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ARTICLE INFO ABSTRACT

This review presents up-to-date information about current research on nicarbazin, one of the most used antic-
occidials in poultry production. The focus is to elucidate regulation concerning nicarbazin, limits for its residues
DNC in food, how maximum residue limits in different countries are calculated regarding edible chicken tissues and
Maximum residue limit the possible implications in human health. Analytical methods to extract and quantify this residue, expressed as
ILnfxlsn/éfsssay dinitrocarbanilide (DNC) are presented and discussed, including qualitative screening and quantitative/con-
Litter reuse firmatory analytical methods. Monitoring results and occurrence of DNC residues in chicken meat are discussed.

Additionally, the causes of eventual chicken meat contamination and possible solutions to reduce or eliminate
DNC residue in tissues are also presented. The paper concludes with perspectives, the current state of DNC
residue analysis and suggestions for future research, especially considering the gap in the study of residue
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recycling effect due to continuous chicken litter use.

1. Introduction

Chicken meat has a great nutritional value and is recognized as a
healthy and low-cost source of animal protein, which makes it ac-
cessible to low-income families worldwide. While the United States is
positioned as the world's leader in poultry production, Brazil is the
leading broiler meat exporter in international trade (ABPA, 2016;
USERS, 2016). One important issue in this meat market is related to
food safety, especially concerning chemical residues in the final
products. This relates to nicarbazin, a product of chemical synthesis
widely used in commercial intensive broiler farming to control the
coccidiosis.

Coccidiosis refers to a disease caused by protozoa of the Eimeria genus
promoting a wide range of injuries in poultry intestines. Parasites com-
promise the nutrient absorption and feed conversion, affecting poultry
weight gain or even causing mortality, as a consequence of intestine

damage (Blake & Tomley, 2014; Chapman, 2014). The extent of losses
caused by Eimeria spp. in poultry flocks was relieved with the advent of
anticoccidials in the 1950s. Nicarbazin, one of the first anticoccidials
developed, is still being used successfully in prophylactic programs.
However, considering recent concerns with undesirable levels of residues
of this feed additive in chicken products intended for human consump-
tion, the aim of this article is to contribute to the understanding about
safety related to nicarbazin residues (expressed as DNC) in chicken tis-
sues, considering important common questions of any consumer: What
would be the possible effect of DNC residues on humans after con-
sumption of contaminated food? How are the acceptable residue levels
calculated in major chicken producing and consuming countries, notably,
the US, Brazil, and the European Union? How is nicarbazin used in
poultry production, and what are safety measures concerning the residue
in the final products? Which analytical methods have been employed to
quantify DNC residues in foods? Which strategies/researches regarding
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the use of nicarbazin can be applied to improve food safety? What does
the data show about DNC residue in edible chicken tissues?

2. Nicarbazin

The chemical substances that act specifically in preventing and com-
bating coccidiosis are known as anticoccidials, which are classified ac-
cording to the mode of action into coccidiostat (inhibit Eimeria growth)
and coccidicide (promote life cycle interruption and parasite destruction).
The use of anticoccidials is necessary to maintain health, animal welfare
and suitable feed conversion, consequently avoiding broiler poor growth
and mortality. Based on their origin, anticoccidials are classified as syn-
thetic (nicarbazin, diclazuril, robenidine, clopidol, and halofuginone) or
ionophores (narasin, lasalocid, monensin, maduramicin, senduramicin,
and salinomycin). While synthetic anticoccidials are manufactured
through chemical reactions, ionophores are produced by different bacteria
of the Streptomycetaceae family (Clarke et al., 2014). These products are
commercially available and may be employed at different stages of the
poultry life cycle, either alone or combined (Clarke et al., 2014; Spinosa,
Palermo-Neto, & Gorniak, 2014). Nicarbazin, an anticoccidial synthesized
in 1955, is still one of the most efficient products used in broiler chicken
feed by the largest broiler meat producers and exporters worldwide.

It consists of an equimolar complex (Fig. 1) which undergoes fast in
vivo dissociation into two substances: 4-4-dinitrocarbanilide (DNC) and
2-hydroxy-4,6-dimethyl-pyrimidine (HDP). The active component is
DNC (solubility in water is lower than 0.02 mg/L) while HDP (hydro-
philic) increases DNC absorption. The effectiveness of the complex is
higher than DNC used alone. Nicarbazin presents an effective antic-
occidial activity, acting as either coccidiostat or coccidicide (Berchieri
Junior, Silva, Féabio, Sesti, & Zuanaze, 2009; EFSA, 2003), promoting
adequate coccidiosis control. No resistance incidences that could com-
promise coccidiosis control have been reported so far (EFSA, 2003;
Rogers et al., 1983; Spinosa et al., 2014). Thus, this compound is still
widely used in poultry industry (Chapman, 2014).

Regarding the use of anticoccidials, the main safety measures to
assure food safety in poultry production are to follow the regulated
dosages and recommended withdrawal periods. In Brazil, the use of
nicarbazin in broiler feed is regulated by the Ministry of Agriculture,
Livestock and Food Supply (MAPA). A maximum concentration of
125 mg/kg nicarbazin of this product is allowed in feed, with a with-
drawal period of 10 days before slaughter (MAPA, 2015c; Poli-Nutri,
2016). In the European Union, the maximum amount of nicarbazin in
feed is the same as Brazil, but the minimum withdrawal period is one
day (EC, 2010a). Meanwhile, in the USA, the amount of nicarbazin
authorized in feed is up to 181.6 mg/kg, with a withdrawal period of
4-5 days (GPO, 2012).

