immunosensors for the detection of
pesticides. Most immunosensors consist of three principle
components, as described later and detailed in Figure 1:

i. The first of these includes a receptor species, usually an
antibody because of the high selectivity and specificity of
antibody-antigen reactions, capable of recognizing and
binding the analyte of interest with a high degree of
selectivity.

ii. The second component that must be present is a transducer
onto which the recognition element is immobilized en-
abling the translation of the binding event into a measur-
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able physical change; possible events include simple phys-
ical changes, such as a change in conductivity, refractive
index, or simply film thickness, or mass changes.

iii. The third is that there must be inclusion of a method for
measuring the change detected at the transducer and con-
verting this into useful information. There are several
methods; however, the two most commonly used are
electrochemical and optical in nature.

There are two basic types of immunoassay: direct assays in
which the antibody is bound to the transducer, and the binding
of the antigen is measured. Moreover, there are competitive
immunoassays in which an antigen, such as an antibiotic, is
bound to the transducer. A known amount of the antibody
is mixed with the sample under investigation. If no antigen is
present, the antibody just binds to the antigen at the surface.
However, if antigen is present in the sample, there is a
competition between the free and immobilized antigens for the
antibody, leading to an inhibition of surface antibody binding.
Either technique combined with careful calibration is capable of
accurate and specific determination of antigen concentrations.

ELECTROCHEMICAL SENSING OF ANTIBIOTICS

Electrochemical methods have been shown to be capable of
detecting antibiotics because of their interaction with antibod-
ies. For example, a recent publication (7) details the use of a
horseradish peroxidase-based biosensor, which was capable of
the oxidation of catechol. The presence of ciprofloxacin in-
hibited this reaction, and the extent of this inhibition could be
used to determine the ciprofloxacin levels in buffer between

0.02 and 65 �M; however, other piperazine-based compounds
could interfere with this assay.

Within our group, we have developed a direct label-free
method for the electrochemical determination of ciprofloxa-
cin. This used inexpensive screen-printed carbon electrodes as
a base on which a film of conductive polyaniline was depos-
ited. The polymer was then modified by a reaction with a
commercial biotinylation agent, biotinamidohexanoicacid-3-
sulfo-N-hydroxysuccinimide, which reacted with free amine
groups on the polymer to graft biotin groups onto the electrode
surface. Exposure of this material to neutravidin led to the
deposition of a layer of neutravidin onto the surface and held
there by the strong avidin-biotin interaction. Meanwhile, an-
tibodies that had been raised against ciprofloxacin were sep-
arately biotinylated and then immobilized from solution onto
the composite material surface. This modified electrode was
then investigated as an immunosensor for ciprofloxacin (8).

The electrodes were placed in phosphate buffer and inter-
rogated by an alternating current (AC) impedance protocol
between 1 and 10,000 Hz (�5 mV amplitude perturbation)
offset to the formal potential of the redox probe (�0.12 V
versus Ag/AgCl). A mixture of 5 mmol � L�1 each of
[Fe(CN)6]3�/4� was used as a redox mediator. Baseline traces
were in the phosphate buffer containing the mediator but no
antigen, and they were subsequently exposed to a range of
concentrations of ciprofloxacin in pH 7.4 phosphate buffer
containing [Fe(CN)6]3�/4�. Because nonspecific binding of
many species, especially in complex media, can be a major
problem in immunoassays, similar electrodes containing non-
specific IgG antibodies were used as a control to negate the
effect of nonspecific adsorptions.

We have demonstrated previously (8,9) that the most re-
producible results can be obtained by measuring the resistive
(real) component of the impedance and that the largest
changes occur at low (1 Hz) frequencies. By comparing the
impedance of the electrodes after exposure to antigen to their
impedance before exposure, the percentage change in imped-
ance could be obtained. Exposure of the electrode to cipro-
floxacin solutions in phosphate buffer caused a drop in im-
pedance. Calibration plots could be constructed showing the
change of the real part of the impedance at 1 Hz against the
ciprofloxacin concentration. Subtraction of the IgG response
from the specific response gave “corrected” calibration plots
as shown in Figure 2A. As can be seen, there is a logarithmic
relationship between the change in AC impedance and the
concentration of the antibiotic (8) in the range 1 to 100
ng � mL�1; above this level, the responses reach a plateau and
the sensor seems saturated.

