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Abstract With the worldwide use of penicillin antibiotics
comes the need for tighter controls. Bacterial resistance is a
genuine problem and governmental and international bod-
ies, for example the European Medicines Agency (EMA)
and the World Health Organization (WHO), have designed
strategies to overcome this unfortunate consequence of an-
tibiotic use. Foodstuffs are monitored to ensure they contain
very low quantities of antibiotics, so they are not prejudicial
to health and the environment. Detection is based on chro-
matographic methods. However, screening can be per-
formed by use of simpler, rapid methods of detection, e.g.
microbial inhibition test, lateral flow assays, immunoassays,
and use of biosensors, to reduce the final number of samples
to be analyzed by chromatography. In this review, we have
gathered information regarding all such screening methods
for the penicillins and have critically assessed their capabil-
ity and specificity for detection of penicillins.

Keywords Penicillin - 3-Lactam - PBP - Bioassay -
Immunoassay - Biosensor
Introduction

The antibiotic penicillin has been used to cure a wide range
of microbial infections since its discovery by Alexander
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Fleming in 1928. Use of penicillins has become imperative
in the fight against many infections, but, as broadcast in
many advertisements (i.e. yoghurts), not all bacteria are
“bad”. The overuse of antibiotics has become a genuine
problem and there is increasing demand for reduction of
their use.

Antibiotics have been used in veterinary medicine since
shortly after their use in humans [1]. The main diseases
treated today by antibiotics are mastitis, lung infections,
and skin and organ abscesses. The most commonly used
antibiotics are the {3-lactams, for example penicillins or
cephalosporins, tetracyclines, fluoroquinolones, aminogly-
cosides, macrolides, and sulfonamides. Antibiotics may be
administered by injection (intravenous, subcutaneous, or
intramuscular), orally in food and water, topically, and by
intramammary or intrauterine infusions [2]. All these routes
of administration may result in the appearance of these
antibiotic residues in food, for example meat, eggs, and
milk. To protect public health, pharmacologically active
substances have been classified, on the basis of scientific
assessment of their safety, in four Annexes to Council
Regulation (EEC), no. 2377/90 of 26 June 1990, which
stipulates a Community procedure for establishment of max-
imum residue limits (MRL) of veterinary medicinal prod-
ucts in foodstuffs of animal origin.

In most countries 3-lactams are widely applied in masti-
tis therapy and are therefore the major reason for failures to
satisfy dairy control requirements, at least, for inhibitory
substances. Many studies show the accumulation of antibi-
otic residues in animal milk [3, 4]. Farm management is
important in helping to minimize the use of antimicrobials.
However, with increasing density of livestock there is a need
for better disease control, which leads to heavy use of anti-
biotics, often only as a precaution, which is an illegal
practice in the EU.
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The presence of penicillin has been beneficial in some
areas of food production. Penicillium moulds are found in
Blue cheese (e.g. Penicillium camemberti and Penicillium
roqueforti). Penicillium nalgiovense is used to improve the
taste of sausages and hams and to prevent colonization by
other moulds and bacteria. However, milk containing peni-
cillin may affect yoghurt and cheese production. Yoghurt is
produced by fermentation of milk by lactic acid bacteria
(e.g. Lactobacillus bulgaris or Streptococcus thermophilus).
It is known that penicillins affect this lactic acid production,
a requirement in the production of dairy byproducts [5].
According to the European Medicines Agency, concentra-
tions as low as 6 pg kg ' penicillin in milk substantially
inhibit starter cultures and delay acid production [6]. In
dairy products of acceptable quality the concentration must
not exceed 3 pg kg .

Penicillins administered to animals may be released into
the environment via faeces and urine or via the run-off from
topical medications. The Water Framework Directive (2000/
60/EEC) [7] of the European Union does not include the
penicillins in their list of substances to be detected but there
is little doubt that their presence exists with so many being
administered. Some recent papers have included the peni-
cillins in their lists of possible contaminants in water [8, 9].

Although it is difficult to monitor water for every chem-
ical substance that may contaminate it, it should be noted
that antimicrobial agents are a frequent contaminant of
surface waters, thus adding to the problem of bacterial
resistance. Bacterial resistance is discussed later with regard
to the penicillins but ultimately the indiscriminate use of
antibacterials has led to the emergence of bacteria which
have modified some aspect of their being to avoid death
from these antibacterials. Many reports have included anti-
microbials in their list of possible contaminants [10, 11].
Adverse drug reactions are undesirable reactions to drug
treatment. The penicillin antibiotics are regarded as quite
non-toxic, because they do not have the severe side-effects
of other antibiotics (e.g. vancomycin may cause hearing loss
and kidney damage). The most common side effects are
nausea, vomiting, bad breath, and sometimes diarrhoea,
but treatment may continue. However, it must be noted that
another serious consequence of the presence of penicillins in
milk is the risk of an allergic reaction. Immunological reac-
tions of this type are classified as Type I hypersensitivity
reactions and occur in people who have previously been
exposed to the penicillin to which specific IgEs have been
produced. When the person is re-exposed there is an abnor-
mal immunological response and chemical mediators such
as histamine, prostaglandins, leukotrienes, and kinins are
released. Symptoms include rashes, hives, and shortness of
breath. In serious cases anaphylactic shock may occur [12].

The information gathered in this review highlights the
availability of a variety of tests for detection of penicillins.
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We also critically assess the performance of such tests. The
principal idea is to enable the reader to see where future
developments may lie while collecting information already
known about penicillin detection. Although we wanted to
discuss the detection methods available, we also find it
imperative to give an overview of the types of penicillin
and their uses, mechanisms of bacterial resistance, legisla-
tion regarding these antibiotics, etc., thus giving the reader a
wide range of information on this topic.

Penicillins

Penicillins are composed of a (3-lactam ring attached to a
thiazolidine ring, giving rise to 6-aminopenicillanic acid (6-
APA). All penicillins have this core structure (Fig. 1). The
penicillins can be classified into four main groups, on the
basis of their ability to kill different types of bacteria—
natural, penicillanase-resistant, aminopenicillins, and ex-
tended spectrum penicillins.

