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Ultrasound-assisted dispersive liquid–liquid microextraction
of tetracycline drugs from egg supplements before flow injection
analysis coupled to a liquid waveguide capillary cell
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Abstract A simple, rapid, and efficient ultrasound-assisted
dispersive liquid–liquid microextraction (US-DLLME) meth-
od was developed for extraction of tetracycline residues from
egg supplement samples, with subsequent determination by
flow injection analysis (FIA) coupled to a liquid waveguide
capillary cell (LWCC) and a controlled temperature heating
bath. Tetracyclines react with diazotized p-sulfanilic acid, in a
slightly alkaline medium, to form azo compounds that can be
measured at 435 nm. The reaction sensitivity improved sub-
stantially (5.12-fold) using an in-line heating temperature of
45 °C. Multivariate methodology was used to optimize the
factors affecting the extraction efficiency, considering the vol-
umes of extraction and disperser solvents, sonication time,
extraction time, and centrifugation time. Good linearity in
the range 30–600μg L−1 was obtained for all the tetracyclines,
with regression coefficients (r) higher than 0.9974. The limits
of detection ranged from 6.4 to 11.1μg L−1, and the recoveries
were in the range 85.7–96.4 %, with relative standard devia-
tion lower than 9.8 %. Analyte recovery was improved by
approximately 6 % when the microextraction was assisted
by ultrasound. The results obtained with the proposed US-
DLLME-FIA method were confirmed by a reference HPLC
method and showed that the egg supplement samples ana-
lyzed were suitable for human consumption.

Keywords Ultrasound-assisted dispersive liquid–liquid
microextraction (US-DLLME) . Tetracyclines . Egg
supplements . Flow injection analysis (FIA) . Liquid
waveguide capillary cell (LWCC)

Introduction

Tetracycline (TC), oxytetracycline (OTC), chlortetracycline
(CTC), and doxycycline (DC) constitute a class of broad-
spectrum antibacterial drugs that are widely used in agricul-
ture for treating and preventing infectious diseases, or as
growth promoters [1, 2]. Tetracycline antibiotics are poorly
metabolized in animals and unsafe levels of drug residues
can therefore be present in foods such as meat, fish, honey,
milk, and eggs, as well as in products derived from them [3,
4]. Eggs are an inexpensive animal-derived food that is readily
available and has high nutritional value [5], and the presence
of contaminants is not permitted.

The presence of tetracycline drugs in this type of foodstuff
may represent a potential risk to the consumer because these
compounds can cause allergic reactions, liver damage, and
gastrointestinal disturbances, or induce pathogen resistance
to antimicrobial agents [5–7].

In order to ensure human food safety, several international
organizations have established maximum residue levels
(MRLs) of veterinary drugs in foodstuffs from animal origins.
For instance, in the case of eggs and the products derived from
them, the Canadian [8] and Codex Alimentarius [9] norms
have adopted MRLs of 400 μg kg−1 for tetracycline (TC),
oxytetracycline (OTC), and chlortetracycline (CTC), while
the European Union [10] sets a limit of 200 μg kg−1 for this
compound class. Levels of tetracyclines in eggs that exceed
the MRLs disqualify the product. Despite the existence of
these MRLs, indiscriminate or improper uses of veterinary
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drugs in poultry farming can lead to problems of contamina-
tion. Hence, there is a need for the development of simple and
reliable methods for the analysis of tetracyclines in eggs and in
products derived from them.

The analytical techniques reported in the literature for the
monitoring and determination of tetracycline antibiotics and
other veterinary drugs in eggs are mostly chromatographic,
including high performance liquid chromatography (HPLC)
with ultraviolet (UV) [7, 11–13], fluorescence [14], or mass
spectrometry (MS/MS) [1–4, 15–20] detection, and ultra-
high-pressure liquid chromatography–tandemmass spectrom-
etry (UHPL–MS/MS) [5, 6].

The extraction of tetracyclines from egg samples prior to
use of the above methods involves tedious and time-
consuming procedures that can be expensive and generally
require larger volumes of organic solvents, compared to
microextraction techniques. The most important are solvent
extraction [5, 16], liquid–liquid extraction (LLE) [3], solid-
phase extraction (SPE) [1, 2, 4, 5, 11, 14, 15, 17, 19],
ultrasonic-assisted extraction (UAE) [2], and pressurized liq-
uid extraction (PLE) [6, 12]. Furthermore, SPE modifications
using molecularly imprinted solid-phase extraction (MISPE)
[13, 20] and magnetic molecularly imprinted polymer solid-
phase extraction (MIP-SPE) [18] have also been used as ex-
traction methods. However, the traditional extraction tech-
niques must be miniaturized in order to comply with the prin-
ciples of green chemistry [21].

Dispersive liquid–liquid microextraction (DLLME) is a
novel and powerful preconcentration technique based on min-
iaturization of LLE, which uses a ternary solvent system [22].
In this procedure, an appropriate mixture of extraction and
disperser solvents is rapidly injected into the aqueous sample
to form a cloudy solution and the analytes in the aqueous
sample are rapidly extracted into the fine droplets of the ex-
traction solvent. The cloudy mixture is separated by centrifu-
gation and the sedimented phase is collected with a
microsyringe for subsequent analysis by chromatography or
spectrometry [7, 23, 24].