When nicarbazin is co-administered with other anticoccidials, there are
specific rules regarding to dosage and withdrawal period in different
countries. Brazil allows nicarbazin association with maduramicin (40:3.75),
monensin (40:40 to 50:50), narasin (40:40 to 50:50) or senduramicin (40:15
to 48:18) in the mentioned concentrations (mg/kg) (Biofarma, 2016;
Elanco, 2016; Huvepharma, 2016; Phibro, 2016). In the EU, only narasin is
allowed to be associated in a dosage of 40:40 to 50:50 mg/kg (EC, 2010a,
2010b), as it is in the USA at 27:27 to 45:45 mg/kg (GPO, 2012).
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2.1. Toxicity

Toxic reactions generated by anticoccidials may occur in different
species of animals, including broilers, depending on the administration
levels (U.S. National Library of Medicine, 2013). Nicarbazin levels
above 125 mg/kg may lead to poultry poisoning, mainly affecting the
thermoregulatory mechanisms. Therefore, the use of nicarbazin is
generally limited to the initial growing phase, since it may increase heat
stress effects in later periods, leading to mortality (Spinosa et al., 2014).

A no observed effect level (NOEL) is defined as the higher level of
exposure of an organism, at which no statistically significant adverse
effect occurs in the exposed population (EFSA, 2003, 2010a). The
concentration of 240 mg/kgy of nicarbazin a day was established by
Joint FAO/WHO Expert Committee on Food Additives (JECFA, 1999),
while EFSA (2010a) proposed 154 and 51 mg/kg,, of DNC and HDP,
respectively, based on chronic toxicity studies in rats and dogs. The
observed effects were weight loss and changes in organs such as kidney
and liver (EFSA, 2010a).

Developmental toxicity studies in rats showed maternal weight loss
and fetus abnormalities at the highest nicarbazin concentration.
Therefore, a NOEL of 200 mg/kg. a day for maternal and fetal toxicity
was established (JECFA, 1999).

Regarding mutagenicity, nicarbazin presented genotoxicity for
Salmonella spp. However, in vivo tests with mammals did not confirm
this effect and nicarbazin was considered genotoxic risk-free. An im-
purity resulting from DNC synthesis is p-nitroaniline, which should be
below 0.1% in nicarbazin, based on genotoxicity and carcinogenicity
assessments (EC, 2010a; EFSA, 2010a).

The European Food Safety Authority (EFSA) claims that nicarbazin
has low acute toxicity (EFSA, 2010a). In fact, in humans acute toxicity
has not been reported so far, but there is concern over chronic toxicity
when people are subjected to low levels of the anticoccidial during
long-term exposure. Many countries are implementing surveillance
programs to monitor and prevent unacceptable contamination with
anticoccidial residues in animal products intended for human con-
sumption (Clarke et al., 2014).

2.2. Acceptable daily intake

Toxicological information has been serving as a basis for the es-
tablishment of the acceptable daily intake (ADI) for humans. ADI is
derived from NOEL with the application of an uncertainty factor. Then,
the maximum residue levels (MRLs) have been established for foods of
animal origin, in order to follow ADI and to avoid risks to consumer
(Dorne et al., 2013).

Nicarbazin ADI was established based on a NOEL value of 200 mg/
kgpw/day, obtained from the development toxicity evaluation in rats
and from a safety factor of 500 (high due to limitations of the available
data). Therefore, a calculated nicarbazin ADI of 0.4 mg/kgy,, has been
established by Codex Alimentarius (FAO/WHO, 2015; JECFA, 1999), as
presented in Table 1. According to this report, it has been assumed that
nicarbazin at 0.4 mg/kg,, corresponds to 24 mg of DNC for a 60 kg
person, although NOEL was obtained in terms of nicarbazin, not DNC.
Alternatively, European Union considers DNC instead of nicarbazin and
has adopted 0.77 mg DNC/kg, as ADI (corresponds to 46 mg of DNC,

Fig. 1. Structural formula of the nicarbazin equimolar complex
(DNC plus HDP).
Source: Tarbin et al. (2005).
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Table 1
Toxicological information used to obtain nicarbazin/DNC acceptable daily intake.
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Source: adapted from Dorne et al. (2013), EFSA (2010a), FAO/WHO (2015), and JECFA (1999).

Compound NOEL Observed effect Species/study Uncertainty factor ~ ADI
(mg/kgpw/ (mg/
day) kgbw)

Nicarbazin 200 Maternal toxicity (mortality and low bodyweight gain) and fetal Rats/developmental 500 0.40

abnormalities (low bodyweight and delayed ossification) toxicity

DNC (marker residue of 154 Increase of serum alanine aminotransferase Dogs/chronic feeding 200 0.77

nicarbazin) (2 years)

considering a 60 kg person). The ADI of 0.77 mg DNC/kgy,, refers to a
previously mentioned study considering NOEL of 154 mg/kg (Table 1).
According to EFSA, ADI recommendation should be calculated based on
DNC, because the consumer will be exposed to this compound, not to
nicarbazin complex (DNC and HDP) (EFSA, 2010a). In the USA, as in
Brazil, no ADI for nicarbazin has been published yet (GPO, 2012;
MAPA, 2015c). Since both countries are signatories to Codex, the ADI of
0.4 mg/kgpw should be set as a reference.

2.3. Maximum residue limits in broiler tissues

The use of certain products in poultry production can cause residue
deposition in meat. To avoid risks to consumer's health and exceeding
the recommended ADI, authorities have been restricting the use of
specific veterinary drugs on the prevention and treatment of livestock
diseases, and assigned MRLs of these products in food
(Pizarro & Ferreira, 2014).

