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Original Research Abstract:

Tiamulin (TML) antibiotic residues in animal products could pose potential health hazards to consumers.
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1. Introduction

Tiamulin (TML) is a pleuromutilin veterinary antibiotic that
is active against Gram-positive bacteria, such as strepto-
cocci and staphylococci, spirochetes such as Brachyspira
spp., and various mycoplasmata [1]. TML is also used as
a feed additive to encourage growth in cattle and swine
[2]. However, when veterinary drugs, including TML, are
administered inappropriately or excessively in animals, this
can lead to drug residues in edible animal tissues [3]. TML
residues in animal-derived foods can lead to many adverse
biological effects and allergic reactions in consumers [4].
In South Korea, the usage of TML as a veterinary antibiotic
is continuously increasing, specifically in pigs, cows, and

chickens [5]. To ensure public health safety when consum-
ing animal dairy and meat products, the Ministry of Food
and Drug Safety (MFDS) in South Korea has set the positive
list system regulations. According to MDFS, the maximum
residue limits (MRLs) of TML in poultry eggs should not
exceed 1000 ng/mL.

The detection of TML has been done through conven-
tional techniques, including ultra-high-performance liquid
chromatography coupled with tandem mass spectrometry
(UHPLC-MS/MS) [1, 4, 6, 7], electrochemical immunosen-
sors [8], and indirect competitive fluorescent immunosor-
bent assays (icFLISA) [9, 10]. These techniques have low
detection limits and high accuracy, but they require trained
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and skilled personnel to operate and analyze. Furthermore,
these techniques require several steps of sample pretreat-
ment such as solid-phase microextraction and dispersive lig-
uid-liquid microextraction resulting in complex and lengthy
analysis times [11, 12]. In contrast, lateral flow immunoas-
says (LFIA) have emerged as promising alternatives for
rapid, cost-effective, and field-applicable detection tech-
niques for veterinary drug residues. Recent advancements
in nanomaterial-based LFIAs, particularly those using gold
nanoparticles (AuNPs), have significantly contributed to im-
proving sensitivity and visual readability [13—15]. Despite
these advances, several challenges are there, such as achiev-
ing high selectivity and sensitivity in complex food matrices
including animal-derived foods, eliminating the need for
complex pretreatment steps, and ensuring that detection
limits align with regulatory requirements [16]. Despite the
widespread use of TML in veterinary medicine, only two
studies have previously described LFIAs for its detection,
highlighting the limited research attention given to this tar-
get in rapid on-site screening formats [17, 18]. Reported
LFIA for TML detection have several limitations including
lower antibody specificity due to simultaneous antibiotic
detection approach, using LFIA wet method which could
cause stability issues and batch-to-batch variability, and
complex real sample pretreatment steps; these factors col-
lectively compromise analytical sensitivity and restrict the
method’s applicability in rapid, field-based screening.

To address these issues, we developed a pretreatment-free
LFIA based on AuNP-labeled TML antibodies for specific
detection of TML residues in egg and milk samples. This
work aims to deliver a user-friendly, rapid screening tool
with high sensitivity and selectivity that aligns with the pos-
itive list system criteria while offering high tolerance for
matrix complexity.

2. Materials and methods

2.1 Reagents and instruments

TML, polyvinyl alcohol, gold (III) chloride trihydrate
(> 99.9), bovine serum albumin (BSA), tween 20, val-
nemulin (VAL), tylosin (TYL), ampicillin (AMP), chloram-
phenicol (CPL), tetracycline (TET), ractopamine (RAC),
trisodium citrate dihydrate, and creatine were purchased
from Sigma—Aldrich, USA. BSA-TML (coating antigen)
and TML-AD (mouse anti-tiamulin monoclonal antibody)
were obtained from Creative Diagnostics, USA. Detailed
specifications of the antibodies used in this study are pro-
vided in supplementary information (Supplementary Ta-
ble 1). LFIA composites, including nitrocellulose mem-
brane (Membrane thickness: 95 — 135 pm, pore size: 15
um), absorbent pad, conjugate pad, sample pad, and backing
card, were obtained from Bore Da Biotech, South Korea.
Detailed specifications of the nitrocellulose membrane used
in this study are provided in supplementary information
(Supplementary Table 2). Milk and egg products used for
spiked samples were purchased from a local market in In-
cheon (South Korea). All other auxiliary reagents were of
higher chemical or analytical grades.

