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Abstract

A fluorometric immunochromatographic assay (FICA) is described where ZnCdSe/ZnS quantum dots (QDs) act as fluorescent label
and gold nanoparticles (AuNPs) act as quencher. The assay works in the “turn-on” mode, i.e. the fluorescent signal (best measured at
excitation/emission wavelengths of 302/525 nm) increases with the increase of analyte concentration. This assay can detect tetracycline
antibiotics including tetracycline, oxytetracycline, chlortetracycline, and doxycycline. It is not interfered by other veterinary drugs. The
visual limits of detection (LODs) for the tetracycline antibiotics are 2 ug-L ™" in buffer, 20 ug'L™" in milk, and 40 pgkg " in animal
muscle tissue. The assay (including sample treatment) can be performed within 30 min. The FICA based on “turn on” mode is more
sensitive than the colloidal gold-based immunochromatographic assay (CGICA) and quantum dot-based immunochromatographic
assay (QDICA) based on “turn off” mode using either AuNPs or QDs as signal labels. One strip can simultaneously provide the
fluorescent test results in the “turn on” mode on the basis of QD luminescence quenching under UV light. The colorimetric test is of the
“turn off” mode based on the formation of a red coloration due to the use of AuNPs under natural light. The use of such a dual-
functional test mode allows for rapid semi-quantitative determination of tetracycline antibiotics in milk and tissue samples.

Keywords Immunochromatographic assay - Teststrip - Quantum dots - Gold nanoparticles - Semi-quantitative analysis - Unaided
eye readout - On-site detection - Antibiotics residues - Food safety

Introduction infections as broad-spectrum agents, for their low cost and

favorable antimicrobial properties [1, 2]. Tetracycline (TC),
Tetracycline antibiotics which inhibit protein synthesis of bac-  oxytetracycline (OTC), chlortetracycline (CTC), and doxycy-
teria, are widely applied in the therapy of animal and human  cline (DC) are the most common ones in veterinary medicine
although the tetracycline antibiotics family have over 20
members [2]. Tetracycline antibiotics may be present in food,
due to their frequently used in food-producing animals as both
growth promoters and antibiotics, to treat, control, and prevent
microbial diseases. That raises the concerns about tetracycline
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liquid chromatographic [5, 6] coupled with mass spectrometry
[7, 8], capillary electrophoresis [9], surface-enhanced Raman
scattering [10], surface plasmon resonance sensor [11], thin-
layer chromatography [12], fluorometric assay [13], and mi-
crobiological method [14]. Those instrumental analytical
methods and some sensors have higher sensitivity and they
can provide the quantitative data, but they need professional
instrument and relatively complicated sample pretreatment.
And although the microbiological method is general, it is in-
sensitive and time-consuming.

Immunoassay is a kind of detecting technology based on the
specific binding of antibody with antigen. And common immu-
noassays to detect tetracycline antibiotics contain enzyme-linked
immunosorbent assay [15], fluorescence immunoassay [16],
electrochemical immunosensor [17-19], and
immunochromatographic assay [20-25].
Immunochromatographic assay has been widely used in on-site
detection because it is low cost, simple operation, easy under-
standing test phenomena, and no need of apparatus. The gold
nanoparticles have been mainly used as labels in the
immunochromatographic assays reported to detect tetracycline
antibiotics [20-24]. In addition, the dyed latex bead [22] and
quantum dot [25] have been also reported as labels. However,
these methods are based on a “turn off” mode, i.e. the concen-
tration of tetracycline negatively correlates with the signal. More
and more people interested in developing the
immunochromatographic assay based on “turn on” mode.
Anfossi et al. [26] had developed a lateral flow immunoassay
in “turn on” mode to detect fumonisins based on quantum dots
fluorescence quenching by metal nanoparticles. In this work, a
combination of quantum dot as fluorescent signal source and
gold nanoparticle as fluorescence quencher has been introduced
into assay to develop an immunochromatographic assay based
on a “turn on” mode, i.e. the concentration of tetracycline posi-
tively relates with the fluorescent signal. In particular, the remark-
able characteristic of the assay is its dual-functional mode, i.e.
“turn-on” mode under UV light and “turn-off” mode under nat-
ural light. The application of dual-functional test mode can
achieve rapid semi-quantitative detection of tetracycline antibi-
otics residues in milk and animal muscle tissue samples.

