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Abstract In this paper, we report the inter-laboratory valida-
tion (ILV) of a recently developed indirect competitive multi-
plex dipstick (Bee4sensor®) which is capable of the simulta-
neous detection of residues of some of the most frequently
detected antibiotic residues in honey: sulfonamides, tylosin,
fluoroquinolones and chloramphenicol. The multi-sensor dip-
stick can be interpreted via visual observation or by an instru-
mental measurement of four test lines. Statistical analysis of the
ILV data demonstrated that the multi-sensor can reliably detect
the presence of sulfathiazole at 25 μg kg−1 and tylosin at
10 μg kg−1, which fully meet the ‘recommended concentra-
tions’ of the EU. Ciprofloxacin and chloramphenicol can be
detected at 25 and 5 μg kg−1 in honey, respectively. Whilst the
concentration for chloramphenicol is above the EU minimum
required performance limit of 0.3 μg kg−1, this part of the
multiplex test may still be of use to both the industry and
enforcement authorities, to provide an early warning of contam-
inated honey. The estimated false-negative and false-positive
rates for this easy-to-use and robust assay were less than 5 %.
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Introduction

Pollination by bees is essential for the sustainability of many
sectors of agricultural production; therefore, maintaining the
health of bee colonies is of great economic importance. Bee
colonies are susceptible to a number of infestations and dis-
eases including varroa and foulbrood, but worldwide there are
relatively few drugs legally permitted for control [1].
Although some countries, e.g. the USA, have authorised the
use of the antibiotic tylosin to treat American foulbrood [2],
the EU has yet to authorise antimicrobial-based veterinary
medicines for the treatment of bees. Between 2007 and
2012, there were, however, approximately 100 alerts for hon-
ey and royal jelly reported on the European Commission's
Rapid Alert System on Food and Feed [3]. Of these, some of
the most frequent types of antimicrobials detected were sul-
fonamides (e.g. sulfadiazine, sulfathiazole, sulfamethoxa-
zole), aminoglycosides (streptomycin), fluoroquinolones
(e.g. ciprofloxacin) and chloramphenicol.

Whilst there are no EU maximum residue limits (MRLs)
for any antimicrobials in honey, a minimum required per-
formance limit (MRPL) for chloramphenicol has been set at
0.3 μg kg−1 [4]. In addition, the EU Reference Laboratories
have published a number of ‘recommended concentrations’
(RCs) in honey ranging from 20 μg kg−1 for tylosin to
50 μg kg−1 for sulfonamides [5]. These RCs are related to
the screening target concentration (STC). The STC is the
concentration at which a screening test categorises the sam-
ple as ‘screen positive’ (potentially non-compliant) and
prompts a confirmatory test by, for example, liquid chroma-
tography–tandem mass spectrometry (LC-MS/MS). For
analytes for which MRLs have not been established, the
‘STC should wherever possible be at or less than the
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recommended concentrations as described in the CRL
Guidance Paper’ [6]. For other non-authorised analytes
(veterinary medicines) in honey, e.g. fluoroquinolones, the
STC is at the discretion of the laboratory conducting the
work. For this study, the STCs used were as follows: 50, 20,
50 and 10 μg kg−1 for sulfathiazole, tylosin A, ciprofloxacin
and chloramphenicol, respectively.

Concern about the occurrence of residues of veterinary
medicines in honey has resulted in the need for rapid methods
to monitor for antibiotic residues from a variety of classes
including sulfonamides, macrolides, fluoroquinolones and
tetracyclines. Whilst a sensitive and rapid method based on
dipstick technology already exists for tetracyclines in honey
(TETRASENSOR® kit, Unisensor, Belgium) [7], and there
are a number of commercial ELISA products for streptomycin
and tylosin [8], there is a dearth of rapid methods which offer a
wide coverage of the antimicrobial classes of interest.

