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This article gives an extensive overview of the wide range of analytical procedures developed for
the detection of amphenicol antibiotic residues (chloramphenicol, thiamphenicol, and florfeni-
col) in many different types of foodstuffs (milk, meat, eggs, honey, seafood). Screening methods
such as microbial inhibition methods, antibody-based immunoassays using conventional and
biosensor-based detection systems, and some methods based on alternative recognition systems
are described. The relative advantages and disadvantages of these methods are discussed and
compared. The current status and future trends and developments in the need for accurate and
rapid detection of this group of antimicrobials are also discussed.

Keywords
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INTRODUCTION

Chloramphenicol (CAP), thiamphenicol (TAP), and florfeni-
col (FF) are members of the amphenicol family of antibacterial
agents (Table 1). Amphenicols exhibit a broad-spectrum an-
tibacterial activity. They are effective against a wide variety
of Gram-positive and Gram-negative bacteria, including most
anaerobic organisms. One of the oldest antibacterial agents is
CAP, which was first isolated from Streptomyces venezuelae
in 1947 and named chloromycetin (Erlich et al., 1947; Smadel
and Jackson, 1947). Nowadays CAP is produced by means of
chemical synthesis.

CAP is a relatively cheap to produce and highly effective
broad-spectrum antibiotic with excellent antibacterial and phar-
macokinetic properties. These properties underline the reasons
why CAP was widely used for many years in veterinary prac-
tice both therapeutically and prophylactically. However, CAP is
hematotoxic for humans and may cause serious adverse effects
such as bone marrow aplasia (loss of ability to produce blood
cells) and therefore aplastic anemia. These effects are unrelated
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to dose and are generally fatal (Yunis, 1989; Holt et al., 1993).
Since the size of the CAP dose that may lead to these pathologies
is still not defined, the use of this antibiotic for the treatment of
food-producing animals in many countries has been prohibited
(EU, U.S., Canada, and others). Currently TAP and FF are used
as alternatives to CAP for animal treatment. However, because
of high efficiency, broad spectrum of action, relatively low cost,
and availability, CAP is still in use, often illegally, for the treat-
ment and prevention of some infectious diseases in mammals,
birds, bees, and aquaculture. It is also widely used in developing
countries. For instance, in recent years CAP residues have been
found in shrimp and honey imported from Asia into Europe
(Food Standards Agency, 2002a, 2002b; Commission Decision
2001/699/EC, 2001; Commission Decision 2001/705/EC, 2001;
Commission Decision 2002/249/EC, 2002). In addition, prod-
ucts of animal origin can contain residues of CAP that are not
due to (illegal) use of the drug, but rather due to the natural
occurrence of CAP (Hanekamp et al., 2003; Berendsen et al.,
2010, 2011). Collectively, all these facts have required the de-
velopment of highly sensitive, reliable, and available methods
for CAP detection for food safety and quality control.

The EU has stringent requirements for methods for detec-
tion of prohibited substances for which no maximum residue
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TABLE 1
Chemical structure of CAP, TAP, and FF and their derivatives
OH R2
R3
R1

Substance R1 R2 R3

CAP NO, OH NH-CO-CHCl,
Amino-CAP NH, OH NH-CO-CHCl,
CAP base NO, OH NH,

CAP succinate NO, COO-(CH,),-COOH NH-CO-CHCl,
CAP glucoronide NO, C¢H507 NH-CO-CHCl,
TAP SO,CHj; OH NH-CO-CHCl,
TAP glycinate SO,CH; COOH NH-CO-CHCl,
FF SO,CH; F NH-CO-CHCl,
FF amine SO,CH; F NH,

level (MRL) is established (zero tolerance), such as CAP (Euro-
pean Commission Regulations 1430/94, 1994). In particular, the
“minimum required performance limit” (MRPL) correspond-
ing to “minimum content of an analyte in a sample which at
least has to be detected and confirmed” by a reference ana-
lytical method was introduced in 2002 (Commision Decision
2002/657/EC, 2002). For CAP residue detection in food, the
MRPL is set at 0.3 pg/kg (Commission Decision 2003/181/EC,
2003). Therefore, very sensitive analytical methods are required
for monitoring food for CAP residues. MRLs have been set for
TAP and the sum of FF and its metabolites measured as FF
amine (Table 2). Recently European Regulation No. 470/2009
of 6 May 2009 (European Council Regulation 470/2009, 2009)
has set procedures for the establishment of MRLs for phar-
macologically active substances in foodstuffs of animal origin,
repealing Regulation No. 2377/90 (European Council Regula-
tion 2377/90, 1990). However, Annex I and IV of Regulation
(EEC) No 2377/90 shall continue to apply until entry into force
of a new regulation.

Effective drug residue control requires cost-effective routine
screening with the capability of high sample throughput, fol-
lowed by more expensive chemical confirmation if required.
False negative results are not acceptable in screening assays,
although a limited number of false positives may be tolerated.
Presently there is a wide variety of methods for the detection of
CAP, TAP, and FF residues in foodstuffs that have been devel-
oped (Tables 4, 6, and 7). It should be noted that vast majority
of the methods were developed for CAP detection. The impetus
for this came from finding multiple contaminated samples in the
1990s and the subsequent introduction of the MRPL in 2003.

Microbiological-based methods, immunoassays, biosensors,
and microarrays are all considered suitable for screening pur-
poses in that they can detect antibiotic residues at low con-

centrations in relatively quick and low-cost ways and are
“user-friendly” procedures. Physicochemical methods such as
gas chromatography (GC), liquid chromatography (LC), and
high-performance liquid chromatography (HPLC) coupled with
highly sensitive detection systems, e.g., mass spectrometry, are
used as confirmatory methods for the purposes of substance
identification and quantification. The combination of screen-
ing and confirmatory methods in this two-tier system for drug
residue control represents a powerful tool for food safety and
quality control. This work overviews the screening methods
published for CAP, TAP, and FF detection in various foodstuffs.

MICROBIOLOGICAL METHODS

Microbiological methods are based on the inhibition of bac-
terial growth due to the presence of antibacterial agents. Results
are obtained by measuring the size of inhibition zones, but pho-
tometric measurement can be performed as well (Althaus et al.,
2003). These forms of bioassay are able to detect a broad spec-
trum of antimicrobials. They are cheap, easy to perform, and
suitable for screening purposes, but are rather labor intensive
and slow. Moreover, these kinds of methods are only qualitative
in nature. Another major problem associated with the use of
such broad-spectrum assays is a lack of sensitivity and speci-
ficity for some drugs, in particular CAP (Calderén et al., 1996;
Gaudin et al., 2004).

The EC four-plate test (FPT) designed for meat analysis has
been recognized in Europe as a valuable method for the detection
of antibiotic residues in foodstuffs (Bogaerts and Wolf, 1980).
In the FPT different families of antimicrobial agents give rise
to different patterns of inhibition zones across the four plates,
and it is possible with experience to differentiate between some
groups of antimicrobials. A modification of the original EC FPT
based on microbial growth inhibition of Bacillus subtilis and
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SCREENING METHODS FOR AMPHENICOLS IN FOODSTUFFS 65

Micrococcus luteus for the detection of 66 antimicrobial
residues in frozen, thawed, and fresh tissues was reported (Cur-
rie et al., 1998). With regard to the family of amphenicols, the
only compound within this group that can be detected at concen-
trations lower than the MRL is FF. The modified FPT, together
with radioimmunoassay (RIA) and enzyme-linked immunosor-
bent assay (ELISA), was used for screening CAP residues in the
tissues and fluids of treated cattle (Lynas et al., 1998). The sen-
sitivity of the FPT was shown to be poor (300 ng/mL) compared
to the other assays. The authors concluded that the sensitiv-
ity of the FPT is inadequate for the detection of CAP residues
where only minimal withdrawal periods have been observed.
The same observations were made in a comparative study of
three bioassays: the swab test on premises, a microbial inhi-
bition test (the same bacteria were used in both bioassays),
and thin-layer chromatography/bioautography (Korsrud et al.,
1987). In contrast, a comparative study of FPT, ELISA, and
HPLC for the detection of CAP residues in chicken revealed the
usefulness of this microbiological method as a screening test
(Tajik et al., 2010). A total of 17.5% of samples tested were
found to be contaminated with the antibiotic. Among all sam-
ples found to be positive by FTP, 78.5% (liver), 75% (kidney),
and 50% (muscle) of samples were also found to be positive
by ELISA and HPLC. The study also confirmed that the il-
legal use of CAP in the poultry industry continues in some
regions.