The MRLs are calculated considering daily consumer exposition to
nicarbazin, expressed as its marker residue (DNC), regarding the most
consumed chicken tissues. The current MRLs for edible chicken tissues
established by FAO/WHO and followed by regulatory agencies of
Brazil, Europe and United States are presented in Table 2. The Joint
FAO/WHO Expert Committee on Food Additives has recommended
through the Codex Alimentarius (FAO/WHO, 2015) the MRL of 200 ug
of DNC/kg in all broiler tissues, based on estimates presented in
Table 3. Brazilian regulation follows Codex Alimentarius upper limit
(MRL = 200 pg/kg), but considers only muscle tissue (MAPA, 2015a,
2015b). In the European Union, DNC MRLs used to be the same as
Codex Alimentarius, but in August 2010 the values were changed to 15,
6, 4 and 4 mg/kg for liver, kidney, muscle and skin/fat, respectively,
through the Commission Regulation 875, as expressed in Table 2 (EC,
2010a). In the United States, the Code of Federal Regulations has set-
tled only one nicarbazin MRL (4 mg/kg) for different broiler tissues
(GPO, 2012), however it is not informed if these results refer to DNC.
When evaluating the MRLs of different countries considered in this
survey, only Brazil follows the DNC limits recommended by the Codex
Alimentarius (FAO/WHO, 2015). Since those are the strictest limits
available, a wider food safety margin may be provided to meat con-
sumers.

Table 2

Maximum residue limits (MRLs) of nicarbazin active substance (DNC) in chicken tissues
(ug/kg).

Source: EFSA (2010a), FAO/WHO (2015), GPO (2012), and MAPA (2015b).

Tissue DNC (ug/kg)
Codex (FAO/ Brazil USA  European Union
WHO)

Muscle 200 200 4000 4000

Liver 200 - 4000 15,000

Kidney 200 - 4000 6000

Skin/fat 200 - 4000 4000

Average daily intake (pg/ 0-400 - - 770

Kgbw)
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FAO/WHO estimates that muscle may have 308 pg of nicarbazin
total residue in 1 kg of tissue (Table 3). Considering a daily con-
sumption of 300 g of muscle, it leads to a maximum DNC daily intake
of 92 ng. Adding the total residue values in liver (44 pg), kidney
(67 pg) and skin/fat (11 pg) to that quantity, it accounts for 214 g,
as the theoretical maximum daily intake of DNC, what means the
consumer exposition to this residue. Reminding the ADI of 0.4 mg/
kgpw obtained from toxicological studies (Table 1) and considering a
person of 60 kg, the acceptable nicarbazin ingestion, as DNC, is
24,000 pug (60 kg X 0.4 mpicarbazin/kgbw = 24 mg). Therefore, the
calculated MRL of 214 pg, in Table 3, corresponds to 0.9% of the ADI
(214 pg/24,000 pg), showing a wide safety margin to the adopted
MRLs (200 pg DNC/kg tissue). These DNC MRLs were generated by
multiplying the estimation of total residues in tissues by the per-
centage of marker residue (444 x 0.45; 1333 x 0.15; 308 x 0.65;
222 x 0.90 = 200 ug DNC/kg tissue).

The regulatory agency of the European Union (EFSA) calculates
the MRLs similarly, but with differences on the data source. Firstly,
the daily intake of total residue considered the estimate of total re-
sidue in chicken tissues, obtained from a broiler experiment with
Koffogran® at 125 mg/kg nicarbazin. Another difference relies on the
marker residue ratios among tissues. The ratio between the marker
residue (DNC) and the total residues, utilized by FAO/WHO account
for 90% in skin/fat, 65% in muscle, 45% in liver and 15% in kidney;
while in the case of EFSA, the amounts are 40%, 20%, 40% and 30%,
respectively (Table 3). These ratios are quite different, because FAO/
WHO data considered the association of nicarbazin to an ionophore,
while the EFSA considered data from broilers fed with nicarbazin
only. It is known that nicarbazin association to ionophores results in
higher level of residues (EFSA, 2010b). It may explain the difference
in residue deposition of DNC in muscle among FAO/WHO (65%) and
the EFSA (20%). Other issue refers to the proportion among con-
sumed tissues. Even though both regulatory agencies (FAO vs. EFSA)
assume the same total consumption (500 g/day), kidney (50 g/day
vs. 10 g/day) and skin/fat (50 g/day vs. 90 g/day) show different
amounts (Table 3). Thus, the sum of the theoretical maximum daily
intake of residue per tissue differs between these agencies (214 vs.
10,850 pg). Although the value settled by the EFSA was much higher
than the FAO/WHO one, it corresponds to only 24% of the European
recommended ADI (up to 770 pg/kgyw/day).

3. Analytical methods to quantify nicarbazin active substance
(DNC)

In order to determine anticoccidials in animal-origin products,
qualitative methods may be used before residue quantification. In
foods, routine analyses which are quick, reliable and cheap are still a
challenge. Sample preparation and extraction procedures are time-
consuming and must be optimized to meet exportation criteria and
industry demand. The most commonly used methods for DNC quanti-
fication in chicken tissues, eggs and feed are summarized in Table 4.
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Table 3
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Recommendation of DNC maximum residue limits for edible tissues from broilers and maximum daily intake recommended by FAO/WHO and EFSA.

Source: EFSA (2010a) and JECFA (1999).

Liver Kidney Muscle Skin/fat Sum
FAO/WHO
Recommended MRL per tissue (ug/kg) 200 200 200 200
Ratio marker residue versus total residue (%) 45 15 65 90
Estimate of total residue in tissue (ug/kg) 444 1333 308 222
Tissue consumption (g/day) 100 50 300 50 500
Theoretical maximum daily intake of total residue per kg tissue (ug) 44 67 92 11 214
Consumption (% ADI) 0.9
EFSA
Recommended MRL per tissue (ug/kg) 15,000 6000 4000 4000
Ratio marker residue versus total residue (%) 40 30 20 40
Estimate of total residue in tissue (ug/kg) 37,500 20,000 20,000 10,000
Tissue consumption (g/day) 100 10 300 920 500
Theoretical maximum daily intake of total residue per kg tissue (ug) 3750 200 6000 900 10,850
Consumption (% ADI) 24

3.1. Extraction methods

The diversity of food matrices and the physicochemical properties of
veterinary drugs turn the development of analytical methods into a
difficult task, especially from the sample preparation point of view.
Various approaches to extract veterinary drugs have been applied to
food and feed. Solid-liquid extraction with low temperature parti-
tioning (Matus & Boison, 2016), liquid-liquid extraction (Wang et al.,
2014), QuEChERS (quick, easy, cheap, effective, rugged and safe), with
or without modifications (Gressler et al., 2016; Guo et al., 2016;
Huertas-Pérez et al., 2016), solid phase extraction (SPE) (Casado,
Morante-Zarcero, Pérez-Quintanilla, & Sierra, 2016), pressurized liquid
extraction (PLE) (Boscher, Guignard, Pellet, Hoffmann, & Bohn, 2010),
and matrix solid-phase dispersion (Barker, 2007) have been sa-
tisfactorily adopted. Liquid-liquid and solid-phase extractions are the
most suitable techniques applied for anticoccidial residues (Clarke
et al., 2014; Wang et al., 2014). The choice of extraction method should
fit for purpose. Monitoring and control tools that are routinely executed
must be practical, economical, reproducible and, above all, reliable.

