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ABSTRACT Regardless of whether antimicrobial
drugs are administered to laying hens legally or ille-
gally, residues of these drugs may be present in the
eggs. Even if the eggs are not intended for human
consumption, byproducts/biowaste, such as eggshells,
may contain residues of the drugs used, which may
pose a risk to human health and the environment. In
the presented research, 2 different groups of laying
hens received enrofloxacin (10 mg/kg body weight)
and lincomycin (20 mg/kg body weight) once daily
for 5 d. Eggs were collected daily and the concentration
of enrofloxacin, its metabolite ciprofloxacin, and
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lincomycin residue in the eggshells, whole eggs, egg
yolks, and egg whites were determined by ultra-high-
performance liquid chromatography-tandem mass
spectrometry. This study demonstrates the transfer of
enrofloxacin, ciprofloxacin, and lincomycin into the
eggshells and provides evidence for the distribution
into the eggshells after administration of these drugs to
laying hens. The enrofloxacin residues were detected in
the eggshell for 10 d after cessation of treatment, cipro-
floxacin and lincomycin were rapidly eliminated and 2
d after finish drugs administration they were no longer
detected in the eggshell.
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INTRODUCTION

It is estimated that global egg production will be 85
million tonnes in 2030 and 91 million tonnes in 2050
(Food and Agriculture Organization of the United
Nations, 2018). Approximately 10% of the total egg
weight is the eggshell (Schaafsma et al., 2000;
Abdulrahman et al., 2014; Ketta and Tu� amov�a, 2016;
Laca et al., 2017), which means that egg production gen-
erates huge amounts of biowaste every year
(Abdulrahman et al., 2014; Laca et al., 2017; Ito et al.,
2020; Waheed et al., 2020). The European Commission
regulations indicate that eggshell waste may be consid-
ered as hazardous waste (Mignardi et al., 2020;
Owuamanam and Cree, 2020). Eggshells are also ranked
by the US Environmental Protection Agency (EPA) as
the 15th leading pollution problem in the food industry
(Owuamanam and Cree, 2020; Waheed et al., 2020).
Therefore, the need to manage agricultural waste in the
form of eggshells is very important from an economic,
environmental, human and animal safety point of view.
Because eggshells contain as much as 94% calcium car-
bonate, they can be used in many industrial sectors
(Schaafsma et al., 2000; Ketta and Tu� amov�a, 2016). In
medicine, eggshells can be utilized to produce hydroxy-
apatite or nan-calcium citrate, a material used in ortho-
pedics (Abdulrahman et al., 2014; Faridi and
Arabhosseini, 2018; Mignardi et al., 2020; Waheed et al.,
2020), and to produce calcium supplements in the phar-
maceutical industry (Schaafsma et al., 2000; Faridi and
Arabhosseini, 2018; Waheed et al., 2019; Waheed et al.,
2020). They can also be applied in the food industry as
additives (a source of a well-absorbable form of calcium)
in foods and beverages (Ray et al., 2017; Bartter et al.,
2018). In agriculture, they are used as animal feed addi-
tives (Faridi and Arabhosseini, 2018; Waheed et al.,
2020) and as a fertilizer for the cultivation of plants
(King’ori, 2011; Faridi and Arabhosseini, 2018;
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Khairnar and Nair, 2019; Radha and Karthikeyan, 2019;
Waheed et al., 2020). The possibility of using eggshell
waste in this way requires ensuring the highest quality
product, as many of these uses are directly related to
human and animal health, and environmental safety.