A modification of FPT—a one-plate method—was used for
the detection of antibiotics in kidneys and meat by growth inhibi-
tion of Bacillus subtilis (Koenen-Dierick et al., 1995). Although
in this method B-glucuronidase was used to cleave biologically
inactive CAP glucuronide excreted in urine, the sensitivity re-
mained poor in comparison to the CAP MRPL of 0.3 ng/kg: 30
ug/mL for the one-plate test and 12.5 pg/mL for the FPT.

A commercially available microbial inhibitor test Delvotest
“SP” (inhibition of Bacillus stearothermorphilus var. calidolac-
tis growth) was found to be insensitive to CAP in ewe milk
with a reported limit of detection of 12000 pg/kg (Althaus et
al., 2003). The same situation was observed for CAP detec-
tion in bovine milk. Senyk et al. (1990) and Os and Beukers
(1980) observed the range of detection limits of 9000-21000
and 8000-10000 png/kg, respectively. Similarly, the sensitivity
of a five-plate test towards CAP and TAP in milk (6000 ug/L
for both) (Gaudin et al., 2004) and FF in pig, cattle, sheep, and
poultry muscle (between 1000 and 3000 ng/kg, i.e., > 10 MRL)
was unsatisfactory (Gaudin et al., 2010).

CAP detection in foodstuffs was also performed utilizing
Micrococcus luteus (Singer and Katz, 1985), Photobacterium
phosphoreum (Tsai and Kondo, 2001), and Photobacterium
leiognathi (Shakila et al., 2007). Detection limits in urine and
serum of 0.25 pug/mL and 0.025 pg/mL in milk and 0.1 pg/g
in muscle tissue were obtained (Singer and Katz, 1985). Tsai
and Kondo (2001) achieved sensitivity of 3.12 pg/mL. Shakila
et al. (2007) used an improved extraction procedure and a large
sample size (100 g) and were able to detect 1 ug/kg of CAP

in shrimp tissue. This equates to the lowest detection limit of
CAP for microbiological assay reported thus far. Nevertheless,
none of these microbiological based tests was able to detect
CAP, TAP, and FF at or below MRPL/MRL and thus cannot be
considered as suitable screening procedures for these important
antibiotics.

ANTIBODY-BASED METHODS

A wide range of methods have been developed for CAP, TAP,
and FF detection in foods where unique recognition molecules,
i.e., antibodies, were used as the biodetector. Among these
are conventional immunoassays and more novel immunoassays
with modifications incorporated to improve sensitivity, biosen-
sor techniques, and microarrays (Tables 4-6). Antibodies are the
core elements of all these assays and they, more than any other
single factor, determine the sensitivity and specificity of the pro-
cedure. Amphenicols are low-molecular-weight substances that
need to be coupled to a carrier protein to produce antibodies in
immunized animals. They also need to be coupled to a protein
or an enzyme to produce coating antigens or labeled antigens in
ELISA-based methods or they need to be immobilized directly
onto the surface of biosensor chips.

Design of Immunoreagents

The CAP  molecule (2,2-dichloro-N-((1R,2R)-1,3-
dihydroxy-1-(4-nitrophenyl)propan-2-yl)acetamide) can
be described as having three main parts: the core nitrophenyl
moiety and the propanediol and dicloroacetamido groups
(Figure 1). The first anti-CAP antibodies were produced in
1966 (Hamburger, 1966). Later Hamburger and Douglass
(1969) used a hapten inhibition method to define the antibody
binding sites on the CAP molecule. It should be noted that
the original immunizing hapten was coupled through the nitro
group to a carrier protein. The authors concluded that the
aromatic ring and the dichloroacetamido group accounted for a
large portion of the immunological reactivity of the hapten. In
the acetamine chain significant changes in activity were noted
upon removal of the two chlorine atoms.

For the modification of the parent molecule all three sites
have been used (Figure 1, Table 2). Hamburger (1966) modified
CAP by reduction of the nitro group to an amine and coupled the
resulting amino-CAP to a protein by a diazotization reaction.
The same approach was used only by Freebairn et al. (1988)
and Kolosova et al. (2000). Recently, Sai et al. (2010) used re-
duced CAP (amino-CAP) for direct immobilization on a surface
of polysterene plates preliminarily treated with glutaraldehyde.
Most often protein (enzyme) conjugates have been produced
using CAP succinate with a free carboxyl group. This is most
likely due to the commercial availability of the CAP succinate
derivative. As an alternative, it can be obtained by the reaction of
CAP with succinic anhydride (Campbell et al., 1984; Mértlbauer
and Terplan, 1987; Hack et al., 1989; Zhang et al., 2008b). The
carboxyl group of CAP succinate is easily activated and then
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Antibodies are specific
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FIG. 1. Chloramphenicol and three pathways of its modification for the following immunoreagent synthesis; antibodies cross-

reactivity profile.

conjugated to the amino groups of a protein (enzyme). Activa-
tion can be achieved by use of the mixed anhydride reaction
(Campbell et al., 1984; van de Water et al., 1987; Fodey et al.,
2007) or an activated ester method (Kolosova et al., 2000; Shen
et al., 2006; Zhang et al., 2006; Samsonova et al., 2010; Wang
et al., 2010; Sai et al., 2010). Direct conjugation of CAP succi-
nate to the free amino groups of a protein or enzyme with the
employment of a carbodiimide is also possible (Campbell et al.,
1984; Dumont et al., 2006; Wesongah et al., 2007). When CAP
succinate is used as an immunizing hapten the nitrophenyl and
dichloroacetamido groups, which account for a large portion
of the immunological reactivity of the hapten (Hamburger and
Douglass, 1969), are well displayed for antibody recognition.
CAP succinate was also used for the production of a conjugate
with the heterobifunction oligoethylene glycol linker for im-
mobilization on a mixed self-assembled monolayer (m-SAM)
sensor surface (Yuan et al., 2008). Among other applications of
CAP derivatives with modifications of the propanediol moiety
are the use of the 3’-CAP-B-monoglucuronide as an immunizing
hapten (Hock and Liemann, 1985) and CAP-polyethylene gly-
col (PEG)-amine for immobilization onto a carboxymethylated

dextran surface of a surface plasmon resonance (SPR) sensor
chip (Yuan et al., 2009). The latter was synthesized starting from
the reaction of CAP with triphosgene to form a CAP chlorofor-
mate, followed by the reaction with PEG-diamine to provide a
CAP-PEG-amine derivative.

A further method to generate a modification to CAP was
the alteration or elimination of the dichloroacetamido group.
In several publications a modified CAP base (CAP without the
dichloroacetamido group, Table 1) was used for the produc-
tion of polyclonal (Arnold et al., 1984; Mirtlbauer and Terplan,
1987) and monoclonal antibodies (van de Water et al., 1987,
Hack et al., 1989). The CAP base was first modified by a bifunc-
tional agent, then the resultant derivative with an active group
was conjugated to a carrier protein. As examples, Mirtlbauer
and Terplan (1987) and Hack et al. (1989) modified the CAP
base with dimethyl adipimidate; van de Water et al. (1987) used
S-acetyl-mercaptosuccinic anhydride (SAMSA) and Arnold et
al. (1984) used a monoiodoacetyl analog of CAP as the immu-
nizing hapten. The CAP base was also used for direct coupling
to a protein for antibody production (Freebairn et al., 1988; Sam-
sonova et al., 2010) or for direct immobilization on the surface
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of a chip for SPR biosensor assay (Gaudin and Maris, 2001;
Dumont et al., 2006; Fodey et al., 2007).

Similar approaches were used for the modification/coupling
of structural analogs of CAP-TAP and FF (Tables 1 and 2). TAP
was modified via hydroxyl group. N,N’-disuccinimidyl carbon-
ate (DSC), a homobifunctional cross-linking agent, was used
to produce a TAP-DSC intermediate, which was then coupled
with horseradish peroxidase (HRP) or immobilized onto the sur-
face of an SPR sensor chip (Fodey et al., 2007). TAP succinate
(Hao et al., 2006) and TAP glycinate (Luo et al., 2009b) were
produced from TAP and an anhydride and then coupled with a
protein. With regards to FF and its derivatives, FF amine was
most often used as the starting compound. Thus, FF amine (via
the free amine group) was directly immobilized onto the sur-
face of an SPR sensor chip (Dumont et al., 2006) or used for
the production of a coating antigen by glutaraldehyde coupling
(Wu et al., 2008) or formaldehyde coupling (Luo et al., 2009b).
FF succinate (Luo et al., 2009a, 2011), FF maleate (Luo et al.,
2011), and FF glutarate (Luo et al. 2009b), obtained in a reaction
of FF with appropriate anhydride via the free hydroxyl group,
were used for production of immunogens and coating antigens.