In 2007, the European Commission Framework Programme
(FP7) commissioned a new project called Contaminants in
Food and Feed: Inexpensive Detection for Control of
Exposure (Conffidence, www.conffidence.eu). The aim of the
project was to develop and validate faster and more cost-
efficient methods for the detection of a wide range of chemical
contaminants/residues in both food and feed. One of the out-
comes from this project is a multiplex dipstick assay
(Bee4sensor® [9, 10]) that could be employed for the simulta-
neous screening of sulfonamides, fluoroquinolones, tylosin and
chloramphenicol, possibly present in honey. Data from this
method could be determined in two ways:

(a) Visually, in which the colour intensities of the individual test
lines on the dipstick (for sulfonamides, fluoroquinolones,
tylosin A and chloramphenicol) are compared to the inten-
sity of a control line

(b) Instrumentally, in which a Readsensor® is used to
generate a numerical value (ratio) for the colour
intensity

Initially, this new method was subjected to a within-
laboratory validation according to EU requirements
(Commission Decision 2002/657/EC [11]) for a wide range
of analytes from both the sulfonamide and fluoroquinolone
classes of antimicrobials, as well as tylosin and chloramphen-
icol. Subsequently, to ensure robustness of this new method, a
small-scale inter-laboratory validation (ILV) exercise was un-
dertaken using ‘representative analytes’ [6] of sulfathiazole,
ciprofloxacin, tylosin and chloramphenicol. This paper reports
the results of this external validation study by seven
control/industry laboratories. This validation trial was
conducted in two stages. The laboratories familiarised them-
selves with the method by analysing known positive and
negative control samples, before testing a number of randomly
coded blind samples, containing spiked and incurred residues
of the target antimicrobial compounds.

Materials and methods

Materials and reagents

The analytical standards of sulfathiazole, tylosin A, cipro-
floxacin (hydrochloride) and chloramphenicol were pur-
chased from QMX Laboratories (Thaxted, UK). Chemicals
and solvents were of analytical grade. Deionised double-
distilled (or equivalent) water was used throughout.

The multi-sensor (Bee4sensor®) kits for honey,
microwells and dipsticks (lot 110505), were provided by
Unisensor s.a. (Liège, Belgium) and used during the inter-
laboratory validation. Bulk buffer solutions were prepared
separately to cater for all the participants of the trial.

Stock and working standard preparation

Standard stock solutions of 1,000 μg ml−1 were made in
methanol and kept at −20 °C for up to 6 months. Intermediate
solutions of 100 or 10 μg ml−1 were prepared on a monthly
basis and also kept at −20 °C, while mixed spiking solutions
were prepared on a weekly basis and stored at 4 °C.

Instrumentation

The Heatsensor® equipment and the Readsensor® (for
instrumental reading) were supplied to each laboratory,
by Unisensor s.a. (Liège, Belgium). This Readsensor®
version (Firmware 2.2.13) can be used in stand-alone
mode or connected to a computer. In this study, the
device was used in computer mode and was operated
with specially designed software (either LF control,
version 3.01.01; or LF Studio, version 3.3.4). To ensure
correct performance of the instrumental system, the
Readsensor® equipment was calibrated by each partici-
pant in the ILV immediately before each part of the
study with a ‘reference check & control dipstick’ as
recommended by the provider.

Samples

Blind test material no. 1 (‘blank’)

A ‘blank’ honey was produced by stirring portions (previously
tested negative using an ISO 17025-accredited LC-MS/MS
procedure) of acacia, woodland, orange blossom, Australian
honey (5:5:5:4 ratio) for 24 h. After mixing, aliquots (15 g)
were potted and stored at ambient temperature.

Blind test material no. 2 (‘0.5×STC’)

The following protocol was employed to produce a honey
containing sulfathiazole, tylosin A, ciprofloxacin and
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chloramphenicol at 25, 10, 25 and 5 μg kg−1, respectively. To
1,000 g of ‘blank’ honey were gradually added 0.25 ml of
100 μg ml−1 sulfathiazole and ciprofloxacin solutions, 0.1 ml
of 100 μg ml−1 tylosin A and 0.5 ml of 10 μg ml−1 chloram-
phenicol, whilst the honey was being stirred continuously and
then for a further 24 h at room temperature. Aliquots (15 g)
were potted and stored at −20 °C.

Blind test material no. 3 (‘1×STC’)

To produce a honey containing 50/20/50/10 μg kg−1 of
sulfathiazole/tylosin A/ciprofloxacin/chloramphenicol, the fol-
lowing protocol was employed. To 1,300 g of ‘blank’ honey
were gradually added 0.65 ml of 100 μg ml−1 sulfathiazole and
ciprofloxacin solutions, 0.26 ml of 100 μg ml−1 tylosin A and
0.13 ml of 100 μg ml−1 chloramphenicol, whilst the honey was
being stirred continuously and then for a further 24 h at room
temperature. Afterwards, aliquots (15 g) were prepared and
stored using the same procedure as for test material no. 2

Other test materials (incurred)

Test material no. 4 (three honey samples containing known
tylosin A concentrations) and test material no. 5 (incurred
honeys with varied concentration of sulfonamides, cipro-
floxacin and chloramphenicol blended with ‘blank’) were
also provided, but for quality control purposes only, and
results are neither presented nor discussed.