These results were obtained in phosphate buffer; however,
the same technique could be applied in spiked milk samples
(9). One problem was that very large nonspecific binding was
observed for the IgG control, and it was realized that with a
mixed antibody and a complex media such as milk, some of
the antibodies will specifically bind to certain species in milk.
Control electrodes were instead made using a specific anti-
body to prostate-specific antigen and showed low binding. The
corrected calibration plot is shown in Figure 2, and it again
displays a logarithmic relationship between change in AC

Table 1. Maximum Residue Limits of Common Antibiotics in Milk
Within the EU

Antibiotic Maximum residue limit (ng � mL�1) in milk (EU 1994)

Nermycin 1500
Gentomycin 100
Kanamycin 150
Streptomycin 200
Eurofloxacin 100
Ciprofloxacin 100
Chloramphenicol 0
Sulfamethazine 100
Penicillin G 4
Dihydrostreptomycin 200
Cephalexin 100
Tetracycline 100

EU, European Union.

Figure 1. Schematic of an immunosensor.
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impedance and ciprofloxacin concentration in the range 0.1 to
100 ng � mL�1. We have already noted that there are decreases
in impedance for the electrodes after exposure to the antibiotic
solution in phosphate buffer. What is of interest is that the
opposite effect occurs on exposure to ciprofloxacin in milk, an
increase in AC impedance on binding is observed.

One potential explanation for this is that in milk, a different
ciprofloxacin species is being adsorbed because fluoroquino-
lone antibiotics, including ciprofloxacin, readily form calcium
complexes with two ciprofloxacin units complexed to a single
calcium ion (10). Binding of ciprofloxacin in either form is
occurring, with the structural differences between the free and
complexed forms of the antigen leading to different effects on
the AC impedance results, potentially allowing differentiation
between complexed and free ciprofloxacin. This is of interest
because complexed form of ciprofloxacin is inactive; in this
context, for example, the US Food and Drug Administration
recommend that ciprofloxacin is not taken along with dairy
products, calcium-fortified juices, or calcium-containing ant-
acids (11) because they may lower the adsorption of the drug.

Other groups have studied electrochemical detection of
antibiotics but have not used this in an immunoassay format.
For example, a recent article described the adsorption of
amoxicillin at multiwalled carbon nanotube electrodes and its
determination by AC impedance and adsorptive stripping
voltammetry (12). In addition, Langmuir-Blodgett or physi-
cally adsorbed layers of phospholipids could be deposited on
gold electrodes and their electrical behavior shown to vary on
exposure to Rifaximin (13).

OPTICAL SENSING OF ANTIBIOTICS

A more widely studied field of label-free sensing of antibi-
otics has been the use of antibodies combined with surface
plasmon resonance (SPR) techniques. SPR dominates the field
of optical biosensors, and commercial SPR systems are widely
available, the major systems provider at the time of writing
this article being Biacore AB (Uppsala, Sweden) (14). The

wide range of commercial instruments has made SPR a pop-
ular technique for studying intramolecular interactions. Sev-
eral application areas are emerging and detailed reviews be-
yond the scope of this chapter have been published elsewhere
(14,15). SPR is a powerful technique to measure biomolecular
interactions in real time by a combination of optical and
electrochemical phenomena at metal surfaces and does not
require the use of any labeling techniques. In SPR, a laser
beam is focused onto the back of a gold film, (usually �40-nm
thick) deposited at the surface of a microscope slide clamped
to a glass prism— with an index matching fluid placed
between them or alternatively directly onto a gold-coated
prism (14,15). Figure 3 shows a schematic of a basic SPR
set-up. At a critical angle of incidence, the laser energy is
adsorbed to create surface plasmons, which are not strictly
located at the metal surface but rather the intensity of their
electromagnetic field decays exponentially into the adjacent
medium. This phenomenon is known as the evanescent wave.
At this angle, the reflected light intensity decreases dramati-
cally, often to almost zero (Fig. 4). However, the position and
the width of this adsorption are dependent on the evanescent
wave and therefore are sensitive to the refractive index of the
environment up to a distance of about a wavelength from the
actual metal surface (15). Samples for SPR are usually in the
form of a solution or dispersion. If recognition elements have
been previously immobilized on the metal surface, then the
binding of analyte molecules from the solution results in a
change in the resultant SPR curve (Fig. 4). This change can,
after suitable calibration, be used to determine the amount of
antigen in the solution.

Figure 3. Schematic of a typical SPR apparatus.