Antibody Specificity

Since Hamburger (1966) first reported CAP-specific anti-
body production a wide range of polyclonal and monoclonal an-
tibodies have been produced against CAP (Table 3). Polyclonal
anti-CAP antibodies were obtained in rabbits, sheep, and occa-
sionally in animals such as camels, donkeys, and goats (Fodey
et al., 2007; Wesongah et al., 2007). To produce antibodies an
immunizing hapten was usually coupled to a human or bovine
serum albumen (HSA, BSA) and keyhole limpet hemocyanin
(KLH) (Table 3). A bovine gamma globulin (BGG) (Campbell
etal., 1984) and thyreoglobulin (TG) (Hock and Liemann, 1985)
were also used as carrier proteins.

In most cases the generated antibodies were shown to be spe-
cific to CAP with some cross-reactivity towards CAP derivatives
and analogs; none of them cross-reacted with antibiotics of other
groups (Table 3). Antibodies produced against the three main
types of CAP derivatives (see Figure 1) showed three different
cross-reactivity profiles. Just two groups produced antibodies
against a diazo derivative of CAP (Table 3) and only Kolosova
et al. (2000) assessed the antibody’s cross-reactivity by indirect
ELISA. The antibodies produced showed a moderate cross-
reactivity towards CAP succinate (24%) and did not recognize
CAP without the dichloracetamido group (CAP base). On the
contrary, antibodies produced against a conjugate of CAP suc-
cinate generally have a very high affinity for CAP succinate as
an initial coupling hapten (Table 3). This is a fairly usual find-
ing for polyclonal and monoclonal antibodies produced against
such conjugates (Campbell et al., 1984; Kolosova et al., 2000;
Shen et al., 2006; Zhang et al., 2006; Samsonova et al., 2010).
For instance, cross-reactivity towards CAP succinate of up to
1428% has been obtained (Kolosova et al., 2000). These an-

tibodies also showed no or negligible cross-reactivity towards
other related compounds where the immunologically important
nitrophenyl (TAP and FF) and dichloroacetamido (CAP base)
groups are lacking (Campbell et al., 1984; Kolosova et al., 2000;
Shen et al., 2006; Zhang et al., 2006, 2008b; Dumont et al.,
2006; Fodey et al., 2007; Wesongah et al., 2007; Samsonova
et al., 2010; Wang et al., 2010). Some researchers were able to
change the specificity behavior of such antibodies by employ-
ing a heterologous competing antigen. For example, Dumont
et al. (2006) used FF amine to immobilize on the surface of
an SPR biosensor chip. In such a system FF was recognized
at 107% cross-reactivity and TAP at 26% relative to CAP. In a
later study Fodey et al. (2007) used TAP modified with DSC to
produce a conjugate with an enzyme for an ELISA and for im-
mobilization onto the surface of an SPR biosensor chip. Cross-
reactivity values of up to 53%/56% for TAP and 82%/129%
for FF in ELISA/biosensor assays, respectively, were reported.
The only polyclonal antibodies produced against a conjugate
of 3’-CAP-B-monoglucuronide with TG (Hock and Liemann,
1985) recognized CAP-monoglucuronide and CAP to similar
extents (100 and 86%, respectively). They also showed mod-
erate cross-reactivity towards CAP succinate (56%) and CAP
palmitate (59%) but low binding towards TAP (3.5%).

Monoclonal (van de Water et al., 1987; Hack et al., 1989) and
polyclonal (Arnold et al., 1984; Martlbauer and Terplan, 1987)
antibodies were produced against a conjugate of modified CAP
base with a protein. These antibodies are usually very specific to
CAP and showed low cross-reactivity towards all CAP deriva-
tives tested (CAP succinate, CAP base) and analogs (TAP, FF)
(Table 2). For the production of specific anti-CAP antibodies the
CAP base also can be directly coupled to free carboxyl groups
of a carrier protein in a one-step procedure without preliminary
modification (Samsonova et al., 2010). Polyclonal antibodies
showed low cross-reactivity towards CAP succinate (11.3%)
and recognized CAP base to a lesser extent (4.6%). It seems that
for antibody recognition the presence of acylamido bond (-NH-
CO-) is important but not the length of chemical bridge between
the CAP molecule and a protein. However, Mirtlbauer and Ter-
plan (1987) modified the CAP base with bifunctional imidoester
(dimethyl adipimidate) and introduced an imidoamide (imidine)
bond (-NH-C(NH)-). With this approach highly specific anti-
bodies were obtained (cross-reactivity towards CAP base was
0.5%, TAP, 0.05%).

Polyclonal antibodies produced against TAP succinate con-
jugated with BSA showed negligible cross-reactivity towards
CAP (Hao et al., 2006). However, no information was given
on how this antibody recognized FF. Two groups produced
polyclonal antibodies against a conjugate of FF amine with
BSA. In this study FF amine was directly coupled to a carrier
protein via free amino groups by glutaraldehyde (Wu et al.,
2008) or formaldehyde coupling (Luo et al., 2009b). Whereas
the antibody produced by Wu et al. (2008) showed low cross-
reactivity to FF (10.88%; FF amine as 100%), antibodies ob-
tained by Luo et al. (2009b) recognized FF molecules very well
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(cross-reactivity ranged from 97 to 225% depending on the
coating conjugate used). In the latter work one homogolous (FF
amine) and two heterologous (FF glutarate and TAP glycinate)
coating haptens were used. It should be noted that all antibodies
have been shown to recognize TAP and CAP to much lower ex-
tents with cross-reactivities ranging from a few percentages to
lower than 0.1%. This indicates that the methylsulfonylphenyl
and fluorine moieties are important antigenic determinants. In
only one combination of an antibody with a homologous coat-
ing conjugate (FF amine-ovalbumin (OVA)) was a 31% cross-
reaction towards TAP observed (Luo et al., 2009b). Monoclonal
(Luo et al., 2009a) and polyclonal antibodies (Luo et al., 2011)
produced against a conjugate of FF succinate with HSA showed
a different cross-reactivity pattern (Table 3). Whereas a mono-
clonal antibody was shown to be very specific towards FF with
negligible reactivity towards other amphenicols, the polyclonal
antibody showed a 40% reactivity towards TAP. It should be
noted that in the latter case a heterologous coating conjugate
(FF maleate-OVA) was used.

Sample Pretreatment

Amphenicols need to be detected in various food matrices
including meat, eggs, milk, honey, and seafood. Sample prepa-
ration methods are usually shorter and less complicated than
with chromatographic methods (Tables 4 and 7). Milk samples
can be analyzed directly (Fossdal and Jacobsen, 1971; Schnei-
der et al., 1994; Ferguson et al., 2005; Byzova et al., 2010) or
diluted with a buffer before analysis (Mirtlbauer and Terplan,
1987; Kolosova et al., 2000; Lin et al., 2005; Fernandez et al.,
2010). Su et al. (2011) used ethyl ether to denature milk pro-
teins and extract free fatty acids followed by organic solvent
evaporation and filtration by a 0.22 um ultrafiltration mem-
brane. More complex sample preparation usually involves a
combination of deproteinization, defatting, solvent extraction,
and solid-phase extraction (SPE). For instance, milk samples
were defatted (van de Water and Haagsma, 1990b; Gaudin and
Maris, 2001; Scortichini et al., 2005; Zhang et al., 2008a) or
deproteinated (Nouws et al., 1988) and then analyzed. More
complex procedures include solvent extraction (Blais et al.,
1994; Duda and Kucharska, 1999; Agiii et al., 2002; Fergu-
son et al., 2005; Chai et al., 2006, Pezza et al., 2006; Xiao et al.,
2007; Wang et al., 2010), solvent extraction with preliminary
defatting (Scortichini et al., 2005; Zhang et al., 2008b), and de-
proteinization followed by SPE (Nouws et al., 1988; Song et al.,
2007; Santos et al., 2007; Chuanuwatanakul et al., 2008) or
by purification employing molecular imprinted polymer (MIP)
columns (Mena et al., 2003). The most complicated extraction
procedure for milk samples, which includes defatting, depro-
teinization, solvent extraction, and finally SPE, was developed
by Vera-Candioti et al. (2010). The sample preparation of dif-
ferent tissues (meat, eggs, shrimp, fish) usually includes solvent
extraction (Table 4) sometimes followed by SPE (Nouws et al.,
1987a; van de Water et al., 1987; Posyniak et al., 2003; Scor-
tichini et al., 2005; Ashwin et al., 2005; Kowalski et al., 2008,

2011). Quick buffer extraction of CAP residues from meat (Lau-
rensen and Nouws, 1990; van de Water and Haagsma, 1990b;
Kolosova et al., 2000) and shrimps (Impens et al., 2003) is also
possible, but in these cases sensitivity of the developed assay
is not as high as for the more complex extraction procedures.
Recently, Chullasat et al. (2011) minimized the matrix effect of
a shrimp sample using buffer extraction followed by desalting
and dilution of an extract 10,000 times. Honey samples can be
diluted with water/buffer (Ashwin et al., 2005; Yuan et al., 2008,
2009; Thongchai et al., 2010) or extracted with an organic sol-
vent (Ferguson et al., 2005) followed by SPE (Scortichini et al.,
2005).