In large-scale animal husbandry, sometimes it is nec-
essary to use veterinary drugs (antimicrobials) to treat
bacterial diseases. The use of antimicrobials in laying
hens during the laying period is limited because many of
them can be absorbed through the digestive tract of lay-
ing hens and transferred to the eggs (Kan and
Petz, 2000). The EU has established maximum residue
limits (MRLs) for only a few antimicrobials in eggs
(European Parliament and the Council of the European
Union, 2010). Also, the Food and Drug Administration
(FDA) has approved a limited list of antimicrobials for
laying hens in the United States (Marmulak et al.,
2010). Despite regulations and controls, inappropriate
use of antimicrobial substances in laying hens still
occurs. From the European Food Safety Authority
(EFSA) reports for 2010−2018, the number of non-
compliant results in egg samples for the determination
of antimicrobial substances (group B1) was 93, the most
commonly detected compound being enrofloxacin
(ENR) n = 34 (Report for 2010 - 2018 on the results
from the monitoring of veterinary medicinal product res-
idues and other substances in live animals and animal
products, European Food Safety Authority, 2012,
European Food Safety Authority, 2013, European Food
Safety Authority, 2014, European Food Safety Author-
ity, 2015, European Food Safety Authority, 2016,
European Food Safety Authority, 2017, European Food
Safety Authority, 2018, European Food Safety Author-
ity, 2019, European Food Safety Authority, 2020). Over
the past 5 years, ENR has also been the most frequently
reported drug in the Rapid Alert System for Food and
Feed (RASFF) system. The antibiotic residues in foods
and food products of animal origin may lead to adverse
health effects for consumers such as allergic reactions,
immunopathological effects, nephropathy, hepatotoxic-
ity, reproductive disorders, and even mutagenicity or
carcinogenicity and antimicrobial resistance
(Darko et al., 2015; Tadesse and Temesgen, 2017;
Bacanl{ and Başaran, 2019). In 2013, the Center for Dis-
ease Control and Prevention (CDC) reported that in
the United States, about 2,000,000 people were infected
with antibiotic-resistant bacteria, resulting in 23,000
deaths (CDC, 2013). It is predicted that if we do not
change anything, for the same reason, up to 10,000,000
people could die by 2050 (Li et al., 2019).

The aim of this study was to investigate the possibility
of transfer of 2 selected antimicrobials (ENR and linco-
mycin (LIN)) into the eggshell and to determine their
residue depletion in various egg components (eggshell,
whole egg, white, and yolk). ENR was chosen because it
is not approved in the EU and is banned in the United
States for laying hens (Marmulak et al., 2010), but is still
the most commonly detected antibiotic in eggs in the
European Union (EU) (Report for 2010 - 2018 on the
results from the monitoring of veterinary medicinal
product residues and other substances in live animals
and animal products, European Food Safety Author-
ity, 2012, European Food Safety Authority, 2013,
European Food Safety Authority, 2014, European Food
Safety Authority, 2015, European Food Safety Author-
ity, 2016, European Food Safety Authority, 2017,
European Food Safety Authority, 2018, European Food
Safety Authority, 2019, European Food Safety Author-
ity, 2020). Moreover, genomic studies suggest that quin-
olone resistance was a key factor in the evolution of
hospital methicillin-resistant Staphylococcus aureus
(MRSA) (Laxminarayan et al., 2013). In contrast, LIN
is approved in the EU for use in laying hen therapy, and
the MRL in eggs is 50 mg/kg (European Parliament and
the Council of the European Union, 2010).
The literature contains studies on ENR residues in

eggs (Gorla et al., 1997; Lolo et al., 2005; Huang et al.,
2006; Bogialli et al., 2009), no such information was
found for LIN. In the presented study, we identified that
chicken eggshells can be a source of antibiotic residues.
This research may have implications for preventing the
phenomenon of increasing antibacterials resistance. In
addition, continuing to improve our understanding of
new sources of human, animal, and environmental expo-
sure to antibiotic residues is of great importance to
human safety.
MATERIAL AND METHODS

Animals and Experimental Design

Twenty-two domestic hens (Rosa line), aged 25 to 30
wk were used in this study. Their body weights (BW)
ranged from 1.7 to 2.2 kg. They were housed under con-
ventional conditions of ventilation, temperature (20°C)
and light. The animals were acclimatized for 1 wk to the
new environment: each group was housed in a 20 m2

indoor shelter. The birds were examined to be clinically
healthy based on blood analysis (complete blood count)
and by daily observation of their behavior and appetite.
These observations were prepared by licensed veterinary
personnel. The hens were fed twice per day (the first por-
tion of the feed was given 2 h, the second one 10 h after
the drug was administered) with a pelleted diet (Feed
for laying hens, De Heus) and fresh green forage. Water
was given ad libitum. Before the experiment, the birds
were not treated with any drugs. The study was regis-
tered and approved by the Local Ethical Committee in
Lublin (Resolution No. 77/2020).
Before the beginning of the study, the hens were ran-