Experimental
Materials and instruments

Tetracycline hydrochloride (97.7%), chlortetracycline hydro-
chloride (99.5%), oxytetracycline hydrochloride (96.5%),
doxycycline hyclate (98.7%) standards, ovalbumin (OVA),
and goat anti-mouse IgG were purchased from Sigma-Aldrich
(St. Louis, MO, USA, www.sigmaaldrich.com). Carboxyl-
functional ZnCdSe/ZnS quantum dots (QDs) (emission
maximun at 525 nm) were obtained from Jiayuan Quantum
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Dots Co., Ltd. (Wuhan, China, www.qds.net.cn). Anti-TC
monoclonal antibody and tetracycline coating antigen (TC-
BSA) were prepared in our laboratory. The commercial
ELISA kit was obtained from REAGEN LLC (Moorestown,
New Jersey, USA, www.reagen.us). Poly(vinyl chloride)
(PVC) sheet, absorbent pad, conjugate pad, sample pad, nitro-
cellulose (NC) membrane, automatic guillotine cutter
(ZQ2000) and XYZ dispenser (HM3035) were purchased from
Kinbio Tech. Co., Ltd. (Shanghai, China, www.goldbio.cn). A
portable UV lamp was purchased from JiaPeng Technology
Co., Ltd. (Shanghai, China, shjiapeng.testmart.cn).

Preparation of OVA labeled with QDs (QD-OVA)

The conjugation of QD and OVA is based on the covalent
binding between the carboxyl on the surface of QD and the
amino on the OVA by the active ester method, and the chem-
ical reaction is provided in Supplementary Material (Fig. S1).
The preparation procedure of QD-OVA is detailed as follow.
First, 10 mg of OVA and 10 mg of EDC were dissolved in
1 mL of boric acid-borax buffer (8.58 g Na,B,0-10H,0 and
6.80 g H3BO5 in 1 L deionized water; pH 8.4). Then, 50.0 uL
of QD (8 pmol-L ™), 23.0 uL of EDC solution, and 17.2 uL of
OVA solution mentioned above were added into 309.8 uL of
borate buffer successively. The mixture was incubated on a
shake table for 2 h (200 rpm, 25 °C) and concentrated to
200 uL using an ultrafilter. Finally, the QD-OVA conjugates
were obtained.

Preparation of antibody against TC labeled
with AuNPs (AuNP-Ab)

The synthesis protocol of AuNPs (surface plasmon maximum
at 520 nm) is provided in Supplementary Material. The prep-
aration process of AuNP-Ab is detailed as follow. First, 1 pL
of K,CO5 (0.2 mol-'L ') was added into 1 mL of the AuNPs
solution for adjusting the pH to the optimal value (6-6.5).
Subsequently, 3 uL of antibody (7.2 mg'mL™") was mixed
with the above solution and the mixture was placed for 1 h
at4 °C. Second, 10 pL of PEG-20000 aqueous solution (20%,
w/v) and 20 uL of BSA aqueous solution (20%, w/v) were
added in the aforesaid mixture followed by incubation at
25 °C for 30 min. Then the solution was centrifuged (425
rcf, 4 °C) for 15 min in order to remove agglomerates from
the AuNPs. And the supernatant was collected followed by
centrifugation (6797 rcf, 4 °C) for 30 min. Finally, the precip-
itate was re-suspended using working buffer and the AuNP-
Ab conjugate was obtained.

Preparation of the FICA strips

Figure la displays the assembly form of the FICA strip. NC
membrane was glued on the PVC sheet firstly. Then the
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Fig. 1 Schematic illustration of
the FICA. a construction of FICA
strip, b FICA strip detecting
negative sample, ¢ FICA strip
detecting positive sample, d UV—
Vis absorption spectrum of AuNP
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absorbent pad was glued on the top of the PVC sheet, which
had a 2 mm of overlap with NC membrane. The conjugate pad
was glued below the NC membrane and had a 2.5 mm of
overlap with the NC membrane. Analogously, the sample
pad was glued on the bottom of the PVC sheet and had a
2.5 mm of overlap with the conjugate pad.