CAP is usually extracted with ethyl acetate. The use of
mixtures of acetone/dichloromethane (Scortichini et al., 2005),
chloroform/isooctane (Arnold et al. 1984, Arnold and Somo-
gyi, 1985), acetonitrile/acetate buffer (Posyniak et al., 2003),
acetonitrile/water (Shen et al., 2006; Zhang et al., 2006, 2008a,
2008b; Jafari et al., 2007), methanol/water (Ashwin et al., 2005),
and dichloromethane (Vera-Candioti et al., 2010) as extractants
is also described. Sometimes n-hexane has been used as a final
step to remove lipids. TAP, FF, and FF amine are often ex-
tracted with ethyl acetate (Hao et al., 2006; Wu et al., 2008;
Luo et al., 2009a). Wu et al. (2008) used preliminary acidic hy-
drolysis of a sample (swine and chicken muscle, fish) to extract
FF amine. Extraction of FF was also performed with the use
of an acetone/water mixture (Ge et al., 2010). For simultaneous
extraction of amphenicols different approaches were used. Luo
et al. (2009b) extracted FF and FF amine from swine muscle
by phosphate buffer containing trichloroacetic acid for depro-
teinization to increase FF amine recovery from the samples.
FF or TAP were extracted from swine feed with ethyl acetate
by Luo et al. (2011). Kowalski et al. (2003) extracted FF and
TAP together with other antibiotics from poultry and porcine
tissues with ethyl acetate in the presence of 1 M NaOH after
sample deproteinization by acetonitrile. All amphenicols were
extracted from poultry tissues with acetonitrile followed by SPE
(Kowalski et al., 2008, 2011).

Immunoassay

Immunoassays for low molecular substances such ampheni-
cols are based on competition between free analyte in a sample
(extract) and labeled analyte for a limited number of binding
sites on the specific antibodies. The label can be a radioactive
isotope, an enzyme (most often HRP), or a fluorophore. Ham-
burger (1966) used a complement fixation inhibition technique
and was able to reproducibly detect 1075 g (3.1 x 10~'*mole)
of CAP. The first reported immunoassay to detect and quantify
CAP was developed in 1984 by Campbell et al. (1984). This
enzyme-linked immunoassay was developed in a heterogeneous
indirect format with the use of polysterene tubes. A limit of de-
tection of 1 ng/mL was achieved. Detailed cross-reactivity data
of an anti-CAP antiserum were also presented for the first time
in this study.
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Radioimmunoassay (RIA)

In RIA, a radioactive isotope is used as the label, and this,
for safety reasons, means strict requirements for the handling,
utilization, and disposal of reagents. A few RIAs for the detec-
tion of CAP in food were developed in 1980s (Table 3). The first
immunoassay (RIA) for determination of CAP residues in milk,
meat, and eggs was published in 1984 (Arnold et al., 1984).
All authors used solvent extraction for sample pretreatment and
were able to detect down to 0.2 ug/kg CAP (Arnold et al., 1984;
Arnold and Somogyi, 1985; Freebairn et al., 1988). Although
the use of RIA is limited, a RIA kit for CAP detection has
been commercially available for some time (Lynas et al., 1998;
McMullen et al., 2004).

Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) was and re-
mains probably the most often used screening method for am-
pheniocols. ELISA is a cheap, sensitive, and reliable method for
the detection of veterinary drug residues in various foodstuffs.
ELISA is very suitable for high-throughput screening, and it
has been used for many years for this purpose. The assay can be
performed in direct format, i.e., when antibodies are immobi-
lized on a surface of polysterene plates, or in an indirect format
when analyte derivative (usually a conjugate with a protein) is
immobilized.

ELISA methods for the detection of CAP, FF, and its metabo-
lite FF amine in foodstuffs at MRPL or MRL level and lower
have been described (Table 3). Wesongah et al. (2007), for ex-
ample, developed an ELISA for the detection of CAP in sheep
serum that can be used for control of tissues destined for hu-
man consumption. Since the 1980s and 1990s the sensitivity of
developed ELISAs has been improved substantially. Traditional
ELISAs are based on colorimetric detection of a product result-
ing from the oxidative reaction of a substrate catalyzed by an
enzyme. A few approaches have been suggested to improve the
sensitivity achievable by the ELISA technique. Among them are
the biotin-streptavidin amplification system and more sensitive
signal generation systems such as chemiluminescence. Thus,
ELISA with monoclonal antibodies allowed the determination
of CAP in swine muscle at a concentration of 5 ug/kg (van
de Water et al., 1987). Later, the sensitivity of ELISA was sig-
nificantly improved by using a biotin-streptavidin system and
a coating antigen with lower CAP incorporation (van de Wa-
ter and Haagsma, 1990a, 1990b). Similarly a biotin-streptavidin
amplified ELISA (BS-ELISA) was able to detect 0.042 ng/mL
of CAP in milk, which is eight-fold more sensitive than the tra-
ditional ELISA (Wang et al., 2010). Recently, Sai et al. (2010)
developed BS-ELISA, where coating hapten was directly im-
mobilized onto wells of polysterene plates. The surface of a
plate was treated with glutaraldehyde followed by a reaction
with the free amino group of CAP derivative (the nitro group
of CAP was reduced to an amino group). A few ELISAs with
chemiluminescent detection were able to detect CAP in milk

(Lin et al., 2005), shrimp (Xu et al., 2006), and chicken muscle
(Zhang et al., 2006). The best sensitivity was achieved by Zhang
et al. (2006) and was as low as 6 ng/L in milk.

ELISAs are often used in combination with a chromato-
graphic method for screening and confirmation purposes (van
de Water and Haagsma, 1991; Keukens et al., 1992; Impens
et al., 2003; Posyniak et al., 2003; Scortichini et al., 2005; Shen
and Jiang, 2005). The results of both methods are usually in good
agreement. Various ELISA kits are commercially available (Im-
pens et al., 2003; Posyniak et al., 2003; Scortichini et al., 2005;
Shen and Jiang, 2005). Gaudin et al. (2003) in an inter-laboratory
study demonstrated that ELISA kits for CAP detection in milk
and muscle (commercial and in-house) show good repeatabil-
ity and accuracy and could be considered as suitable tests for
screening purposes. The global rates of false compliant results
of 2.2% for milk and 0% for pig muscle were lower than 5%,
whichever kit was used. The global rates of false noncompliant
results (16.7% and 10% for milk and muscle respectively) were
also reasonably satisfactory.

Only a small number of studies using ELISA for the detection
TAP, FF, and FF amine in concentrations lower then MRL have
been published so far (Hao et al., 2006; Wu et al., 2008; Luo
et al., 2009b). Hao et al. (2006) developed an ELISA for TAP
detection in eels. A method developed by Wu et al. (2008) was
found to be suitable for the detection of FF amine as a residue
marker of FF in meat and fish. For this, FF from food samples
was first hydrolyzed with hydrochloric acid, then the resulting
FF amine was extracted with ethyl acetate. An ELISA for the
simultaneous extraction and determination of FF and FF amine
in swine muscle tissue was developed by Luo et al. (2009b).
The authors used a simple one-stage extraction with phosphate
buffer containing trichloroacetic acid. However, it should be
stressed that for both methods some underestimation of FF and
FF amine concentration measured by ELISA was observed.
This fact indicates that the sample preparation procedures were
not fully optimized. Two articles were devoted to FF and TAP
detection in fish feed (Luo et al., 2009a) and swine feed (Luo
etal., 2011).