The HAG rotator (FINEPCR, South Korea) was utilized
for sample rotation. Deionized water was obtained from
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Molsheim Millipore, France. VS-15000CFNII centrifuge
(Vision Scientific, South Korea) was used for sample cen-
trifugation. To cut LFIA sheets, an AR-100CG cutter
(THiRA-ARTROBO, South Korea) was used. JEM-2100F
field-emission transmission electron microscopy (FE-TEM)
(JEOL, Japan) and high-resolution X-ray diffractometer
(XRD) (Rigaku, Japan) were utilized for AuNPs characteri-
zation. A V-770 UV-Visible/NIR spectrophotometer (UV-
Vis) (TS Science, South Korea) was utilized for measuring
absorbance peaks. Dynamic Light Scattering (DLS) and
zeta potential were measured using zetasizer pro (Malvern
Panalytical, England).

2.2 Gold nanoparticles synthesis protocol

The synthesis of AuNPs was done using Turkevich as pre-
viously described with some modifications [19]. Briefly,
300 mL of deionized water in a reaction vessel is heated
to 380 °C and stirred at the speed of 200 rpm. Upon water
boiling, 700 uL of 10% HAuCly-3H,O0 is added, and after
2 minutes, 4.6 mL of 1% trisodium citrate dihydrate solu-
tion is added and heated for 2 minutes. The solution color
changing from yellow to red wine can be observed. Using
potassium carbonate (K,CO3), the AuNPs solution pH was
set to 9.0. The AuNPs solution was kept in the fridge for
further use.

2.3 Gold nanoparticle-antibody probe preparation

The binding of TML-Ab to AuNPs was prepared as pre-
viously described in our research paper [20] with small
modification. Briefly, the prepared AuNPs colloid solu-
tion is mixed with 2 ug/mL. TML-Ab and reacted at room
temperature in a rotator for 30 minutes at 30 rpm speed.
Removal of non-bound antibodies was done by centrifuging
the AuNPs-TML-AD solution for 15 minutes at 6000 rpm
and 4 °C. Through this step, the TML-Ab is adsorbed to
the surface of AuNPs through electrostatic attraction. After
removing the supernatant, the pellet was resuspended with
1% of BSA blocking reagent to block non-specific binding
and 10 mM phosphate buffer (PB). The rotating, centrifuga-
tion, and blocking procedures were performed again twice
to ensure the removal of impurities and non-bounded anti-
body. The concentration of the AuNP-TML-Ab conjugate
was standardized by adjusting the optical density to 8 at 527
nm to ensure reproducibility of the LFIA performance. At
the final step, the pellet combining of TML-ADb conjugated
with AuNPs was again resuspended with 5% sucrose, PB,
and 1% BSA.

2.4 Fabrication of the LFIA strip and the detection pro-
cedure

Strips used for LFIA contain four main overlapping parts,
including a conjugation pad, sample application pad, ab-
sorbent pad, and nitrocellulose membrane, assembled on a
backing card (Fig. 1 (a)) [21]. The fabrication procedure
of the LFIA strips was done as previously described [20].
Briefly, the conjugation pad was pre-treated with tween 20
and polyvinyl alcohol for prevention of non-specific bind-
ing. The solution containing AuNPs-TML-Ab was dropped
on the conjugate pad and kept for drying overnight. When
dropping the test solution onto the sample pad, the solution
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will flow through the strip by capillary force, passing the
conjugate pad, the nitrocellulose membrane, which contains
immobilized capture molecules on the test and control lines,
and finally to the absorbent pad [22]. The final assembled
LFIA sheets were cut into 4.0 mm width strips and kept in
a desiccator for further use.