Ease of operation, low cost, high recovery, very short ex-
traction time, and high enrichment factors are some of the
advantages of DLLME. This technique has been widely used
to determine different emerging pollutants [23–26] and inor-
ganic species [27–29] in environmental water samples, and a
method based on HPLC coupled to ionic liquid dispersive
liquid–liquid microextraction (IL-DLLME) has been devel-
oped for the determination of tetracycline drugs in eggs [7].

There are few reports in the literature concerning the cou-
pling of DLLME with flow injection analysis (FIA). Both
procedures provide simplicity, rapidity, cost economy, good
precision, and low consumption of reagents and solvents [23,
24, 30, 31]. In combination, they offer an environmentally
safer technique for the analysis of tetracyclines in eggs and
in products derived from eggs.

In the present study, an ultrasonic-assisted dispersive liq-
uid–liquid microextraction (US-DLLME) method was devel-
oped for the extraction of tetracycline antibiotics from egg
supplement samples prior to spectrophotometric flow injec-
tion analysis using a liquid waveguide capillary cell
(LWCC). The proposed method is based on a diazo coupling
reaction suggested in the literature [31], which occurs between
tetracyclines and diazotized p-sulfanilic acid in a slightly al-
kaline medium. The reaction product is then measured at
435 nm. The proposed FIA procedure includes an in-line
heating step to improve the sensitivity of the reaction.
Multivariate methodologies were used to investigate and op-
timize the experimental parameters of the microextraction and
flow injection system. The proposed US-DLLME-FIA meth-
od was validated under the best conditions using egg-based
protein supplement samples.

Experimental

Reagents and chemicals

All solutions were prepared by dissolving analytical grade
reagents in deionized water (18.0 MΩ cm at 25 °C) obtained
from a Milli-Q purification system (Millipore Corp., Bedford,
MA, USA). Concentrated hydrochloric acid (37 % purity), p-
sulfanilic acid (99 % purity), sodium nitrite (99 % purity), and
trichloroacetic acid (99 % purity) were obtained from Merck.
Sodium acetate (99 % purity) and standards of tetracycline
hydrochloride (99 % purity), chlortetracycline hydrochloride
(98 % purity), oxytetracycline hydrochloride (99 % purity),
and doxycycline hyclate (98 % purity) were purchased from
Sigma-Aldrich. HPLC-grade methanol, ethanol, acetone, and
acetonitrile were obtained from Tedia. The extraction solvents
chloroform (99 %), dichloromethane (99 %), and carbon tet-
rachloride (99 %) were purchased from Merck.

Working standard solutions of each tetracycline (TC, OTC,
CTC, and DC) were prepared at concentrations from 30 to
600 μg L−1 by diluting the stock solutions with deionized
water in the presence of sodium acetate (0.02 mol L−1). An
alkaline 5.0 × 10−2 mol L−1 working solution of sodium ace-
tate was prepared by dissolving an appropriate amount of solid
drug in deionized water in a 250-mL volumetric flask. The
diazotized p-sulfanilic acid solution (chromogenic reagent)
was obtained using an aqueous mixture of p-sulfanilic acid
and hydrochloric acid at concentrations of 1.2 × 10−4 and
2.0 × 10−4 mol L−1, respectively, plus sodium nitrite at a con-
centration of 2.4 × 10−4 mol L−1.

Apparatus

The merging zones flow injection system (Fig. 1) employed a
variable speed (1–50 rpm) six-channel peristaltic pump
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(Gilson Minipuls 3, Villiers-le-Bel, France) equipped with
Tygon tubing (1.65 mm i.d.) for fluid propulsion. The FIA
manifold also included a manual acrylic injector–commutator,
an acrylic confluence, connectors, and polytetrafluoroethylene
tubes (0.8mm i.d) for construction of the sample loop (402μL
internal volume, 80 cm length), reagent loop (603 μL internal
volume, 120 cm length), carrier lines, and reaction coil
(200 cm length). An MA126 thermostatic bath equipped with
a PT100 temperature sensor (0.1 °C resolution) and an LDS
digital temperature controller was used to heat the reaction
coil. The auxiliary sonication step of the extraction process
was performed using an ultrasonic water bath (Branson
3210R–DTH, with 40 kHz frequency and maximum power
of 700 W, the internal dimension: 304.8 × 152.8 × 150 mm
i.d.). Maximum absorbance at 435 nm and 45 °C was mea-
sured using a USB 4000 spectrophotometer (Ocean Optics,
Dunedin, FL, USA) coupled to an LWCC 3100 liquid wave-
guide capillary cell (World Precision Instruments, Sarasota,
FL, USA) with a 1.0 m path length (550 μm inner diameter
and 250 μL inner volume), and to a light source (Model LS-1-
LL halogen lamp, Ocean Optics), using two optical fiber ca-
bles with diameters of 600 and 200 μm, respectively.

