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Abstract
Background and Aim: Public health and food safety are gaining attention globally. Consumer health can be protected 
from chemical residues in meat by early detection or screening for antibiotic residues before selling the meat commercially. 
However, conventional practices are normally applied after slaughtering, which leads to massive business losses. This study 
aimed to use portable surface-enhanced Raman spectroscopy (SERS) equipped with multivariate curve resolution-alternation 
least squares (MCR-ALS) to determine the concentrations of enrofloxacin, oxytetracycline, and neomycin concentrations. 
This approach can overcome the problems of business loss, costs, and time-consumption, and limit of detection (LOD).

Materials and Methods: Aqueous solutions of three standard antibiotics (enrofloxacin, oxytetracycline, and neomycin) with 
different concentrations were prepared, and the LOD for each antibiotic solution was determined using SERS. Extracted pig 
urine was spiked with enrofloxacin at concentrations of 10, 20, 50, 100, and 10,000 ppm. These solutions were investigated 
using SERS and MCR-ALS analysis. Urine samples from pigs at 1 and 7 days after enrofloxacin administration were 
collected and investigated using SERS and MCR-ALS to differentiate the urinary enrofloxacin concentrations.

Results: The LOD of enrofloxacin, oxytetracycline, and neomycin in aqueous solutions were 0.5, 2.0, and 100 ppm, 
respectively. Analysis of enrofloxacin spiking in pig urine samples demonstrated the different concentrations of enrofloxacin 
at 10, 20, 50, 100, and 10,000 ppm. The LOD of spiking enrofloxacin was 10 ppm, which was 10 times lower than the 
regulated value. This technique was validated for the first time using urine collected on days 1 and 7 after enrofloxacin 
administration. The results revealed a higher concentration of enrofloxacin on day 7 than on day 1 due to consecutive 
administrations. The observed concentration of enrofloxacin was closely correlated with its circulation time and metabolism 
in pigs.

Conclusion: A combination of SERS sensing platform and MCR-ALS is a promising technique for on-farming screening. 
This platform can increase the efficiency of antibiotic detection in pig urine at lower costs and time. Expansion and fine 
adjustments of the Raman dataset may be required for individual farms to achieve higher sensitivity.
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Introduction
The swine industry is a major contributor to 

global livestock markets. Pigs are the most popular 
animals that are considered human primary protein 
sources. Their meat is the most widely consumed 
globally, especially in Europe and Southeast Asia, 
due to their price and palatability. According to the 
USDA, over 105 million metric tons of pork were 

consumed in 2021, which implies a requirement of 
more than 752 million pigs for the global consumer 
chain [1]. This number is predicted to increase by at 
least 13% next year. Since the swine industry governs 
a large portion of the total meat market, a series of 
laws and regulations have been launched to protect 
consumer health [2]. A concern is the level of anti-
biotic residues in pork. Antibiotics are extensively 
used at high dosage in swine farming to accelerate 
growth, reduce mortality, improve fertility, and pre-
vent various breast, blood, respiratory, and gastroin-
testinal bacterial infection in pigs [3, 4]. Antibiotics 
are crucial in maintaining swine health during their 
growth and are part of general veterinary practices [5]. 
Unfortunately, excessive use of antibiotics can poten-
tially result in antibiotic residues in human food; such 
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residues are demonstrably a primary issue in human 
public health [4]. These residues are involved in var-
ious issues, such as antimicrobial resistance, cancer 
and allergy triggers, bone marrow toxicity, mutations, 
and reproductive disorders [4, 6]. The predominant 
antibiotics that are commonly exploited as veterinary 
drugs in pig farms are enrofloxacin, oxytetracycline, 
and neomycin because of their broad spectrum and 
growth-promotion effects [7]. Therefore, the concen-
trations of these antibiotics must be tested before the 
pork enters the human food supply chain.

To protect the consumers from chemical resi-
dues in pork, the traditional technique involves ana-
lyzing trace contamination with antibiotics directly 
from pork samples after they are slaughtered. This 
method causes major business losses if high concen-
trations of antibiotics are detected because the whole 
batch of pork cannot be sold. Consequently, anti-
biotic detection in pig urine has been developed to 
avoid such high costs [8, 9]. The common technique 
for urinary detection of antibiotics includes high-per-
formance liquid chromatography or mass spectrom-
etry, which provide very accurate results as well as 
include super-high sensitivity [7, 10, 11]. However, it 
is a time-consuming procedure and requires compli-
cated sample pre-treatment and well-trained labora-
tory personnel. A cheaper detection method, such as 
the European Four Plate Test is a popular technique 
but requires at least 18 h for complete evaluation [12]. 
A newer generation of tests is based on colorimet-
ric testing secondary to chemical interactions [13]. 
Although it is used in pig farms and provides high 
sensitivity and specificity, it requires 2.5–3.5 h in an 
incubator for the results. Since screening for antibiotic 
residues in pig urine must be performed before the pig 
reach the slaughterhouses, a rapid and on-site tech-
nique should be considered. Raman spectroscopy is 
a spectral technique based on the interaction between 
light and matter. It is used to identify the molecu-
lar vibrations of chemicals when triggered by exci-
tation light. Raman spectroscopy is a non-destructive 
technique that does not require sample preparation. 
Therefore, it yields remarkable benefits as a detection 
tool, particularly for rapid and in situ observations. 
Unfortunately, the signal from this technique is rel-
atively weak in biological samples. To identify trace 
elements, such as antibiotics in pig urine, the signals 
need to be amplified using surface-enhanced Raman 
spectroscopy (SERS). Surface-enhanced Raman spec-
troscopy enhances the local electric field of the sub-
strate and, thus, enhances the signal. Surface-enhanced 
Raman spectroscopy has been widely used to detect 
various trace elements, such as pesticides and antibi-
otics in foods, agricultural products, and contaminated 
water [14–18]. The previous studies have proven that 
SERS can significantly improve the detection limit 
for many compounds [19–21]. However, studies are 
currently limited to human samples. Cephalosporins 
have been detected in human urine [19]. All determined 

concentrations were lower than the minimal require-
ments for therapeutic drug monitoring, which is as low 
as 7.5 µg/mL for ceftriaxone. Another study used SERS 
to detect sulfonamides in pig urine using gold nanopar-
ticles as an enhancing substrate [20]. Pig urine spiked 
with ractopamine and identified at concentrations of 
0.1–10 µg/mL [21]. This study mentioned the charac-
teristic peaks of antibiotics that are suitable for quanti-
tative analysis by coupling them with density functional 
theory calculations. However, the samples require extra 
steps of pre-treatment. To the best of our knowledge, 
no studies have used SERS to screen pig urine for enro-
floxacin, oxytetracycline, or neomycin, which are anti-
biotics commonly used in the swine industry.