domly divided into 3 groups: group 1 animals were
treated (n = 10) with ENR, group 2 (n = 10) with LIN,
and group 3 were control animals (n = 2) not receiving
any medication. Each hen received a ring with an
assigned ID code that was placed on right leg for easier
and more efficient identification.
The animals in experimental group 1 were adminis-

trated per os, individually, by crop gavage for 5 d with
the veterinary medicinal product Enrofloxan 10% (Bio-
faktor, Poland) at a dose of 10 mg of ENR/kg BW/day.
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Experimental group 2 was treated in the same way for 5
d with the veterinary medicinal product Lincofort (Bio-
faktor, Poland) at a dose of 20 mg of LIN/kg BW/day.
The animals in the control group (group 3) receive fresh
drinking water via the same method.

Twenty-four hours after the first dose administration
(d 1, administration period), egg collection was began
and continued for another 19 (group 1) and 11
(group 2) d. Eggs were collected daily, and the number
of eggs was noted. Nine to 12 eggs were collected each
day in groups 1 and 2. At least 6 eggs from each group
were analyzed separately for the determination of drug
residues in the eggshell and whole egg. The remaining
eggs (n = 3−4) were separated for egg yolk and egg
white analysis, and all samples were stored at �18°C
until analysis.
Chemicals and Reagents

Analytical standard ENR, ciprofloxacin (CIP) and
LIN, and internal standard ciprofloxacin-d8 (CIP-d8)
and sulfaphenazole (SFF) were obtained from Sigma-
Aldrich (St. Louis, MO). All reagents for liquid chroma-
tography-tandem mass spectrometry: methanol and ace-
tonitrile were obtained from J. T. Baker (the
Netherlands), formic acid was from Fluka (Buchs, Swit-
zerland), − were at least HPLC grade. Water was deion-
ized (>18 MVcm-1) by a Millipore system (Bedford,
MA).
LC-MS/MS Analysis

The LC-MS/MS analysis for all matrices was per-
formed using the analytical method previously described
by Gbylik-Sikorska et al. (2021) (). The LC-MS/MS
quantitation was determined using a Nexera X2 ultra
high performance liquid chromatography-tandem mass
spectrometer (UHPLC−MS/MS) (Shimadzu, Japan)
system connected to a QTRAP 4500 triple-quadrupole
mass spectrometer (Sciex, Framingham, MA) with Ana-
lyst 1.6.3 software (Sciex) controlling the system and
processing the data. The chromatography separation
was performed in a Luna Omega 1.6 mm Polar C18 10
column (100 £ 2.1 mm, Phenomenex, Torrance, CA)
and the mobile phase composition was a mixture of
0.075% formic acid and 0.05% formic acid in acetoni-
trile.
Sample Preparation

The concentrations of ENR, CIP, and LIN in the egg-
shells were determined using a previously reported sam-
ple preparation procedure (Gbylik-Sikorska et al.,
2021). Sample preparation of the whole egg, egg yolk,
and egg white was performed using a method described
by B»ądek et al. 2012 () which was modified in-house.
One gram of previously homogenized sample (whole
egg/egg yolk/egg white) was placed in a 10 mL
polypropylene centrifuge tube, then SFF (IS) was added
and vortexed for 15 s and left for 15 min. After incuba-
tion, 1 mL of 0.02M of oxalic acid, pH = 4; 0.5 mL of
0.1 M of EDTA disodium salt dihydrate and 8 mL of
acetonitrile were added to the centrifuge tubes and the
samples were vortexed for the 30 s. The samples were
centrifuged at 2930 £ rcf for 10 min at 4°C. Next, 6 mL
of supernatants were evaporated under nitrogen gas at
45 § 5°C. The dry residues were reconstituted in 1 mL
of ultrapure water and transferred to a 1.5 mL centri-
fuge tube, centrifuged at 14,500 £ rcf for 20 min at
room temperature and filtered through 0.22 mm PVDF
filters into analytical vials.
Validation Procedure for the Determination
of the ENR, CIP and LIN in Whole Egg, Egg
Yolk, and Egg White