Homogeneity testing of test materials

Ten aliquots of each test material (2, 3, 4 and 5) were
extracted in duplicate and analysed by LC-MS/MS, follow-
ing ISO/IEC17025:2005-accredited procedures, validated to
Commission Decision 2002/657/EC. These data showed
that the test materials were homogenous (data not
presented), according to ISO17043. The concentrations of
the various analytes in incurred material 4 and 5 varied
between 3.8 and 93.6 μg kg−1.

Design of inter-laboratory study

This study was conducted in two stages at the beginning of
2012. Each laboratory was supplied with two protocols, one
for the procedure of Bee4sensor® multiplex method and one
for the protocol of the trial. During the pre-trial, the seven
participating labs from five European countries had the
opportunity to familiarise themselves with the method,
analysing two honey samples of known residue concentra-
tion (‘blank’ and ‘1×STC’).

For the main trial, six replicate samples of ‘blank’, ‘0.5×
STC’ and ‘1×STC’ honey were analysed blind (i.e. all sample
pots supplied to the participating laboratories were allocated a

random code) over 3 days, together with two quality control
samples (test material 4 and 5) on each day. This mini-trial
was therefore designed to provide 42 data points per concen-
tration level for the subsequent statistical evaluation.

Test protocol and interpretation of results

For the analysis of a honey sample, two aliquots (A and B) of
2.5 g each are required. The procedure used in this trial was as
described in the kit insert. Briefly, one aliquot (A) is dissolved
using acid hydrolysis, whereas the other aliquot (B) is
dissolved in water. After liquid/liquid partitioning both ali-
quots with ethyl-acetate, the organic layers are evaporated to
dryness under nitrogen. After reconstitution in a buffer, ali-
quots A and B are combined and applied to the well of a
Bee4sensor® test kit for 5 min at 40 °C, as one sample extract.
A dipstick is then incubated in this prepared well for 10 min at
40 °C (using the Heatsensor® device).

The Bee4sensor® kit is an indirect competitive-based
assay in a dipstick format. The dipstick has five green
capture lines, one for the control and one each for chloram-
phenicol (CAP), fluoroquinolones (QUINO), tylosin A
(TYL) and sulfonamides (SULFA), which turn red (see
Fig. 1) when in contact with the rising liquid.

For each test sample, the dipstick was assessed both
visually and instrumentally via the Readsensor®. In both
approaches, the colour intensity of the four capture lines
of the analytes (test lines) is compared to the control
capture line.

In the visual assessment, samples that ‘screen positive’
(potentially non-compliant) will have an absent or a
reduced/weaker red colour (compared to the control line)
at the test line. In the case of compliant (or ‘negative’)
samples, the test line will show an increased red colour

Fig. 1 Example of multiplex dipstick test lines for a blank honey
sample and honey spiked at 0.5×STC
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compared to the control line. If the control line fails to
become visible, the result of the dipstick is recorded as
invalid.

During the instrumental assessment, the intensity of the
developed red colour at each of the capture lines is

measured, and the results are expressed as the ratios of these
measurements (test line versus control line). The software
method was programmed with a certain set of ratios to
enable objective interpretation of the colour intensity:
Honey samples were reported (a) as free of antibiotics (i.e.

Table 1 Readsensor® results
for unfortified (blank) honey STC [%] Lab Day ID Sulfathiazole Tylosin Ciprofloxacin Chloramphenicol