1. The only natural penicillin is penicillin G, but modifica-
tion of its structure has produced phenoxymethylpenicil-
lins (e.g. penicillin V, phenethicillin, and propicillin).
They are only administered intramuscularly.

2. Penicillinase is an enzyme produced by some strains of
bacteria which inactivates penicillin. Penicillinase-
resistant penicillins are insensitive to the activity of this
enzyme, which enables using them to fight against infec-
tious caused by this type of resistant bacteria. They in-
clude oxacillin, nafcillin, cloxacillin, and dicloxacillin.

3. Addition of an amine group to the 6-APA core gave rise
to the aminopenicillins. They are acid-resistant and can
be administered orally. Aminopenicillins include ampi-
cillin and amoxicillin.

4. Finally, the extended spectrum penicillins have the (3-
lactam backbone but feature a carboxylic acid or ester
group in a variable side chain. They have similar activ-
ity to the aminopenicillins but have greater activity
against Gram-negative bacteria. They are not included
in legislation relating to veterinary products.

Mechanism of action

The peptidoglycan layer of Gram-positive bacteria is impor-
tant for cell wall structural integrity. The final transpeptida-
tion step in the synthesis of peptidoglycan is facilitated by
transpeptidases known as penicillin-binding proteins
(PBPs). Penicillins are analogues of D-alanyl-D-alanine. This
structural similarity facilitates their binding to the active site
of the PBPs. The {3-lactam binds irreversibly to the active
site. This prevents the final cross-linking of the peptidoglycan
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Fig. 1 Structures of the different penicillins

layer and disrupts cell wall synthesis (Fig. 2). Gram-positive
bacteria have a simple structure which is permeable to polar
molecules, for example the 3-lactams. Gram-negative and
mycobacteria contain pores through which penicillins may
gain access. Components with a negative charge have more
difficulty passing through. For penicillins to be bactericidal, it
is necessary that the bacteria are growing and dividing. In this
condition, loss of transpeptidation and the normal activity of
wall hydrolases make the cell wall weaker and the bacteria are
destroyed by osmotic lysis [13].

Bacterial resistance

Some bacteria have evolved to become resistant to the
penicillins. The inappropriate use of antibiotics in human
medicine, plus the residual presence of penicillins in food-
stuffs resulting from abuse of these antibiotics to treat

7~

Penethamate 0 \\/ \\

animals have led to a greater than expected bacterial resis-
tance. The mechanisms of resistance of bacteria to f3-
lactams can be divided into three main mechanisms—pro-
duction of (-lactamases, modification of PBP sites. and
blockage of entry.

The production of (3-lactamases

Production of (-lactamase enzymes is the most important
mechanism of resistance in bacteria. The 3-lactamases are
enzymes that hydrolyse the (3-lactam ring of the antibiotics
and render them inactive (Fig. 3a). Penicillinase was the first
[3-lactamase to be identified, being isolated by Abraham and
Chain in 1940 from Gram-negative E. coli even before
penicillin began to be used clinically. Penicillinase expres-
sion quickly spread to bacteria that previously did not pro-
duce it or only produced it rarely. To fight these bacteria,
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Fig. 2 Structure of penicillin-binding protein of the bacterium Staphylo-
coccus aureus. The transpeptidase domain is coloured blue and the position
of the active site is indicated in red. Courtesy of Dr. Natalie Strynadka

penicillinase-resistant (3-lactams, for example methicillin,
were developed, but widespread resistance to this antibiotic
was also observed before long.

Modification of penicillin-binding protein (PBP) sites

A common mechanism of resistance of Gram-positive bac-
teria is production of PBPs with less affinity for (3-lactams
(Fig. 3b). The most characteristic resistance by this mecha-
nism is seen in Staphylococcus aureus toward methicillin.
Methicillin has great affinity for PBP2 resulting in lysis of
the cell. S. aureus strains may produce a new form of the
protein called PBP2a which has lower affinity for methicil-
lin, so these bacteria become resistant to penicillins. MRSA
(methicillin resistant Staphylococcus aureus) is a quite prev-
alent health-care-associated infection (HAI) and, despite
measures to reduce its occurrence, remains an important
public health problem. More must be done to further reduce
the risks of developing these infections The gene for PBP2a
is only present in resistant strains of S. aureus, suggesting
that the gene was acquired from another species of bacteria.
The Enterococci have natural resistance to penicillins be-
cause one of their PBPs (PBP5) has lower affinity and, by
producing more of this PBPS, they stop the binding of
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penicillins. The Pneumococci also have mutants which are
resistant to (3-lactams. They have altered up to three of their
PBPs and thus the (3-lactams have lower affinity for the
proteins. The changes have been so numerous that it is
believed that the strains have acquired a foreign gene. Sim-
ilar activity occurs with Haemophilus and Neisseria.

Blocking of entry

The penicillins must gain access to the PBP by crossing the
cytoplasmic membrane. This is easily achieved in Gram-
positive bacteria. In Gram-negative bacteria, the pores may
be used. Thus, by losing these pores or by modifying them,
the Gram-negative bacteria have created a resistance mech-
anism. This form of resistance is seen in enterobacteria, for
example Salmonella, Enterobacter, and Pseudomonas, and
may be reversible.

Production and uses of penicillins

Natural penicillin—penicillin G—is produced by some
strains of fungi, for example Penicillium chrysogenum
(Fig. 4), Penicillium notatum, and Acremonium chrysoge-
num. Strains of these are grown in deep vats with precau-
tions to prevent bacterial contamination. Phenylacetic acid
is added and increases the yield of benzylpenicillin. The
final product is a pure crystalline preparation. By the same
method, i.e. by enriching the cultures with a specific chem-
ical compound, other penicillanic acid derivatives can be
prepared. It is also possible to modify benzylpenicillin after
it has been synthesized by simple chemical reactions. Since
1959 it has been possible to synthesize many compounds by
adding a variety of side chains to the penicillin nucleus—
6-aminopenicillanic acid.