The linearity, precision (repeatability and within-
laboratory reproducibility), recovery, limit of detec-
tion (LOD), and quantification (LOQ) of the
method were evaluated according to Commission
Decision 202/657/EC (European Commission, 2002).
Commission Decision 2002/657/EC’) and EUR 28099
EN (Wenzl et al., 2016). The linearity of the method
(determination coefficient, r2) was validated by
matrix-match calibration curves, which were prepared
using blank whole egg/egg yolk/egg white samples
spiked with 8 different concentration levels (1, 10, 50,
100, 250, 500, 1,000, and 2,000 mg/kg). The repeat-
ability was calculated after analysis of 6 whole egg/
egg yolk/egg white samples spiked at 3 concentration
levels: 1, 10, and 50 mg/kg by the same operator on
the same day with the same instrument. The repro-
ducibility was determined by another 2 sets of 6
spiked samples prepared in the same way as for the
repeatability and analyzed on 2 different days by dif-
ferent operators with the same instrument. The aver-
age recovery was carried out by analyzing samples
spiked at the same concentration levels as for the pre-
cision experiment. The LOD was determined at the
signal-to-noise ratio (S/N = 3), and the LOQ was
calculated as the lowest validated concentration with
S/N > 10.
The ENR, CIP and LIN concentrations in the col-

lected samples were determined using the fully validated
analytical method. All matrix-matched calibration
curves showed good linearity (r2 >0.996). The coeffi-
cients of variation, CVs, ranged between 5.3 and 10.0%
for repeatability and between 11.6 and 14.8% for within-
laboratory reproducibility. The average percentage
recoveries were in the range of 86.0 to 111.0%. The LOQ
was 1.0 mg/kg, the LOD was 0.50 mg/kg in each matrix,
respectively. Validation results for each analyte are pre-
sented in Table 1. The results indicated that the method
was suitable to be used to quantify ENR, CIP, and LIN
concentration in various egg matrices.



Table 1. Validation parameters of the method for the determination of the enrofloxacin (ENR), ciprofloxacin (CIP) and lincomycin
(LIN) in whole eggs/egg yolks/egg whites.

Analyte Matrix
Repeatability*,

(CV,%)

Within-lab
Reproducibility*,

(CV,%)
LOQ

(mg/kg)
LOD

(mg/kg) Recovery* (%)

ENR Whole egg 7.3 § 1.9 12.2 § 4.3 1.00 0.50 102.4 § 5.6
Egg yolk 10.0 § 2.4 14.3 § 5.5 1.00 0.50 89.0 § 4.1
Egg white 6.3 § 2.3 12.9 § 4.1 1.00 0.50 96.0 § 4.4

CIP Whole egg 8.8 § 2.5 13.1 § 4.2 1.00 0.50 91.6 § 5.2
Egg yolk 9.7 § 2.7 14.8 § 6.1 1.00 0.50 111.0 § 5.8
Egg white 7.1 § 1.8 11.9 § 5.3 1.00 0.50 86.0 § 3.8

LIN Whole egg 6.4 § 1.7 13.3 § 3.8 1.00 0.50 90.7 § 4.1
Egg yolk 9.4 § 2.1 14.4 § 5.7 1.00 0.50 87.0 § 4.4
Egg white 5.3 § 1.9 11.6 § 5.1 1.00 0.50 89.0 § 5.2

Abbreviations: LOD, limit of detection; LOQ, limit of quantification.
*Average of 3 validation levels with standard deviation (§ SD).
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RESULTS

Depletion of ENR, CIP and LIN Residue in
Whole Egg, Egg Yolk, EGGWhite, and
Eggshell

The ENR, CIP, and LIN concentrations in the col-
lected samples: whole egg, egg yolk, egg white, and egg-
shell were calculated using the equation from the
regression analysis of the matrix-matched calibration
curve, individual for each matrix. The concentration
range was adjusted to avoid extrapolation.