Other Immunoassays

The requirement for sensitive CAP residue detection stim-
ulated the development of more sensitive analytical methods.
Possible ways to increase sensitivity of an immunoassay in-
clude the use of an alternative label such as a fluorescent agent
(Shen et al., 2006; Zhang et al., 2008a) or signal detection sys-
tem (Song et al., 2007). Combination with other separation or
detection systems is also possible (Blais et al., 1994; Zhang
et al., 2008b). These approaches helped to achieve a limit of
detection 10-20 times better than the traditional ELISAs. Sen-
sitive time-resolved fluoroimmunoassay (TR-FIA) in microtiter
plate format for CAP detection in shrimp and chicken muscle
was developed by Shen et al. (2006). Signal detection was based
on the unique fluorescent properties of europium chelate (used
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as a label for monoclonal antibodies) characterized by narrow-
band emission lines, high quantum yields, and long fluorescence
lifetime.

Capillary electrophoresis immunoassay (CEIA) was de-
scribed by Blais et al. (1994) and Zhang et al. (2008b). CEIA
combines the specificity and sensitivity of immunoassay per-
formed in solution with the effective separation capability of
capillary electrophoresis (CE). In the first stage, CAP from a
sample and CAP-fluorescein conjugate competed for binding
to specific antibodies. Bound and unbound forms of CAP-
fluorescein conjugate were then analyzed by capillary zone
electrophoresis with laser-induced fluorescence (LIF) detection.
This CEIA-LIF system permits direct visualization of immuno-
complex formation and dissociation (due to presence of the
analyte), simplifying the interpretation of the test results. The
equilibrium for CEIA-LIF was reached in just 15 min. Blais
et al. (1994) developed a CEIA-LIF with a reported sensitivity
of 0.1 ng/mL of CAP in milk (CAP was extracted from milk
with an organic solvent). Later, higher sensitivity was achieved
by Zhang et al. (2008b). The detection limit for CAP in solution
was 0.0016 pg/L compared to 0.03 pg/L for ELISA (developed
using the same immunoreagents), and in animal-derived foods
it was 0.035 pg/kg.

An immuno-voltammetric technique was used for CAP de-
tection in milk (Song et al., 2007). The main part of the assay
was an indirect ELISA followed by voltammetric measurement
after reaction on a plate was terminated. p-Nitrophenylphtalate
used as substrate was oxidased to p-nitrophenol by alka-
line phosphatase used as an enzyme label. Then the reaction
was stopped and a small-sized electrochemical sensor with
a glassy carbon electrode was inserted into wells of a plate
to quantify p-nitrophenol by differentiated pulse voltamme-
try. The method had a sensitivity of 0.064 pg/L for CAP in
milk.

A highly selective and sensitive mesofluidic immunoassay
system based on competitive immunoassay in poly dimethyl-
siloxane channels was successfully applied for detection of CAP
in meat and milk (Zhang et al., 2008a). The immunoassay was
constructed in an indirect format. Glass beads were amino-silane
modified, covalently precoated with CAP derivative (CAP suc-
cinate), and then infused into the microchannels (¢ 300 wm).
All other reagents were sequentially emitted into microchannels
followed by a short incubation and washing. Fluorescence in-
tensities of beads (Cy5-labeled secondary antibodies anchored
by anti-CAP antibody-CAP succinate complex on glass beads)
were employed to determine the concentration of CAP. The
system showed very high sensitivity (limit of detection 0.008
ng/L) and excellent performance. It took about 30 min to detect
CAP, including bead infusing, immunoreactions, and washing
steps. The authors stressed that the system can be readily auto-
mated and expanded for multi-analyte analysis. To date this is
the most sensitive immunoassay for CAP detection in foodstuffs
reported.

Fast Immunoassays with Visual Detection

For on-site monitoring purposes simple and quick tests are
required. These tests are usually qualitative and give “yes/no”
(threshold level) responses. In general, fast tests are less sen-
sitive than quantitative methods (Table 4), but they are quick
and easy to perform. They do not require expensive and sophis-
ticated equipment, and the result can be read by eye. On-site
CAP residue monitoring has been performed in the form of
immunofiltration enzyme immunoassay (EIA) (Nouws et al.,
1987a, 1987b, 1988; Laurensen and Nouws, 1990; Schneider
et al., 1994), dipstick assay (Schneider et al., 1994), and im-
munochromatographic assay (Li et al, 2007; Byzova et al.,
2010).

Commercial immunofiltration EIA (adaptation of commer-
cial Quik-card® or La Carte® tests) was used for detection of
CAP in different objects (Nouws et al., 1987a, 1987b, 1988;
Laurensen and Nouws, 1990). All reactions were performed on
a card where anti-CAP antibodies were immobilized. The de-
sign of the card allows effective diffusion of the added reagents.
Sample extract, enzyme solution, and substrate solutions were
added onto the card one after another and the result was read by
eye after 5 min. CAP was detected at concentrations of a few mi-
crograms per kilogram in urine, eggs, milk, and muscle (Nouws
et al., 1987a, 1987b, 1988; Laurensen and Nouws, 1990). A
more complex extraction procedure including deproteinization,
solvent extraction, and SPE facilitated the detection of CAP at
a concentration of 0.1 ug/kg (Nouws et al., 1988). These tests
performed well in comparative studies with different screening
and quantitative methods (van de Water and Haagsma, 1991;
Keukens et al., 1992).

Schneider et al. (1994) developed immunofiltration and dip-
stick EIAs for CAP detection in milk without preliminary pre-
treatment. In both assays a nylon membrane was coated with
specific antibodies and fixed in a plastic test device in close
contact with a filter layer, or mounted on a plastic dipstick. The
devices were then incubated with a mixture of sample and CAP-
enzyme conjugate, followed by a washing step and reaction
with an enzyme-substrate-chromogen solution. Both methods
showed similar sensitivity (Table 3).

A fast colloidal gold-based immunochromatographic assay
was used to detect CAP in fish (Li et al., 2007) and milk (Byzova
etal., 2010). Fish samples were extracted with solvents, whereas
milk was analyzed directly. Li et al. (2007) evaluated the de-
tection limit as CAP concentration, which caused a slight but
distinguishable difference from the negative control (10 ng/g).
In contrast, Byzova et al. (2010) used the CAP concentration
at which the test line disappeared (10 ng/mL) as the detection
limit. This type of assay allows fast generation of results and is
very suitable for on-site monitoring. A test strip is practically a
ready-to-use “device”; all necessary reagents are inserted on a
strip beforehand and dried. While the liquid containing CAP
migrates along the test strip, interaction between free CAP,
immobilized CAP-protein conjugate, and specific antibodies
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conjugated with colloidal gold occurs. The intensity of the test
(colored) line is inversely proportional to the amount of CAP
present in a sample. The assay procedure is very simple; a test
strip is put into a sample (extract) and the results can be read
by eye within 5-10 min. On one hand, qualitative results based
on the “yes/no” principle (threshold level) can be considered
a drawback of immunochromatographic methods. On the other
hand, such methods can also be used in quantitative mode, when
test line intensity can be evaluated with a portable scanning de-
vice. This helps to achieve assay sensitivity comparable to that
of ELISA (Byzova et al., 2010).

Biosensors

Biosensors can help to meet the urgent need for rapid, high-
capacity, highly selective and sensitive screening methods for
the detection of antibiotic residues in foodstuffs. They allow
quick and sensitive measurement of response by using effective
sensing elements based on different signal generation princi-
ples. A variety of bio- and immunosensor techniques have been
developed for amphenicol detection, but few of them have been
used for amphenicol detection in real samples (Tables 4 and 5).

Rinken and Riik (2006) developed a lactate oxidase-based
amperometric biosensor for the rapid determination of CAP
and penicillin residues in raw milk. However, the sensor was
able to detect these antibiotics only in the ppm (mg/kg) concen-
tration range. The concentration of antibiotics was determined
by two characteristic reaction parameters, calculated from the
biosensor transient response with the dynamic biosensor model.
The dynamics of the oxidation of lactic acid catalyzed by lac-
tate oxidase was followed with a cylindrical membrane-covered
oxygen sensor. The authors observed an antagonistic effect due
to the simultaneous presence of these antibiotics.

The only flow-injection fluorescence biosensor developed
for FF detection in animal tissues was described by Ge et al.
(2010). FF from a sample (liver, meat, fish) was purified using
MIP columns. Other interesting applications of MIP technol-
ogy will be described later (see “Alternative methods”). The
assay principle was based on inhibition of fluorescence in-
tensity (fluorescence energy transfer) of 3-p-nitrylphenyl-5-(2'-
sulfonophenylazo) rhodanine and BSA in the presence of FF.
Experiments with real samples proved that the developed sen-
sor can be used for rapid and sensitive (< MRL) analysis of FF
residues.