The (-lactam antibiotics account for over 65 % of the
world antibiotic market [14]. The global anti-infectives mar-
ket generated revenues of $79 billion in 2009. The future of
the penicillins is uncertain because countries such as China
and India are increasingly producing cheaper penicillins,
whereas other countries have begun to lose interest. For
example, GlaxoSmithKline has left the US market and has
sold the rights of branded penicillin medications, for exam-
ple Augmentin and Amoxil, to Dr Reddy’s Laboratories, an
Indian generic drug producer. The global leader of penicillin
products is DSM—Bright Science. Brighter Living.

The penicillins can be used against a wide range of infec-
tions by Gram-positive and, to a lesser extent, Gram-negative
bacteria. They are usually the drug of choice for minor infec-
tions because they have little or no toxicity except for allergic
reactions in some patients. With increasing bacterial resistance
their use is being limited. The uses are many and vary among
countries. The following are some common uses of amoxicillin
in humans. Amoxicillin is used in the treatment and prevention
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Fig. 3 Different bacterial resistance mechanisms. (a) Production of (3-lactamases. (b) Modification of penicillin-binding protein (PBP) sites

of recurrent acute otitis media (AOM). It is used for treatment
of skin infections caused by Streptococcus, Staphylococcus, or
Escherichia coli and for treatment of pharyngitis and tonsillitis
caused by Streptococcus pyogenes. Lower respiratory infec-
tions caused by susceptible Streptococcus (S. pneumonia),
Staphylococcus, or Haemophilus influenzae, and urinary tract
infections (UTIs) caused by Enterococcus faecalis, E. coli, or
Proteus mirabilis are also treated with penicillins. Amoxicillin

Fig. 4 Scanning electron micrograph of conidiophores of Penicillium
chrysogenum, the mould from which penicillin was isolated

is highly recommended for pregnant women suffering Chla-
mydia trachomatis infection. It is an alternative treatment for
gastroenteritis caused by non-typhoidal Salmonella. Amoxicil-
lin is also used for treatment of Helicobacter pylori infection or
duodenal ulcer disease. Antibiotics are not recommended for
healthy individuals with uncomplicated gastroenteritis but
when the disease is severe and the patient is at increased risk
because of underlying conditions (e.g. HIV sufferers, severe
atherosclerosis, vascular disease) treatment is recommendable
and it can be administered.

Legislation regarding penicillins

As mentioned in the Introduction, use and misuse of anti-
microbials in human medicine and animal husbandry over
the past 70 years has led to a relentless rise in the number
and types of microorganisms resistant to these medicines—
leading to death, increased suffering, and disability, and
higher healthcare costs. Combating antimicrobial resistance
thus requires intervention of two types:

1. improving antimicrobial use; and
2. blocking transmission of resistant organisms.

Urgent and coordinated action is required at local, na-
tional, and international levels to ensure adequate treatment
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of patients and preservation of the life-saving power of
antimicrobials for future generations. In this respect, since
the late 1990s and 2000, the WHO has convened a series of
consultative groups, expert workshops, and consensus meet-
ings to assess the growing public health threat of antimicro-
bial resistance, to evaluate the effect of containment
intervention, and to develop a series of recommendations
for action. The culmination of this work was the publication
in 2001 of the WHO Global Strategy for Containment of
Antimicrobials in which distinct priorities are identified and
recommendations addressed to distinct sectors, including
patients and the general community, prescribers and dis-
pensers, hospitals, antimicrobials use in food-producing
animals, national governments and health systems, industry
and research groups, and international organizations. Gov-
ernmental agencies were to ensure a high level of human
health protection. A comprehensive body of EU legislation
has been put in place to achieve this objective. All of this
legislation is publicly available and can be accessed via the
European Commission’s EurLex website: http://eur-lex.
europa.cu/en/index.htm. With regard to the safety of food,
specific EU legislation is in place to prevent exposure of the
population to residues of veterinary medicines, pesticides,
and contaminants in food of animal origin The principal
objective of the legislation is to detect illegal use of sub-
stances in animal production and the misuse of authorized
veterinary medicinal products, and to ensure the implemen-
tation of appropriate actions to minimize recurrence of all
such residues in food of animal origin. In this respect, the
European Medicines Agency (EMA) is the body responsible
of the protection and promotion of public and animal health,
by evaluation and supervision of medicines for human and
veterinary use, according to the EU legislation. One of most
important regulations is Council Regulation 2377/90/EEC
which gives the MRL allowed in foodstuffs. Thus, any
analytical method including immunoassays must be able to
detect below these levels. Table 1 shows MRLs of 3-lactams
in foodstuffs of animal origin.

Council regulation 2377/90/EEC [15]

All pharmacologically active substances which are used with-
in the Community in veterinary medicinal products intended
for administration to food-producing animals should be eval-
uated in accordance with regulation 2377/90/EEC. According
to the EU, “residues of veterinary products” signifies all
pharmacologically active substance whether active principles,
excipients, or degradation products and their metabolites
which remain in foodstuffs obtained from animals. The “max-
imum residue limit” (MRL) is defined as “the maximum
concentration of residue resulting from the use of a veterinary
medicinal product (expressed in mg kg ') which may be
accepted by the Community to be legally permitted or
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recognized as acceptable in or on food”. The limit is that
without any toxic effect on human health and is measured as
acceptable daily intake (ADI).

Council directive 96/23/EC [16]

Council Directive 96/23/EC sets out guidelines on measures
to monitor specific substances and residues thereof in live
animals and in animal products. Each member state designates
at least one national reference laboratory. When the residues
exceed the levels stipulated or illegal substances are detected,
action must be taken out to ensure the safety of public health.
There are two groups of substances—A and B. The penicillins
are in Group B, and all animal foodstuffs are included in this
group (e.g. bovine, poultry, milk, honey, etc).