In this context, organic solvents, such as methanol and acetonitrile,
are most commonly used to extract veterinary drug residues from bio-
logical samples. However, while these solvents are often capable of
extracting all anticoccidials of interest, they also extract potential in-
terferents from the matrix (Cronly et al., 2011; Huet, Bienenmann-
Ploum, Vincent, & Delahaut, 2013). In these cases, SPE and QuEChERS
have been employed to remove interferents, improving method se-
lectivity and specificity. On the other hand, the clean-up by freezing
(partition at low temperature) has been increasingly used. Like the
dispersive SPE and QuEChERS, this procedure removes from matrix
many endogenous components, presenting advantages due to their cost
and practicality (Matus & Boison, 2016). A study conducted by Coleman
et al. (2014) entitled “Determination and Confirmation of Nicarbazin in
Chicken Tissues” awarded the First Action Official Method status by the
Expert Review Panel for Veterinary Drug Residues in May 2013. DNC
has been successfully extracted with acetonitrile from chicken muscle
and eggs, which are high in protein, followed by clean-up and cen-
trifugation in order to precipitate protein. This procedure is fast and
effective and may be used as a control and monitoring tool. This ap-
proach has been adopted by AOAC to determine DNC in foods.

3.2. Analytical methods

Anticoccidials have been detected in products of animal origin by
rapid qualitative screening methods, which can be useful and less costly
tools compared to other quantitative techniques. Enzyme-linked im-
munosorbent assays (ELISA), lateral flow devices (LFDs), fluorescence
polarization immunoassays (FPIAs), biosensor assays, and more
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recently, flow cytometry immunoassays (FCIAs) have been applied for
the detection of anticoccidials, before using confirmatory and quanti-
tative methods as LC-MS (Huet et al., 2013; Li et al., 2017).

Antibodies are the main analytes of immunoassays. However, che-
mical coccidiostats, such as nicarbazin, may hinder the production of
antibodies by the host. Low molecular weight compounds such as these
types of feed additives, are bound to large carrier proteins. Thus, the
immune reaction is not enough to form antibodies in the host, and this
binding interaction process may affect both sensitivity and specificity of
the resultant molecule (Clarke et al., 2014). The absence of functional
groups or other structural properties implicated in the use of mimics or
the production of chemical derivatives to permit immunogen prepara-
tion (Clarke et al., 2014; Li et al., 2017). These limitations can be
overcome through the use of complementary techniques. However,
these procedures may make the test more expensive, making its viabi-
lity questionable in relation to the use of other analytical techniques.

The most cited immunoassay methods reported in poultry products
for the detection of coccidiostats are ELISA (Beier, Ripley,
Young, & Kaiser, 2001; Connolly, Fodey, Crooks, Delahaut, & Elliott,
2002; Huet et al., 2005) and surface plasmon resonance (SPR) biosensor
(McCarney, Traynor, Fodey, Crooks, & Elliott, 2003). Beier, Ripley,
Young, and Kaiser (2001) used p-nitrosuccinanilic acid to mimic DNC,
in order to produce monoclonal antibodies that bound DNC; LOD was
set to 100 ng/mL in an indirect ELISA. Connolly, Fodey, Crooks,
Delahaut, and Elliott (2002) used the same approach, but compared
three different mimics to prepare immunogens and enzyme labels. The
analytical parameter of the method was ICsg, which can be defined as
the drug concentration required for 50% in vitro inhibition. They found
that two of the mimics (N-succinyl-i-alanyl-Lalanyl-i-alanine-4-ni-
troanilide and p-nitrosuccinanilic acid) created the best immune re-
sponses and that a heterologous ELISA performed best for most of the
resultant antibodies. The methods for antibody production and sample
extraction were used by Huet et al. (2005) who developed an ELISA for
the detection of DNC and halofuginone residues in poultry egg and
muscle. Another research group (Mortier, Huet, et al., 2005) compared
ELISA and LC-MS/MS regarding five anticoccidial residues in eggs,
while Mortier, Daeseleire, and Van Peteghem et al. (2005) validated LC-
MS/MS in eggs and feed.

Since most chemical coccidiostats have a native chromophore
cluster, UV detectors coupled to high performance liquid chromato-
graphy (HPLC) systems have been widely used for their quantitation
(Kanda et al., 2003; Souza et al., 2001). Some methods for determi-
nation of nicarbazin as dinitrocarbanilide (DNC) were then developed,
being able to measure DNC residues in the range of 15 pug/kg in eggs
and tissues (Capurro, Danaher, Anastasio, Cortesi, & O'Keeffe, 2005;
Kanda et al., 2003). Fluorescence, a more selective technique than UV,
has not been very used for the analysis of chemical coccidiostats,
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Table 4