Immunosensors

Immunosensors which are based on affinity binding between
specific antibodies and target analytes have a wide range of
applications. Immunosensors can utilize various techniques for
signal registration after analyte-antibody interaction occurs. The
potential application of a few methods for real-time detection of
CAP in solution was demonstrated (Table 5). However, most of

the methods lack the required sensitivity for real sample analysis
(Table 5).

Label-free methods do not require an additional reagent such
as a label for sensor response and can be used as simple, ef-
fective, and rapid screening methods. A label-free, antibody
immobilized quartz crystal microbalance (QCM) system for de-
tection of CAP was developed by Park et al. (2004) and later
by Adanyi et al. (2006). To bind an anti-CAP antibody onto the
gold electrode surface of piezoelectric crystals, a self-assembled
monolayer (SAM) was formed by a chemisorption procedure. A
CAP solution was injected into the reaction cell and frequency
shifts were measured. Repeated use of the sensor up to eight
times was possible (Park et al., 2004). A detection limit of 1073
M (32.3 mg/L) CAP was calculated (Park et al., 2004). Later,
Adanyi et al. (2006) developed a more sensitive method, with
a limit of detection of 3 x 107 M (969 ug/L) CAP being re-
ported. A label-free optical waveguide light mode spectroscopy
(OWLS) immunosensor system was also developed by Adényi
et al. (2006). All experiments were performed using a flow-
injection analyzer system with the surface of the waveguide
sensor being silanized. The covalent coupling of antibodies was
performed in the flow-through cell just before the measurements.
The assay was more sensitive than the QCM system described
above (Table 5).

Another label-free technique, microcantilever immunosen-
sor, was developed for the sensitive detection of clenbuterol and
CAP (Tan et al., 2010). The detection limits were 0.1 and 0.2
ng/mL, respectively. Protein A was used to modify the micro-
cantilever gold surface and to immobilize specific antibodies.
The deflection of the V-shaped microcantilever was measured
by monitoring the position of a laser beam reflected from the
microcantelever (the apex). After the analyte was added into
the fluid cell, microcantilever deflection was monitored in situ.
The authors stressed that microcantilever immunosensors have
the noticeable advantages of being label-free, detecting multiple
analytes in a single step in real time, being suitable for in situ
monitoring, and consequently lowering the analytical cost.

Park and Kim (2006) developed a simple and inexpensive
chemiluminescent immunosensor. Specific anti-CAP antibodies
were immobilized onto a nylon membrane that was installed in
a flow-through cell. A mixture of CAP standard plus CAP-
HRP conjugate was injected into the cell, followed by substrate
solution. The emitted light was then measured. The analysis
time was around 5 min, with high sensitivity reported (108 M
or 3.2 ng/kg). CAP measurements in model samples (pork, beef,
chicken, shrimp, milk) were also conducted.

Recently Kim et al. (2010) developed a sensitive ampero-
metric immunosersor for CAP detection at the pg/mL level.
The surface of a glassy carbon electrode was enlarged with
gold nanoparticles, dendrimers, and cadmium sulfide nanopar-
ticles for further enhancement of assay sensitivity (Table 5). As
a recognition element the authors used anti-chloramphenicol
acetyltransferase antibody. Free CAP and CAP labeled with
hydrazine competed for the binding sites. As a final step, the
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hydrazine catalyzed the electrochemical reduction of hydro-
gen peroxide. The immunosensor was examined in real beef,
chicken, and pork samples for the analysis of CAP.

Ultra trace analysis of CAP by real-time, label-free impedi-
metric immunosensor was described by Chullasat et al. (2011).
This technique is based on the change in interfacial property (re-
sistance and/or capacitance) between the electrode surface and
analyzed solution when immobilized antibodies react with an
antigen. The authors used a multilayer electrode modified with
a self-assembled thiourea monolayer followed by gold nanopar-
ticles, mercaptosuccinic acid, and antibody. The modified elec-
trode can be reused up to 45 times. The determination limit in
buffer was as low as 1.0 x 107 M (3.2 x 1078 ug/kg). In
shrimp it was possible to detect 1.6 ng/kg of CAP, which is
much lower than the MRPL.

None of the described bio- and immmunosensors developed
so far for CAP detection have been validated and used for rou-
tine food analysis. The only biosensor technique used for this
purpose at the date of writing is the surface plasmon resonance
(SPR)-based biosensor.

Surface Plasmon Resonance (SPR) Biosensor Methods

SPR-based biosensors have become a powerful analytical
tool and are currently actively used for routine food analysis
(Elliott et al., 1998; Haughey and Baxter, 2006). SPR biosen-
sors utilize the principle of label-free interaction analysis, with
interactions between molecules such as antigen and antibody be-
ing monitored in real time. The principle of the method is based
on the surface plasmon resonance phenomenon. For the analy-
sis to take place a derivative of the target analyte is covalently
immobilized on the surface of a sensor chip with a thin gold
layer. A mixture of recognition protein (antibody) and the sam-
ple to be analyzed is passed over a flow cell on a chip. When
the antibody binds to the derivative on the chip surface, this
changes the bound mass and generates a proportional response
(the change in refractive index), which can be monitored in real
time. After the measurement, the chip has to be regenerated with
a basic, acidic, high-salt, or detergent solution to remove bound
molecules and prepare the chip for the next injection.

SPR biosensor-based methods were developed for CAP and
CAP glucuronide detection in various matrices including mus-
cle, kidney, prawns, honey, and milk (Table 4) and the simultane-
ous qualitative detection of all amphenicols in shrimp (Dumont
et al., 2006). For the simultaneous detection of amphenicols a
mixture of a sample extract along with polyclonal antibodies
produced against a CAP succinate-BSA conjugate was passed
over four flow cells of a sensor chip. A flow cell where CAP
base was immobilized on the surface was used for CAP de-
tection. The three other flow cells had FF amine immobilized
on the chip surface and were used for FF, FF amine, and TAP
detection. Thus, a single chip and one polyclonal antibody were
used for the detection of all the amphenicols in a single sample
extract. Ferguson et al. (2005) used a commercially available

Qflex® kit for Biacore® Q biosensor for the highly accurate
and reliable detection of CAP and CAP glucuronide in poultry
muscle, honey, prawns, and milk in concentrations below the
MRPL. The method was well validated for all reported matri-
ces. A portable self-built SPR system was described recently
(Dong et al., 2009); the limit of detection of CAP in pork meat
extracts was reported to be 0.5 ng/mL.

The latest achievement to be published is a rapid and ultra-
sensitive SPR biosensor method with limits of detection as low
as 0.74 fg/mL for CAP in buffer and 17.5 fg/mL for CAP in
honey (Yuan et al., 2008). Such a high sensitivity was achieved
through the use of large gold nanoparticles (40 nm) for signal
enhancement on an m-SAM sensor surface with an immobilized
conjugate of CAP derivative with OVA. The assay was further
modified and carried out without any surface regeneration for
rapid and sensitive CAP detection (Yuan et al., 2009). This was
made possible by the preparation of a new surface with a newly
immobilized derivative (CAP-carbamate-PEG-NH,), which al-
lowed fast association and dissociation between CAP and an-
tibody to occur. Elimination of surface regeneration helped to
maintain the stability of the immobilized surfaces for multiple
sample injections and surface binding events.

The use of SPR biosensor systems in food safety analysis
has been recently reviewed by Huet et al. (2010) and Situ et al.
(2010). The widespread use of SPR has been constrained by
the high price of the instruments and will become a mainstream
screening procedure only when these costs are reduced.

Microarrays and Simultaneous Detection of Multiple
Analytes

Immunoassays are usually designed for a specific single-
analyte detection, except for some approaches where antibodies
with generic specificity have been used. This can be consid-
ered as a disadvantage in comparison with chromatographic
methods. Over the past decade much effort has been directed
toward the miniaturization and increasing the throughput of
immunoassay systems, along with reduced sample and reagent
consumption, i.e., microarray development. Microarrays are de-
signed for simultaneous detection of a number of different an-
alytes. Usually, microarrays are constructed in the following
way. Recognition elements towards different substances (for in-
stance, antibodies) are immobilized on different parts of a chip
(usually in spots). The sample is then injected over the surface
and where interactions occur signals are generated. Microarrays
can provide a highly sensitive and precise technique for ob-
taining information from biological samples. With the features
of high-throughput, miniaturization, and automation, microar-
rays show great promise for the screening of foodstuffs for the
presence of a variety of unwanted chemicals. A few approaches
for simultaneous multi-analyte detection (including CAP) were
published recently (Table 6).