Commission decision 97/747/EC [17]

This decision was made to provide further information on the
correct procedure for sample taking. It includes the sampling
methods for milk, eggs, and honey which were not included in
Regulation 96/23/EC. Regarding milk samples, the average
number of samples is 1 per 15,000 tonnes of the annual
production of milk, with a minimum of 300 samples. This is
a substantial number of samples, thus increasing the need for
faster and more cost-effective tests for their detection. Each
sample is taken by official competent authorities in such a way
that it is always possible to trace it back to the farm of origin.

Commission decision 2002/657/EC [18]

This decision was made for “implementing Council Direc-
tive 96/23/EC concerning the performance of analytical
methods and the interpretation of results”. The analytical
methods accepted by the EU are based on chromatographic
and/or spectrometric techniques. However, the EU has stat-
ed that regulatory laboratories must find the best analytical
techniques for the detection of pharmacological substances
and therefore it is not unlikely that other methods will have a
place in future, if their efficiency can be proven.

The maximum residue limits for different countries can
be seen in the Table 2. The European Union is stricter than
most countries (e.g. the MRL for amoxicillin in USA is
10 pg kg ' compared with 4 pug kg ™' for the EU). Also,
the EU legislation includes more penicillins. Therefore, tests
capable of detecting the penicillins at EU stipulated levels
could be used all over the world.

Current detection methods
Bacteria have developed effective ways of reducing the

efficiency of the antibiotics but it must be stated that the
penicillins are relatively stable in food samples. Therefore
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Table 1 Maximum residue limits (MRLs) of veterinary 3-lactams in foodstuffs of animal origin as dictated by European Regulation Standards

EEC 2377/90

B-Lactam Marker residue Animal species MRL Target  Other provisions
(ug kg™ tissues®
Amoxicillin Amoxicillin All food-producing species 50 a MRLs do not apply to fin fish.
4 b For porcine and poultry species the fat
MRL relates to “skin and fat in natural
products”.
Not for use on animals which produce
eggs for human consumption.
Ampicillin Ampicillin All food-producing species 50 a As for amoxicillin
4 b
Benzylpenicillin Benzylpenicillin All food-producing species 50 a As for amoxicillin
4 b
Cloxacillin Cloxacillin All food-producing species 300 a As for amoxicillin
30 b
Dicloxacillin Dicloxacillin All food-producing species 300 a As for amoxicillin
30 b
Nafcillin Nafcillin All ruminants 300 a For intramammary use only.
30 b
Oxacillin Oxacillin All food-producing species 300 a As for amoxicillin
30 b
Phenoxymethylpenicillin  Phenoxymethylpenicillin - Porcine 25 c Not for use on animals which produce
Poultry 25 d eggs for human consumption.
Penethamate Benzylpenicillin Bovine 50 a For porcine species the fat MRL relates
Bovine 4 b to skin and fat in natural proportions.
Porcine 50 a

a corresponds to muscle, fat, liver and kidney; b corresponds to milk; ¢ corresponds to muscle, fat and liver; d corresponds to muscle, skin and fat,

liver, and kidney

the following methods of detection will not be hindered by
instability of the molecule. For example, heat inactivation of
the (3-lactams occurs, but only under extreme conditions,
e.g. 120 °C for 20 min caused degradation of 46.7 % for
amoxicillin and 84 % for ampicillin in milk [19].

As already mentioned, the EU depends on chromato-
graphic methods for detection and quantification of penicil-
lin antibiotics. We will not discuss these methods here; a
thorough review is available [20].

Capillary electrophoresis involves separating ionic species
on the basis of their charge and frictional forces. Whereas in
conventional electrophoresis electrically charged substances
move in a conducting liquid medium under the action of an
electric field, during capillary electrophoresis substances are
separated on the basis of their size to charge ratio in the
interior of a small capillary filled with an electrolyte. Once
separated, the substances can be detected by a variety of
means. For the penicillins, methods using UV—visible

Table 2 Maximun residue limits (MRL) for B-lactams in different countries (ug kg ™)

Substance EU [15] Switzerland [48] USA [49] Canada [S0] Japan [51] South Africa [52] New Zealand [53] Taiwan [54]
Amoxicillin 4 4 10 4 10
Ampicillin 4 4 10 10 10 4 10
Penicillin G~ 4 4 5 10 6 4 2 4
Cloxacillin 30 30 10 30 30 10
Dicloxacillin 30 30 30

Nafcillin 30 30

Oxacillin 30 30 30 30

Penethamate 4

@ Springer
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detection for water samples [21] and milk samples [22], or
mass-spectrometry for fish samples [23] have been developed.

Molecularly imprinted polymers (MIPs) are polymers
produced from the monomers in the presence of a template
molecule that is later extracted, leaving specific cavities
behind. These polymers have affinity for the original mole-
cule and can be used for their detection. Their affinity for the
molecules is lower than that of antibodies but they are easy
to prepare and are inexpensive. Quantification can be
achieved by competing with labelled analytes. The signal
is inversely proportional to the analyte in the sample. Urraca
et al. developed one such method for the [3-lactams using
fluorescently labelled competitors [24], and Wan et al. de-
veloped a chemiluminescence assay [25]. Other researchers
have only developed MIPs for extraction of the antibiotics
and later perform liquid chromatography using polymer-
coated columns with mass spectrometry for quantification
of the antibiotic [26]. In some regards the MIP are similar to
immunoassays or receptor-based assays in that the analyte
competes for a receptor but, strictly speaking, are not “bio”-
analytical because detection is achieved by use of polymers.

Because these are not bioanalytical methods we feel no
need to discuss them in detail in this review.

Rapid tests

A list of the rapid tests currently available within Europe can
be seen in the Bulletin of the International Dairy Federation,
in which commercial assays are discussed in detail [27]. The
tests include microbial inhibition tests, receptor-based later-
al flow assays, solid phase immunoassays, and radio-
labelled assays. Only those applicable to (3-lactam antibiot-
ics will be discussed.