This study, aimed to investigate the concentra-
tions of these crucial antibiotics in aqueous solutions 
and swine urine using SERS. A silver nanorod sub-
strate was selected because of its high electric field 
enhancement [22]. The lowest detection value for 
each antibiotic in an aqueous solution was determined. 
Further analyses used multivariate curve resolu-
tion-alternating least squares (MCR-ALS) to separate 
the trace antibiotic concentrations from other urine 
components [23]. The characteristic Raman spectrum 
of each antibiotic in the urine was clearly observed 
and the relationship between the Raman signal and 
antibiotic concentrations was determined.
Materials and Methods
Ethical approval

The research protocols were approved by the 
Animal Ethic Committee of Rajamangala University 
of Technology Tawan-ok (Ref. No. RUMTTO-
ACUC-2-2021-008) as per the guidelines for the Care 
and Use of Experimental Animals of the National 
Research Council of Thailand.
Study period and location

The study was conducted from January 2021 to 
June 2022. The research was conducted at Laboratory 
of Clinical Pathology, Faculty of Veterinary Medicine 
Rajamangala University of Technology Tawan-ok 
and Opto-Electrochemical Sensing Research Team, 
Spectroscopic and Sensing Devices Research Group, 
National Electronics and Computer Technology 
Center.
Experimental design

Twenty piglets were examined after weaning 
(males; age, 28 days) by the Faculty of Agriculture 
and Natural Resource Farm, Rajamangala University 
of Technology Tawan-ok. These healthy pigs had an 
average weight of 7 kg and no history of antibiotic 
treatment. Twenty piglets were divided into four 
groups (5 pigs/group) and were either untreated or 
treated with enrofloxacin, oxytetracycline, or neomy-
cin. Enrofloxacin was administered subcutaneously 
at a rate of 5 mg/kg body weight/day for three con-
secutive days. Urine samples were collected from all 
pigs before administering the drug on day 1 and after 
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the last administration on day 7. The samples were 
stored at −20°C for further analysis. We collected 
1.5 mL of urine from each pig in a sterile tube and 
centrifuged at 4500× g for 10 min. The supernatant 
was transferred to a clean polypropylene tube, zeolite 
was added, and the mixture was kept aside for 2 h. 
The solution was filtered using a 0.2 µm filter paper 
(Whatman International Ltd., England) for Raman 
spectroscopy.
The antimicrobial residue screening test kit (CM-test)

The urine samples were tested for antimicro-
bials (enrofloxacin, oxytetracycline, and neomycin) 
residues using an antimicrobial residue screening test 
kit (Determination of Drug Residue in Meat Test Kit, 
Asianmedic Co., Ltd., Thailand) [13].
Antibiotic detection

Antibiotic detection was performed using SERS 
(ONSPEC, SCI Innovatech Co., Ltd., Thailand) using 
silver nanorods as the substrate. The substrate was 
prepared using a direct current magnetron sputtering 
system combined with a glancing-angle deposition 
technique [22]. Raman measurements were performed 
using a handheld Raman spectrometer (Mira M-3, 
Metrohm AG, Switzerland) with a 785-nm excitation 
laser. The laser power was 5 mW for measurements 
in both the solutions and on SERS substrate. The 
accumulation time for Raman measurements from 
the solution and on SERS substrate was 20 and 5 s, 
respectively. Three standard antibiotics (enrofloxacin 
[100 mg/mL; Bezter, Enro tec 500, Betagro Public Co., 
Ltd., Thailand], oxytetracycline [50 mg/mL; Oxyclin, 
General Drugs House Co., Ltd., Thailand], and neo-
mycin [500 g/kg; Neomycin-500, Neotech Impex 
Co., Ltd., Thailand]) were procured from a veterinary 
pharmacy and used without further purification.
Antibiotic spectra and limit of detection (LOD) in 
aqueous solution

Standard antibiotics were used to verify the 
Raman characteristic peaks of each antibiotic and 
for further analysis using MCR-ALS. The standard 
Raman spectrum of the antibiotics was recorded in a 
solution using a glass vial and on the SERS substrate. 
The sample was prepared by dropping 5 µL on SERS 
substrate and drying it for 5 min. Three Raman spec-
tra were directly assessed per sample. After obtaining 
the standard spectra of all antibiotics, LOD was deter-
mined to observe the lowest concentration of detection 
using only the SERS substrate. Standard solutions of 
antibiotics were prepared at different concentrations 
(0.01, 0.1, 0.5, 1, 2, 5, 10, 20, 50, and 100 ppm) in dis-
tilled water. This range of concentrations covers the 
minimum concentration allowed by the regulations. 
The Raman spectrum of each antibiotic was recorded 
until LOD was determined.
Raman spectra of antibiotics in pig urine

Raman spectra of urine collected from pigs 
who did not receive antibiotics were obtained for 
negative control. The control urine was spiked with 

antibiotics at various concentrations (10, 20, 50, 100, 
and 10,000 ppm) and was used as references. After 
administering enrofloxacin, pig urine was collected on 
days 1 and 7 for on-farming antibiotic determination. 
Subsequently, 5 µL of each urine sample was dropped 
on the SERS substrate and dried. Surface-enhanced 
Raman spectroscopy measurements were collected 
randomly from the substrate surface with at least 10 
spectra for each concentration. All Raman spectra of 
enrofloxacin were pooled for further analysis using 
MCR-ALS.
Spectral analysis

Multivariate curve resolution-alternating least 
squares is a multivariate spectral analysis method. 
This is a method of mathematical approximation from 
two non-negative matrices. Therefore, this method is 
used to extract a few principal spectral components 
from complex information obtained from numerous 
Raman spectra without prior spectral information. 
Multivariate curve resolution-ALS was performed 
using the IGOR Pro (WaveMatrics, Inc., Oregon, 
USA). More than 300 spectra from three datasets of 
enrofloxacin in water, spiked pig urine, and urine 
samples were analyzed using MCR-ALS to verify 
the concentration of antibiotics [24]. Standard antibi-
otics Raman spectra were used as references for the 
analysis.
Results
Raman spectra of standard antibiotics