The QD-OVA was sprayed on the NC membrane by the
XYZ dispenser as the C line (control line) with a 0.8 pL-cm !
dosage. And the mixture of coating antigen (TC-BSA) and
QD-OVA was sprayed on the NC membrane by the XYZ
dispenser as the T line (test line) with a 0.8 uL-cm ! dosage.
After dried six hours at 37 °C, the assembled plate was cut to
3.7 mm width of strips by automatic guillotine cutter.

Test principle and procedure
The absorption spectrum of the AuNP (surface plasmon max-

imum at 520 nm) has a large degree of overlap with the emis-
sion spectrum of the QD (emission maximum at 525 nm) (Fig.

350 400 450 500 550 600 650

Wavelength (nm)

1d). When the QD and AuNP are close to each other, the
emission light of the QD can be absorbed by the AuNP, which
can lead to QD fluorescence quenching. When TC is absence in
sample (negative sample), the AuNP-Ab will be captured by
the TC-BSA on the T line. This results in fluorescence
quenching on the T line, and clear fluorescence on the C line
is observed under UV light, and that clear red signal on the T
line is observed under natural light (Fig. 1b). When TC is
present in sample (positive sample), the TC competes with
the TC-BSA on the T line to combine with the AuNP-Ab.
This results in that green fluorescence on the T line recovers
gradually, and clear green fluorescence on the C line still is
observed under UV light. And this also results in that red signal
on the T line disappears gradually under natural light. When
there is enough TC in sample, both green fluorescence bands
on the T and C line are observed under UV light, and no red T
line is observed under natural light (Fig. 1¢). The visual LOD of
the FICA is the minimum concentration of TC which causes
the green fluorescence on the T line to recover under UV light

@ Springer



404 Page 4 of 10

Microchim Acta (2018) 185: 404

based on “turn on” mode or the red band on the T line to
disappear completely under natural light based on “turn off”
mode.

The FICA test was carried out according to the following
procedure. One hundred microliters of TC standard or sample
solution and 5 pL. of AuNP-Ab were mixed and then added
onto the sample pad. After 10 min, the fluorescent test results
based on “turn on” mode can be observed by unaided eye
under UV light by using a portable UV lamp, and the colori-
metric test results based on “turn off” mode also can be ob-
served by unaided eye under natural light.

Sample treatment

For the muscle tissue samples (shrimp, grass carp, weever,
carp, chicken, pork, beef), 1 g of tissue sample and 2.0 mL
3% trichloroacetic acid aqueous solution were added into a
15 mL centrifuge tube followed by vortexing for 5 min. The
mixture was centrifuged for 10 min at 10,621 rcf. Then,
NaOH (1 mol-L™") was added to adjust the pH of the collected
supernatant to neutral. Last, the resulting supernatant was di-
luted 10-fold with 0.01 mol-L™" PBS (phosphate-buffered sa-
line, 8.0 g NaCl, 0.2 g KCI, 1.42 g Na,HPOy,, and 0.24 g
KH,PO, in 1 L deionized water, pH 7.4) and detected using
the FICA strips.

For the milk samples, 1.0 mL of whole milk and
1.0 mL 3% trichloroacetic acid aqueous solution were
transferred into a 15 mL centrifuge tube followed by
vortexing for 5 min. The mixture was centrifuged for
10 min at 10,621 rcf. Then, NaOH (1 mol~L71) was
added to adjust the pH of the collected supernatant to
neutral. Last, the resulting supernatant was diluted 5-
fold with PBS and detected using the FICA strips.