Microbial inhibition tests

In 1982 Messer et al. [28] developed a microbial inhibition
test for detection of {3-lactams. Nowadays, these tests are
commonly used to screen for different antibiotics present in
milk and other matrices. Spores of bacteria are kept in an
agar gel matrix containing nutrients and a pH indicator. The
milk is added and the gel is incubated at the appropriate
temperature so the spores germinate and grow. The bacteria
produce acid while growing and therefore there will be a
colour change (Fig. 5a). The strain most often used is
Bacillus stearothermophilus, but some companies, for ex-
ample Valio, have developed their own strains (e.g. Strep-
tococcus thermophilus T101 strain). The indicators used are
bromocresol purple and brilliant black which change from
purple/blue to yellow. For detection of penicillins in animal
tissue there are also agar plate assays. In these, inhibition is
seen on plates which have been coated with bacteria such as
Bacillus subtilus, Bacillus stearothermophilus, and
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Micrococcus luteus. The control plate is made with a disc
containing another antibacterial (e.g. neomycin). This is to
ensure that the bacteria are capable of growing. Often the
samples are added without pretreatment, just liquidising.
Some tests can be performed for live animals by taking
urine and serum samples.

These tests are regarded as rapid but take from 3 to 24 h
to perform and require incubators. The strains used have to
be constantly monitored to ensure that they have not become
resistant to the antibacterials. Interpretation of the results is
subjective and may lead to false negatives or positives. The
existence of natural inhibitors in abnormal milk (mastitis,
colostrums) can be the cause of false positive results. Tests
like these would be welcome in slaughterhouses, because
they are relatively inexpensive and many can be performed
together depending on the availability of incubators. For
milk, these tests should be performed at the farm and not
in the factories. It would be much more costly to throw all of
the bulked milk away rather than a single container of milk
obtained on the farm. The European Medicines Agency
summary report for penicillins in 2008 stated that the mi-
crobial inhibition test using Bacillus stearothermophilus and
the four-plate method were suitable for screening of milk
and edible tissues respectively [6]. Table 3 shows commer-
cially available microbial inhibition assays.

Lateral flow assays

Lateral flow tests are a simple devices used to detect analy-
tes in a sample. They are often produced in a dipstick
format. Lateral flow tests are a form of immunoassay in
which the test sample flows along a solid substrate by
capillary action. After the sample has been applied to the
test it encounters a coloured reagent which mixes with the
sample and moves the substrate, encountering lines or zones
which have been pretreated with an antibody or antigen.
Depending on the analytes present in the sample the col-
oured reagent can become bound at a test line or zone. Many
coloured particles exist, but latex (blue colour) or nanometre
sized particles of gold (red colour) are commonly used. The
gold particles are red in colour because of localised surface
plasma resonance. Fluorescent or magnetically labelled par-
ticles can also be used but require electronic readers to
assess the test result (Fig. 5b).

Alternatives to lateral flow-based assays are microplate
assays in which the receptor protein is immobilised on a
microplate. Lamar et al. developed one such assay. The
penicillin binding protein PBP 2x* was used for detection
of penicillins in milk, bovine and porcine muscle, juice,
honey, and egg [29].

An advantage of these tests is that they require little time
and experience. They are, however, less sensitive than other
techniques. The tests are selective for the family of
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Fig. 5 Rapid tests for penicillin
detection. (a) Microbial
inhibition test to detect
3-lactams (DSM Food
Specialties, The Netherlands).
(b) Lateral flow test for
simultaneous detection of
{3-lactams and tetracyclines in
milk (Unisensor, Belgium)

penicillins, but they are not specific, they do not differenti-
ate between compounds. If a patient has had a reaction to a
food-product it is important to know the particular com-
pound that has caused the reaction. For quantitative results
special readers are needed. Table 4 shows some commer-
cially available screening tests for detection of penicillins in
milk. A variety of other assays are available but we have
placed here one from each of the largest manufacturers.
They are some of the most popular (Unisensor and BetaStar)
because they are rapid and can test for different analytes at
the same time. They all require incubators and special read-
ers for quantification.

Immunoassays

Immunoassays are tests used for detection of substances
based on the principle that an antibody binds to the sub-
stance it has been raised against. Therefore a labelled anti-
body can be monitored to see if it detects its antigen. The
signal comes from the labelled antibody or a secondary
reagent specific for the antibody. The non-competitive
assays are usually used for high-molecular-weight mole-
cules (e.g. proteins). The sandwich assay is the most popular
format, and two different specific antibodies are required,
one of them containing the marker. An increase in signal is
directly proportional to the amount of analyte present.

For low-molecular-weight analytes competitive immuno-
assays usually have to be developed. Two main formats are
used, direct and indirect competitive assays. In the direct
format, equilibrium is established between the antibody
bound to the solid surface, the analyte, and the competitor
tracer (analogue of the analyte linked to an enzyme) which
are in solution. After the main incubation step, the unbound
reagents are washed away and the amount of label bound to
the solid phase by the antibody is measured. A decrease in
the signal is directly proportional to the amount of analyte

Twimnmsensor @, /2]
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present. In the indirect format, the antigen is bound to the
surface. The analyte is added with the antibody and the
concentration is indirectly proportional to the number of
antibodies attached to the antigen.

Immunoassays can also be divided on the basis of the
label used. There are five types—radioimmunoassay, en-
zyme, fluorescent, luminescent, and magnetic immunoas-
say. In the scope of this review, neither magnetic
immunoassays nor luminescent immunoassays have been
developed for penicillins. Radioimmunoassays use antibod-
ies or antigens labelled with a radioactive substance, often
iodine, but this is not a commonly used technique nowa-
days, because of safety concerns. A review of radio-labelled
immunoassays for antibiotics published by Broughton and
Strong in 1976 [30]. It outlines the problems associated with
penicillin assays. Charm Sciences have a test incorporating
a liquid scintillation counter and luminometer for detection
of the (-lactams. It is highly specific and rapid (10 min for
milk, 60 min for tissue extracts) but there are concerns over
safety. It can only be performed by laboratory personnel.