Figure 4. Shifts in the reflected light intensity curve with binding of analyte.

Figure 2. Corrected calibration curve for anti-ciprofloxacin modified elec-
trodes in phosphate buffer (A) and in milk (B).
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In a previous study, an immunoassay for sulfamethazine
was developed using SPR (16). A competitive immunoassay
could be used to detect sulfamethazine; this antibiotic, for
example, could be covalently immobilized at a gold surface
that had been modified using carboxymethyl dextran (16).
Exposing this chip to a sample of raw or skimmed milk
containing a polyclonal antibody specific to the antibiotic
along with sulfamethazine allowed determination of the sul-
famethazine. Sensitivity was �1 ppb, and the amount of the
specific antibody required could be reduced by using a sec-
ondary antibody. Some cross reactivity with antibiotics of the
same family was noted. Treatment of the chip with NaOH and
HCl allowed regeneration of the surface. Aging the milk
samples or the presence of bacteria was found to have only
minimal effects of the results. Further study (17) showed by
varying flow conditions and the antibody used, it proved possible
to detect sulfamethazine in milk at levels as low as 1.7 ng � mL�1.

A direct and also a competitive immunoassay for dihydro-
streptomycin residues in milk were both developed (18). For
the direct assay, a MAb was covalently bound to an SPR chip,
whereas for the competitive assay, the antibiotic was conju-
gated with BSA and this conjugate immobilized at the chip
surface in a similar manner. Again using a flow cell, both
assays proved capable of detection of the antibiotic in milk at
levels as low as 10 to 20 ng � mL�1. Nonspecific binding of
milk proteins proved a problem in this assay; however, ultra-
filtration of samples reduced this problem and also the incor-
poration of a second channel, with no specific sensing layer, as
a reference cancelled out many of these effects. Best results were
obtained for a 5-fold dilution of milk in buffer and measured
specific responses with minimal interference at 20 ng � mL�1.

These initial studies only looked at single antibiotics; how-
ever, the development of a four-channel cell allowed the
simultaneous investigation of gentamicin, neomycine, kana-
mycin, and a streptomycin derivative using a competitive
assay (19). Each antibiotic was separately immobilized in a
single channel and then a mixture of four specific antibodies,
one for each compound in spiked milk samples was injected.
The presence of any of the antibiotics in the sample was
demonstrated by whether inhibition of antibody binding oc-
curred. Limits of detection were 15 to 60 nm � mL�1 in
10-fold diluted milk depending on the antibiotic. One advan-
tage of this assay was that the chip could be washed by 0.2 M
NaOH, which disrupted the antibody-antigen complex and
regenerated the sensors. Total runtime including the regener-
ation step was only 7 min per sample and allowed simultaneous
determination of all the antibiotics. It also proved possible to
immobilize a conjugate of BSA with cephalexin, a �-lactam
antibiotic, onto a SPR chip and use polyclonal antibodies to the
antibiotic in a competitive assay (20). This system could be used
for up to 40 detection/regeneration steps (using 0.01 M NaOH)
with only small losses in activity. Detection ranges of 4.88 to
2500 ng � mL�1 and 244 to 3906 pg � mL�1 were obtained in
phosphate buffer and spiked milk samples, respectively.

As an alternative to the use of antibodies, an SPR-based
biosensor was developed in which a well-characterized car-
boxypeptidase from Streptomyces R39 was used in an SPR
assay (21). This enzyme hydrolyzes tripeptides to mono- and

dipeptides, and this reaction is inhibited by penicillins. Sam-
ples containing tripeptides, the enzyme, and antibodies to
dipeptides were used, and an SPR chip containing immobi-
lized dipeptides was used. In this assay, the enzyme hydro-
lyzes the tripeptide to the dipeptide, which conjugates to
the antibody in solution. If penicillin inhibits this reaction, the
antibody conjugates to the surface-bound dipeptides only. The
limit of detection of the assay for penicillin G was determined
to be 2.6 ng � mL�1 in milk, lower than the European Union
MRL of 4 ng � mL�1.