CAP, clenbuterol, and tylosin were detected simultaneously
and quantitatively by small molecular microarray (SMM) (Peng
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and Bang-Ce, 2006). For this application three drugs attached
to carrier proteins were covalently immobilized onto the sur-
face of modified glass slides. The assay was constructed in an
indirect format using three specific antibodies and secondary
antibodies labeled with Cy5 fluorescent dye. Although analysis
time was comparable to that of ELISA (about 2 h), during this
time three analytes were simultaneously detected at concentra-
tions lower then MRL/MRPL. Measurements in various foods
(50 samples) were in agreement with ELISA results. A similar
approach, but in a direct format with covalently immobilized
antibodies, was used by Gao et al. (2009). An immunochip was
designed for atrazine, nonylphenol, 17-beta estradiol, paraver-
ine, and CAP detection. However, the detection limits achieved
with this application still needs to be decreased to have any
practical application.

Suspension array technology for the simultaneous detec-
tion of CAP, clenbuterol, and 17-beta-estradiol in a 96-well
microplate format has been developed (Liu et al., 2009).
The method was based on the Luminex platform technology
(xMAP®), where a high-throughput and efficient microsphere
format is utilized. A suspension array is simply a transfer of
the microarray format from a glass slide (planar and solid mi-
croarray) to a microsphere format. The system is flexible and
easy-to-use and provides more information with less sample
volume required. For analysis, the BSA conjugates of three an-
alytes were coupled to fluorescent microscopic beads with a
particular color code (spectral address) to permit discrimination
of individual assays (one conjugate per type of bead). The next
stage included incubation of a conjugate-coupled bead mixture
with a standard solution contained CAP, clenbuterol, 17-beta-
estradiol, and three biotin-labeled specific antibodies, followed
by a reaction with streptavidin-R-phycoerythrin, and, finally, si-
multaneous registration of the median fluorescence intensity for
each type of bead. The limits of detection were 40, 50, and 1000
ng/L for CAP, clenbuterol, and 17-beta-estradiol, respectively,
but no measurements in food matrix were performed. In the next
study the authors used the same technology to detect five antibi-
otics including tylosin, tetracycline, gentamicin, streptomycin,
and CAP in milk (Su et al., 2011). The assay format was also
modified in that biotinilated secondary antibodies were used in-
stead of biotinilated primary antibodies due to instability issues
in using the latter format. This alteration was also found to im-
prove assay sensitivity. However, despite this modification, the
limit of detection for CAP was still far from that required to
meet MRPL demands.

Rebe Raz et al. (2009) developed a microarray biosen-
sor based on an imaging surface plasmon resonance plat-
form (iSPR). Seven antibiotics (namely, neomycin, gentam-
icin, kanamycin, streptomycin, sulfamethazine, CAP, and en-
rofloxacin) were quantitatively and simultaneously detected in
a model matrix (10-fold diluted full-fat goat milk powder) using
a single round sensor chip. For the assay, a multistandard solu-
tion containing all seven antibiotics was mixed with a cocktail
of seven specific antibodies and injected over a sensor chip ar-

rayed with antibiotics. The assay of five antibiotics was sensitive
enough for milk control at the MRL level. However, CAP and
gentamicin could be controlled only at 22xMRPL and 4xMRL,
respectively. The authors stressed that the overall performance
of the microarray biosensor was comparable to that reported for
conventional SPR biosensors with four flow channels in terms
of assay sensitivity and robustness.

Recently, a new approach for the simultaneous detection of
multiple analytes (including CAP) in milk was proposed. A
novel portable SPR immunosensor in a traditional multichannel
format for the simultaneous detection of three representatives of
important antibiotic families in milk was described (Ferndndez
et al., 2010). The sensor was based on a novel approach to
spectroscopy of surface plasmons that utilizes a special diffrac-
tion grating. Hapten-protein conjugates were immobilized onto
a surface of a sensor chip via m-SAM (two channels per sub-
stance). Before analysis, milk was diluted five times, without a
clean-up step. Although enrofloxacin and sulfapyridine were de-
tected far below their MRLs, the detection of CAP was slightly
compromised by sample dilution. The immunosensor was de-
veloped for on-site analysis of antibiotic residues in whole milk.
The device is a small, portable, six-channel device connected
to a computer and does not need an external power supply. The
whole analytical procedure took about 30 min per sample.

ALTERNATIVE ASSAYS

CAP can be also detected directly by methods where its elec-
trochemical or luminescent properties are used (Table 7). These
methods are cheap, quick, easy to perform, do not demand extra
reagents for derivatisation, and most of them can be realized
in portable format, but in general they lack sensitivity for CAP
detection in food. Alternative artificial recognition systems such
as MIP were also employed (Table 7).

Electrochemical methods use a signal from the electroreduc-
tion of the nitro group of CAP to the amine group. Fossdal and
Jacobsen (1971) and later Duda and Kucharska (1999) detected
CAP in foods by differential pulse polarography with mercury
drop electrodes. Voltammetric determination of CAP in milk
was also described (Agiif et al., 2002; Mena et al., 2003; Chai
etal., 2006; Xiao et al., 2007). Square-wave voltammetry at elec-
trochemically activated cylindrical carbon fiber microelectrodes
(Agiif et al., 2002; Mena et al., 2003), differential pulse volam-
metry at a glassy carbon electrode (Chai et al., 2006), voltam-
metry at a single-wall carbon nanotube-gold nanoparticle-ionic
liquid composite film modified glassy carbon electrode (Xiao
et al., 2007), and cyclic voltammetry at a boron-doped diamond
thin-film electrode in flow-injection format (Chuanuwatanakul
et al., 2008) were utilized. A disposable electrochemical sensor
for the determination of nitroaromatic compounds such as CAP
(antibiotic), parathion (pesticide), and 2,4,6-trinitrotoluene (ex-
plosive) by a single-run approach was described (Chen et al.,
2006). Sensor strips incorporated an electrochemically pre-
anodized screen-printed carbon three-electrode configuration
for convenient, fast, low sample volume (20 L drop), and direct
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detection of nitroaromatic compounds by square-wave voltam-
metry. The analysis was done in a single run simply by measur-
ing the ratio of peak currents between analytes of interest and
internal standard. The detection limit for CAP was 0.42 uM
(136 pg/L). So far the most sensitive electrochemical method
developed for CAP detection in food (milk) was described by
Chai etal. (2006). The use of a cationic surfactant, cetyltrimethyl
ammonium bromide, improved the reductive peak current and
therefore significantly improved the sensitivity of the voltam-
metric determination of CAP (limit of detection was 0.83 ug/L).
Although these methods are not sensitive enough to detect CAP
in food at the MRPL level, electrochemical, chemiluminescent,
and other physicochemical methods have been successfully used
for the detection of CAP in pharmaceutical preparations such
as ophthalmic solutions where CAP concentrations to be deter-
mined are high (Zhao et al., 1998; Wang et al., 1999; David
et al., 2000; Icardo et al., 2003; Zhuang et al., 2011; Yang et al.,
2011).

A few interesting applications of a new artificial recog-
nition system, MIP, have been described (Sudrez-Rodriguez
and Diaz-Garcia, 2001; Mena et al., 2003; Thongchai et al.,
2010). MIPs are easily obtained by copolimerization of suit-
able functional monomers and cross-linkers in the presence of
the print molecule. Removal of the template leaves a polymer
that selectively recognizes the target analyte. MIPs are usually
reusable and exhibit high stability. A fluorescent competitive
flow-through assay for CAP detection using MIP as recogni-
tion phase was developed (Sudrez-Rodriguez and Diaz-Garcia,
2001). In this assay CAP base conjugated with a fluorescent
dye (dansyl-chloride) was used as a labeled component. Free
and labeled CAP competed for the recognition points of the
MIP placed into a flow cell. It should be stressed that the system
needs further development in terms of improving sensitivity and
selectivity.