0 1 1 37 2.58 1.90 1.71 2.60

0 1 1 85 2.12 1.29 1.43 2.06

0 1 2 120 3.47 3.77 2.23 3.14

0 1 2 156 3.12 3.43 2.09 2.87

0 1 3 186 3.29 3.34 1.93 2.91

0 1 3 206 2.69 2.55 1.56 2.30

0 2 1 40 2.13 2.07 1.87 2.24

0 2 1 93 3.63 2.49 2.52 3.35

0 2 2 121 1.98 2.25 1.96 2.23

0 2 2 159 2.09 2.35 1.86 2.29

0 2 3 189 2.58 1.79 1.45 2.13

0 2 3 211 2.24 2.37 2.03 2.21

0 3 1 48 2.13 2.23 1.86 2.25

0 3 1 95 2.08 2.29 1.78 2.17

0 3 2 126 1.96 2.09 1.58 1.94

0 3 2 160 2.00 2.06 1.56 1.84

0 3 3 192 2.07 2.11 1.59 2.14

0 3 3 214 2.23 2.42 1.83 2.29

0 4 1 55 2.96 2.56 1.53 2.59

0 4 1 104 2.68 2.20 1.59 2.54

0 4 2 131 3.25 3.17 1.74 2.70

0 4 2 161 2.92 3.20 1.74 2.66

0 4 3 197 3.19 2.43 1.81 2.57

0 4 3 217 2.92 2.31 1.59 2.40

0 5 1 58 3.91 3.62 1.92 2.84

0 5 1 105 4.02 3.73 1.88 2.84

0 5 2 134 4.00 4.32 2.52 3.32

0 5 2 168 3.63 3.63 2.27 3.06

0 5 3 198 3.12 3.38 2.01 2.97

0 5 3 219 3.21 3.53 2.19 3.03

0 6 1 59 2.24 2.52 2.18 2.36

0 6 1 107 2.38 2.47 2.03 2.71

0 6 2 139 2.05 2.72 2.75 2.87

0 6 2 171 2.48 2.50 2.48 2.61

0 6 3 199 2.40 2.56 2.40 2.84

0 6 3 221 2.49 2.16 2.13 3.43

0 7 1 65 3.93 3.51 2.58 3.31

0 7 1 113 3.56 3.44 2.58 3.54

0 7 2 140 4.61 4.31 2.76 3.62

0 7 2 174 3.26 3.22 2.19 3.10

0 7 3 200 3.55 3.51 2.24 3.19

0 7 3 223 3.84 3.41 2.04 3.04
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‘compliant’) with a ratio >1.1, (b) to contain trace antibiotic
residues (‘low positive’) with a ratio of 0.9 to 1.1, and (c) to
contain a higher concentration(s) of antibiotic (‘positive’)
with a ratio <0.9. The visual assessment of the dipsticks was
performed after the instrumental reading, but without
looking at the instrumental results to avoid any bias.

Results and discussion

Visual assessment

Data from the qualitative results (visual assessment) were
used to estimate an upper confidence interval for average

Table 2 Readsensor® results
for honey fortified at 50 % of the
screening target concentration