For testing, 150 L of standard solution made of differ-
ent concentrations of TML mixed with running buffer is
dropped over the sample pad on the test strip, and the results
can be observed within 10 minutes, as shown in Fig. 1 (a).
When testing a positive sample, the target analyte will flow
from the sample pad through the test strip, binding to the
capture probe (AuNP-TML-ADb) on the conjugate pad, then
passing the test line, which contains an immobilized BSA-
TML (1.0 mg/mL), and control line, which contains goat
anti-mouse IgG (1.0 mg/mL), to the absorbent pad, result-
ing in the disappearance of the test line (Fig. 1 (a)). In the
case of a negative sample, the AuNP-TML-ADb probe will
migrate in the test strip, binding to the BSA-TML coating
antigen on the test line, resulting in the observation of red
color on the test strip.

2.5 Sensitivity of LFIA Strip to tiamulin in standard
and spiked samples

The developed test strip’s capability of sensing TML was
investigated by testing various concentrations of TML (0, 1,
5, 10, 15, 20, 50, 70, 80, 100, and 1000 ng/mL) in standard
solution. After 10 minutes of adding 150 pL of sample so-
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lution to the test strips, two lines demonstrating the test and
control line can be observed. The results obtained were pho-
tographed, processed, and analyzed further using ImageJ
software. The specificity of the sensor was evaluated by
testing the cross-reactivity with TML analogs TYL, VAL,
and other possible interference molecules such as RAC, cre-
atine, AMP, TET, and CPL.

For real-sample evaluation, fresh chicken egg and cow milk
samples were obtained from local markets and confirmed to
be free of TML by initial screening using the developed as-
say. To evaluate the sensor’s performance in complex matri-
ces, these samples were spiked with various concentrations
of TML and analyzed under the same assay conditions. Rel-
ative standard deviation (RSD) values were calculated for
each concentration to assess assay precision in accordance
with standard analytical validation practices. Recovery (%)
was determined by comparing the measured concentration
in each spiked sample to the known spiked concentration
and multiplying by 100. Also, the limit of quantification
(LOQ) was defined as the lowest analyte concentration that
could be quantified with acceptable accuracy (80 — 120%
recovery) and precision (RSD < 15%) based on replicate
spiked sample analyses [23]. All values are reported as
mean £+ RSD from triplicate measurements. The experi-
mental workflow is summarized in Fig. 1 (b), from AuNPs
synthesis and antibody—AuNP conjugation to LFIA assem-
bly, optimization, data analysis, and pretreatment-free real
sample testing, followed by performance evaluation.
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Figure 1. Overview of the developed pretreatment-free LFIA for TML detection. (a) Working principle of LFIA technique and its components. (b)
Experimental workflow for LFIA development and evaluation, from nanoparticle synthesis to pretreatment-free real sample testing and data analysis.
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3. Results and discussion

3.1 Gold nanoparticles-antibody probe optimization

By utilizing the Turkevich method, the size of AuNP can be
controlled by varying the ratios of gold to reducing agent.
In this study, AuNPs with a size of 30 — 40 nm were used
as the optimal size. Fig. 2 (a) depicts the gold colloid UV-
Vis absorbance peak at 525.2 nm. The average number
of AuNPs was calculated to be ~ 1.34 x 10'? nanoparti-
cles/mL. Fig. 2 (b) shows the histogram graph of AuNPs
size distribution with an average diameter of 41.9 nm +
4.29. The crystalline structure of the synthesized AuNPs
was confirmed by XRD. As shown in Fig. 2 (c), the diffrac-
tion pattern exhibits characteristic peaks at 20 values of
approximately 38.2°, 44.4°, 64.8°, and 77.6°, corresponding
to the (111), (200), (220), and (311) crystallographic planes
of face-centered cubic (fcc) gold (JCPDS No. 04-0784).
The strong reflection at ~ 38.2° (111) is the most intense,
indicating preferential orientation along this plane, which
is commonly observed in colloidal gold nanoparticles. The
absence of additional diffraction peaks indicates high phase
purity without detectable impurities. The relatively broad
peak shapes also reflect the nanocrystalline nature of the
AuNPs. These results confirm that the synthesized particles
possess the expected fcc structure of metallic gold [24, 25].
In addition, the morphology and crystallinity of the syn-
thesized AuNPs were investigated by FE-TEM. As shown
in Fig. 2 (d) and (e), the nanoparticles exhibited a uniform
spherical morphology. The selected area electron diffrac-
tion (SAED) pattern displayed well-defined diffraction rings
corresponding to the fcc structure of gold (Fig. 2 (f)). Ele-
mental mapping confirmed the presence and homogeneous
distribution of C, O, and Au (Fig. 2 (g-i)), while the corre-
sponding energy dispersive spectroscopy (EDS) spectrum
showed intense peaks for Au along with minor contribu-
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tions from C and O, consistent with citrate-capped AuNPs
(Fig. 2 (j)). These results verify the successful synthesis of
crystalline gold nanoparticles with high purity.