The residues and depletion of ENR, CIP and LIN in
the eggshell, whole egg, egg yolk, and egg white after
multiple oral doses (ENR − 10 mg/kg BW and LIN −
20 mg/kg BW daily for 5 consecutive days) of veteri-
nary medicines to laying hens were determined. The con-
centrations (mean § SD) of each analyte in the 4
matrices at different time points are listed in Table 2.
The residue depletion curves are shown in Figure 1. All
3 analytes were determined in eggshell at concentrations
ranging from 1.7 to 788 mg/kg for ENR, 8.3 to 160 mg/
kg for CIP and 1.8 to 14.9 mg/kg for LIN. These results
confirm the possibility of transfer of drug residues (ENR
and LIN) administered to laying hens into the eggshell.
The maximum concentration of ENR in the whole egg,
egg yolk, egg white, and eggshell was detected on the
fifth, sixth, second, and fourth day of sample collection,
respectively. The highest concentration of ENR was
detected in egg white and was 35% and 60% higher in
comparison to egg yolk and eggshell, respectively. ENR
residues persisted longest in whole egg and egg yolk −
for 17 d. It was detected in egg white for 12 d and in the
eggshell for 10 d after cessation of treatment. In contrast
to ENR, the highest concentration of CIP was deter-
mined in the eggshell, it reached the maximum mean
concentration (160 § 14 mg/kg) on the fourth day of
drug administration and was 40% higher than the maxi-
mum mean concentration detected in egg yolk. CIP was
detected in eggshell on the first day after the start of
ENR administration, but was rapidly eliminated by the
fourth day of the withdrawal period and was no longer
detected in the eggshell. It was equally rapidly elimi-
nated in the egg white, where it was detected during the
same period as in the eggshell. In whole egg and egg
yolk, CIP was present for 10 d after the end of ENR
administration, the maximum concentration was
achieved on the seventh and eighth day after the begin-
ning of treatment, respectively. LIN was detected in all
matrices at concentrations below the egg MRL (50 mg/
kg), with a maximum concentration of 47.2 § 8.5 mg/kg
reached on the second day of drug administration in egg
white. Its depletion in egg matrices was fastest compared
to ENR and CIP, and it persisted longest in egg yolk,
where it was detected 6 d after the end of drug adminis-
tration.
DISCUSSION

The use of antimicrobial drugs for the treatment of
laying hens for table eggs is very restricted and the num-
ber of drugs approved for use is severely limited. In some
cases, drugs approved for use in broiler chickens are also
used in laying hens that are not intended for human con-
sumption but produce large amounts of waste or by-
products (e.g., eggshells) which must be properly man-
aged. Moreover, there are still incidents of the illegal use
of drugs whose residues in eggs may pose a risk to the
consumer health. Therefore, it is important to investi-
gate the possibility of transferring veterinary medicines,
especially antimicrobials, into eggshells, which can be
used in various industrial fields and could be another
source of antibiotic residues. This study demonstrates
the transfer of selected antimicrobials into eggshells.
The results provide important evidence for the distribu-
tion of ENR, its metabolite CIP, and LIN into the egg-
shell after administration of the drugs to laying hens.
The residue depletion-time of these compounds in whole
egg, egg yolk, egg white, and eggshell was also investi-
gated and compared.
The present research indicates that the highest con-

centration of ENR was obtained in egg white, while the
highest concentration of CIP was detected in egg yolk.
The finding is similar to earlier results demonstrated by
Lolo and Huang (Lolo et al., 2005; Huang et al., 2006).
On the other hand, Gorla with co-authors detected trace
amounts of CIP only in egg whites (Gorla et al., 1997).
This phenomenon can be explained by the fact that CIP
is less protein-bound than ENR, because, even though it



Table 2. The concentration of enrofloxacin (ENR), ciprofloxacin (CIP) and lincomycin (LIN) in whole egg, egg white, egg yolk, and eggshell after multiple oral administration
of ENR and LIN to laying hens.