STC [%] Lab Day ID Sulfathiazole Tylosin Ciprofloxacin Chloramphenicol

50 1 1 5 0.00 0.00 0.00 0.56

50 1 1 26 0.00 0.00 0.00 0.00

50 1 2 60 0.53 0.97 0.29 0.71

50 1 2 91 0.47 0.78 0.25 0.90

50 1 3 136 0.38 0.48 0.00 0.77

50 1 3 170 0.77 0.69 0.00 0.46

50 2 1 8 0.35 0.53 0.38 0.82

50 2 1 29 0.34 0.58 0.28 0.87

50 2 2 61 0.06 0.30 0.07 0.86

50 2 2 94 0.07 0.39 0.26 0.95

50 2 3 138 0.00 0.30 0.17 0.79

50 2 3 175 0.00 0.29 0.29 0.75

50 3 1 9 0.00 0.37 0.33 0.77

50 3 1 34 0.30 0.58 0.37 0.88

50 3 2 68 0.12 0.31 0.31 0.83

50 3 2 106 0.25 0.45 0.22 0.80

50 3 3 141 0.31 0.40 0.35 0.99

50 3 3 194 0.23 0.24 0.25 0.73

50 4 1 12 0.74 0.00 0.00 0.61

50 4 1 35 0.73 0.00 0.00 0.74

50 4 2 71 0.56 0.34 0.24 0.51

50 4 2 111 0.81 0.51 0.33 0.58

50 4 3 150 0.38 0.38 0.29 0.69

50 4 3 196 0.42 0.22 0.25 0.82

50 5 1 14 0.77 1.31 0.00 0.79

50 5 1 38 0.69 1.02 0.00 0.80

50 5 2 75 0.43 0.95 0.40 0.80

50 5 2 116 0.00 1.12 0.36 1.03

50 5 3 151 0.35 0.89 0.00 0.95

50 5 3 205 0.00 0.42 0.25 0.93

50 6 1 17 0.00 0.32 0.22 0.89

50 6 1 39 0.07 0.34 0.22 0.85

50 6 2 79 0.36 0.66 0.34 1.09

50 6 2 117 0.33 0.61 0.24 1.09

50 6 3 152 0.00 0.46 0.30 0.98

50 6 3 213 0.00 0.47 0.00 1.20

50 7 1 20 0.00 0.43 0.00 0.81

50 7 1 44 0.00 0.00 0.00 0.73

50 7 2 82 0.79 0.54 0.00 0.84

50 7 2 118 0.80 0.71 0.00 0.74

50 7 3 155 0.39 0.33 1.02 0.80

50 7 3 224 0.52 0.56 0.45 0.86
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false-negative and false-positive probabilities across laborato-
ries. Visual assessment gave 100 % negative results (n=42) for
‘blank’ honeys and 100 % positive results (n=42) for test
samples containing analyte at 100 % of the screening target
concentration for all analytes. Hence, average false-positive and

negative probabilities for visual assessment (at 100 % STC) are
estimated to be, with 95 % confidence, no higher than 7 % for
all analytes. This is estimated using a published approach [12],
whereby if 42 independent observations are made without
error, then the underlying rate of errors may be 0 % and is,

Table 3 Readsensor® results
for honey fortified at 100 % of
the screening target
concentration

STC [%] Lab Day ID Sulfathiazole Tylosin Ciprofloxacin Chloramphenicol

100 1 1 42 0.00 0.00 0.00 0.49

100 1 1 66 0.00 0.00 0.00 0.43

100 1 2 115 0.62 0.83 0.00 0.72

100 1 2 149 0.55 0.75 0.00 0.45

100 1 3 176 0.44 0.57 0.00 0.47

100 1 3 209 0.15 0.59 0.21 0.54

100 2 1 45 0.00 0.36 0.21 0.62

100 2 1 72 0.29 0.33 0.72 0.56

100 2 2 122 0.00 0.35 0.28 0.59

100 2 2 153 0.00 0.36 0.25 0.68

100 2 3 181 0.00 0.26 0.16 0.42

100 2 3 210 0.01 0.28 0.27 0.56

100 3 1 46 0.29 0.37 0.30 0.50

100 3 1 78 0.00 0.37 0.18 0.62

100 3 2 123 0.00 0.24 0.29 0.52

100 3 2 154 0.00 0.18 0.11 0.42

100 3 3 182 0.00 0.30 0.29 0.56

100 3 3 212 0.21 0.39 0.18 0.50

100 4 1 47 0.57 0.31 0.00 0.46

100 4 1 80 0.68 0.33 0.00 0.44

100 4 2 130 1.01 0.64 0.00 0.55

100 4 2 157 0.31 0.31 0.00 0.40

100 4 3 185 0.27 0.36 0.23 0.47

100 4 3 216 0.67 0.36 0.00 0.36

100 5 1 49 0.65 1.02 0.00 0.65

100 5 1 83 1.26 1.29 0.00 0.60

100 5 2 132 0.50 0.92 0.40 0.53

100 5 2 158 0.29 0.83 0.00 0.52

100 5 3 188 0.25 0.45 0.21 0.53

100 5 3 220 0.40 0.76 0.00 0.37

100 6 1 52 0.00 0.29 0.21 0.62

100 6 1 88 0.00 0.28 0.21 0.59

100 6 2 133 0.23 0.25 0.22 0.76

100 6 2 162 0.00 0.29 0.29 0.91

100 6 3 191 0.00 0.30 0.00 0.57

100 6 3 222 0.00 0.00 0.00 0.64

100 7 1 53 0.08 0.43 0.00 0.52

100 7 1 90 0.00 0.00 0.00 0.60

100 7 2 137 0.56 0.54 0.00 0.47

100 7 2 165 0.35 0.40 0.00 0.38

100 7 3 193 0.28 0.53 0.34 0.50

100 7 3 227 0.00 0.48 0.00 0.44
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with 95 % confidence, less than 1−0.051/42=7 %. One sample
out of 42 containing chloramphenicol at 50 % of the
target concentration was assessed to be negative. A
more robust assessment of the method performance
was conducted using the numerical data obtained using
the Readsensor® (see below).