The HPLC analyses were performed using a Shimadzu
Prominence instrument equipped with an LC-20AT quaterna-
ry gradient pump, a SIL-20A HTautosampler, an SPD-M20A
diode array detector, a CTO-20A column oven, and a CBM-
20A software interface. Chromatographic separation was
achieved with an OmniSpher C18 reversed phase column
(250 × 4.6 mm i.d., 5 μm), and the injection volume was
20 μL. The mobile phase consisted of 1.0 × 10−2 mol L−1

oxalic acid (solvent A) and acetonitrile (solvent B), using the
following gradient elution: 0–2.0 min (12–20 % B); 2.0–
4.0 min (20–27 % B); 4.0–10.0 min (27–30 % B); 0–
3.0 min (1.65 mL min−1); 3.0–5.0 (1.65–1.20 mL min−1);
and 5.0–10.0 min (1.20 mL min−1) [11].

Flow injection procedure

Figure 1 depicts the merging zones FIA system used to deter-
mine tetracycline residues in the egg supplement samples. In
the sampling position, the solutions of the standard or sample
(S) and the chromogenic reagent (R) filled the SL and RL
loops, respectively. In the injection position, discrete volumes
of S and R were loaded using the carrier solution of
5.0 × 10−2 mol L−1 sodium acetate (C) and were mixed at
the confluence point (X). The mixture passed through the
reaction coil (RC, 300 cm), which was kept at 45 °C (opti-
mized temperature) in a thermostatic bath, and the product
formed was carried to the detector flow cell (LWCC). After
measurement of the absorbance maximum at 435 nm, the
injector–commutator was switched back to the initial position
to start another cycle. The detector signal was previously ad-
justed to zero while pumping the carrier solution at a flow rate
of 1.9 mL min−1, in the absence of tetracycline antibiotics.
Peak height was used as the analytical signal, and its magni-
tude (absorbance) was proportional to the tetracycline concen-
tration in the sample. SpectraSuite software (Ocean Optics)
was used for data acquisition. The proposed flow method
provided a frequency of 52 samples per hour.

Statistical analysis

Multivariate methodologies reduce the number of experi-
ments to be undertaken and improve the quality of informa-
tion obtained, by means of chemometric analysis of the re-
sults, which substantially decreases the duration and cost of
the laboratory work required [32]. In this context, a central
composite design and a fractional factorial design were used
to optimize the FIA andUS-DLLME procedures, respectively.
The corresponding matrices were developed usingMinitab 16
software and optimization graphs were constructed using
Statistica 8.0 software.

Data analysis was performed with OriginLab software,
using two-way ANOVA tests, and the results were compared
using Snedecor’s F test and the Student’s t test [32]. The
confidence interval was set at 95 % in all cases.

Sample preparation

The real samples used were some protein supplements of high
biological value based on albumin coming from egg, which
are widely consumed by athletes and sports practitioner, being
essential for muscle growth and regeneration. Egg-based pro-
tein supplements were obtained from local sports supplement
shops in the city of Araraquara (São Paulo State, Brazil) and
were stored in a dehumidified environment until analysis. All
the samples were tested prior to their expiry dates. Egg sup-
plements free of tetracycline antibiotics were used as blank
samples during the validation process.

Fig. 1 Flow injection manifold used for the determination of tetracycline
drugs. PP, peristaltic pump; C, carrier solution (5.0 × 10−2 mol L−1

sodium acetate); IC, injector–commutator with sampling (P1) and
injection (P2) positions; SL, sampling loop (80 cm length, 402 μL
internal volume); S, sample; RL, reagent loop (120 cm length, 603 μL
internal volume); R, chromogenic reagent (1.2 × 10−4 mol L−1 diazotized
p-sulfanilic acid); X, confluence; RC, reaction coil (300 cm length); TB,
thermostatic bath with temperature control (45 °C);D, detector coupled to
a liquid waveguide capillary cell (LWCC, 1.0 m path length, 550 μm
inner diameter, 250 μL inner volume); W, waste
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For the preparation, about 2.5 g of egg protein supplement
and 20 mL of deionized water were transferred to a 50-mL
polypropylene centrifuge tube, followed by vigorous stirring
using a vortex mixer until complete sample dissolution.
Fortified samples were prepared by addition of known
amounts of analytes. Afterwards, 5 mL of acetonitrile and
5 mL of 0.306 mol L−1 trichloroacetic acid were added for
the protein precipitation, followed by vigorous vortex agita-
tion for 1 min. After centrifuging the sample for 10min at 4 °C
and 9000 rpm using a relative centrifugal force of 13,674×g,
the supernatant was used for further analysis, being collected
and evaporated to about 4 mL on a heating plate. Prior to the
US-DLLME procedure, the solution that remained was dilut-
ed to 5.0 mL with deionized water and filtered using a hydro-
philic Millex-HV PVDF filter (Millipore, 0.45 μm).