Another application of MIPs, their use for sample precon-
centration and clean-up before analytical detection, has been
described (Mena et al., 2003; Thongchai et al., 2010). Mena
et al. (2003) used MIP as a selective SPE sorbent prior to the
voltammetric determination of CAP. In these studies large vol-
umes of milk sample (17 mL) had to be passed for long time
periods (68 min) to achieve a detection limit of 1.4 x 1073 M
(4.5 ng/L). MIPs were also used as a preconcentration step in
a microflow chemiluminescent system for the determination of
CAP in honey (Thongchai et al., 2010). For this application the
MIP was preloaded into a channel in a planar glass microfluidic
device. The microfluidic device consisted of a network of chan-
nels etched into a solid substrate (glass). The channel networks
were connected to a series of reservoirs containing samples and
reagents that formed a complete device or “chip” with overall
dimensions of a few cm. The sample containing CAP was first
preconcentrated on the MIP, then detected by an enhancement
effect on the chemiluminescence reaction of tris(2,2’-bipyridyl)
ruthenium(II) with cerium(IV) sulfate in sulfuric acid. The mi-
croflow sensor could be used more than 300 times/month (100

samples in triplicate) before the chemiluminescence intensity
began to decrease. The system developed was simple, selective,
and highly sensitive. The detection limit of the method was well
below the MRPL for CAP, and this was achieved due to the high
sensitivity of the chemiluminescent detection system. This is
the only method among those described in this section that was
able to detect CAP at concentrations below the MRPL.

Recently, two approaches were proposed for the simulta-
neous detection of multiple analytes (including amphenicols).
Jafari et al. (2007) evaluated positive corona discharge ion mo-
bility spectrometry (CD-IMS) for the determination of three
residual veterinary drugs, including furazolidone, CAP, and en-
rofloxacin, in poultry. Ion mobility spectrometry (IMS) has been
developed as an instrumental analytical technique for detecting
and identifying volatile organic compounds based upon the mo-
bilities of gas phase ions in a weak electric field. The major
advantage of IMS is the fast response and portability of the
system. The authors concluded that the CD-IMS method has
great potential for the analysis of veterinary drugs and needs
to be further investigated. However, the method was not sensi-
tive enough for CAP detection (limit of detection 66xMRPL).
Moreover it was not possible to analyze furazolidone by IMS
due to its conversion to metabolites.

The second approach, a capillary electrophoresis (CE)
method, was proposed for the simultaneous detection of an-
tibiotics in milk (Pezza et al., 2006; Santos et al., 2007; Vera-
Candioti et al., 2010) and tissues (Kowalski et al., 2003, 2008,
2011). CE employs the separation of target substances under
high voltage followed by UV detection. CE was sensitive enough
to detect TAP and FF together with another six frequently used
antibiotics at concentrations below their MRLSs using a simple
solvent extraction of target analytes from poultry and porcine
tissues (Kowalski et al., 2003). However, some of the drugs
had similar migration times, and the method was validated sep-
arately for each compound. Santos et al. (2007) developed a
CE method for the simultaneous screening of six antibiotics
(ampicillin, amoxicillin, cloxacillin, penicillin, tetracycline, and
CAP) and Vera-Candioti et al. (2010) developed a CE coupled
with diode array detection for the simultaneous quantification of
four antibiotics of different groups, namely CAP, ciprofloxacin,
ampicillin, and sulfamethoxazol. Whereas Santos et al. (2007)
prepared milk samples by SPE after protein precipitation with
trichloroacetic acid, Vera-Candioti et al. (2010) used quite a
long sample preparation technique including defatting, depro-
teinization, and solvent extraction followed by SPE. Although
much effort was devoted to preconcentration of the sample, the
method developed by Vera-Candioti et al. (2010) was unable to
detect CAP and ampicillin in concentrations at or lower than
the MRPL and MRL, respectively. In general, this method was
more then ten times less sensitive than one developed earlier
(Santos et al., 2007). For instance, in the latter method limits of
detection obtained for CE were comparable to that obtained for
HPLC; CAP can be detected at a concentration of 2.4xMRPL by
CE and at 1.5xMRPL by HPLC. Moreover, low recovery values
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for amoxicillin and ampicillin were obtained, mainly due to the
low affinity of these antibiotics towards the SPE resin.

The separation and determination of substances containing
no functional groups that could be ionized in the pH range be-
tween 2 and 12, such as FF, by conventional capillary zone
electrophoresis are difficult. Recently, CE in a separation mode
referred to as micellar electrokinetic capillary chromatography
(MEKC) was used for antibiotic detection in foodstuffs (Table
7). MEKC utilizes sodium dodecyl sulfate as a surfactant in a
separation buffer to increase the selectivity of electrophoretic
separation and to improve the resolution. MEKC for the si-
multaneous detection of all three amphenicols (CAP, TAP, FF)
was developed in milk using a simple solvent extraction (Pezza
et al., 2006) and poultry tissues (Kowalski et al., 2008). Later
Kowalski et al. (2011) developed MEKC for the simultaneous
detection of CAP, TAP, and FF together with seven sulfonamides
using solvent extraction followed by SPE. Limits of detection
of amphenicols by MEKC were usually a few micrograms per
kilogram (Table 7). MEKC was also successfully used for the
simultaneous determination of amphenicols in pharmaceutical
preparations (Hillaert and Van den Bossche, 2004; Pajchel et al.,
2008). To date none of the CE or MEKC methods has been
shown to be capable of detecting CAP at concentration equal to
or below the MRPL, whereas TAP and FF are easily detected
at concentrations far below their MRLs (Table 7). CE has been
demonstrated to be a promising, effective, and economic ap-
proach for the separation of a large variety of substances. It is
fast (analysis time about 10—15 min), simple, and inexpensive.
CE offers a real alternative tool to chromatographic separation
techniques.

CONCLUSIONS

The evolution of screening procedures capable of detect-
ing amphenicol residues in foodstuffs has taken about 40 years
thus far. Over this time period a large range of biological- and
bioassay—based procedures have been developed and validated.
The clear trend has been towards reduced time and increased
sensitivity. The latter of these parameters has been driven by
the ever-reducing concentrations of CAP permitted to be in
foodstuffs due to the adverse properties associated with this
compound. It is at such times that some thought must be given
to the future direction of screening for these compounds. For
example, should sensitivities be lowered by a factor of 2, 10, or
1007 It is likely that emerging bioanalytical techniques may al-
low femtogram concentrations to be detected. However, to what
purpose? The risks associated with consuming CAP residues at
the current MRPL value must be considered negligible; should
detection limits be driven by the technological abilities or on a
risk-assessment basis? Furthermore, with the finding that it is
quite likely that CAP residues can occur due to natural contam-
ination of foods via the food web, exactly what will be gained
by “chasing zero”? Surely the emphasis in relation to method
development should be about speed and cost and giving labo-
ratories and food companies the ability to detect such residues

in the developing world, where most of the problems seem to
originate.

ABBREVIATIONS

APTS y -aminopropyltriethoxysilane

BGG bovine gamma globulin

BSA bovine serum albumin

BS-ELISA  biotin-streptavidin-amplified ELISA

CAP chloramphenicol

CAT chloramphenicol acetyltransferase

CD-IMS corona discharge ion mobility spectrometry
CE capillary electrophoresis

CEIA capillary electrophoresis immunoassay
CEIA-LIF  capillary electrophoresis immunoassay with

laser-induced fluorescence

CL-ELISA ELISA with chemiluminescent detection

CMCT 1-cyclohexyl-3-(2-morpholino-ethyl)  carbodi-
imide metho-p-toluene sulphonate

DCC N,N’-dicyclohexylcarbodiimide

DSC N,N’-disuccinimidyl carbonate

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide

EDF ethylenediamine fluorescein thiocarbamyl

EIA enzyme immunoassay

ELISA enzyme-linked immunosorbent assay

FF florfenicol

FPT four-plate test

GC gas chromatography

HPLC high-performance liquid chromatography

HRP horseradish peroxidase

HSA human serum albumin

IMS ion mobility spectrometry

KLH keyhole limpet hemocyanin

LC liquid chromatography

LIF laser-induced fluorescence

MBS 3-maleimidobenzoyl-N-hydroxysuccinimide es-
ter

MIP molecular-imprinted polymer

MPA 3-mercaptopropionic acid

MRL maximum residue level

MRPL minimum required performance limit

NHS N-hydroxysuccinimide

OVA ovalbumin

OWLS optical waveguide light mode spectroscopy

PEG polyethylene glycol

QCM quartz crystal microbalance

RIA radioimmunoassay

RSA rabbit serum albumin

SAM self-assembled monolayer

m-SAM mixed self-assembled monolayer

SAMSA S-acetyl-mercaptosuccinic anhydride

SMM small molecular microarray

SPE solid phase extraction

SPR surface plasmon resonance
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iSPR imaging surface plasmon resonance
TAP thiamphenicol

TG thyreoglobulin

TR-FIA time-resolved fluoroimmunoassay
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