Fluorescent immunoassays (FIA)

Fluorescent immunoassays (Table 5) may use fluorescent
compounds, for example cyanine dyes (Cy2, Cy3, Cy5),
rhodamine, or phycobiliprotein from algae. Benito-Pefia et
al. [31] developed an assay for detection of ampicillin using
a PAAP-AD complex, by raising antibodies against the core
6-aminopenicillanic acid (6-APA) structure. They were able
to reach an ICsy of 30 ng mL ™", Parallux (Medexx) devel-
oped a 4-min FIA for detection of the (3-lactam antibiotics
using a europium chelator (Eu’"). It has a detection limit of
2.3 ng mL~!, lower than the MRL. Nevertheless, these
assays have many limitations. The choice of label is impor-
tant. The quantum yield of the fluorophore must be high
enough because it is not possible to amplify the signal.

@ Springer
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Table 3 (continued)

Ref.

Supplier

No. samples LOD

Time

Indicator

Penicillin Bacterial Strain

Matrix

Test

(ngkg ™)

analysis at a time

[59, 60]

a

Depends on 60
incubator

Penicillin G B. subtilus BGA Colony growth 20 h

Ampicillin

Muscle

Four-plate test

M. luteus ATCC 9341

Kidney
Liver

130

Depends on 400

[61]

a

16 h

Colony growth

Ampicillin B. subtilus

Muscle

Swab test on premises

Penicillin G

Kidney
Liver

(STOP)

30

incubator

[62]

a

Depends on 130
incubator

18 h

Colony growth

Ampicillin B. subtilus

Kidney

Belgian kidney test

60

Penicillin G
Ampicillin

Muscle

[63]

160
60

Depends on
incubator

I5h

Colony growth

B. subtilus

Renal pelvis

New Dutch kidney test

Penicillin G

fluid
Kidney

[64]

Depends on

Bromocresol purple 6 h

B. megaterium

Ampicillin

Fast antibiotic screen test

incubator

Penicillin G

(FAST)

a. Different components may be supplied by different manufacturers e.g. agar plates, control discs, etc.

Sometimes the assays require expensive equipment and
experienced operators.

Enzyme-linked immunosorbent assays (ELISA)

The labels used in ELISAs are enzymes which react with an
appropriate substrate, producing a chromogen that absorbs
in the visible range. The enzymes are coupled to the reac-
tants as indicators or labels. The most commonly used
enzymes are horseradish peroxidase (HRP), glucose oxidase
(GO), alkaline phosphatase (AP), and 3-galactosidase (3 G).
ELISAs have been developed for detection of penicillins in
milk. Many are either not sufficiently sensitive or are un-
specific. Table 5 gives an outline of the results obtained. In
2001, Cliquet et al. [32] described how ampicillin was
coupled to different carrier proteins (BSA, ovalbumin, thy-
roglobin). Different coupling methods were used—two used
cross-linkers, one used a carbodiimide-mediated coupling
method, and one was without cross-linker or mediator.
Monoclonal antibodies were produced. The specificity and
affinity of these antibodies were demonstrated by inhibiting
their binding with a 10 mmol L™ solution of ampicillin.
More than 10 mmol L™" ampicillin was needed to obtain
50 % competition in the inhibition ELISA. Samsonova et al.
[33] produced polyclonal antibodies against ampicillin-BSA
immunogen and developed an indirect immunoassay for the
detection of ampicillin in the range 10-1000 ng mL™' in
milk. The antibodies were specific for ampicillin and had
low cross-reactivity with other penicillins. In 2010, Zhang et
al. [34] developed an immunoassay for detection of benzyl-
penicilloic acid in milk. This compound is a degradation
product of penicillin G that may be found in milk when it
has been spiked with (3-lactamases. This strategy avoids the
direct detection of penicillin G. The same methodology was
used by Kress et al. for analysis of a hydrolysed penicillin G
derivative in goat milk. The limit of detection was 1—
2 ng mL™' [35]. This idea may have arisen from an earlier
paper by Grubelnik et al. who, by producing antiserum
against the hydrolysed form of the (-lactam antibiotics,
detected penicillin G at a level of 0.05 ng mL™". However,
the ELISA required addition of penicillanase to the assay.
As mentioned by Grubelnik, “specific and sensitive anti-
bodies against [3-lactam antibiotics are difficult to raise due
to the chemical reactivity of the f-lactam ring” [36].
Strasser et al. [37] raised antibodies against an ampicillin—
BSA conjugate, obtaining an ECs, of 24 ng mL™"'. There
was high cross-reactivity which was removed after hydro-
lysis of the antibiotics. Another example has been published
by Fitzgerald et al. [38], who developed a direct competitive
immunoassay that could detect 11 different (3-lactams with
limits of detection below European MRLs.

It is apparent all these enzyme-linked immunoassays
have had to alter the structure of the 3-lactams to produce

@ Springer
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Table 4 Commercially available lateral flow assays for detection of penicillins in milk

Test Penicillin Analysis No. of samples LOD Equipment Special equipment Manufacturer Ref.
time at a time (ng kg™
BetaStar Penicillin 5 min 6 2-4 Dry-block incubator ~ BetaStar reader Neogen (MI, USA) [65]
Amoxicillin 2-4 47.5£1 °C (optional)
Ampicillin 2-5
Cloxacillin 5-10
Dicloxacillin 5-10
Oxacillin 5-10
Nafcillin 8-20
Rosa MRL3  Ampicillin 3 min 2 dual incubator 4 56 °C incubator Rosa reader Charm Sciences [66]
Test for Amoxicillin 4 quad incubator 4 with timer, (MA, USA)
Beta-lactam  (]oxacillin 12 300-pL pipette
Dicloxacillin 14
Penicillin 3
Oxacillin 18
SNAP MRL  Penicillin G 10 min  One per device 24 Dry block incubator ~ SNAPshot reader Idexx Laboratories  [66]
Beta-lactam Amoxicillin 3.5-10 45+5 °C (ME, USA)
Ampicillin 3.5-5
Cloxacillin 22-41
Oxacillin 24-90
Nafcillin 52-111
Twinsensor®"  Amoxicillin 6 min 8 3-5 Heat sensor incubator Optical reader Unisensor [27]
Ampicillin 3-5 (optional) (Wandre, Belgium)
Benzylpenicillin 2-3
Cloxacillin 6-8
Dicloxacillin 6-8
Nafcillin 30-40
Oxacillin 12-18