The Raman spectra of three standard antibiot-
ics (enrofloxacin, neomycin, and oxytetracycline) in 
water are shown in Figure-1. The dominant peaks 
in the Raman spectrum of enrofloxacin include 752, 
1252, 1387, 1552, and 1624/cm [25] (Figure-1A). 
Figure-1B shows the Raman spectrum of neomycin 
with a dominant peak at 977/cm [26]. The characteris-
tic Raman peaks at 1170, 1254, 1315, and 1620/cm [27] 
of oxytetracycline are shown in Figure-1C. Signals at 
803 and 835/cm were noted for both enrofloxacin and 
oxytetracycline.
Raman signal enhancement

To verify the detection of trace antibiotics, 
100 ppm solution each of enrofloxacin, neomy-
cin, and oxytetracycline was prepared in water. The 
Raman spectra of the antibiotics were measured as a 
bulk solution in a glass vial as well as on the SERS 
substrate. None of the antibiotics were identified at 
a concentration of 100 ppm (Figure-2A). The only 
signal observed was that from the glass vial (dashed 
line) because the concentration of the antibiotics was 
too low. The same concentrations of antibiotics were 
detected on the SERS substrates. The Raman signal 
showed a dramatic enhancement for every antibiotic 
on the SERS substrates (Figure-2B). The results con-
firmed the successful enhancement of the Raman sig-
nal for the detection of trace elements on the SERS 
substrate. The detection was further challenged by 
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spiking 100 ppm of antibiotics in pig urine. These 
samples were detected using SERS to determine the 
effect of pig urine on the Raman signal. The Raman 
spectra of 100 ppm antibiotics in pig urine are shown 
in Figure-2C. Although Raman signals were noted in 

water, they were very difficult to identify in pig urine. 
This result was affected by the fact that urine contains 
an abundance of organic compounds. Most organic 
molecules demonstrated very strong auto-fluores-
cent signals, which were broad with high intensities. 
Therefore, they masked the other signals of interest.
Limit of detection determination

Limit of detection of each antibiotic was 
observed in water and baseline subtraction was per-
formed. As the antibiotic concentration decreased, 
the Raman signal decreased as well. The LOD was 
defined as the lowest concentration at which the char-
acteristic peak of each antibiotic could still be iden-
tified. Figure-3 shows the average Raman spectra 
for various antibiotic concentrations. Although the 
Raman spectra were obtained at different locations 
on the SERS substrate, all three spectra demonstrated 
almost identical peak intensities for each concentra-
tion, which confirms the repeatability of the SERS 
substrate. Peaks at 1390 and 1624/cm were used to 
identify enrofloxacin, whereas neomycin was iden-
tified by a signal at 977/cm, and oxytetracycline was 

Figure-1: Raman spectra of standard antibiotics 
(A) enrofloxacin, (B) neomycin, and (C) oxytetracycline.

Figure-2: Raman spectrum comparisons of standard antibiotics at a concentration of 100 ppm (A) in water without 
surface-enhanced Raman spectroscopy (SERS), (B) in water with SERS, and (C) in urine with SERS.

A B

C
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Table-1: The LOD on SERS substrates for antibiotics 
detection in this study and the MRL in regulation [2].

Antibiotic drug LOD in this study 
(ppm or µg/mL)

MRL [2]  
(ppm or µg/mL)

Enrofloxacin 0.5 100
Oxytetracycline 2.0 100
Neomycin 100 100

LOD=Limit of detection, SERS=Surface-enhanced Raman 
spectroscopy, MRL=Maximum residue limit

identified by peaks at 1315 and 1620/cm. The LOD 
of the same antibiotics on SERS were 0.5, 2.0, and 
100 ppm (Table-1) [2]. The dominant Raman peaks 
of each antibiotic could still be amplified until the 
antibiotic solution was diluted to a concentration that 
could not be enhanced by SERS, thus resulting in the 
disappearance of the Raman peaks. As can be seen by 
the results in Figure-3, the LODs for detecting these 
antibiotics on the substrate in aqueous solutions were 
0.5, 2.0, and 100 ppm.

Multivariate analysis with MCR-ALS
Enrofloxacin was selected for further analysis 

using MCR-ALS because it demonstrated a strong 
Raman signal. Multivariate analysis was used to sep-
arate the antibiotic signals from those of other ingre-
dients in pig urine. After mixing enrofloxacin with 
pig urine extract, the dominant peak of enrofloxa-
cin could not be observed at the low concentrations. 
Conversely, some peaks were observed only at the 
high concentrations due to the interference of the 
fluorescence signal from the urine, which lowered 
the enhancement of the antibiotic signal on SERS. 
The interference of the fluorescence signal from 
the urine could be solved using MCR-ALS, which 
could differentiate the numerous mixed Raman spec-
tra of enrofloxacin in extracted pig urine into a sin-
gle component. The method was primarily verified 
using enrofloxacin in water on a SERS substrate. 
The Raman spectra were recorded at enrofloxacin 
concentrations of 0 (negative control), 0.01, 0.1, 0.5, 
1, 2, 5, 10, 20, 50, and 100 ppm. The Raman spec-
tra of the enrofloxacin standard were also included. 
The total number of Raman spectra obtained in 
this study was 59. Figure-4A shows all the spectra 
obtained for enrofloxacin in water. The Raman sig-
nal varied from obvious to barely visible depending 
on the concentration of the drug. The spectra were 
analyzed using a six-component model to separate 
the background noise, fluorescence, and signal from 
enrofloxacin. Subsequently, the signal from enro-
floxacin was excluded from other background noise 
and fluorescence. The separated Raman spectrum of 
enrofloxacin is shown in Figure-4B. In addition, the 
Raman intensities of the extracted component depend 
on the concentration of enrofloxacin in each sample. 
The image of Raman intensity is shown in Figure-4B 
(below) with the color scale on the right. The concen-
tration of enrofloxacin is shown below Raman image 
for comparison. The LOD for enrofloxacin detection 
was reduced from 0.5 ppm to 0.1 ppm after the anal-
ysis, which enhanced the detection limit.

A similar analysis was performed for enroflox-
acin in the pig urine samples. Pig urine was spiked 
with enrofloxacin at concentrations of 10, 20, 50, 
100, and 10,000 ppm. At the low concentrations 
(10−100 ppm), the dominant peak of enrofloxacin at 
1390 and 1624/cm could not be observed (Figure-2C). 
However, at the high concentration (10,000 ppm), the 
characteristic peaks of enrofloxacin were slightly 

Figure-3: Limit of detection determination of (A) 
enrofloxacin, (B) neomycin, and (C) oxytetracycline 
solution at different concentrations.