Procedure for US-DLLME

Briefly, the 5-mL egg supplement extract was placed in a
15-mL centrifuge tube, followed by rapid injection of
300 μL of ethanol (as disperser solvent) containing 100 μL
of chloroform (as extraction solvent) using a syringe. The
mixture was vortexed for 1 min, until formation of a cloudy
solution (which was stable for a long time), and then
ultrasonicated for 4.0 min using an ultrasonic water bath to
enhance the extraction of tetracyclines from aqueous solution
into the microdroplets of chloroform. The separation was per-
formed by rapid centrifugation using with a g-force of
13,674×g at 9000 rpm and 4 °C for 8 min (a reasonable time
for obtaining the best extraction recovery). The dispersed fine
particles of extraction solvent containing the analytes were
sedimented in the bottom of the centrifuge tube. The upper
aqueous phase was removed with a syringe and the settled
phase was dried under a flow of nitrogen in a 10-mL volumet-
ric flask. Subsequently, 4 mL of 5.0 × 10−2 mol L−1 sodium
acetate was added and the flask was completed with deionized
water before analysis using the FIA system.

Method validation

The proposed US-DLLME-LWCC method was validated
using blank extracts of egg supplement samples that did not
contain the target tetracyclines. The analytical parameters
evaluated included linearity, matrix effects, limits of detection
(LOD) and quantification (LOQ), precision, and extraction
recovery.

Matrix-matched standard calibration curves were prepared
by addition of the four tetracyclines to blank egg supplement
extracts at different concentrations (100–400 μg kg−1). These
solutions were treated according to the same US-DLLME
procedure used for the samples after protein precipitation step.
The regression equation parameters (slope and intercept) were
determined using least squares linear regression analysis. The

limits of detection and quantification were calculated accord-
ing to the IUPAC recommendations [33] as 3 and 10 times,
respectively, the standard deviation of measurements of 10
blank solutions, divided by the slope of the analytical curve.
Recovery and precision assays were performed over a period
of 3 days, with each sample analyzed in triplicate. The recov-
eries were expressed as percentages, considering the added
analyte concentration. The relative standard deviations
(%RSD) were used to describe the variability of the measure-
ments at each concentration level. Taking into account the
adopted volumes and concentrations, the correlation factor
from microgram per liter to microgram per kilogram was 1:4.

Comparative method

A reference HPLC-DAD technique was used for comparison
with the results obtained by the proposed methodology, as
described by Konstantina et al. [11]. After extraction of the
tetracyclines from the egg samples, a solid-phase extraction
purification procedure was performed. A linear relationship
was obtained in the range 0.5–10.0 μg mL−1. No previous
reports concerning the determination of tetracycline antibi-
otics in egg supplements were found in the literature, so a
reference method for the determination of tetracycline antibi-
otics residues in chicken muscle and eggs was applied in egg
supplement samples without any modifications in the sample
preparation procedure described therein, which allowed its use
as a comparative technique.

Results and discussion

FIA system optimization

The significant parameters for the merging zones FIA system
with LWCC were as follows: reaction coil length, tempera-
ture, sample loop size, reagent loop size, flow rate, and the
concentrations of p-sulfanilic acid (C6H7NO3S), hydrochloric
acid (HCl), sodium nitrite (NaNO2), and sodium acetate
(NaC2H3O2). Preliminary tests were used to establish the op-
timal values for the chemical variables involved in the color-
imetric reaction (C6H7NO3S, HCl, NaNO2, and NaC2H3O2

concentrations of 1.2 × 10−4, 2.0 × 10−4, 2.4 × 10−4, and
5.0 × 10−2 mol L−1, respectively), as well as the sizes of the
sample and reagent loops (402 and 603 μL, respectively).
Additionally, investigation was made of the effects of temper-
ature, reaction coil length, and flow rate.

Effect of temperature

In previous tests, it was found that use of an LWCC-FIA
system with merging zones (Fig. 1) resulted in arrival of the
samples at the detector before complete formation of the
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desired azo compounds. This could have been due to low
reactant concentrations, which slowed the rate of the reaction,
and the resulting sensitivity was not sufficient for determina-
tion of the tetracycline residues using their azo derivatives.
Nonetheless, new tests were performed in order to improve
the intensity of the analytical signal.

The influence of the reaction coil temperature was investi-
gated by varying the temperature from 26 to 55 °C using a
thermostatic bath, with all experiments performed in quintu-
plicate. The results obtained are shown in Fig. 2. There was a
significant increase of peak height (absorbance) as the tem-
perature was increased, with a maximum response reached at
45 °C, followed by a gradual decrease of the signal with fur-
ther heating, probably due to degradation of the product
formed. The reaction blank was not affected by the tempera-
ture, indicating that the increase in absorbance was associated
with the desired product, rather than spectral interferences.
The temperature influence on the reaction sensitivity was
equally observed for all studied tetracyclines. A temperature
of 45 °Cwas therefore selected in the subsequent experiments.

Statistical evaluation of the experimental data by means of
ANOVA tests revealed no significant differences between the
reaction blanks measured at different temperatures (95 % con-
fidence level, P = 0.925, F = 0.301). However, in the case of
the reaction products (tetracycline azo derivatives), heating of
the reaction coil had a significant effect (P < 0.0001,
F = 2647).