Methods for DNC analysis in chicken tissues, eggs, feed and litter.
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Analytical Matrices Number of Sample preparation Sensitivity Recovery rates Reference
techniques analytes (%)
ELISA NA 1 NA LOD: 100 ng/mL - Beier, Ripley, Young, and Kaiser
(2001)
ELISA NA 1 NA ICso: 2.3-7.6 ng/mL - Connolly, Fodey, Crooks, Delahaut,
and Elliott (2002)
ELISA Egg 2 NA CCg: < 10 pg/kg in 85.0 for muscle  Huet et al. (2005)
Muscle muscle 67.0 for eggs
CCg: < 3 pg/kg in
eggs
LC Eggs 1 Supercritical fluid extraction (SFE) LOQ: 400 pg/kg > 98.0 Matabudul, Crosby, and Sumar (1999)
Feed
Muscle
LC Feed 1 LSE (acetonitrile); purification (alumina) LOD: 50 pg/kg 98.3-111.0 Protasiuk, Olejnik, Szprengier-
LOQ: 100 pg/kg Juszkiewicz, Jedziniak, and Zmudzki
(2015)
LC Fat 2 n-Hexane defatting; LSE (acetonitrile); LOQ: 4 pg/kg > 87.3 Kanda et al. (2003)
Liver Liquid-liquid partitioning
Muscle
LC Muscle 3 LSE (acetonitrile); SPE (silica and C18)  LOD and LOQ: 40.2-95.6 Souza et al. (2001)
5000 ug/kg
LC Liver 1 n-Hexane defatting; LSE (acetonitrile); CCy: 228 ug/kg > 70.0 Capurro, Danaher, Anastasio, Cortesi,
SPE (silica and C18) CCp: 266 pg/kg and O'Keeffe (2005)
LC-MS Egg 9 LSE (acetonitrile) CC,: 0.4 ug/kg 60.0 for muscle  Dubois, Pierret, and Delahaut (2004)
Muscle CCg: 0.5 pg/kg for
muscle
LC-MS Muscle 14 LSE (acetonitrile) LOQ: 0.1-0.2 pg/kg 79.5-109.9 Shao et al. (2009)
LC-MS Muscle 41 Different LSE; different SPE CCq: 2.29 pg/kg 29.0-87.0 Stubbings and Bigwood (2009)
CCp: 3.89 ug/kg
LC-MS Eggs 2 LSE (acetonitrile); SPE LOD: 0.33-2.12 pg/kg  99.0-101.0 Olejnik, Szprengier-Juszkiewicz, and
Liver LOQ: 0.92-5.38 ug/kg Jedziniak (2011)
Muscle
LC-MS Eggs Muscle 43 QuEChERS (acetonitrile; acetonitrile LOQ: 1 pg/kg 67.6-89.4 Nakajima et al. (2012)
+ formic acid)
LC-MS Eggs 1 LSE (acetonitrile); filtration (PTFE) LOD: < 3.0 ug/kg 89.0 Coleman et al. (2014)
Kidney LOQ: 20.0 ug/kg
Liver
Muscle
Skin/fat
LC-MS Feed 11 LSE (acetonitrile) CC,: 532 pg/kg 97.3 Cronly et al. (2011)
CCg: 564 pg/kg
LC-MS Liver 18 LSE (acetonitrile and propanol + salts)  LOD: 91 pg/kg 97-99 (Matus & Boison, 2016)
Muscle LOQ: 305 ug/kg
LC-MS Eggs 5 LSE (organic solvent) CCq: 1 pg/kg 96.3-101.2 Mortier, Daeseleire, and Van Peteghem
Feed CCp:1.2 ug/kg in eggs (2005)
CCy:5.8 ug/kg
CCy:8.6 ug/kg in feed
LC-MS Muscle 20 n-Hexane defatting; LSE (acetonitrile); LOQ: 5-50 pg/kg 84.8-105.0 Yue et al. (2013)
SPE (silica and C18)
LC-MS Litter 1 LSE (ethyl acetate); liquid-liquid LOD: 20 pug/kg - Penz, Vieira, and Ludtke (1999)
Liver partitioning with acetonitrile-hexane;
Muscle purification (alumina)
LC-MS Litter 6 LSE (methanol) - > 70.0 Furtula, Hannah, Wetzstein, and
Englar (2005)
LC-MS Litter 5 LSE (methanol); filtration (glass LOD: 0.5 ug/kg 64.0 Furtula, Huang, and Chambers (2009)
microfiber) LOQ: 2 pg/kg
LC-MS Eggs 20 LSE (acetonitrile) CCq: 4579 ug/kg 76.0-77.0 Moloney et al. (2012)
Muscle CCg: 6060 pg/kg in
muscle
CC,: 106 pg/kg
CCg: 117 pg/kg in eggs
LOQ: 10 pg/kg for
both
LC-MS Eggs > 160 LSE (acetonitrile); no additional - - Robert et al. (2013)
Honey purification step
Milk
Muscle
LC-MS Eggs 20 LSE (acetonitrile) CCq: 4579 ng/kg 76.0-77.0 Moloney et al. (2012)
Muscle CCp: 6060 pg/kg in
muscle
CC,: 106 pg/kg
CCp: 117 pg/kg in eggs
LOQ: 10 pg/kg for
both
SPR Biosensor Eggs 1 LSE (acetonitrile) LOD: 5 ug/kg - McCarney, Traynor, Fodey, Crooks,
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Table 4 (continued)
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Analytical Matrices Number of Sample preparation Sensitivity Recovery rates Reference
techniques analytes (%)
Breast and Elliott (2003)
Liver
Muscle

NA = not applied; high performance liquid chromatography (HPLC) includes DAD and UV-vis detection; liquid chromatography coupled to mass spectrometry (LC-MS) includes ultra
high performance liquid chromatography (UHPLC); tandem mass spectrometry (MS/MS); qToF (quadrupole time-of-flight).

possibly due to the difficulty of the derivatization process (Clarke et al.,
2014).