Results and discussion
Choice of nanomaterials and assay mode

The spherical gold nanoparticle [20-24] is the most common
used as signal label in lateral flow immunochromatographic
assays (LFICAs). In addition, gold nanocage [27], flower-like
gold nanoparticle [28], carbon nanoparticle [29], dyed latex
bead [22, 30], quantum dot [25, 30], dye-doped nanoparticle
[31] have been reported as signal label to develop the LFICAs.
These LFICAs have all used single kind of nanoparticle and
their test principle are all based on signal “turn-off” mode, i.e.
the target concentration negatively correlates with the signal.
In the visual immunochromatographic assays based on “turn-
oft” mode, the corresponding minimum concentration of tar-
get is served as the visual LOD when the signal on the T line
disappears. Here, a relatively high target concentration is re-
quired to cause the signals to disappear completely, reflecting
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the sensitivity is relatively low. For the visual
immunochromatographic assays based on “turn-on” mode
(the target concentration positively correlates with the signal),
a relatively low target concentration can cause a visible weak
signal to appear, reflecting the sensitivity is relatively high.
Due to unique optical feature of quantum dot (QD) and good
fluorescence quenching ability of gold nanoparticle (AuNP),
QD-AuNP has been widely used as a fluorescence quenching
group to develop the analytical methods. In this work, the
carboxyl-functional QD (ZnCdSe/ZnS, emission maximum
at 525 nm) as fluorescence signal label and the spherical
AuNP (diameters of about 18 nm) as fluorescence quencher
have been selected to develop a FICA based on “turn-on”
mode to more sensitively detect TC. It is worth mentioning,
the assay has a remarkable characteristic of dual-functional
test mode, that is to say, one strip can give simultaneously
the fluorescent test results in “turn on” mode on the base of
QD luminescence quenching under UV light and the colori-
metric test results in “turn off” mode on the base of red colour
of surface plasmon of AuNP under natural light. The fluores-
cence quenching mechanisms include energy transfer, inner
filter effect, photoinduced electron transfer, and so on [32].
The emission spectrum of the fluorescent material (donor)
overlaps with the absorption spectrum of the quencher (accep-
tor), the fluorescence lifetime of the fluorescent material will
decrease and the distance between fluorescence donor and
acceptor is in the range of 1-10 nm can demonstrate that the
quenching mechanism is the fluorescence resonance energy
transfer (FRET). The inner-filter effect (IFE) occurs when the
excitation or emission spectra of fluorescent material overlap
with the absorption spectrum of the quencher. Some published
researches consider that the main cause of fluorescence
quenching in strip assay is attributed to the FRET between
fluorescence donor and acceptor [33, 34]. However, some
published researches have provided different opinions. Jiang
et al. [35] suggest that the IFE is the main cause of fluores-
cence quenching, they consider that the optimal distance be-
tween the fluorescence donor and acceptor is unlikely
achieved in the strip assay. Anfossi et al. [26] have investigat-
ed whether the FRET or the IFE quenching mechanism oc-
curred and which one predominated in LFICA based on the
fluorescence quenching of QD by gold and silver nanoparti-
cles, and they think that the larger contribution to QD
quenching is due to IFE. In our work, the mixture of QD-
OVA and TC-BSA is sprayed onto the strip as T line, the
binding of the antibody labeled with AuNP and TC-BSA is
difficult to insure the optimal distance between QD and AuNP
to generate FRET, but the minor contribution from FRET to
QD quenching may exist. Here, the IFE is considered to be the
primary cause of fluorescence quenching. Whether due to the
FRET or the IFE quenching mechanism, the “turn-on” test
mode based on fluorescence quenching is expected to be good
candidates as test strategy for improving sensitivity of LFICA.
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Visual evaluation of assay sensitivity

The working conditions of the assay were optimized to devel-
op the FICA. Under optimized conditions (Table S1), a series
of concentrations of TC standard solutions was detected by
the FICA. The result is shown in Fig. 2. As shown in Fig. 2a,
the intensity of green florescence on the T line gradually be-
came strong with the TC concentration increasing. The fluo-
rescence on the T line was quenched by AuNPs, and no fluo-
rescence was observed when the concentration of TC was
0 ug'L™". And a green florescence band was observed when
the concentration of TC was 2 pug-L™". Therefore, the visual
LOD of this assay based on “turn on” mode was 2 pg-L™
under UV light. The same strips were observed under natural
light and the results were exhibited in Fig. 2b. The red T line
of strip gradually became weak with the TC concentration
increasing. The red T line completely disappeared when the
concentration of TC was 10 pg-L™". Therefore, the visual
LOD of this assay based on “turn off” mode was 10 pg-L™"
under natural light.

The same TC coating antigen and anti-TC antibody were
used to develop the QD-based immunochromatographic as-
say (QDICA) based on “turn off” mode and colloidal gold-
based immunochromatographic assay (CGICA) based on
“turn off” mode. The optimal working conditions and the
visual test results of two assays are shown in
Supplementary Material (Table S2 and Fig. S2). The visual
LODs of the QDICA and CGICA were 5 ug'L ™' (Fig. S2a)
and 10 pg-L™' (Fig. S2b), respectively. The FICA based on
“turn on” mode was more sensitive than the QDICA and
CGICA based on “turn off” mode for the detection of TC
when the same anti-TC antibody and TC coating antigen
were used.