The significant effect of temperature on the diazo coupling
reaction was probably due to the greater movement of mole-
cules when the reaction coil was heated, which favored suc-
cessful collisions with sufficient activation energy to break the
existing bonds and form new bonds [34]. As a result, the
reaction rate increased and the products were formed in a
shorter time.

Although the sensitivity of the reaction was improved by a
modest increase of temperature, the reaction rate was also
influenced by other physical parameters of the system such
as the reaction coil length and the flow rate. It was therefore
necessary to perform a study to investigate the effects of these
parameters, at the optimized temperature.

Central composite design

The best analytical conditions, considering the reaction coil
length and the flow rate, with in-line heating, were obtained
by multivariate analysis using a central composite design and
two-dimensional response surface analysis [32]. The effects of
these variables on the absorbance signal were studied using

five levels (−
ffiffiffi

2
p

, −1, 0, 1, and
ffiffiffi

2
p

). The points (levels) of a

central composite design are
ffiffiffi

2
p

coded units distant from the
central point (coded as zero point), so all the points lie on a

circumference with radius
ffiffiffi

2
p

. The encoding of the variables
is shown in the Electronic Supplementary Material (ESM),
Table S1. All the optimization experiments using LWCC spec-
trophotometric detection were performed at 45 °C, and the
tetracycline concentration was kept constant at 400 μg L−1.

The resulting response surface and the corresponding con-
tour curves are shown in ESM Fig. S1 as a function of reaction
coil length and flow rate onto the detection absorbance. The
darker region within the response surface represents the max-
imum absorbance obtained under optimum reaction condi-
tions, indicating the levels of the factors at which the analysis
was most sensitive.

The quadratic regression model could be described by:
A = 0.226 + 0.003x − 6.033 × 10−6x2 − 0.102y − 0.015y2 +

3.056 × 10−4xy,
where A is the response factor corresponding to the absor-

bance value, x is the flow rate, and y is the reaction coil length.
The calculated regression coefficient (r2) was 0.96 %, indicat-
ing that the equation obtained was able to explain the relation-
ship between the experimental results and the effects of the
factors studied.

Analysis of the surface graph and its projection (Fig. S1,
ESM) enabled identification of the optimal region for tetracy-

clines detection, showing that points below the −
ffiffiffi

2
p

level

should be used for the flow rate. However, this level (−
ffiffiffi

2
p

)
was selected considering the minimum flow rate required to
sustain a continuous flow in the FIA system. The reaction coil
length was successfully optimized at the 0 level. The maxi-
mum absorbance value (0.593) was achieved using a flow rate
of 1.9 mL min−1 and a reaction coil length of 3.0 m, corre-

sponding to levels −
ffiffiffi

2
p

and 0, respectively. The optimized
values of the variables enabled uniform peaks and a stable
baseline to be achieved during absorbance measurements at
435 nm.

Optimization of the US-DLLME procedure

The optimum experimental conditions for the quantitative ex-
traction of tetracycline drugs by US-DLLMEwere established
considering the parameters that significantly affected the ex-
traction efficiency. These included the types and volumes of
the extraction and disperser solvents, and the times used forFig. 2 Temperature effect on reaction sensitivity
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sonication, extraction, and centrifugation. The optimization
was performed using 5 mL of blank egg supplement extract
that had been previously spiked with the analytes at concen-
trations of 200 μg kg−1. The performance of the methodology
was characterized in terms of the extraction recovery (R%),
calculated using the ratio between the amount of analyte ex-
tracted in the sedimented phase and the total spiked amount.
The results were obtained as the mean values of three
extractions.

Selection of the extraction and disperser solvents

The selection of appropriate extraction and disperser solvents
for use in a DLLME method is critical for achieving satisfac-
tory analyte recovery. The extraction solvent has to satisfy
several requirements including low solubility in water, good
ability to extract the target analytes, higher density than water,
miscibility with the disperser solvent, and suitability for use
with the selected analytical technique [23]. In selection of the
disperser solvent, it is necessary to ensure its miscibility in
both water (the sample) and the extraction solvent (the organic
phase) [23].

Based on the above considerations, the extraction of the
tetracyclines was evaluated using different combinations of
dichloromethane (CH2Cl2, 1.33 g cm−3 density), chloroform
(CHCl3, 1.49 g cm

−3 density), and carbon tetrachloride (CCl4,
1.58 g cm−3 density) as the extraction solvent. The disperser
solvents tested were methanol (CH3OH), ethanol (C2H5OH),
acetone (C2H6CO), and acetonitrile (CH3CN).

First, the effect of the type of extraction solvent was eval-
uated using 500 μL of acetonitrile as the disperser solvent and
200 μL of each extraction solvent. Several different combina-
tions of chloroform with each disperser solvent were evaluat-
ed using the same volume ratio.