Instrumental assessment

Readsensor® results from the 42 measurements obtained
over 3 days by the seven laboratories are shown in

Tables 1, 2 and 3. These results were analysed (analysis of
variance, random effects model with ‘days’ nested within
laboratories) to produce one-tailed beta-expectation toler-
ance intervals [13, 14]. One-tailed beta-expectation toler-
ance intervals were used to provide the response ratio (a)
above which 95 % of results would be expected to lie for
samples that do not contain the analyte and (b) below which
95 % of results would be expected to lie for samples that
contain the analyte at 50 and 100 % of the screening target
concentration (Table 4). No results were excluded from the
analysis.

Table 4 Analysis of
Readsensor® results

Mean mean Readsensor® re-
sponse across all results, slab es-
timate of between-laboratory
component of reproducibility
standard deviation, sday estimate
of between-day component of
reproducibility standard devia-
tion, sr estimate of repeatability
standard deviation, dflab number
of degrees of freedom associated
with estimate of between-labo-
ratory standard deviation, dfday
number of degrees of freedom
associated with estimate of be-
tween-day standard deviation,
dfr number of degrees of free-
dom associated with the estimate
of repeatability standard devia-
tion, sR estimate of reproducibil-
ity standard deviation, dfR num-
ber of degrees of freedom asso-
ciated with the estimate of re-
producibility standard deviation,
t95 95th quantile of the t distri-
bution for dfR degrees of free-
dom, Lower 0 lower end of a
95 % one-tailed beta-expectation
tolerance interval for reader re-
sponses for honeys that do not
contain residues, Upper 50 up-
per end of a 95 % one-tailed
beta-expectation tolerance inter-
val for reader responses for
honeys containing residues at
50 % of the target concentration,
Upper 100 upper end of a 95 %
one-tailed beta-expectation tol-
erance interval for reader re-
sponses for honeys containing
residues at 100 % of the target
concentration

STC [%] Parameter Sulfathiazole Tylosin Ciprofloxacin Chloramphenicol

0 Mean 2.881 2.790 2.000 2.693

0 slab 0.629 0.551 0.263 0.365

0 sday 0.154 0.394 0.172 0.158

0 sr 0.370 0.301 0.204 0.268

0 dflab 6 6 6 6

0 dfday 14 14 14 14

0 dfr 21 21 21 21

0 smean 0.247 0.230 0.111 0.148

0 sR 0.746 0.741 0.375 0.480

0 df 11.45 17.28 20.91 16.29

0 t95 1.78 1.73 1.72 1.74

0 Lower 0 1.48 1.44 1.33 1.82

50 Mean 0.317 0.482 0.208 0.799

50 slab 0.092 0.173 0 0.129

50 sday 0.239 0.220 0.183 0.087

50 sr 0.127 0.313 0.117 0.129

50 dflab 6 6 6 6

50 dfday 14 14 14 14

50 dfr 21 21 21 21

50 smean 0.067 0.094 0.044 0.056

50 sR 0.286 0.420 0.217 0.202

50 df 25.9 40.2 25.0 26.3

50 t95 1.71 1.68 1.71 1.70

50 Upper 50 0.817 .206 0.587 1.156

100 Mean 0.260 0.427 0.132 0.536

100 slab 0.201 0.176 0.09 0.061

100 sday 0.145 0.186 0.009 0.057

100 sr 0.195 0.119 0.134 0.077

100 dflab 6 6 6 6

100 dfday 14 14 14 14

100 dfr 21 21 21 21

100 smean 0.088 0.080 0.0399 0.029

100 sR 0.315 0.282 0.162 0.114

100 df 26.6 24.9 26.0 35.1

100 t95 1.70 1.71 1.71 1.69

100 Upper 100 0.817 0.928 0.416 0.734
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The intervals were estimated as follows. For each con-
centration, the size of the reproducibility standard deviation
SR was estimated by:

SR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2lab þ S2day þ S2r

q
ð1Þ

where Slab
2 and Sday

2 were the between-lab and between-
day components of variance, and Sr

2 was the error variance.
The standard error associated with the mean (across labora-
tories and days) was estimated by:

smean ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2lab
nlab

þ S2day
nday

þ S2r
nr

s
ð2Þ

where nlab and nday were the number of laboratories and
days (seven labs; 21 days:3 days per laboratory) and nr was
the total number of measurements (42).