Fig. 2 Detection of TC based on
the dual-functional mode. a
fluorescent test results of strips
based on “turn on” mode under
UV light, b colorimetric test
results of strips based on “turn
off” mode under natural light. A
series of dilutions (0, 0.5, 1, 2, 3,
5,and 10 pg'L ") of TC is
prepared in 0.01 mol-L~" PBS
(pH 7.4)

Specificity of the FICA

To investigate the specificity of the FICA, four tetracycline
antibiotics and nine kinds of common veterinary drug were
tested by the FICA strips. As shown in Fig. 3, the green fluo-
rescence bands on the T lines were observed when the con-
centrations of TC, oxytetracycline, chlortetracycline, and
doxycycline were all at 2 ug'L ™", indicating the FICA can
equivalently recognize TC, oxytetracycline, chlortetracycline,
and doxycycline. No fluorescence bands on the T lines were
observed to detect nine kinds of common veterinary drug at
1000 ug-L™", which proved the high specificity of the FICA
for tetracycline antibiotics. Therefore, this FICA can be used
to detect the tetracycline antibiotics and will not be affected by
other common veterinary drugs.

Sample analysis by the FICA

To remove the matrix effects, the sample extraction solution and
the dilution ratio of extracted sample were optimized. One milli-
liter of milk sample was extracted using 1 mL of 3% trichloro-
acetic acid aqueous solution and 1 mL of citric acid buffer, re-
spectively. The extracted sample solutions were diluted 5-fold
and 10-fold using PBS, respectively. The undiluted and diluted
extracted sample solutions were analyzed by the FICA strips.
The fluorescence on the T line was quenched to detect extracted
sample solution with 5-fold dilution using 3% trichloroacetic acid
aqueous solution as extraction solution (Fig. S3a). And the ex-
tracted sample solution using citric acid buffer as extraction so-
lution need to be diluted 10-fold to remove the matrix effects
(Fig. S3b). Therefore, 3% trichloroacetic acid aqueous solution
was used as extraction solution and a 5-fold dilution of extracted
sample solution was applied in further experiment. For muscle
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Fig.3 Specificity analysis of the FICA. 1 PBS, 2 TC, 3 oxytetracycline, 4
chlortetracycline, 5 doxycycline, 6 3-amino-2-oxazolidinone, 7
sulfadimidine, 8 sulfamethoxazole, 9 norfloxacin, 10 enrofloxacin, 11
gentamycin, 12 salbutamol, 13 metronidazole, 14 chloramphenicol. The
concentrations of TC, oxytetracycline, chlortetracycline, and doxycycline
are 2 ug-L !, other common veterinary drugs are at 1000 pug-L ™"

tissue sample (shrimp as an example), 3% trichloroacetic acid
aqueous solution was used as extraction solution and a 10-fold
dilution of extracted sample solution can remove the matrix ef-
fects (Fig. S3c, d).

Fig. 4 Detection of TC in the
spiked samples based on the “turn
on” mode with the FICA strips. a
shrimp, b grass carp, ¢ weever, d
carp, e chicken, f pork, g beef, h
milk. The spiked concentrations
of TC from left to right are 0, 20,
40, and 100 pgkg ™' (a-g, tissue
sample) or 0, 10, 20, 50 ug-L™"
(h, milk sample)
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The spiked milk and muscle tissue samples were detected by
the FICA strips. The visual test results are shown in Fig. 4. The
fluorescence on the T line was quenched and only one green
fluorescence band on the C line can be observed, which was
judged as negative result. The result was judged as positive,
when two green fluorescence bands on the T and C lines were
observed simultaneously. For muscle tissue sample (Fig. 4a-g),
when the spiked concentration of TC was equal to, or higher than
40 pgkg !, we can observe the positive test results. The visual
LODs of the FICA based on “turn on” mode for the muscle
tissue samples were 40 pg-kg '. For milk samples (Fig. 4h),
when the spiked concentration of TC was equal to, or higher
than 20 ug'L™', we can observe the positive test results. The
visual LOD of the FICA based on “turn on” mode for the milk
sample was 20 pg-L™". In addition, the results of the spiked
samples by the FICA well agreed with that results by HPLC,
indicating the good accuracy of the FICA for detection of TC
in milk and animal muscle tissue samples (Table S3).