The effects of the different extraction solvents on extraction
performance are illustrated in Fig. 3. It can be seen that the

most efficient extraction was obtained for chlortetracycline
(85.7–92.3 %), probably due to the higher affinity of this
analyte for the selected chlorinated solvents. The use of di-
chloromethane (79.0–85.7 %) and carbon tetrachloride (76.2–
92.3 %) provided satisfactory recoveries, although the results
were quite variable. Chloroformwasmost effective for extrac-
tion of the individual tetracyclines, with recoveries in the
range 86.3–90.7 % and the highest overall recovery of
88.1 %. Hence, chloroform was selected as the extraction
solvent.

The recoveries for extraction of the tetracyclines using
methanol, ethanol, acetone, and acetonitrile as disperser sol-
vents were in the ranges 74.0–85.3, 86.2–91.4, 62.5–74.3, and
84.4–93.2 %, respectively (Fig. 4). There was poor phase
separation when acetone was used as the disperser solvent,
which affected the volume of the settled organic phase and
led to an overall recovery below 70%. The best overall recov-
eries were obtained with ethanol (89.2 %) and acetonitrile
(88.6 %), which could be attributed to better dispersion of
the extraction solvent (chloroform) in the aqueous phase.
Song et al. [7] reported similar results to those obtained here
with acetonitrile, but using the ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate ([C4MIM][PF6])
for the determination of tetracyclines in eggs by HPLC [7].
Nonetheless, ethanol was selected as the disperser solvent in
the subsequent studies because it resulted in the smallest stan-
dard deviation (SD) values, indicative of good precision.
Furthermore, ethanol is a greener solvent and is inexpensive.

Fractional factorial design for US-DLLME parameters

The effects of the analytical parameters on the US-DLLME
extraction of the tetracyclines from the egg supplement sam-
ples were studied using a 25–2 fractional factorial design [32].
The variables considered here were the volume of extraction
solvent, volume of disperser solvent, sonication time,

Fig. 3 Effects of different extraction solvents on tetracycline recoveries.
Extraction conditions: 5 mL of blank egg supplement extract; spiked
concentration of 200 μg kg−1; 200 μL of extraction solvent; 500 μL of
acetonitrile disperser solvent; 10 min extraction time; 8 min
centrifugation time

Fig. 4 Effects of different disperser solvents on tetracycline recoveries.
Extraction conditions: 5 mL of blank egg supplement extract; spiked
concentration of 200 μg kg−1; 200 mL of chloroform extraction
solvent; 500 mL of disperser solvent; 10 min extraction time; 8 min
centrifugation time
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extraction time, and centrifugation time. In DLLME, the ex-
traction time is defined as the time interval elapsed between
the injection of the solvent mixture and the start of the centri-
fugation [7, 23, 24].

Two levels (low and high) were selected for each parame-
ter, according to tests performed previously. The variables and
their levels are provided in Table 1. Eight experiments were
carried out randomly, in triplicate, using a constant
200 μg kg−1 concentration of the tetracyclines.

The results showed that the low level of ethanol was suffi-
cient for effective dispersion of the extraction solvent
(chloroform) at high or low levels. There was complete for-
mation of a cloudy suspension of microdrops, which mini-
mized the solubility of the tetracyclines in the aqueous phase
and improved the recoveries, due to an increase in the distri-
bution coefficient. This behavior was assisted by the use of
sonication immediately after injection of the solvent mixture.

The extraction efficiencies obtained with and without son-
ication were in the ranges 92–95 and 86–89 %, respectively,
so sonication resulted in a gain in recovery of about 6 %.
Sonication promoted the formation of a cloudier solution,
leading to rapid mass transfer of the analytes from the aqueous
solution (sample extract), regardless of the extraction solvent
viscosity. Therefore, the contact surface between the extrac-
tion solvent droplets and the aqueous sample was consider-
ably enlarged, resulting in a shorter equilibration time. These
observations confirmed the important role of sonication in the
extraction.

Figure 5 illustrates the Pareto diagram obtained from fitting
the experimental data, with the effects of the variables present-
ed in the form of bars, where the length of the bar is propor-
tional to the absolute value of the associated regression coef-
ficient or estimated effect. The effects of all the parameters and
interactions were standardized by dividing each effect by its
standard error. The order in which the bars are displayed cor-
responds to the order of the magnitude of the effect of each
variable. The Pareto chart also includes a discontinuous

vertical line that indicates the statistical significance limit
(P = 0.05). An effect was considered significant when the cor-
responding bar crossed this vertical line.

The most significant effect was associated with the centri-
fugation time, with the best response obtained using the high
(+1) level (Fig. 5). Other less significant variables were ad-
justed according to the experimental results, with the maxi-
mum (+1) level for sonication time and the minimum (−1)
levels for the solvents (extraction and disperser) and extraction
time. Although the sonication time did not have a significant
effect, the use of sonication was fundamental for the develop-
ment of this new procedure. Recovery of the tetracyclines was
not significantly affected by the extraction time, with the first
5 min being sufficient to reach equilibrium. Importantly, it was
possible to select the minimum values for the disperser and
extraction solvents, due to the use of ultrasound in the extrac-
tion. The absolute values corresponding to the selected levels
of the parameters are shown in the Pareto graph (Fig. 5).