C

B
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observed. To identify trace concentrations of enroflox-
acin, all the Raman spectra at different concentrations 
of enrofloxacin were pooled. The spectra from 10, 20, 
50, 100, and 10,000 ppm of enrofloxacin in pig urine 
were used, which resulted in a total number of 250 
spectra for MCR-ALS. The raw spectra revealed an 
almost flat signal with a very strong fluorescent back-
ground. Six-principal components were extracted 
from the analysis. The components of organic fluo-
rescence and background noise were excluded from 
the study. The component that belonged to enroflox-
acin is shown in Figure-5A (black spectrum). The 
extracted component was confirmed to be enroflox-
acin based on a reference spectrum of enrofloxacin 
(red spectrum). The intensity of this Raman compo-
nent was related to the actual spiking concentration 
of enrofloxacin (Figure-5B). The Raman intensity 
of the separated component is indicated by the red 
bar, whereas the actual spiking concentration of enro-
floxacin is shown by black line. The spiking con-
centrations of enrofloxacin were 10, 20, 50, 100, 
and 10,000 ppm, as indicated on the horizontal axis. 
A trend of decreasing Raman intensity along with 
the actual enrofloxacin concentration was clearly 
observed. The inlet in Figure-5B highlights a strong 
correlation between the enrofloxacin concentration 
and the Raman signal at very low concentrations of 
10–100 ppm. The Raman intensity was sensitive to a 
very low concentration of antibiotics.

Determination of enrofloxacin from subcutane-
ous injections was confirmed via multivariate anal-
ysis. Enrofloxacin was injected into the pigs at a 
concentration of 50 mg/kg body weight on days 1, 2, 
and 3. Urine samples were collected on days 1 and 
7 to measure the enrofloxacin concentration. Control 
samples were collected from pigs who did not receive 
any antibiotics. The original Raman spectra of the pig 
urine are shown in Figure-6A. The Raman spectrum 
from the control condition appeared as an almost flat 

background. Urine samples from days 1 and 7 showed 
similar signals. However, a higher signal at 1000/cm 
was observed in the urine of day 7. All 53 Raman 
spectra were pooled and multivariate analysis was per-
formed. The four-component model was applied for 
spectral separation. According to the MCR-ALS anal-
ysis, characteristic peaks around 1400 and 1600/cm of 
the enrofloxacin spectrum were identified (Figure-6B). 
Urine samples from day 7 revealed a higher Raman 
intensity of enrofloxacin than those of the samples 
from day 1 (Figure-6C). No signal was observed for 
enrofloxacin in the negative control. The same batch 
of urine was cross-checked using CM-test, which is 
the standard screening test kit used to detect antimicro-
bial residues in meat, serum, and urine based on bac-
terial inhibition in appropriated bacterial culture media 
tubes. The bacteria could grow and produce acids in the 
samples without antibiotics, which resulted in a color 
change from yellow to purple. Therefore, the absence 
and presence of antibiotics in the sample were veri-
fied based on the yellow and purple color, respectively. 
According to Figure-6C, samples of day 7 developed 
a deeper purple color after CM-test than the samples 
of day 1. Therefore, the higher antibiotic concentration 
in the urine of day 7 urine was verified. However, on 
day 1, a slight color change was observed compared to 
day 0 (negative control).
Discussion

The dominant peaks in the Raman spectrum of 
enrofloxacin at 752, 1252, 1390, 1552, and 1624/cm 
arise from the following vibration modes of enro-
floxacin: Symmetric O-C-O stretching vibrations 
(1390/cm), benzene ring vibrations (1252/cm), and 
C=O stretching vibrations (1624/cm), methylene 
rocking modes (752/cm), and benzene ring stretch-
ing (1552/cm) [28]. The characteristic peaks at 1170, 
1315, and 1620/cm of oxytetracycline was ascribed 
to C–C=O deformation, aromatic ring in-plane H 

Figure-4: Raman spectra of enrofloxacin in water measured on surface-enhanced Raman spectroscopy substrate. (A) A 
total of 59 spectra of enrofloxacin in different concentrations and (B) Raman spectrum of the separated component from 
enrofloxacin (top) and its intensity (bottom).
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bending, amine C–N stretching, and aromatic ring 
stretching, respectively [29]. For neomycin, only one 
peak at 977/cm was attributed to CH2 rocking and C-C 
stretching [26, 30].

Raman enhancement with SERS substrate
The Raman spectra of antibiotics obtained using 

the standard solution technique and the SERS sub-
strate have been reported. Our results demonstrate 
that the nanorod microstructure on the SERS sub-
strate can greatly enhance the SERS signal, which 
makes Raman spectroscopy a promising technique 
for detecting trace elements, especially for antibiotic 
determination. At the same antibiotic concentration of 
100 ppm, the characteristic signal of the antibiotic in 
the solution could not be observed. Only the signal 
from the glass vial was noted. However, the signal 
significantly increased on using a SERS substrate. 
Several characteristic peaks indicated the presence of 
antibiotics even at very low concentrations. This was 
due to the surface plasmon resonance effect, which 
creates a hotspot for detection [31]. In this region, the 
electromagnetic signal, including the Raman effect, 
is highly gained. This result corresponds with those 
of other studies as silver nanostructures are demon-
strably well enhanced for Raman measurements and 
have been used in many applications [32–34]. In addi-
tion, the size of the silver nanostructure also affects 
the magnitude of the signal enhancement [35]. Kao 
et al. [36] used a combination of Ag nanocubes and 
Ag octahedra to increase the Raman signals of metab-
olites in human urine. They found that the signal could 
be enhanced up to 1012-fold. Another experiment 
provided large-scale self-assembly of gold nanopar-
ticle arrays to identify various drugs in urine [37]. 
Methamphetamine was used at a concentration of 
1 ppm. Surface-enhanced Raman spectroscopy also 
works well for the detection of chronic kidney dis-
ease when coupled with principal component analysis 
and linear discriminant analysis [38]. The experiment 

Figure-6: (A) Raman spectra of collected pig urine (black- control, red- day 1 urine, and blue- day 7 urine). (B) Extracted 
Raman spectrum of enrofloxacin using multivariate curve resolution-alternation least squares analysis (C) Raman intensity 
on urine samples of on days 1 and 7, in comparison with control urine without enrofloxacin injection (right). Color 
development on CM-test in day 1, day 7, and control samples (below).

CA

B

Figure-5: (A) Separated enrofloxacin component from 
multivariate analysis (black) comparing to reference 
enrofloxacin spectrum (red) (B) Concentration comparison 
between Raman signal and actual enrofloxacin concentration 
at 10, 20, 50, 100 and 10,000 ppm, extracted using 
multivariate curve resolution-alternation least squares. The 
inlet shows a magnified image of 10, 20, 50, and 100 ppm 
conditions.