The conjugation of TML-Ab to AuNPs was confirmed by
both UV-Vis spectroscopy and zeta potential measurements.
Compared with bare AuNPs, the presence of TML-AD in
the probe induced a slight red shift in the surface plasmon
resonance band (Fig. 3 (a)), consistent with surface mod-
ification of AuNPs. In addition, zeta potential analysis
revealed a reduction in surface charge from —39.18 mV
for citrate-AuNPs to —15.7 mV after antibody attachment
(Fig. 3 (b) and c¢). The observed spectral shift and decrease
in negative potential together provide strong evidence of
successful AuUNP-TML-AD conjugation [26-28].

The optimal TML-Ab concentration for the LFIA procedure
was determined by testing antibody concentrations of 0, 1,
2, 3, 4, and 5 pg/mL. Samples containing TML at 0, 10,
100, and 1000 ng/mL were applied to test strips prepared
with different antibody concentrations (Fig. 3 (d)). Strips
without TML-Ab showed no visible coloration, whereas
strips containing TML-Ab displayed increasing test line
and control line color intensity as the antibody concentra-
tion increased from 1 to 5 pg/mL. Since this LFIA system
operates in a competitive format, at O ng/mL TML the test
line appeared dark red, and as the TML concentration in-
creased (10 — 1000 ng/mL), the test line intensity decreased
proportionally until disappearing at the cut-off value. Here,
the cut-off value is defined as the TML concentration at
which the test line disappears, and the visual limit of detec-
tion (vLOD) is defined as the concentration at which the test
line intensity is visibly distinguishable from the negative
control (0 ng/mL) [29]. An antibody concentration of 2
ug/mL was selected as optimal, as it provided results that
were clearly distinguishable by the naked eye and offered
higher sensitivity toward TML compared to higher antibody
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Figure 2. Characterization of the synthesized AuNPs. (a) UV-Vis absorption spectra of the gold colloid. (b) Size distribution histogram of AuNPs. (c)
XRD pattern of AuNPs showing peaks of the fcc gold structure (JCPDS No. 04-0784). (d-e) FE-TEM images of synthesized AuNPs. (f) SAED pattern
image of AuNPs and (g-j) the corresponding EDS mapping images of carbon, oxygen, and gold.
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concentrations, where sensitivity declined. To ensure repro-
ducibility and stability of the probe, the AuNP-TML-Ab
conjugate concentration was standardized by adjusting the
optical density to 8 at 527 nm prior to LFIA assembly.