The optimized values of the variables investigated, which
provided the best tetracycline recoveries, were as follows:

Table 1 Coded and uncoded
levels for variables of the
fractional factorial design (25–2)

Expt. Factorsa

Extraction
solvent (μL)

Disperser
solvent (μL)

Sonication time
(min)

Extraction time
(min)

Centrifugation time
(min)

1 100 (−1) 300 (−1) 0 (−1) 10 (+1) 8 (+1)

2 200 (+1) 300 (−1) 4 (+1) 5 (−1) 8 (+1)

3 200 (+1) 500 (+1) 0 (−1) 10 (+1) 3 (−1)
4 200 (+1) 300 (−1) 0 (−1) 5 (−1) 3 (−1)
5 100 (−1) 300 (−1) 4 (+1) 5 (−1) 8 (+1)

6 100 (−1) 500 (+1) 0 (−1) 10 (+1) 3 (−1)
7 100 (−1) 500 (+1) 4 (+1) 5 (−1) 8 (+1)

8 200 (+1) 500 (+1) 4 (+1) 10 (+1) 3 (−1)

a Coded values are shown in parentheses

Fig. 5 Pareto chart showing the effects of the selected variables, using a
25–2 fractional factorial design. Other extraction conditions: 5 mL of
blank egg supplement extract; spiked concentration of 200 μg kg−1;
chloroform extraction solvent; ethanol disperser solvent
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100 μL of extraction solvent, 300 μL of disperser solvent, and
4, 5, and 8 min for the sonication, extraction, and centrifuga-
tion times, respectively. Optimization of the significant param-
eters improved the performance of the proposed US-DLLME
method and minimized the consumption of organic solvents,
hence contributing to the goals of green analytical chemistry.

Analytical features of the US-DLLME-FIA method

The effects on the colorimetric reaction employed here of the
most common undesirable substances found in animal-
derived foods, such as sulfonamides, aminoglycosides,
macrolides, amphenicols, and beta-lactams, have been inves-
tigated in previous studies. The effects were not considered
significant, since the changes in the tetracycline signal did not
exceed 5 % [31]. Here, no interference in the reaction was
observed with heating, indicating good selectivity of the pro-
posed method with LWCC-based spectrophotometric
detection.

The figures of merit for the method, determined under the
optimal conditions, are summarized in Table 2. The calibra-
tion curves for the four tetracyclines showed good linearity in
the concentration range 30–600 μg L−1, with correlation co-
efficients (r2) greater than 0.9974. The LODs and LOQs were
in the ranges 6.4–11.1 and 21.3–37.0 μg L−1, respectively.
These values were satisfactory considering the maximum per-
missible levels of tetracycline contaminants in eggs
established in the Canadian (400 μg kg−1) [8], EU
(200 μg kg−1) [10], and Codex Alimentarius (400 μg kg−1)
[9] regulations. The results indicated that the US-DLLME-
FIA method developed here was sufficiently sensitive for the
determination of tetracycline residues in egg supplement
samples.

Possible alteration of the analytical signal due to matrix
effects was evaluated using t tests to compare the slopes of
calibration graphs constructed using standard solutions of
each tetracycline with those of graphs obtained by spiking
the matrix with same standard solutions [24]. The calculated
t values ranged between 1.732 and 3.464, not exceeding there-
fore the critical value (t = 4.303), which indicates that there
were no statistically significant differences among the slopes

at the 95 % confidence level and that matrix effects were
absent.

Table 3 shows the intra-day and inter-day accuracies and
precisions obtained for the fortified egg supplement samples.
The intra-day and inter-day average recoveries of the tetracy-
clines were in the ranges 85.7–95.8 and 88.2–96.4 %, respec-
tively, and the intra-day and inter-day RSD values were in the
ranges 2.5–9.6 and 3.2–9.8 %, respectively. According to the
Codex Alimentarius criteria [35], these values are within the
acceptable ranges for intermediate precision (≤15%RSD) and
recovery (70–110 %). The data indicated that the composi-
tions of the egg-based protein supplements analyzed did not
significantly interfere in the determination of tetracyclines at
trace levels. The methodology can therefore be used to deter-
mine this class of antimicrobials with adequate precision and
accuracy, helping to protect consumers from exposure to tet-
racycline residues in egg-based protein supplements.

Application to egg supplement samples

Antibiotics residues have frequently been found in monitoring
programs of animal-derived foods [5–7, 13, 16, 17]. The new
US-DLLME-LWCC method was applied using seven egg-
based protein supplement samples. None of the samples
showed the presence of tetracyclines at concentrations exceed-
ing the detection limits (6.4–11.1 μg L−1). The samples there-
fore complied with the MRL values (200–400 μg kg−1)
[8–10], confirming that the egg supplements were suitable
for human consumption.

For comparison purposes, the samples (spiked and not
spiked) were also analyzed by a reference HPLC method
[11]. The results (Table 4) were compared using F tests and t
tests at a 95 % confidence level. The calculated F and t values
did not exceed the critical values, showing that there were no
significant differences between the results provided by the
proposed (US-DLLME-FIA) and comparative (SPE-HPLC)
methods.