A
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with swine urine was also successfully conducted with 
SERS to detect β-agonists and ractopamine at the low-
est concentration of 2 and 0.1 µg/mL, respectively [39].
Limit of detection determination of antibiotics

The lowest detection limit is crucial in the devel-
opment of any type of sensor. In our study, the LOD of 
enrofloxacin could go down to 0.5 ppm as a solution 
in water. This value can be validated with the naked 
eye as well as using multivariate analysis (MCR-ALS) 
from all three samples at 0.5 ppm, which confirms the 
repeatability of this technique. According to the reg-
ulations, enrofloxacin concentration in swine urine 
should be lower than 100 ppm [2]. Therefore, the 
classification of ready-to-slaughter pigs can be con-
firmed using our method. In antibiotic detection, some 
researchers have attempted to use SERS to detect insol-
uble enrofloxacin in water [25]. However, for soluble 
enrofloxacin, only the limit of the quantification has 
been published on the ppm scale [40]. Therefore, our 
work is the first report of the detection of enrofloxacin 
at a very low concentration of 0.5 ppm. Detection is 
rarely seen in swine urine samples. Only the determi-
nation of β-agonists, ractopamine, and sulfonamides, 
which are the older generation of antibiotics, has been 
reported previously [20, 21, 39]. Although enroflox-
acin is another widely used antibiotic in swine feed-
stock, there are limited reports on the residues of this 
antibiotic. Therefore, this study focused on its con-
centration in the collectible urine sample. Sampling 
pig urine allows farmers to indirectly check antibiotic 
levels before sending them to slaughterhouses. The 
concentration of antibiotics in pig urine is related to 
that in their meat [11]. Therefore, farmers can avoid 
wasting their products due to the over-concentration 
of antibiotics than that allowed by regulations. The 
concentration of enrofloxacin in pig urine was deter-
mined in this study. The main obstacle for detecting 
antibiotics (such as enrofloxacin) in pig urine is the 
fluorescent background [41, 42]. Urine contains vari-
ous organic substances, such as zearalenone, zeranol, 
taleranol, and zearalenol [43]. These organic com-
pounds consist of aromatic ring structures as well as 
complex macromolecules, which eventually contrib-
ute to a large fluorescent background in Raman mea-
surements [44]. As demonstrated in our results, the 
signal from antibiotics almost vanished due to the 
broad fluorescent background in all urine samples. 
In this case, multivariate analysis has been utilized to 
extract only pure signals from enrofloxacin by sepa-
rating the principal components that may be present 
in the Raman spectra. The analysis revealed that pig 
urine spiked with enrofloxacin contained signals from 
the SERS substrate background, multiple auto-flu-
orescent backgrounds, and characteristic peaks of 
enrofloxacin. Only the pure signal of enrofloxacin 
was selected for further analysis at various concen-
trations. Our results revealed that the concentration 
of enrofloxacin in pig urine can be identified down 

to a scale of 10 ppm, which is 10 times lower than 
that of required by regulations [2]. This method was 
reproducible in all five samples at the same concentra-
tion. This classification can help in screening for pigs 
on livestock farms that are ready for slaughterhouse. 
Furthermore, the classification has a higher sensitiv-
ity for lower concentrations (below 100 ppm), which 
allows this classification for further applications that 
require very high sensitivity. An increasing number of 
Raman spectra from the samples can be obtained to 
improve the sensitivity of the method in the future.
Enrofloxacin determination in the collected pig urine

Enrofloxacin is an antibiotic used in the prepa-
ration of quinolone carboxylic acid derivatives. It is 
the most effective against Gram-negative bacteria 
that affect the respiratory, gastrointestinal, and uri-
nary tracts of cattle, pigs, and poultry. Enrofloxacin 
is also one of the most commonly used antibiotics on 
pig farms. In pigs, enrofloxacin has been used for the 
treatment and control of swine respiratory diseases, 
including those caused by Actinobacillus pleuro-
pneumoniae, Pasteurella multocida, Haemophilus 
parasuis, Streptococcus suis, Bordetella bronchi-
septica, and Mycoplasma hyopneumoniae as well 
as in the control of Escherichia coli Post-weaning 
diarrhea [45]. Antimicrobial resistance can develop 
during the treatment of bacterial infections in pig 
farms. To the best of our knowledge, this study was 
the first to demonstrate the concentration of enroflox-
acin in pig urine. Pigs were injected with enroflox-
acin at 50 mg/kg body weight on days 1, 2, and 3. 
Urine samples were collected on days 1 and 7 for 
Raman measurements. The original Raman spectra 
from pig urine demonstrated a high fluorescence peak 
and the random background characteristics varied 
between samples. Only a few spectra revealed small 
characteristic peaks of enrofloxacin due to enhance-
ment by the SERS substrate. Multivariate analysis 
was performed to extract better information from 
enrofloxacin. This result confirmed a higher urinary 
concentration of enrofloxacin on day 7 than that on 
day 1. Control pig urine was also used to validate this 
technique. No enrofloxacin signal was detected in the 
control sample. The increase in urinary enrofloxacin 
concentration was due to consecutive injections on 
days 1−3. On the first day of injection, enrofloxacin 
mostly enters the bloodstream and is metabolized into 
ciprofloxacin through the hepatic system [46] before 
being distributed throughout the pig body; however, 
80% of fluoroquinolones are excreted via the urine by 
the renal system [47]. Subsequently, the enrofloxacin 
concentration reached a level that could reduce bac-
terial infection on day 3 [48]. Sequentially injected 
enrofloxacin on days 2−3 causes high concentra-
tions of antibiotics in bloodstream as well as in the 
excretory system. Kim et al. [49] found that cabadox 
concentration was the highest on day 5 in the serum 
and colon microbiota. Another experiment conducted 
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with manure samples confirmed that the maximum 
excretion of difloxacin and sarafloxacin occurred on 
days 4−6 after oral administration [50]. The maxi-
mum urinary antibiotic concentration was found to 
be on day 5. As the half-life of enrofloxacin in urine 
is 1.48 days, it is demonstrably retained in urine 
for approximately 3 weeks after application [51]. 
This phenomenon was also observed in our results, 
even though the Raman spectra were obtained from 
10 pigs. Therefore, our Raman platform can provide 
a reproducible result within our batch as well as other 
studies. Furthermore, the detection of antibiotics in 
urine is better than that in muscles since antibiotics 
are frequently detected and present at higher con-
centrations in urine [11]. Therefore, urine may be a 
promising sample for on-farm antibiotic detection. 
Detecting urinary antibiotics not only prevent busi-
ness losses but also improves detection accuracy. 
Our demonstrated SERS measurements highlight the 
possibility of on-farming detection in the future. The 
detection was proved to be 10 times lower than the 
regulated limit and could differentiate the concentra-
tion of antibiotics from the collected pig urine.
Conclusion