3.2 LFIA strip optimization

Optimization of the main parameters in the LFIA sensing
procedure was conducted to achieve a highly sensitive and
specific LFIA system for TML detection. The optimization
procedure was performed referring to our previously pub-
lished research [20, 30]. Briefly, blocking buffer type (20
mM borate buffer, 10 mM phosphate-buffered saline (PBS),
and 10 mM PB), blocking buffer pH (7, 8, or 9), and running
buffer components including NaCl and tween 20 were op-
timized to attain the highest sensitivity. First, the blocking
buffer, which is used throughout the AuNP-anti-TML con-
jugation procedure, was chosen to be PB since it showed the
highest sensitivity, as illustrated in Supplementary Fig. 1.
Next, we determined the optimized blocking buffer pH by
testing various pH of PB, and PB of pH 9.0 was selected

JNSC15 (2025) -152515  5/13

because of high sensitivity and clear background compared
to other pH values (Supplementary Fig. 2). Moreover, when
preparing testing samples, the components included in the
running buffer have a significant effect on the sensing results.
After testing NaCl with concentrations of 0, 18.75, 37.5, 75,
150, and 300 mM, 150 mM resulted in the best condition
for determining TML with good test line color intensity
and distribution, as shown in Supplementary Fig. 3. Lastly,
tween 20 optimized condition was chosen based on which
concentration provided the best solution flow throughout
the test strip with the least background effect, and 5% was
selected as the optimal condition (Supplementary Fig. 4).

3.3 Sensitivity and specificity of LFIA strips to tiamulin

As demonstrated in Fig. 4, the final optimized LFIA test
strips were used to detect TML in standard solution at vari-
ous concentrations of 0, 1, 5, 10, 15, 20, 22, or 100 ng/mL
to determine the developed LFIA sensitivity. In Fig. 4 (a),
when TML concentration increases in the sample, the test
line slowly starts disappearing until reaching the cut-off
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Figure 3. Characterization of AuNP-TML-ADb conjugates and optimization of antibody concentration for LFIA. (a) UV-Vis absorption spectra of
bare AuNPs and AuNPs-TML-AD prob. (b-c) Zeta potential of bare AuNPs and TML-Ab-conjugated AuNPs. (d) Optimization of the LFIA for TML
determination. Effect of various concentrations (0, 1, 2, 3, or 4 pg/mL) of TML-Ab on LFIA strip results. The TML sample concentrations used were 0,

10, 100, 1000 ng/mL.
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Figure 4. TML determination in standard solutions. (a) Image of LFIA test strips after addition of various concentrations (0, 1, 5, 10, 15, 20, 50, 70, 80,
100, and 1000 ng/mL) of TML. (b) Relationship between normalized T/C ratio and TML concentration. The T/C ratio was calculated by dividing test line
intensity by control line intensity. The control line and test line intensity were measured using Image.

value of 100 ng/mL. The vLOD was shown to be 15 ng/mL
and obtained a detection range of 0 to 80 ng/mL. The visual
results can be displayed within 10 minutes. The image in
Fig. 4 (a) was assessed using Image] software for further
analysis. Fig. 4 (b) demonstrates the relationship between
normalized T/C ratio and TML concentration. The inten-
sity of the test and control lines was quantified using the
‘Plot Profile’ function in ImagelJ software. Images were pro-
cessed by splitting the color channels and selecting the red
channel for analysis, followed by background subtraction
to improve band contrast. A consistent rectangular area was
selected around each line to ensure uniform measurement.
Peak intensity values were extracted and used to calculate
the signal ratio (T/C) for semi-quantitative interpretation.
As aresult, the developed sensor offered a dynamic range
of 1 —20 ng/mL with a linear correlation coefficient of
R? = 0.9607. The optimized LFIA test strips accomplished
great sensitivity with low LOD values.

To evaluate the LFIA strips specificity and selectivity for
TML, we tested different interference molecules, includ-
ing TML structural analogues (VAL and TYL), veterinary
antibiotics such as AMP, CPL, and TET, veterinary feed

additives like RAC, and creatine. Fig. 5 (a) depicts images
of the test results for the cross-reactivity test where we can
observe that the test line color only disappeared in samples
number 9 (TML) and 10 (Mixture), meaning that the sensor
has high specificity for TML only. In Fig. 5 (b), we can
clearly see that all other interference molecules showed no
difference to the control sample (> 100%), which means
that the developed sensor possessed admirable specificity
for TML only.