Currently, mass spectrometry (MS) has been widely used because
of its high selectivity and specificity. Coupled to liquid chromato-
graphy (LC-MS), it has allowed the determination of several classes
of veterinary drugs in very low concentrations, joining a robust and
efficient separation with high sensitivity detection. Thus, the un-
equivocal identification of the analytes in the samples is achieved by
their retention times and mass spectra. The majority of LC-MS has
been carried out with tandem-mass spectrometric detection, often
abbreviated as LC-MS/MS (Kruve et al., 2015). Chemical coccidio-
stats typically produce [M+H]* or [M—H]~ precursor ions in
electrospray ionization (ESI) mode. Most early, LC-MS applications
were tested for the most widely used coccidiostats, mainly com-
prising ionophores and nicarbazin in eggs and poultry tissues (Clarke
et al.,, 2014). A method capable to simultaneously analyze four io-
nophores and DNC in eggs and liver was developed (Matabudul,
Lumley, & Points, 2002). Dubois, Pierret, and Delahaut (2004) de-
veloped an early LC-MS/MS method for nine coccidiostats in egg and
muscle, capable of measuring residues under 0.6 ug/kg. Many re-
searchers followed this trend by developing methods for some or all
of the 11 coccidiostats with non-target EU MRLs (Cronly et al., 2011;
Shao et al., 2009). Extensive methods have been developed that
comprise as many as 20 coccidiostats in poultry products. Moloney
et al. (2012) reported the development of a LC-MS/MS method for
the determination of 20 coccidiostat residues to 1 ug/kg in egg and
muscle. Yue et al. (2013) similarly developed a method for 20 coc-
cidiostats in meat. LOQs ranged from 5 to 50 pg/kg. Multiclass
methods for the determination of a wide range of feed additive re-
sidues in food and feed samples (Protasiuk, Olejnik, Szprengier-
Juszkiewicz, Jedziniak, and Zmudzki (2015) have been developed.
Surprisingly, few coccidiostats are included in many of these
methods. This may be because coccidiostats are regarded as feed
additives rather than veterinary drugs or that they cannot be easily
accommodated in sample preparation steps used in these methods.
Stubbings and Bigwood (2009) reported a multiclass LC-MS/MS
method for the determination of veterinary drug residues (including
ionophores, DNC and nitroimidazoles) in chicken muscle following
QuEChERS sample preparation. Coleman et al. (2014) validated a
LC-MS/MS method applicable for the determination and confirma-
tion of DNC in chicken liver, kidney, muscle, skin with adhering fat
tissues, and in eggs.

Nakajima et al. (2012) simultaneously quantified 39 feed additives
in chicken muscle by LC-MS/MS, including nicarbazin (DNC). Robert
et al. (2013) suggested the same technique to identify 160 feed ad-
ditives including nicarbazin in products of animal origin. The target
value for the compounds has been defined as half of the maximum
allowed value, according to the current regulatory limits, being
adopted for most of the substances of interest. The control of these
additives through multiresidue methods conducted accordingly can
assure food security in a less costly and more effective way. Thus, an
effective preparation and extraction procedure associated to LC-MS
can be used as a powerful technique for monitoring feed additives in
products of animal origin.
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3.3. Analytical performance and decision-making

Regardless of the adopted analytical technique, the reliability of the
results shall be checked through validation procedures (ISO, 2010).
Among the most commonly used validation guides are those proposed
by IUPAC, EURACHEM, ISO, SANCO, AOAC, FAO, among others. In the
meantime, the Commission Decision 657/2002/EC is considered an
appropriate guide for the validation of analytical methods for residues
of veterinary drugs by LC-MS (EC, 2002). It is currently the validation
guide with the largest number of publications involving its use, showing
great international acceptance (Matus & Boison, 2016; Wang et al.,
2014).

On the other hand, the correct interpretation of the analytical re-
sults is fundamental because it will support important decision making,
either by quality control and government agencies. Impacting con-
sequences, such as the recall of products, destruction of large batches,
application of fines, administrative and judicial proceedings, and da-
mages to both human and animal health are some of the examples
(Molognoni, Ploéncio, Machado, & Daguer, 2017). In addition, eco-
nomic sanctions and barriers to international food trade have been
based on the often-poor chemical metrology of some producing coun-
tries. In this sense, analytical capacity goes beyond modern analytical
tools, since the correct treatment of analytical data turns into an im-
portant and crucial technical task.

The result of a measurement is only an approximation of a specific
quantity of a measure. Decisions can only be clearly taken when the
measure is accompanied by a quantitative statement of its measurement
uncertainty (MU) (Taylor, 2009). Top-down approaches to estimate MU
are likely most appropriate when analytical procedures are routinely
applied to a large number of analytes. Nicarbazin is usually assessed
with several other coccidiostats in multi-residue simultaneous methods
(Cronly et al., 2011; Valese et al., 2017). The use of intra-laboratory
reproducibility is a good MU estimator, as recommended by SANCO/
2004/2726 (SANCO, 2008) and ISO/TS 21748:2004 (ISO, 2010). Sev-
eral studies have been demonstrated the use of top-down approaches to
estimate MU due to the analysis of nicarbazin and other compounds
(Cronly et al., 2011; Dabalus Islam, Schweikert Turcu, & Cannavan,
2008; Valese et al., 2017). Type A uncertainty sources experimentally
obtained during validation approaches, such as precision, bias, and
residues from analytical curves, among others, may be initially over-
estimated. On the other hand, these values serve as a basis for the
improvement of measuring quality, because they tend to decrease,
while the number of measurements increases due to routine analysis
(Molognoni et al., 2017). Furthermore, the use of internal standardi-
zation can decrease the biggest sources of uncertainty, such as random
effects due to analysts and equipment which can take place in long
analytical processes with (Molognoni, Valese, Lorenzetti,
Daguer, & Lindner, 2016). In this context, the use of deuterated ni-
carbazin (DNC-D8) as an internal standard is highly recommended in
order to decrease type A uncertainty sources (Valese et al., 2017).