The use of lab-on-a-chip technology has also been investi-
gated for the purpose of developing sensors for antibiotics in
milk. Five types of antibodies, including those to penicillin G
and dihydrostreptomycin, could be immobilized within a sol–
gel film (22). This method was used to fabricate an array of
sensing elements within a polydimethyl siloxane microfluidic
device. This device was not strictly label-free, because a
secondary antibody containing a fluorescent label was used,
and the resultant antibody-antigen conjugates were being de-
tected by fluorescence microscopy. Another lab-on-a-chip
device has been recently reported (23), which combines the
use of immobilized antibodies on a chip combined with a
technique—wavelength interrogated optical sensing in which
a collimated light beam is focused onto a dielectric waveguide
on which is a grating coupler as shown in Figure 5. For a
certain wavelength, a resonance occurs, generating an evanes-
cent wave in the same manner as SPR. The output of this
optical chip can also be measured in the same way that SPR
can be. Sensing molecules such as antibodies are attached to

Figure 5. Sensing principles of WIOS technology based on grating
waveguide resonant coupling. Characteristics of the WIOS system used are
given by the following parameters: dielectric film thickness: hin (150 nm) and
hout (300 nm); grating period: L (360 nm), grating groove depth 12 nm. At
resonance wavelength, a fraction of the incident light is transmitted into the
waveguide and coupled out through the output pad. Output light is collected
by plastic optical fibers and analyzed by a photodiode detector. Biofunction-
alization of the sensing layer converts the WIOS into a biosensing device
where the shift in the resonance wavelength reflects the quantity of bioanalyte
bound. Reprinted from Suárez G et al. 2009 Lab Chip 9:1625–1630. Copy-
right © 2009 The Royal Society of Chemistry, with permission.
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the coupler, and on binding, it give rise to a change in refractive
index, which affected the resonance wavelength. This set-up
proved capable of the simultaneous detection of three antibiotic
families—sulfonamides, fluoroquinolones, and tetracyclines—in
raw milk at their MRL. The procedure could be automated and
took �10 min per test. In another article, the wavelength inter-
rogated optical sensor (WIOS) system was used to successfully
test for a range of 30 antibiotics (24). In this study, the antibodies
were synthesized to detect a class of antibiotics rather than single
species. By using class-selective antibodies, the simultaneous
screening for the most frequently used antibiotics in the veteri-
nary field (e.g. sulfonamides, fluoroquinolones, �-lactams, and
tetracyclines) was made possible in milk samples.

Other workers also used spotting technology to deposit
various drugs as conjugates with ovalbumin at discrete loca-
tions on glass slides (25). These could then be used in a
competitive assay where specific antibodies were bound to
these conjugates. This technique again was not strictly label-
free as a fluorescent secondary antibody was then used, which
allowed the system to be examined by fluorescence micros-
copy. This system proved capable of analyzing six samples each
for eight antibiotics on a single chip within 3 h with accuracy and
with sensitivities comparable with analyses using liquid chroma-
tography combined with mass spectrometry assays.

In a development of SPR technology, the technique of SPR
imaging—where the SPR behavior of a metal surface can be
imaged—has been used to screen milk samples for seven
different antibiotics simultaneously (26). Antibiotics were im-
mobilized as spots onto commercial SPR chips. A competitive
assay was used in which the chip was then exposed to antibodies
to these materials. Levels of detection well below the MRL were
established for most of these compounds in buffer and 10-fold
diluted milk, although two of the antibiotics could not be detected
below the MRL. In milk, there was some interference, probably
because of nonspecific binding of milk proteins. The chip could
be regenerated for multiple use by washing.

CONCLUSIONS

The detection of antibiotics in milk is a necessary procedure
to help prevent the creation and spread of antibiotic resistance
bacteria. Current methods such as chromatographic and mass
spectral analysis require expensive equipment and highly
trained staff. Other methods such as ELISAs are effective but
unsuitable for large numbers of samples, because they are time
consuming and require the use of labeled antibodies. Label-
free approaches offer many advantages, because they do not
require the use of expensive labeling reagents and can often be
carried out in the field. Both electrochemical and optical
approaches show promise, being capable of detection of an-
tibiotics at levels below the MRL. Both techniques could be
used in array format where they can simultaneously test
samples for a range of antibiotics. Other advantages include
the small sample volumes required for these assays and no
necessity for pretreatment of the samples before analysis. Elec-
trochemical methods could use cheap screen-printed electrodes
as throwaway single-shot sensors. Although optical chips are
more expensive, their price would come down with large-scale

manufacture, and in some cases reported in this study, it has been
possible to regenerate the sensor for multiple usage. From this, it
is expected that label-free approaches will become competitors to
the current ELISA-based methods within the near future.
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