3.4 Determination of TML in spiked milk and egg sam-
ples

As the goal of our sensor is the detection of TML in com-
plex matrices, we evaluated its performance in both egg and
milk samples. Spiked sample solutions were prepared by
mixing real sample and loading buffer at a 1:1 ratio. The
milk sample, purchased from a local market, was tested di-
rectly without pretreatment to maintain rapid and simple test
procedures (Fig. 6 (a)). Milk samples were spiked with dif-
ferent concentrations of TML (0, 5, 15, 80, and 100 ng/mL),
and results were analyzed after 10 minutes (Fig. 6 (c)). The
detection of TML in milk samples yielded a cut-off value

Normalized T/C ratio (%)

10

Figure 5. Specificity test of TML and interference molecules at a concentration of 100 ng/mL. (a) Images of the LFIA strips with TML and interference
molecules. 1: control, 2: VAL, 3: TYL, 4: AMP, 5: CPL, 6: TET, 7: RAC, 8: Creatin, 9: TML, 10: mixture of VAL + TYL + AMP + CPL + TET +
RAC + Creatin + TML. (b) The normalized T/C ratio of LFIA strips produced by the ImageJ program.
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Figure 6. Determination of TML in milk and egg samples. (a) Sample preparation of milk. (b) Sample preparation of egg. (c) LFIA strips images for
TML detection in egg samples containing TML at 0, 5, 15, 80, and 100 ng/mL. (d) LFIA strips images for TML detection in egg samples containing TML

at concentrations of 0, 5, 15, 80, 100, 150, or 180, 1000 ng/mL.

of 100 ng/mL with a vLOD of 15 ng/mL. Spike-recovery
analysis in milk confirmed that quantification was reliable
from 15 ng/mL upward, with recoveries of 130.55% (RSD
4.91%) at 15 ng/mL and 95.98% (RSD 2.89%) at 50 ng/mL
(Table 1). However, the 5 ng/mL spike in milk failed to
meet accuracy and precision criteria, indicating that this
level is below the LOQ under pretreatment-free conditions.
The reduced performance at low concentrations in milk is
likely attributable to matrix interferences, including fat, ca-
sein micelles, and lactose, which may elevate background
signals, hinder antigen—antibody interactions, and disrupt
uniform flow along the strip.

Egg samples were prepared by blending whole egg with
a high-speed mixer, then adding beads and vertexing until
homogeneous, as illustrated in Fig. 6 (b). The homogenate
was spiked with TML at concentrations of 0, 5, 15, 80, 100,
150, 180, and 1000 ng/mL without additional pretreatment.
Testing in egg showed a vLOD of 15 ng/mL and a cut-off
value of 180 ng/mL (Fig. 6 (d)). In spike-recovery analysis,

egg samples achieved acceptable accuracy and precision at
all tested levels, with recoveries of 93.62% (RSD 6.99%) at
5 ng/mL, 70.09% (RSD 8.39%) at 15 ng/mL, and 96.34%
(RSD 11.73%) at 50 ng/mL. These results indicate that,
while both matrices can be analyzed without pretreatment,
the LOQ is matrix-specific: 5 ng/mL is quantifiable in egg
but not in milk. Overall, the proposed LFIA shows strong
tolerance to complex matrices and provides sensitive de-
tection of TML in line with positive list system guidelines,
offering the added benefit of rapid and simple field applica-
bility. Given that the system requires no pretreatment, the
recoveries achieved are considered highly satisfactory.

To facilitate performance evaluation, a comparison table has
been included summarizing the analytical characteristics
of different reported methods for TML detection (Table 2).
Compared to the two previously reported LFIAs for TML
detection, which required complex sample pretreatment,
our method offers several key advantages. Specifically, it
enables direct testing of milk and egg without any extrac-

Table 1. The spiked recoveries of TML in milk and egg measured by the developed LFIA.