Surface-enhanced Raman spectroscopy coupled 
with MCR-ALS was used for on-farming antibiotic 
testing of pig urine. This procedure provides primary 
screening for antibiotics in pigs before delivery to 
slaughterhouses. Our results revealed LOD of 0.5, 
2.0, and 100 ppm for enrofloxacin, oxytetracycline, 
and neomycin detection in water. The LOD can be as 
low as 10 ppm for pig urine in the enrofloxacin-spiked 
sample, which is 10 times lower than the European 
regulation. Finally, to the best of our knowledge, this 
study was the first to monitor the actual urine collected 
from pigs 1 and 7 days after enrofloxacin injection. 
The results demonstrated a relatively high enroflox-
acin concentration in the urine on day 7 compared to 
that on day 1. This result was related to the higher 
accumulation of enrofloxacin in urine due to consec-
utive injections. Furthermore, the urinary excretion of 
enrofloxacin corresponds to the circulation lifetime 
and metabolism of the drug in pigs. The SERS sens-
ing platform combined with MCR-ALS can increase 
the efficiency of antibiotic detection in pig urine by 
differentiating mixed Raman spectra, which promotes 
higher precision. Therefore, this sensing procedure 
can overcome the detection limit of on-site and rapid 
antibiotic screening. The urinary Raman spectrum has 
significant variations according to pig’s metabolism 
(urea and ammonia content); therefore, increasing the 
Raman spectra for analysis can enhance the sensitiv-
ity of this technique. In reality, this platform requires 
fine adjustments for a specific farm, which depends 
on the pig feed, antibiotic treatment, age, and sex. In 
the future, it may be applied to other toxic chemical 
residues in the swine industry.

Authors’ Contributions

NW, ON, NN, MH, PE, SL, PS, DS, and SM: 

Conceived and designed the experiment protocols. 
SM and DS: Performed animal experiments. NW, 
ON, NN, MH, PE, SL, and PS: Performed experiment 
and analyzed data of Raman Spectroscopy test. NW, 
ON, NN, MH, PE, SL, PS, DS, and SM: Created the 
paper. All authors have read and approved the final 
manuscript.
Acknowledgments

The authors are thankful to Prof. Hiro-o 
Hamaguchi, National Yang Ming Chiao Tung 
University, Taiwan, for MCR-ALS support. This 
work was supported by Thailand Science Research 
and Innovation, Thailand, under Basic Research Fund 
Group 2021.
Competing Interests

On-uma Nimittrakoolchai is from SCI Innovatech 
Co., Ltd and the all other authors have no competing 
interests.
Publisher’s Note

Veterinary World remains neutral with regard 
to jurisdictional claims in published institutional 
affiliation.
References
1. Derya, Y. (2021) Global pig industry and trends. In: Feed 

Additive. International Magazine for Animal Feed & 
Additives Industry. Istanbul, Turkey.

2. Official Journal of the European Union. (2010) Regulation 
(EC) No 37/210 of 22 December 2009 on Pharmacologically 
Active Substances and their Classification Regarding 
Maximum Residue Limits in Foodstuffs of Animal Origin 
(Text with EEA relevance). page 1-72.

3. Cromwell, G.L. (2002) Why and how are antibiotics used in 
swine production? Anim. Biotechnol., 13(1): 7–27.

4. Arsène, M.M.J., Davares, A.K.L., Viktorovna, P.I., 
Andreevna, S.L., Sarra, S., Khelifi, I. and Sergueïevna, D.M. 
(2022) The public health issue of antibiotic residues in food 
and feed: Causes, consequences, and potential solutions. 
Vet. World, 15(3): 662–671.

5. Coyne, L., Arief, R., Benigno, C., Giang, V.N., 
Huong, L.Q., Jeamsripong, S., Kalpravidh, W., McGrane, J., 
Padungtod, P., Patrick, I., Schoonman, L., Setyawan, E., 
Harja Sukarno,  A., Srisamran, J., Ngoc, P.T. and Rushton, J. 
(2019) Characterizing antimicrobial use in the livestock 
sector in three South East Asian Countries (Indonesia, 
Thailand, and Vietnam). Antibiotics (Basel), 8(1): 33.

6. Hassan, M.M., El Zowalaty, M.E., Lundkvist, Å., 
Järhult, J.D., Nayem, M.R.K., Tanzin, A.Z., Badsha, M.R., 
Khan, S.A. and Ashour, H.M. (2021) Residual antimicro-
bial agents in food originating from animals. Trends Food 
Sci. Technol., 111(5): 141–150.

7. Ramatla, T., Ngoma, L., Adetunji, M. and Mwanza, M. 
(2017) Evaluation of antibiotic residues in raw meat using 
different analytical methods. Antibiotics (Basel), 6(4): 34.

8. Wu, Q., Zhu, Q., Shabbir, M.A.B., Sattar, A., Peng, D., 
Tao, Y., Chen, D., Yuan, Z. and Wang, Y. (2021) The search 
for a microbiological inhibition method for the rapid, 
broad-spectrum and high-throughput screening of six kinds 
of antibiotic residues in swine urine. Food Chem., 339(6): 
127580.

9. Wang, R., Li, S., Chen, D., Zhao, Y., Wu, Y. and Qi, K. 



Veterinary World, EISSN: 2231-0916 213

Available at www.veterinaryworld.org/Vol.16/January-2023/25.pdf

(2021) Selective extraction and enhanced-sensitivity 
detection of fluoroquinolones in swine body fluids by liq-
uid chromatography-high resolution mass spectrometry: 
Application in long-term monitoring in livestock. Food 
Chem., 341(Pt 2): 128269.

10. Kyriakides, D., Lazaris, A.C., Arsenoglou, K., 
Emmanouil, M., Kyriakides, O., Kavantzas, N. and 
Panderi, I. (2020) Dietary exposure assessment of veteri-
nary antibiotics in pork meat on children and adolescents in 
Cyprus. Foods, 9(10): 1479.

11. Chiesa, L.M., Nobile, M., Panseri, S. and Arioli, F. (2017) 
Antibiotic use in heavy pigs: Comparison between urine 
and muscle samples from food chain animals analysed by 
HPLC-MS/MS. Food Chem., 235(22): 111–118.