Then, the value of the lower 95 % beta-expectation
tolerance interval (yL) was estimated by:

yL ¼ y − tdf ;0:95

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2R þ S2mean

q
ð3Þ

For samples that did not contain the analyte, the value of
the upper 95 % beta-expectation tolerance interval (yu) was
estimated by:

yU ¼ yþ tdf ;0:95

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2R þ S2mean

q
ð4Þ

for samples that contained the analyte at 50 and 100 % of
the screening target concentration, where tdf,0.95 is the 95th
percentile of the t distribution with df as degrees of freedom.
The number of degrees of freedom, dfr, associated with the

False negative probability; False positive probability

Fig. 2 Relation between expected false-positive probability, false-
negative probability and the critical value for reader response for
sulfathiazole

False negative probability; False positive probability

Fig. 3 Relation between expected false-positive probability, false-neg-
ative probability and the critical value for reader response for tylosin

False negative probability; False positive probability

Fig. 4 Relation between expected false-positive probability, false-neg-
ative probability and the critical value for reader response for
ciprofloxacin

False negative probability; False positive probability

Fig. 5 Relation between expected false-positive probability, false-negative
probability and the critical value for reader response for chloramphenicol
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reproducibility standard deviation SR, was estimated by the
Welch–Satterthwaite equation:

d f R ¼
S2lab þ S2day þ S2r

� �2

S4lab
d f lab

þ S4day
d f day

þ S4r
d f r

ð5Þ

where dflab, dfday and dfr are the number of degrees of
freedom associated with each of the estimates of between-
lab, between-day and residual error components of varia-
tion. Table 4 shows how beta-expectation tolerance intervals
were calculated for each concentration of each analyte.

Beta-expectation tolerance intervals were inverted nu-
merically to provide an estimate of the expected false-
positive and false-negative probability associated with a
range of different critical values for response ratios. This
was done by adjusting the probability associated with the t
value in Eqs. 3 and 4 until the value of YL (for false
positives) or YU (for false negatives) matched the value of
the critical level that was being assessed. The relation be-
tween the critical value that is chosen to make detection
decisions and the expected false-positive and false-negative
probabilities are shown in Figs. 2, 3, 4 and 5.

Data from Table 4 and Figs. 2, 3 and 4 clearly demon-
strate that the instrumental (Readsensor®) measurement of
the Bee4sensor® multiplex test is capable of detecting
sulfathiazole and tylosin at or below a concentration of
one half of the EU recommended concentrations [5], i.e.
25 and 10 μg kg−1, respectively. In addition, ciprofloxacin
could be reliably detected at 25 μg kg−1. Furthermore, data
previously obtained within our laboratory demonstrated that
the method is also capable of detecting a wide range of sulfon-
amides (n=10) and fluoroquinolones (n=7) at similar concen-
trations (data not shown) to the ‘representative analytes’ that
were selected for use in this inter-laboratory validation exercise.
Unfortunately, the Bee4sensor® kit was not sufficiently sensi-
tive to detect chloramphenicol at the EUMRPL of 0.3 μg kg−1

[4]. The method did, however, reliably detect this analyte at
5 μg kg−1 and would therefore be a valuable tool to give an
early warning of honey containing higher concentrations. The
detection of higher concentrations of chloramphenicol may be
of more use to the honey industry when testing individual hives
or smaller lots rather than a blended bulk product, as it is well
known that high residue concentrations (between 200 and
20,000 μg kg−1) can be found in honey taken directly from
the hive for over 100 days after dosing [15]. It may also be of
use to enforcement authorities in times of emergency when
many samples need to be tested within a short timescale. In
this case, the multi-sensor could be used to quickly identify
honeys containing the highest concentration of this banned
antimicrobial, before subjecting any suspect (or ‘screen posi-
tive’) sample to confirmatory analysis by LC-MS/MS [11].

Conclusions

The results produced by the dipstick, determined by visual
observation or instrumental measurement of the four test
lines versus the control line, were comparable.

The programmed set of ratios, to enable objective interpre-
tation of the colour intensity with the software method, was
deemed suitable to generate consistent Readsensor® results.
The chosen critical values/threshold ratios were confirmed by
the statistical evaluation of the data obtained from the analysis
of blind samples at 0, 50 and 100 % of the EU recommended
concentrations [5]. The inter-laboratory validation of the multi-
sensor, with seven European laboratories, therefore demon-
strated that the Bee4sensor® kit is both robust and capable of
meeting the target concentrations set within the EU for sulfon-
amides (sulfathiazole), fluoroquinolones (ciprofloxacin) and
tylosin. The method is also suitable for detecting chloramphen-
icol in honey at concentrations ≥5 μg kg−1.
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