The limit of decision (CC,) and the detection capability (CCg) are
parameters defined by Commission Decision 657/2002/EC which
measure the performance of the analytical procedure and help the in-
terpretation of results. Those limits take in account the measuring error
in the concentration level which can request some decision making
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(“interest level”). Despite being an alternative to the MU, they shall
only be used when regulatory limits are clearly set, or when banned
substances are being dealt with (Molognoni et al., 2016). The CC,, is the
limit from which one can conclude that a sample is non-compliant with
a probability of a a error (EC, 2002). For instance, the regulatory limit
for nicarbazin in tissue is 200 pg/kg. By taking into account the re-
spective experimental a error, such as 28 ug/kg, achieved by Capurro,
Danaher, Anastasio, Cortesi, and O'Keeffe (2005) (Table 4), only sam-
ples with concentrations above 228 ug/kg could be considered non-
compliant. On the other hand, CCg is the lowest content of the analyte
that can be quantified in a sample with a probability of 8 error (EC,
2002). Considering the CCg in decision-making implies that laboratories
are able to present their minimum required performance level (MRPL).
MRPL can be defined as the minimum nicarbazin concentration that can
be detected or quantitated by the analytical method, considering that it
is a banned analyte. As it can be observed in Table 4, there is a wide
range among CC, and CGCg values for nicarbazin analytical methods,
since those parameters are experimentally obtained from error sources
and deviations. Thus, different error profiles are expected, depending
on the analytical technique, laboratory personnel (analysts), and vali-
dation levels.

Anyway, the scope of a measurement result must always be esti-
mated, regardless of the approach used, since the measure becomes
critical when compliance with regulatory limits should be evaluated or
compared (Zamengo, Frison, Gregio, Orrti, & Sciarrone, 2011).

4. Occurrence of DNC residues

The main concern about nicarbazin use in broiler production is the
possibility of residue in meat exceeding regulatory limits. Otherwise, it
is considered safe for consumption. Though many authorities consider
the withdrawal period of feed additives enough to avoid residues in
edible tissue, contaminations still occur (Clarke et al., 2014; Kantiani,
Llorca, Sanchis, Farré, & Barceld, 2010; MAPA, 2015a; Danaher et al.,
2008). In this section, details about nicarbazin active substance (DNC)
residue in chicken tissues and litter, besides the possible reasons for
tissue contamination are discussed. Results of monitoring programs
from Brazilian, European and American official reports are presented.

4.1. Edible chicken tissues

The pharmacokinetic data of nicarbazin shows HDP is eliminated
mainly in urine (90%) with higher excretion than DNC, which is ex-
creted primarily in feces (46%) together with its metabolites (EFSA,
2010a; JECFA, 1999). Therefore, both HDP and DNC are absorbed se-
parately, being DNC the main concern in meat contamination, because
probably 54% remains in the broiler organism.

DNC is recognized as the marker residue in broiler tissues, based on
in vivo trial with broilers fed 125 mg/kg nicarbazin. After 5-day
withdrawal, a continuous decrease to nearly zero (negligible level) was
observed for muscle, skin/fat and kidney. Meanwhile, liver residue
showed only slightly decrease, still presenting 23-48% of the initial
DNC level. From there on, liver has been considered the target tissue for
DNC residues (EFSA, 2010a; JECFA, 1999).

Few studies evaluated DNC in tissues (Cannavan & Kennedy, 2000;
EFSA, 2010b; O'Keeffe, Capurro, Danaher, Campbell, & Elliott, 2007;
Penz, Vieira, & Ludtke, 1999). In Brazil, the effect of poultry litter reuse
was evaluated up to three flocks considering a 7-day withdrawal period.
Nicarbazin was added to feed (at 100 or 125 mg/kg) as the only an-
ticoccidial or in association with maduramicin (40:5 nicarbazin: ma-
duramicin). Liver presented the highest DNC concentration for all grow-
outs, while in breast 13 ug/kg of DNC residues were detected in the
second grow-out, but no detection in the third cycle. In litter, DNC
residues persisted up to three grow-outs, even removing nicarbazin
from feed after the first trial (Penz, Vieira, & Ludtke, 1999). Cannavan
and Kennedy (2000) studied increased doses of nicarbazin (0.2, 0.4,

37

Food Research International 99 (2017) 31-40

1.6, 4.2 and 13.5 mg/kg) in feed, with liver showing the highest ni-
carbazin concentration (200 pg/kg). Otherwise, in muscle, residues
were in acceptable limits. The authors concluded that to prevent DNC
residue occurrence in chicken liver, a maximum of 2.4 mg/kg ni-
carbazin in feed should be used. O'Keeffe et al. (2007) evaluated the
effect of the withdrawal in broilers, observing that up to 1.6 mg/kg of
nicarbazin (as DNC) may still be present in liver after a six day with-
drawal. The EFSA (2010a) reported that broilers fed 125 mg/kg ni-
carbazin for 28 days had their tissues evaluated during 14 days after
withdrawal. DNC decreased in all tissues, especially in liver, which
presented 9.25, 0.45 and < 0.05 mg/kg in the first, fifth and seventh
days, respectively.

There is a huge variability in the results from these mentioned
studies which may be due to the different nicarbazin concentrations in
feed (from 0.2 to 125 mg/kg), different withdrawal periods (from 1 to
9 days), analytical methodologies, and the poultry litter reuse that
varied from no litter reuse until three flocks. All these factors may have
influenced this huge variability.

4.2. Monitoring results in Brazil, United States and European Union

The National Plan of Residues and Contaminants Control (PNCRC)
is a Brazilian official program for inspection and surveillance of food
derived from plant and animal origin. PNCRC for animal products
covers meat, milk, honey, eggs and fish. Samples are collected in sev-
eral slaughterhouses (Mauricio, Lins, & Alvarenga, 2009). Regarding
the anticoccidial in broilers, results of the last 5-year (2011-2015)
monitoring detected 12 noncompliances, all related to nicarbazin active
compound (MAPA, 2011, 2012, 2013, 2014, 2015a). Currently, it is
evaluated only in broiler muscle. Especially in 2015, seven non-
compliances out of 457 samples were observed (MAPA, 2015a), re-
presenting a rate of 1.53%. These deviations were corroborated by
Japanese authorities in the past, when DNC residues in imported broiler
meat were detected (Spinosa et al., 2014), while recently no violations
occur.