12. Okerman, L., van Hoof, J. and Debeuckelaere, W. (1998) 
Evaluation of the European four-plate test as a tool for 
screening antibiotic residues in meat samples from retail 
outlets. AOAC International, 81(1): 51–56.

13. Chalermchaikit, T., Lertworapreecha, M., Poonsook,  K., 
Kantaprom, S., Lertworapreecha, N., Srisanga, S., 
Daengprom, K. and Jotisakulratana, K. “CM-Test”: The 
Antimicrobial Residue Screening Test Kit in Meat, Serum, 
and Urine. Available from: https://www.phtnet.org/down-
load/FullPaper/pdf/2ndSeminarKKU/af108.pdf. Retrieved 
on 17-01-2023.

14. Bernat, A., Samiwala, M., Albo, J., Jiang, X. and Rao, Q. 
(2019) Challenges in SERS-based pesticide detection 
and plausible solutions. J. Agric. Food Chem., 67(45): 
12341–12347.

15. Jiang, Y., Sun, D.W., Pu, H. and Wei, Q. (2018) Surface 
enhanced Raman spectroscopy (SERS): A novel reliable 
technique for rapid detection of common harmful chemical 
residues. Trends Food Sci. Technol., 75(5): 10–22.

16. Liu, B., Zhou, P., Liu, X., Sun, X., Li, H. and Lin, M. 
(2013) Detection of pesticides in fruits by surface-enhanced 
Raman spectroscopy coupled with gold nanostructures. 
Food Bioproc. Tech., 6(3): 710–718.

17. Jing, M., Zhang, H., Li, M., Mao, Z. and Shi, X. (2021) 
Silver nanoparticle-decorated TiO2 nanotube array for 
solid-phase microextraction and SERS detection of anti-
biotic residue in milk. Spectrochim. Acta A Mol. Biomol. 
Spectrosc., 255(13): 119652.

18. Jiao, A., Cui, Q., Li, S., Li, H., Xu, L., Tian, Y., Ma, H., 
Zhang, M., Liu, X. and Chen, M. (2022) Aligned TiO2 
nanorod arrays decorated with closely interconnected Au/
Ag nanoparticles: Near-infrared SERS active sensor for 
monitoring of antibiotic molecules in water. Sens. Actuators 
B Chem., 350(1): 130848.

19. Markina, N.E., Ustinov, S.N., Zakharevich, A.M. and 
Markin, A.V. (2020) Copper nanoparticles for SERS-based 
determination of some cephalosporin antibiotics in spiked 
human urine. Anal. Chim. Acta, 1138(46): 9–17.

20. Xu, L., Wu, R., Geng, X., Zhu, X., Xiong, Y., Chen, T. and 
Ai, S. (2022) Rapid detection of sulfonamide antibiotics 
residues in swine urine by surface-enhanced Raman spec-
troscopy. Spectrochim. Acta A Mol. Biomol. Spectrosc., 
267(Pt 2): 120570.

21. Zhai, F., Huang, Y., Li, C., Wang, X. and Lai, K. (2011) 
Rapid determination of ractopamine in swine urine using 
surface-enhanced Raman spectroscopy. J. Agric. Food 
Chem., 59(18): 10023–10027.

22. Nuntawong, N., Eiamchai, P., Somrang, W., 
Denchitcharoen, S., Limwichean, S., Horprathum, M., 
Patthanasettakul, V., Chaiya, S., Leelapojanaporn, A., 
Saiseng, S., Pongsethasant, P. and Chindaudom, P. (2017) 
Detection of methamphetamine/amphetamine in human 
urine based on surface-enhanced Raman spectroscopy and 
acidulation treatments. Sens. Actuators B Chem., 239(2): 
139–146.

23. Naseri, A., Ghasemzadeh, B. and Sheykhizadeh, S. (2017) 
Spectrophotometric multicomponent analysis of ternary 
and quaternary drug mixtures in human urine samples by 

analyzing first-order Data. Anal. Bioanal. Chem. Res., 4(1): 
91–103.

24. Wattanavichean, N., Nishida, I., Ando, M., Kawamukai, M., 
Yamamoto, T. and Hamaguchi, H. (2020) Organelle spe-
cific simultaneous Raman/green fluorescence protein 
microspectroscopy for living cell physicochemical stud-
ies. J. Biophotonics, 13(4): e201960163.

25. Teng, Y., Wang, Z., Ren, Z., Qin, Y., Pan, Z., Shao, K., 
She, Y. and Huang, W. (2021) Interface-induced Ag mono-
layer film for surface-enhanced Raman scattering detec-
tion of water-insoluble enrofloxacin. Plasmonics, 16(2): 
349–358.

26. Germond, A., Ichimura, T., Horinouchi, T., Fujita, H., 
Furusawa, C. and Watanabe, T.M. (2018) Raman spectral 
signature reflects transcriptomic features of antibiotic resis-
tance in Escherichia coli. Commun. Biol., 1(1): 85.

27. Meng, F., Ma, X., Duan, N., Wu, S., Xia, Y., Wang, Z. 
and Xu, B. (2017) Ultrasensitive SERS aptasensor for the 
detection of oxytetracycline based on a gold-enhanced 
nano-assembly. Talanta, 165(4): 412–418.

28. Zhang, Y., Huang, Y., Zhai, F., Du, R., Liu, Y. and Lai, K. 
(2012) Analyses of enrofloxacin, furazolidone and mala-
chite green in fish products with surface-enhanced Raman 
spectroscopy. Food Chem., 135(2): 845–850.

29. Lee, K.M., Yarbrough, D., Kozman, M.M., Herrman, T.J., 
Park, J., Wang, R. and Kurouski, D. (2020) Rapid detection 
and prediction of chlortetracycline and oxytetracycline in 
animal feed using surface-enhanced Raman spectroscopy 
(SERS). Food Control, 114(8): 107243.

30. Shi, Q., Tao, C. and Kong, D. (2022) Multiplex SERS-based 
lateral flow assay for one-step simultaneous detection of 
neomycin and lincomycin in milk. Eur. Food Res. Technol., 
248(8): 2157–2165.

31. Maher, R.C. (2012) SERS hot spots. In: Kumar, C.S.S.R., 
editor. Raman Spectroscopy for Nanomaterials 
Characterization. Springer Berlin Heidelberg, Berlin, 
Heidelberg, p215–260.