antibodies with sufficient specificity. To conclude, there are
no highly sensitive ELISAs for detection of penicillins,
especially the aminopenicillins which are the most common-
ly used worldwide. It seems that penicillin immunogens are
unstable, probably because of opening of the 3-lactam ring.
It is likely that in the next immunogen generation, haptens,
will be designed to be sufficiently stable to resist degrada-
tion by host animals. This could be achieved by changing
the nitrogen of the 3-lactam ring for a carbon atom or any
other heteroatom (phosphorus or silicon) except nitrogen.
Nevertheless, for the moment it is apparent that it is difficult
to develop immunoassays against penicillins.

Biosensors

Biosensors contain biological species that interact with the
analyte in close contact with a physical transducer which
senses the physicochemical change after the interaction.
Thus, the biological response is converted into an electrical
signal that is amplified, stored, and quantified by use of a
specially designed processor. Biosensors may be classified

@ Springer

according to the biological element (e.g. enzymatic or re-
ceptor—ligand) or according to the transducer used (e.g.
amperometric, optical, piezoelectric, etc.). Biosensors are
rapidly being developed for detection of a variety of analy-
tes. Most have been set up solely as a proof of concept, and
they have not been employed in further applications. Bio-
sensing devices have been developed for detection of pen-
icillin antibiotics by use of biosensors (Table 6). We have
also included some sensors that detect penicillins but do not
have a biological element [39-41], but rather use the fact
that the penicillins oxidise Fe(Ill) to Fe(Il) which can be
measured by the sensor.

With regard to the biological element used on the bio-
sensor, enzymes are highly specific and sensitive but may be
difficult to use because their instability. Enzymes require co-
factors, are difficult to purify, and are expensive. As an
example, Setford et al. developed an enzymatic biosensor
using glucose oxidase and an amperometic transducer for
detection of 3-lactam residues in milk [42]. Antibodies are
the most common type of biological element used. They
may be highly specific, are user-friendly, and do not require
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Table 6 Biosensors designed for detection of penicillins

Biological Sensor type LOD Comments Time Ref.

reaction (ug kg™

Enzyme Optical® 2.6 Microbial receptor protein with carboxypeptidase activity [43]

Detects intact B-lactam nucleus
Enzyme Optical® 1.2 [71, 72]
1.5

Protein receptor Optical® 4 Inhibition of the binding of digoxigenin-labelled ampicillin [73]
(DIG-AMPI) to a soluble penicillin-binding protein (PBP)
of S. pneumoniae

Ab/Ag Optical® 4 Protein conjugates of the haptens were immobilized as spots 5 min [74]
on disposable chips, which were processed in a flow cell

Ab/Ag Optical Used electrodes modified with silver nanoparticles (AgNPs) that [75]
allowed for an increase in the amount of immobilized antibodies

Ab/Ag Optical® 7.8 ng mL™! Amount of nanogold-labelled immunocomplex formed increased [47]
on addition of penicillin G

Ab/Ag Optical® 4 Enzymatic and chemical pretreatment [45]

Ab/Ag Optical 10 ng mL™ Two penicillin-specific monoclonal antibodies and a penicillin- [44]
specific polyclonal antibody

Ab/Ag Electrochemical® 5 The receptor binding protein is specific for the major types of 6 min [42]
fB-lactam antibiotic

Enzyme Electrochemical® 1.6 Penicillin-sensitive field-effect transistor (PenFET) with adsorptively [76]
immobilised penicillinase

Enzyme Electrochemical® Three types of semiconductor field-effect penicillin sensor, enzyme [77]
field-effect transistors (EnFETS), capacitive electrolyte—insulator—
semiconductor (EIS) sensors and light-addressable potentiometric
sensors (LAPS) have been developed and tested for detection of
penicillin

Enzyme Electrochemical® 4 pmol L™ Penicillinase catalyses the hydrolysis of penicillin and H" 2-3 min [78]
is released

Microbial Electrochemical Penicillin inhibits microbial growth and CO, production [79]

Chemical Optical” 29-6.1 ng mL™'  Sodium benzylpenicillin react with Fe(III) to produce Fe(II), [39]
enhancing resonance Rayleigh scattering (RRS)

Chemical Electrochemical ~ 0.67 mol L™ Ferrocenedicarboxylic acid spiked electrode catalyses the [40]
oxidation of ampicillin

Chemical Electrochemical 1.5 pmol L™ Multi-walled carbon nanotubes doped with chitosan film on [41]

a carbon electrode.

#Surface plasmon resonance
° Chemiluminescene

¢ Amperometric

9 Transducer

¢ Transistor

I Resonance Rayleigh scattering

complicated steps. The main problem is that antibodies
against penicillins (e.g. aminopenicillins) with very good
sensitivity have not yet been prepared.