Real matrices Spiked concentration =~ Measured concentration  Recovery = RSD*
(ng/mL) (ng/mL) (%) (%)
Milk 0 ND? NCP NC
5¢ ND NC NC
15 19.58 + 0.96 130.55 491
50 47.99 + 1.39 95.98 2.89
Egg 0 ND NC NC
4.68 +0.33 93.62 6.99
15 10.51 + 0.88 70.09 8.39
50 48.17 £ 5.65 96.34 11.73

*Values are means =+ standard deviations (n = 3), a: not detectable, b: not calculated, c: 5 ng/mL is below the method LOQ for milk.
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Table 2. Comparison of different methods for the detection of TML.

. Pre- Detection Recovery/ R
Technique Real sample treatment limit Precision Advantages Disadvantages Ref.
time (min)
HPLC Chicken, ~ 60 LOD: 0.025 84.3% — Good accu- Lower sensitivity compared to other chro-  [31]
pork pg/mL 105.9% RSD  racy matography techniques, complex sample
<83% preparation, require professional person-
nel, long analysis time
UHPLC Sow  milk, ~30 LOQ: 1 94% — 107% High sensitiv- Expensive instrumentation, complex sam-  [1]
MS/MS Piglet serum ng/mL RSD < ity,low LOQ, ple preparation, require professional per-
13.4% good for bio- sonnel, long analysis time
logical matri-
ces
LC Medicated ~30—-60 LOD: 4.09 84.5% —  Multi residue  Precision range broader, low sensitivity, [6]
MS/MS Feed pg/mL LOQ:  96.3% detection ca- expensive instrumentation, complex sam-
6.53 pg/mL precision pability ple preparation, require professional per-
repeatability sonnel, long analysis time
< 14%, re-
producibility
< 24%
LC Muscle, liver, ~ 60 LOD: 8 79.6% — Good sensi- Complex sample extraction, expensive  [4]
MS/MS eggs ng/mL LOQ: 84.2% RSD tivity instrumentation, require professional per-
25 ng/mL 6.65% — sonnel, long analysis time
11.06%
Electro Egg, pork, ~40-—70 LOD: 0.003 82.8 -112% Ultra-low Electrode modification required with  [32]
chemi- pork liver ng/mL RSD 3.55% LOD, label- multiple steps, require professional per-
cal im- —7.31% free, good sonnel
munosen- accuracy,
sor high repro-
ducibility
Electro Pork, pork ~40 LOD: 0.04 91.3% —  Sensitive, Electrode modification required with [8]
chemi- liver ng/mL 100.3% RSD  broad dy- multiple steps, require professional per-
cal im- 5.2% — namic range, sonnel
munosen- 17.0% good stability
sor
Lateral Chicken ~ 20 Cut-off: 5 - Portable, Wet method, high antibody concentration  [17]
flow im- ng/mL rapid analy- required, complicated pretreatment steps
munoas- sis
say
Lateral Porcine liver  ~ 40 LOD: 0.29 80.6% —  Portable, Complicated pretreatment steps, simul-  [18]
flow im- ng/g Cut-off: 102% RSD < rapid anal- taneous detection using a single mono-
munoas- 25 ng/g 10% ysis, good  clonal antibody compromise sensitivity
say sensitivity and specificity, low antibody specificity
Lateral Egg, milk No pretreat- VLOD: 15 70% — 130% Pretreatment- Need integration with LFIA reader for  This
flow im- ment ng/mL Cut- RSD > 12%  free, high more accurate quantitative detection work
munoas- off: 180, 100 specificity
say ng/mL of antibody,
high tol-
erance  for
sample ma-

trix, portable,
rapid analy-
sis

tion or cleanup steps, employs highly specific antibodies,
and exhibits strong resistance to matrix interference. These
improvements enhance the practical usability of the assay
for field-level residue screening and align more closely with
real-world monitoring needs in food safety. In addition to
LFIAs, a limited number of studies have explored alterna-
tive portable approaches for the on-site detection of TML,
most notably electrochemical immunosensors. While such
sensors can provide enhanced sensitivity and are amenable
to miniaturization, they often require more complex instru-

mentation and signal interpretation, which may limit their
practicality in field settings compared to visually readable
lateral flow assays. Furthermore, validation of these electro-
chemical platforms across diverse sample matrices remains
limited. In summary, the proposed LFIA addresses key lim-
itations of existing TML detection methods by combining
pretreatment-free operation, high antibody specificity, and
strong matrix tolerance, thereby offering a field-deployable
solution aligned with current food safety monitoring require-
ments.
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4. Conclusion