Concentration § SD* mg/kg

ENR CIP LIN

Period Time (d) Eggshell Whole egg Egg yolk Egg white Eggshell Whole egg Egg yolk Egg white Eggshell Whole egg Egg yolk Egg white

Administration 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
1 573 § 52 518 § 86 517 § 170 1423 § 160 38.6 § 15 27.1 § 1.3 4.7 § 2.0 21.0 § 2.4 4.6 § 0.9 20.1 § 2.5 4.7 § 0.5 22.4 § 5.6
2 705 § 63 1087 § 119 1075 § 150 1970 § 150 83.4 § 9.5 26.2 § 1.6 9.7 § 6.2 51.5 § 5.7 14.0 § 2.5 35.7 § 4.8 7.4 § 1.3 47.2 § 8.5
3 655 § 34 1593 § 129 1023 § 120 1566 § 140 97.6 § 15 33.4 § 0.6 8.3 § 4.6 41.7 § 10 14.9 § 1.3 34.5 § 6.6 22.8 § 5.5 44.4 § 6.3
4 788 § 45

695 § 63
1856 § 109 1253 § 97 1721 § 90 203 § 14 32.9 § 1.0 14.3 § 7.2 64.0 § 4.7 12.9 § 2.0 43.2 § 9.7 24.2 § 4.4 34.1 § 3.8

Depletion 5 1910 § 203 1207 § 180 1230 § 85 24.5 § 4.1 43.1 § 10 60.1 § 4.2 37.1 § 5.1 12.4 § 1.3 40.8 § 1.9 25.8 § 4.3 17.2 § 3.7
6 209 § 54 1540 § 86 1278 § 100 946 § 96 7.9 § 2.8 48.0 § 5.7 86.4 § 8.2 36.4 § 1.5 1.8 § 1.2 18.7 § 5.1 39.2 § 1.8 4.6 § 2.3
7 15.5 § 3.7 523 § 107 1073 § 150 310 § 15 <LOQ 53.8 § 7.7 109 § 7.0 5.5 § 0.2 <LOQ 16.5 § 3.9 31.4 § 2.8 1.8 § 0.7
8 7.5 § 3.2 246 § 49 615 § 94 62.6 § 11 <LOQ 32.3 § 5.5 110 § 11 <LOQ <LOQ 7.0 § 1.9 27.1 § 5.3 <LOQ
9 5.2 § 2.1 128 § 19 381 § 17 40.2 § 5.8 <LOQ 30.6 § 2.5 69.9 § 13 <LOQ <LOQ 4.5 § 1.1 5.7 § 1.7 <LOQ
10 2.8 § 0.7 24.8 § 5.6 329 § 12 13.8 § 4.1 <LOQ 4.9 § 3.5 63.6 § 12 <LOQ <LOQ <LOQ 1.3 § 0.6 <LOQ
11 2.8 § 0.7 19.1 § 5.2 195 § 7.4 12.2 § 0.6 <LOQ 6.0 § 2.5 20.9 § 3.6 <LOQ <LOQ <LOQ <LOQ <LOQ
12 2.9 § 0.4 11.3 § 6.3 126 § 8.3 4.3 § 1.2 <LOQ 5.1 § 2.8 24.0 § 11 <LOQ <LOQ <LOQ <LOQ <LOQ
13 1.9 § 0.5 4.5 § 2.3 22.0 § 3.5 3.2 § 0.6 <LOQ 2.7 § 1.9 17.7 § 2.3 <LOQ <LOQ <LOQ <LOQ <LOQ
14 1.7 § 0.5 3.0 § 0.6 2.3 § 0.5 3.5 § 0.4 <LOQ 1.4 § 0.7 4.7 § 1.4 <LOQ <LOQ <LOQ <LOQ <LOQ
15 <LOQ 2.5 § 0.1 2.5 § 0.5 2.4 § 1.0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
16 <LOQ 1.5 § 0.1 1.8 § 0.2 2.0 § 0.3 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
17 <LOQ 1.4 § 0.1 1.4 § 0.1 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
18 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