Optical biosensors

Optical biosensors work on the basis of surface plasmon
resonance (SPR) and evanescent wave techniques. For ex-
ample, a thin layer of gold on a high-refractive-index glass
surface can absorb laser light, producing electron waves
(surface plasmons) on the gold surface. This occurs only at
a specific angle and wavelength of incident light and is
highly dependent on the surface of the gold, such that

@ Springer

binding of a target analyte to a receptor on the gold surface
produces a measurable signal. Other optical biosensors are
mainly based on changes in absorbance or fluorescence of
an appropriate indicator compound and do not need total
internal reflection geometry. A widely used research tool,
the microarray, can also be regarded a biosensor. Micro-
arrays are “lab-on-a-chip” tests in which the target analyte
is coated to a solid surface (e.g. silicon or a glass slide) and
can be detected by the receptor. Biacore has developed
biosensors for detection of penicillins. They are based on
the ability of microbial proteins to bind to the penicillins,
which in turn inhibits carboxypeptidase activity. The advan-
tage is that only intact (3-lactam structures are detected. The
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interaction creates surface plasmon resonance that may be
quantified. This was described by Gustavsson et al. [43],
who achieved a limit of detection for penicillin G of
3.6 ug kg . Another type of biological element used is
the antibody. Cliquet et al. produced monoclonal and poly-
clonal antibodies against ampicillin. By applying this to
biosensors they were able to develop an optical biosensor
whereby interaction of the immobilized ampicillin with the
antibody could be quantified. The results were compared
with ELISA and were shown to be more sensitive. The limit
of detection was 10 ng mL ™' [44].

Gaudin et al. described a biosensor-based immunoassay
for screening of milk for penicillin residues. However, this
was used to screen for open-ringed structures, requiring
enzymatic or chemical pretreatment of the samples. In that
work, the biosensor did not reach the MRL [45]. A portable
wavelength-interrogated optical system (WIOS) exploited
class-selective bioreceptors for simultaneous screening of
the most frequently used veterinary antibiotics (e.g., sulfo-
namides, fluoroquinolones, (3-lactams and tetracyclines)
[46]. The label-free sensor uses the evanescent-wave prin-
ciple, by which changes in the refractive index close to the
modified chip surface were detected by scanning the reso-
nance condition at which a light wave is coupled in the
waveguide through a conveniently designed grating. The
bioreagents used were developed to detect a wide range of
antibiotics below the MRL values established for milk sam-
ples. Finally, another example of an optical biosensor was
produced by Jiang et al. [47]. Their paper reports a sensitive
and selective immuno-nanogold resonance-scattering spec-
tral assay developed for determination of trace hapten pen-
icillin G, based on the resonance scattering (RS) effect of
nanogold at 560 nm. Formation of the nanogold-labelled
immunocomplex increased on addition of penicillin G. The
enhanced RS intensity at 560 nm Delta I(RS) was linear for
penicillin G concentrations in the range 7.5-1700 ng mL ™",
with a detection limit of 0.78 ng mL™". These results indi-
cate that the immunonanogold-labelled RS spectral assay
has high specificity and sensitivity for quantitative determi-
nation of penicillin G in raw milk samples.

Electrochemical biosensor

Electrochemical biosensors are often based on enzymatic
catalysis of a reaction that produces or consumes electrons
(redox enzymes). The sensor substrate usually contains
three electrodes—a reference electrode, a working elec-
trode, and a counter electrode. The analyte is involved in a
reaction that occurs on an active electrode surface, and the
reaction may cause either electron transfer across the double
layer (producing a current) or contribute to the double layer
potential (producing a voltage). The current (rate of flow of
electrons is proportional to the analyte concentration) is

measured at a fixed potential, or the potential can be mea-
sured at zero current (this gives a logarithmic response).
Setford et al. [42] described an assay whereby screen-
printed devices, incorporating working electrode immobi-
lised (-lactam-specific receptor binding protein, were used
to measure penicillin G levels in milk. Quantification was
achieved by use of an ELISA-based affinity-assay format
coupled to amperometric determination of bound enzyme
label activity. The receptor binding protein was specific for
the major (3-lactam antibiotics.

Conclusions

Let us review the information we have gathered. To criti-
cally assess these detection methods we must determine
what qualities we are seeking in a rapid detection method.
Evidently, that they should be performed rapidly is impor-
tant. In this regard, lateral flow assays are a good choice.
They are performed within minutes and are user-friendly,
because interpretation of the results is easy. Therefore, these
tests are suitable for use on site. Nevertheless, for meat
products, previous preparation steps are required, reducing
the practicality of such a method. They are only semi-
quantitative and not selective, meaning they do not differ-
entiate between different (3-lactams.

Microbial inhibition tests are less expensive but require
the initial cost of buying an incubator. However, they can be
easily performed by farmers on site. Results are seen within
a few hours. These tests would be a good choice on dairy
farms. For meat products, the agar plate assays could be
performed in large slaughterhouses, with the capacity to
perform many tests at once, but have little value for the
individual farmer. Sample preparation is simple—rapid
liquidisation of the meat is all that is required. Microbial
inhibition tests are the only rapid tests recognized by the
European Union as screening methods for penicillins [6].
The main problem associated with these tests is that they
sometimes give false positives, because they are, of course,
not selective among antibiotics.

Immunoassays are good screening methods for detection
of analytes because they can be highly specific. For peni-
cillins, sufficient specificity has not yet been achieved.
Researchers have not been able to design immunogens
capable of producing antibodies sufficiently selective
against the 3-lactams. These tests can be developed and
performed rapidly once this has been overcome.

Biosensors are an interesting new means of detection. By
applying both biological and physicochemical elements ana-
lytes can be detected and quantified. This quantification is
important, because it enables the user to eliminate false
positives and negatives. Biosensors based on receptor-ligand
detection would be a better choice, because antibody—antigen
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assays for penicillins are difficult to design. The best option
would be a biosensor that takes advantage of the fact that
penicillin binds to penicillin-binding proteins (PBP). Biosen-
sors are very expensive to design. The need for a biosensor for
detection of penicillins could only be justified by a large
factory (e.g. in the production of yoghurts or cheese or mass
production of meat products), and even then it would be a very
expensive choice. A few biosensors are commercially avail-
able e.g. for detection of glucose by diabetes sufferers, and
most papers on biosensors deal with those. For the moment it
would seem that the biosensors are not feasible for detection
of antibiotics. Their greatest advantage is that the results can
be quantified.

To conclude, all of the aforementioned tests have their
own uses, depending on the type of detection required.
Further development within these fields is of utmost impor-
tance. Although each has limitations researchers continue to
look for ways of overcoming them and we are looking
toward better screening of the penicillins in food products.
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