The US-DLLME extraction procedure was easily integrat-
ed to a flow injection system equipped with an LWCC-based
spectrophotometric detector and an in-line controlled heating
system. Under optimum conditions, 52 samples per hour
could be analyzed by the proposed method, whereas the ana-
lytical frequency of the reference HPLC method [11] was
much slower, due to a chromatographic run time of 10 min.
The FIA system employed offers the possibility of automa-
tion, better precision, operational simplicity, low analytical
costs, and low consumption of reagents (about 12.1 μg of p-
sulfanilic acid, 10.0 μg of sodium nitrite, and 12.3 mg of
sodium acetate) and samples (402 μL). In contrast, the com-
parative technique requires large volumes of organic solvents
that can be harmful to health and the environment [21].
Furthermore, HPLC analysis incurs additional costs associat-
ed with the specialist technical support required.

Table 2 Figures of merit for the US-DLLME-FIA method

Analyte TC OTC CTC DC

Linear range
(μg L−1)

30–600 30–600 30–600 30–600

r2 0.9992 0.9991 0.9974 0.9983

Slope (×10−3) 1.22 1.18 1.06 1.03

Intercept (×10−2) −1.58 −1.75 −1.02 −0.36
LOD (μg L−1) 6.4 7.8 9.7 11.1

LOQ (μg L−1) 21.3 26.1 32.4 37.0
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In the reference method, sample extraction was performed
using SPE [11], which is generally a tedious and time-
consuming procedure. In addition, the quantities of organic
solvents required are much greater than in microextraction
methods [22], and the SPE cartridges can be expensive. In
contrast, the US-DLLME procedure provides a simple, rapid,
inexpensive, and efficient extraction of tetracyclines from egg
supplement samples. The use of toxic solvents is considerably
reduced (about 0.1 mL of chloroform is used as the extraction
solvent), and there is the ability to use greener solvents (about
0.3 mL ethanol is used as the disperser solvent).

Implementation of new methodologies that enable elimina-
tion or reduction of toxic solvents used in analytical activities
is essential in order to protect human health and the environ-
ment [21]. The US-DLLME-FIA method developed here is
environmental friendly and contributes to such a goal.

Conclusions

A novel method using US-DLLME, followed by spectropho-
tometric FIA using a liquid waveguide capillary cell, was
developed for the extraction and determination of tetracycline
compounds in egg-based protein supplements. The sensitivity
of the method was substantially enhanced (5.12-fold) by in-
cluding a heating step during analyses. After optimization,
US-DLLME provided cleaner extractions compared to tradi-
tional extraction methods and greatly reduced the consump-
tion of toxic solvents, due to the miniaturized extraction pro-
cedure. The new US-DLLME-FIA method is an analytical
tool that is environmentally friendly and conforms to the prin-
ciples of green chemistry. It is simpler, faster, cheaper, and
more efficient, compared to other methodologies described
in the literature. This is the first report describing a US-

Table 3 Intra-day and inter-day
accuracies and precisions for the
spiked egg supplement samples

Analyte Added amount (μg kg−1) Intra-day (n = 3) Inter-day (n = 9)

Recovery (%) RSD (%) Recovery (%) RSD (%)

TC 100 85.7 8.0 88.5 6.4

200 94.1 4.4 91.0 7.2

300 90.5 3.6 90.3 4.8

400 93.8 6.1 94.1 5.3

OTC 100 88.8 9.6 88.2 8.7

200 90.2 7.1 91.0 5.5

300 92.1 2.5 93.4 3.2

400 93.7 8.3 94.2 6.1

CTC 100 92.5 6.2 89.3 9.2

200 94.0 5.0 92.8 6.4

300 95.8 3.5 93.5 7.3

400 93.2 4.6 96.4 5.2

DC 100 86.6 9.3 89.2 9.8

200 88.0 5.6 90.6 7.7

300 89.3 7.4 91.4 6.3

400 91.6 8.0 92.7 7.2

Table 4 Determination of
tetracycline antibiotics in egg
supplement samples

Sample Tetracycline added Added amount

(μg kg−1)

US-DLLME-FIA
methoda

SPE-HPLC
methoda

T testb F testc

1 None 0 – – – –

2 None 0 – – – –

3 None 0 – – – –

4 TC 200 187 ± 7 179 ± 4 1.806 3.32

5 OTC 400 380 ± 8 382 ± 14 0.219 2.58

6 CTC 200 194 ± 9 197 ± 8 0.525 1.22

7 DC 100 092 ± 10 085 ± 12 0.747 1.39

a Average of three determinations (n = 3) ± the corresponding standard deviation (SD)
b Student’s t test tabulated value = 2.776 (95 % confidence level)
c Snedecor’s F test tabulated value = 19.00 (95 % confidence level)
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DLLME technique for the extraction of tetracycline drugs
prior to flow injection spectrophotometric analysis based on
an LWCC. The integrating of these procedures provided reli-
able performance and sufficient sensitivity to determine tetra-
cycline residues in egg supplement samples for the purpose of
consumer protection.
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