Abbreviation: LOD, limit of quantification.
*Mean concentration § SD, with n = 6−8 (whole egg, eggshell), n = 3−4 (egg white, egg yolk).
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Figure 1. Residue depletion curves of enrofloxacin (ENR) (A), ciprofloxacin (CIP) (B), and lincomycin (LIN) (C) in whole eggs, egg whites, egg
yolks, and eggshells.
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is more soluble in water than ENR and has lower lipo-
philicity, it shows a much higher concentration in egg
yolk than in white (Gorla et al., 1997; Kan and
Petz, 2000; Davis et al., 2007). Lolo et al. (2005) also
considered the process of ENR metabolism that occurs
in the liver, which produces lipoproteins (a major com-
ponent of the yolk) as a probable explanation. In our
study, both ENR and CIP were present in all matrices
24 h after the first dose of the drug, which was in con-
trast to the results obtained by Lolo (Lolo et al., 2005),
but similar to the results of other authors (Gorla et al.,
1997; Huang et al., 2006). However, there is no informa-
tion in the literature on the transfer of ENR and CIP res-
idues into eggshells and no studies comparing ENR and
CIP residues in this matrix have been conducted. Our
results indicate that ENR was detected in eggshell 24 h
after the start of animal treatment, and its mean concen-
tration was between 573 § 52 and 788 § 45 mg/kg for 5
d, then rapidly decreased and again slowed down for
another 5 d until d 15 when no residue was detected
above the LOQ. The highest concentration of ENR in
eggshell was about 60% lower than in egg white. CIP
residues were also present in eggshell, but the depletion
period was much faster compared to ENR − CIP
persisted for only 2 d after the end of treatment. It is
interesting to observe that the highest concentration of
CIP was observed in the eggshell and was more than
30% higher compared to the maximum concentration in
the yolk. Distribution of the drug into the eggshell can
take place in several sections of the shell gland. One of
them is the first part of the shell gland (uterus), where
the process of calcium transfer to the eggshell mem-
branes begins. It can also occur during a process called
“plumping,” which stimulates a phase of rapid calcifica-
tion (300 mg/h) (Roberts, 1995). The transfer of ENR
and CIP into eggshell may also be related to their ability
to form complexes with metal ions, including calcium
(Ca2+, divalent cation) (Uivarosi, 2013). Calcium car-
bonate, which is the primary component of eggshell, con-
tains about 40% Ca2+ ions (Brennan et al., 1991).
Binding to calcium was also one of the physicochemical
properties of fluoroquinolones associated with their pen-
etration into human bones (Landersdorfer et al., 2009).
To date, no literature is available on the depletion of

LIN residue in eggs after oral multiple administration to
laying hens. The results of our experiment indicated
that LIN residues in all analyzed matrices were detected
1 d after starting the medication. The mean maximum
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concentration (47.2 § 8.5) was observed in egg white on
the third day of the drug administration. In egg yolk,
the maximum concentration was determined 48 h after
the end of LIN administration. The depletion period of
LIN residues in egg yolk was the longest and took 6 d; it
was 3 d longer than in egg white, in which the elimina-
tion of LIN concentration was rapid (3 d) after cessation
of the medication. In eggshell, LIN concentration
reached a plateau phase on the third day of drug admin-
istration and was maintained until the first day after
drug cessation. Two days later, it was not detected
above the LOQ of the method. Pokrant et al. (2019)
reported that the depletion time for LIN residue concen-
trations in feathers was set at 98 d, but in chicken mus-
cle, its residues could only be detected for 4 d after
ceasing treatment (50 mg/kg BW for 7 d). Our results
are much closer to those obtained in tissues, which is
quite understandable since the process of egg formation
takes about 24 h. The ability of LIN transfer into the
eggshell may follow the same process as that of ENR
and CIP. The LIN residues were also present in human
bones after treatment (Nielsen et al., 1976).

This study provides valuable data to add to the cur-
rent state of knowledge on the residue depletion of veter-
inary drugs in eggs, especially for LIN. It also provides
very important evidence that eggshells, a biowaste or
byproduct which can be used in the food and pharma-
ceutical industries, animal husbandry and plant breed-
ing, can be a source of veterinary drug residues,
including antimicrobials that can cause the growth of
drug-resistant bacteria. This research suggests that the
presence of veterinary drugs in eggshells should be moni-
tored, and further research is needed to investigate the
possibility of other drugs transferring into this matrix.
Conducting further research and attention to this topic
could have important implications for human and ani-
mal health, and the environment.
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