The European Union residue monitoring program recorded non-
compliances. Both liver and muscle from broilers are evaluated. Up to
2010, when DNC limit was 200 pg/kg, 46 violations in poultry were
reported. From 2011 on, after increasing the MRLs, only two non-
compliances were reported for liver (EC, 2010c, 2011, 2012, 2013,
2014).

In the USA, the National Residue Program (NRP) monitors meat,
poultry and egg products. This agency considers a priority list of feed
additives, which receive a score each year. Based on this score, the
additive may be monitored or not in the current year. Comparing to
other feed additives, nicarbazin has been considered of low priority
(low score) since 1994 and there on has not being monitored (USDA-
FSIS, 2005, 2013, 2014).

4.3. Possible causes of contamination in broiler tissues

The cause of DNC residues in poultry is hard to be attributed to only
one specific factor; however, it may be linked to noncompliance in the
feed mill or at the farm (Campbell et al., 2007; O'Keeffe et al., 2007).
Nicarbazin crystals are highly electrostatic and present some problems
during dry blending. Improper cleaning of silos, hoppers and feeding
lines between feed batches, as well as feed unloading to the wrong silo,
contamination during preparation or transport have been reported
(Riviere & Papich, 2009; Verstraete, 2013). Besides cross contamination
among feed batches, noncompliance may also be related to overdosage
or improper withdrawal (Dorne et al., 2013; O'Keeffe et al., 2007).
Coprophagy (feces ingestion) is usual in avian species and should also
be considered as a contamination route, especially for broilers housed
on deep litter. This continued exposure to nicarbazin (DNC) may lead to
tissue contamination after feed withdrawal due to DNC in the litter or in
the feces (O'Keeffe et al., 2007; Olejnik et al., 2011). As observed by
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Cannavan and Kennedy (2000), chickens reared on litter showed DNC
content in muscle about six fold higher (14 mg/kg) than those reared in
cages (2.4 mg/kg). Because poultry litter reuse is not usual in Europe,
no information regarding food safety in poultry tissues due to pro-
longed broiler litter use were reported by EFSA. However, either in
Brazil (Roll, Dai Pra,&Roll, 2011) or in the USA, litter reuse is a
common practice, lowering costs and reducing environmental impacts.

Literature is scarce regarding nicarbazin active substance degrada-
tion in broiler litter. Only one research from Penz, Vieira, and Ludtke
(1999) evaluated the cumulative effect of litter reuse during three
grow-outs and found high amounts of DNC residue, using colorimetry.
With a new analytical approach, using liquid chromatography coupled
to mass spectrometry (Table 4), Furtula, Hannah, Wetzstein, and Englar
(2005) evaluated commercial farms and reported DNC residues in
poultry litter (without reuse), ranging from 14 to 23 mg/kg. In another
survey conducted by the same group, DNC values in broiler litter
ranged from 1.28 to 10.95 mg/kg (Furtula et al., 2009). The persistence
of DNC residues in broiler litter was confirmed further in controlled
conditions (Furtula et al., 2010).

Summarizing, if broiler litter contains high amounts of DNC, it may
be one of the chicken meat contamination causes. However, much has
to be investigated for broilers housed on reused litter, once the only
published report was based on colorimetry, which has been replaced by
more sensitive and accurate analytical methods.

5. Prospects

Nicarbazin is used in intensive chicken farming since the 1950s, with
strategic importance in prophylactic programs to avoid the undesirable
effects of coccidiosis. More recently, a special concern on food safety has
turned the attention to this synthetic substance, considering the possibility
of residues in poultry products. Based on animal toxicological studies, high
doses of nicarbazin would cause negative effects in humans such as weight
loss, liver abnormalities and kidney problems. However, genotoxic risks
have not been reported. It is worth mentioning that MRL has been de-
termined considering the ADI of the residue marker (DNC) and consumer
daily exposition to this residue. Therefore, the harmful effects can be
avoided if the DNC residue in food is kept below the recommended MRL
and if p-nitroaniline in nicarbazin does not exceed 0.1%.

It seems unlikely that consumption of usual daily quantities of
poultry products, considering the ADIs, would pose any risk to human
health regarding DNC residues. In order to improve food safety, it is
important to follow safety measures such as the recommended dosages
and withdrawal periods, caution in feed production to avoid cross
contamination and consequently tissue contamination. Also, mon-
itoring programs are essential to check if recommended MRLs are
within the regulated ranges and more accurate analytical methods
should be developed. Researches considering litter reuse, especially
where this procedure is common are needed. It is expected that such
studies will help to redefine strategies in utilizing nicarbazin as a feed
additive and therefore, contribute to reduce even more the occurrence
of noncompliances in monitoring programs.

A comprehensive review has been carried out in this paper on the
analysis of DNC residues. LC-MS/MS is the technique of choice to
analyze a broad range of coccidiostat residues at extremely low levels in
food. Alternatively, immunochemical methods can be applied but are
more suitable for single residue analysis. Non-compliant DNC levels
continue to be detected in chicken meat. In the future, it is expected
that more reliable and sensitive methods will be able to detect cocci-
diostat residues in food in order to assure both, the MRL and food
safety.

Future research should concentrate on the development of multi-
residue methods. Sample preparation procedures need to reduce ion
suppression or enhancement effects caused by sample matrix in order to
improve accuracy. Alternatively, additional stable isotopically labelled
standards should be synthesized to compensate for ionization effects.
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In order to improve the specificity of immunoassay techniques, high
quality antibodies still need to be produced. Furthermore, the uniform
response of broad-specificity antibodies, as well as assay automation
and application to real samples, need to be improved in order to quick
respond the needs of the productive chain.
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