Analytical performance of the FICA

The parameters of this work and some reported immunoassays
to detect tetracycline antibiotics are summarized in Table 1.
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Table 1 An overview on recently reported immunoassays for the determination of tetracycline antibiotics
Method applied Materials used Limit of detection (LOD) ( ugL_l) References
ELISA Horseradish peroxidase 0.4 for TC* [15]
Fluorescence immunoassay Quantum dot 1 for TC/OTCYCTCY/DCY [16]
Electrochemical immunosensor Magnetic nanoparticle (Fe;0y) 0.0321 for TC [17]
Platinum nanoparticles/Graphene nano- 0.006 for TC [18]
sheets
Metal sulfide nanoclusters 0.0075 for TC [19]
Immunochromatographic assay Gold nanoparticle 16 for TC or CTC, 24 for OTC, 32 for DC (visual [20]
based LOD)
on “turn off” mode Gold nanoparticle 5 for TC, 20 for OTC or CTC (visual LOD) [21]
Gold nanoparticle 6.25 for TC (visual LOD) [22]
Gold nanoparticle 20 for DC (visual LOD) [23]
Gold nanoparticle 10 for OTC (visual LOD) [24]
Latex bead 3.13 for TC (visual LOD) [22]
Quantum dot 25 for OTC (visual LOD) [25]
Immunochromatographic assay Quantum dot/Gold nanoparticle 2 for TC/OTC/CTC/DC (visual LOD) This work

based
on “turn on” mode

4TC: Tetracycline

> OTC: Oxytetracycline
¢ CTC: Chlortetracycline
9DC: Doxycycline

Among these methods, ELISA, fluorescence immunoassay,
and electrochemical immunosensor display higher sensitivity
and they can provide the quantitative data. But these methods
require relatively time-consuming incubation and washing op-
erations, and special instruments. The visual LODs of some
reported immunochromatographic assays to detect tetracy-
cline antibiotics using gold nanoparticle, latex bead, or quan-
tum dot as labels are higher than that of the FICA in this work.
Table 2 indicates the analytical performance of the commer-
cial ELISA test kit with three immunochromatographic assays
(FICA, QDICA, and CGICA) for the rapid determination of
TC in milk and animal muscle tissue samples. The ELISA test
kit is more sensitive and can provide a quantitative result.
However, the ELISA test kit required 130 min to finish the

entire test process including sample treatment and test, it is far
more than that required by three immunochromatographic as-
says (30 min). Compared with the ELISA test kit, the FICA,
QDICA, and CGICA are more time-saving and convenient. In
addition, the visual LODs of the QDICA and CGICA based
on “turn off” mode using same TC coating antigen and anti-
TC antibody are 50 pg-L™" and 100 pg-L™" for milk, respec-
tively; 100 ugkg ' and 200 pug'kg ' for animal muscle tissue,
respectively. The sensitivities of the FICA based on “turn on”
mode to detect TC in milk and animal muscle tissue samples
are improved two point five times for the QDICA based on
“turn off” mode and five times for the CGICA based on “turn
off” mode. Particularly, the FICA also can provide a dual-
functional test mode. To utilize the difference between the

Table 2 Comparison of the analytical performance of the three immunochromatographic assays with the commercial ELISA test kit for the rapid
detection of tetracycline in milk and animal muscle tissue samples
ELISA test kit FICA QDICA CGICA
Sample treament time 20 min 20 min 20 min 20 min
Sample test time 100 min 10 min 10 min 10 min

Result output form Reading absorbances under

Visual observation under

Visual observation under Visual observation

microplate reader a portable UV lamp a portable UV lamp
Result measurement time 10 min On the spot On the spot On the spot
LOD 0.5 pg'L ™" (milk) 20 pg'L™" (milk) 50 ug-L ™" (milk) 100 pgL " (milk)
0.5 pgkg ' (tissue) 40 pgkg ! (tissue) 100 pgkg ! (tissue) 200 pgkg ! (tissue)
Test mode Turn off mode Dual-functional mode Turn off mode Turn off mode
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visual LODs of the assay based on “turn on” mode and “turn
off” mode can achieve semi-quantitative detection of TC and
one-step judge of limits of TC are violated or not.