32. Lu, J., Cai, Z., Zou, Y., Wu, D., Wang, A., Chang, J., 
Wang, F., Tian, Z. and Liu, G. (2019) Silver nanoparti-
cle-based surface-enhanced Raman spectroscopy for the 
rapid and selective detection of trace tropane alkaloids in 
food. ACS Appl. Nano Mater., 2(10): 6592–6601.

33. Byram, C., Moram, S.S.B. and Soma, V.R. (2019) SERS 
based detection of multiple analytes from dye/explosive 
mixtures using picosecond laser fabricated gold nanoparti-
cles and nanostructures. Analyst, 144(7): 2327–2336.

34. Wattanavichean, N., Gilby, M., Nichols, R.J. and Arnolds, H. 
(2019) Detection of metal-molecule-metal junction for-
mation by surface-enhanced Raman spectroscopy. Anal. 
Chem., 91(4): 2644–2651.

35. Stamplecoskie, K.G., Scaiano, J.C., Tiwari, V.S., and 
Anis, H. (2011) Optimal size of silver nanoparticles for 
surface-enhanced Raman spectroscopy. J. Phys. Chem. C, 
115(5): 1403–1409.

36. Kao, Y.C., Han, X., Lee, Y.H., Lee, H.K., Phan-Quang, G.C., 
Lay, C.L., Sim, H.Y.F., Phua, V.J.X., Ng, L. S., Ku, C.W., 
Tan, T.C., Phang, I.Y., Tan, N.S. and Ling, X.Y. (2020) 
Multiplex surface-enhanced Raman scattering identifica-
tion and quantification of urine metabolites in patient sam-
ples within 30 min. ACS Nano, 14(2): 2542–2552.

37. Ma, Y., Liu, H., Mao, M., Meng, J., Yang, L. and Liu, J. 
(2016) Surface-enhanced Raman spectroscopy on liquid 
interfacial nanoparticle arrays for multiplex detecting drugs 
in urine. Anal. Chem., 88(16): 8145–8151.

38. Zong, M., Zhou, L., Guan, Q., Lin, D., Zhao, J., Qi, H., 
Harriman, D., Fan, L., Zeng, H. and Du, C. (2021) 
Comparison of surface-enhanced Raman scattering proper-
ties of serum and urine for the detection of chronic kidney 
disease in patients. Appl. Spectrosc., 75(4): 412–421.

39. Zhai, F.L., Huang, Y.Q., Wang, X.C. and Lai, K.Q. (2012) 
Surface-enhanced Raman spectroscopy for rapid determi-
nation of β-Agonists in Swine Urine. Chin. J. Anal. Chem., 



Veterinary World, EISSN: 2231-0916 214

Available at www.veterinaryworld.org/Vol.16/January-2023/25.pdf

40(5): 718–723.
40. Hong, K.Y., de Albuquerque, C.D.L., Poppi, R.J. and 

Brolo, A.G. (2017) Determination of aqueous antibiotic 
solutions using SERS nanogratings. Anal. Chim. Acta, 
982(34): 148–155.

41. Bratchenko, L., Bratchenko, I., Artemyev, D., Myakinin, O., 
Moryatov, A., Kaganov, O., Orlov, A., Kozlov, S. and 
Zakharov, V. (2017) Raman and autofluorescence analysis 
of human body fluids from patients with malignant tumors. 
J. Biomed. Photonics Eng., 3(2): 020308.

42. Sarmanova, O., Burikov, S., Dolenko, S., von Haartman, E., 
Sen Karaman, D., Isaev, I., Laptinskiy, K., Rosenholm, J. 
and Dolenko, T. (2018) Neural network classification 
method for solution of the problem of monitoring the 
removal of the theranostics nanocomposites from an organ-
ism. Adv. Intelligent Syst. Comput., 636(1): 173–179.

43. Jodlbauer, J., Zöllner, P. and Lindner, W. (2000) 
Determination of zearalenone and its metabolites in 
urine and tissue samples of cow and pig by LC-MS/MS. 
Mycotoxin Res., 16(2): 174–178.

44. Dutta, S.B., Krishna, H., Khan, K.M., Gupta, S. and 
Majumder, S.K. (2021) Fluorescence photobleaching of 
urine for improved signal to noise ratio of the Raman sig-
nal-An exploratory study. Spectrochim. Acta A Mol. Biomol. 
Spectrosc., 247(4): 119144.

45. Wang, J., Hao, H., Huang, L., Liu, Z., Chen, D. and Yuan, Z. 
(2016) Pharmacokinetic and pharmacodynamic integration 
and modeling of enrofloxacin in swine for Escherichia coli. 
Front. Microbiol., 7(2): 36.

46. Anadón, A., Martínez-Larrañaga, M.R., Díaz, M.J., 
Fernández-Cruz, M.L., Martínez, M.A., Frejo, M.T., 
Martínez, M., Iturbe, J. and Tafur, M. (1999) Pharmacokinetic 
variables and tissue residues of enrofloxacin and ciproflox-
acin in healthy pigs. Am. J. Vet. Res., 60(11): 1377–1382.

47. Martinez, M., McDermott, P. and Walker, R. (2006) 
Pharmacology of the fluoroquinolones: A perspective for 
the use in domestic animals. Vet. J., 172(1): 10–28.

48. De Smet, J., Boyen, F., Croubels, S., Rasschaert, G., 
Haesebrouck, F., Temmerman, R., Rutjens, S., De Backer, P. and 
Devreese, M. (2020) The impact of therapeutic-dose induced 
intestinal enrofloxacin concentrations in healthy pigs on fecal 
Escherichia coli populations. BMC Vet. Res., 16(1): 382.

49. Kim, K., Jinno, C., Ji, P. and Liu, Y. (2022) Trace amounts 
of antibiotic altered metabolomic and microbial profiles of 
weaned pigs infected with a pathogenic E. coli. J. Anim. Sci. 
Biotechnol., 13(1): 59.

50. Sukul, P., Lamshöft, M., Kusari, S., Zühlke, S. and 
Spiteller, M. (2009) Metabolism and excretion kinetics 
of 14C-labeled and non-labeled difloxacin in pigs after 
oral administration, and antimicrobial activity of manure 
containing difloxacin and its metabolites. Environ. Res., 
109(3): 225–231.

51. Serrano, M.J., García-Gonzalo, D., Abilleira, E., Elorduy, J., 
Mitjana, O., Falceto, M.V., Laborda, A., Bonastre, C., 
Mata, L., Condón, S. and Pagán, R. (2021) Antibacterial 
residue excretion via urine as an indicator for therapeuti-
cal treatment choice and farm waste treatment. Antibiotics 
(Basel), 10(7): 762.

********