In this study, we fabricated LFIA system using AuNPs
(= 1.34 x 10'? nanoparticles/mL) conjugated with highly
specific TML-Ab for simple, rapid, and pretreatment-free
qualitative and semi-quantitative detection of TML. The
assay demonstrated a vLOD of 15 ng/mL for both egg
and milk samples, with clear cut-off values of 100 ng/mL
for milk and 180 ng/mL for egg. The RSD values were
below 12%, showing high recoveries in both milk and egg
matrices. The primary goal of this work was to establish
a strategy for TML determination in milk and egg that
shortens sample collection times, eliminates labor-intensive
pretreatment steps, and improves production efficiency.
Compared with previously reported chromatographic, elec-
trochemical, and LFIA-based methods, our approach offers
distinct advantages by eliminating complex pretreatment
procedures, utilizing a highly specific antibody to ensure
accurate detection without cross-reactivity, and achieving
good detection limits within 10 minutes of analysis while
meeting the regulatory requirements of Korea’s positive
list system. The developed LFIA exhibited high tolerance
to matrix effects, enabling direct analysis without loss of
performance in complex food matrices. These attributes
make the proposed sensor a promising, cost-effective, and
user-friendly tool for the on-site monitoring of veterinary
drug residues in animal-derived products, supporting
routine food safety surveillance. In future work, we aim
to integrate the system with an LFIA reader for improved
quantitative capability and further enhance its matrix
tolerance to broaden its applicability to more challenging
sample types.
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Supplementary Table 1. Specifications of TML antibody used in this study.

Item Description

Product name Mouse Anti-Tiamulin Monoclonal Antibody, Clone TML
Catalog number CABT-L3067

Supplier Creative Diagnostics, Shirley, NY, USA
Host species Mouse

Isotype 1gG

Clone TML

Immunogen Tiamulin conjugated with a carrier protein
Conjugation Unconjugated

Purification method Purified from mouse ascites

Applications ELISA, LFIA

Format Liquid

Buffer PBS (no preservative)

Concentration 6 mg/mL

Batch/Lot number JW07B121

Storage conditions —20 °C for long-term storage

Intended use For research use only

Supplementary Table 2. Nitrocellulose membrane specifications.

Item Specification

Backing 100 um polyester

Membrane thickness 95-135 um

Wicking rate 70—100 s/4 cm

Pore size 15 pum

Width 25 mm
Conjugation buffer type

Tiamulin concertation (ng/mL)

Supplementary Figure 1. Optimization of LFIA strip for the detection of TML. Effect of the various types of blocking buffers on LFIA strips. The TML
sample concentrations are 0, 10, 100 and 1000 ng/mL.
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Conjugation buffer pH
7.0 8.0 9.0

Tiamulin concertation (ng/mL)

Supplementary Figure 2. Optimization of LFIA strip for the detection of TML. Effect of the various pH values (7, 8, 9) of 10 mM PB on LFIA strips.
The TML sample concentrations are 0, 10, 100 and 1000 ng/mL.

NaCl concentration (mM)
0 18.75 37.5 75 150 300

Tiamulin concertation (ng/mL)

Supplementary Figure 3. Optimization results of NaCl at different concentrations (0, 18.75, 37.5, 75, 150, and 300 mM) on LFIA test strips. The TML
sample concentrations are 0, 10, 100 and 1000 ng/mL.
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Tween 20 concentration (%)
0 5 10

Tiamulin concertation (ng/mL)

Supplementary Figure 4. Optimization results of tween 20 at different concentrations (0, 5, and 10%) on LFIA test strips. The TML sample
concentrations are 0, 10, 100 and 1000 ng/mL.
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