Semi-quantitative detection of TC in sample based
on the dual-functional mode

In our work, the sensitivities of the FICA based on single “turn
on” mode for milk and animal muscle tissue samples are
enough to detect TC, but it only provides a qualitative signal,
i.e. any concentration of TC above 20 ug-L™" in milk sample
or 40 pgkg ' in muscle tissue sample will give a positive
result, reflecting the TC is present in sample. Here, a dual-
function test mode (“turn on” and “turn oft”) of the assay
has been applied to rapidly semi-quantitatively detect TC con-
centration in the milk and animal muscle tissue samples.

For the milk sample, under UV light, the test results of the
FICA strips based on “turn-on” mode are observed (Fig. 5a)
with a visual LOD at 20 pg-L™". The same strips are observed
under natural light, the test results based on “turn-off” mode
are obtained (Fig. 5b) with a visual LOD at 100 pg-L™". In
summary, one strip is observed under UV light and natural
light, respectively, if the strip both provides a negative result,
it means that the concentration of TC in the milk sample is
lower than 20 pg-L ™", and if the strip both provides a positive
result, it means that the concentration of TC in the milk sample
is equal to, or higher than 100 pg-L ™", reflecting the limit is
violated (the MRL of TC in milk at 100 ug-L™"). If the strip
provides a positive result under UV light and that provides a
negative result under natural light, indicating the concentra-
tion of TC in the milk sample is 20 pug-L™" or ranges from
20 pug-L ™" to 100 pg L™

For the muscle tissue sample (shrimp as an example), the
test results based on “turn-on” mode and “turn-off” mode are
shown in Fig. 5¢, d, with the visual LODs at 40 pg'kg ' and
200 pug'kg ', respectively. In the same way, we can judge that
the concentration of TC in muscle tissue sample is lower than
40 ug'kg ' when the strip both provides a negative result, and
that is equal to, or higher than 200 ug'kg ' (the MRL of
100 pgkg ' is violated) when the strip both provides a posi-
tive result under UV light and natural light. If the strip pro-
vides a positive result under UV light and that provides a
negative result under natural light, indicating the concentra-
tion of TC in the animal muscle tissue sample is 40 pgkg ' or
ranges from 40 pgkg ' to 200 pgkg . In order to know if
limits are violated or not, the sample requires a 2.5-fold dilu-
tion to analyze by the FICA strip under UV light. If the strip
provides a negative result, it means that the concentration of
TC in the animal muscle tissue sample is lower than 100 pg:
kg ', and if the strip provides a positive result, it means that
the concentration of TC in the animal muscle tissue sample is
equal to, or higher than 100 pgkg ', reflecting the limit is

@ Springer

Fig. 5 Detection of TC in the spiked samples based on the dual-
functional mode. a fluorescent test results of strips for milk sample based
on “turn on” mode under UV light, b colorimetric test results of strips for
milk sample based on “turn off” mode under natural light, ¢ fluorescent
test results of strips for shrimp sample based on “turn on” mode under UV
light, d colorimetric test results of strips for shrimp sample based on “turn
off” mode under natural light

violated (the MRL of TC in the animal muscle tissue at
100 pgkg ™).

Therefore, the fluorometric immunochromatographic assay
combined with a dual-functional mode can be applied as a
useful screening tool for rapid, qualitative and semi-
quantitative to visually detect TC residues in milk and animal
muscle tissue samples.

Conclusion

A fluorometric immunochromatographic assay is described
that is based on “turn on” mode using QD as fluorescence
signal label and AuNP as fluorescence quencher. This FICA
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can be used to detect the tetracycline antibiotics with the visual
LODs of 2 ug-L™" when working in assay buffer, 20 ug- L™
for milk, and 40 ug-kg ' for animal muscle tissues. The FICA
based on “turn on” mode is more sensitive than the CGICA
and QDICA based on “turn oft” mode using sole AuNP or
QD as signal label for the detection of tetracycline antibiotics.
One strip can provide simultaneously the fluorescent test sig-
nals based on “turn on” mode under UV light and the color
test signals based on “turn off” mode under natural light.
According to the test results in dual-functional test mode
(“turn on” and “turn oft”), we can judge directly if limits of
tetracycline in milk and animal muscle tissue samples are
violated or not. However, the limitation of this FICA is that
it only provides the visual qualitative and semi-quantitative
results, i.e. whether tetracycline antibiotics are present or not
in the sample, and the MRLs are violated or not. In order to
know the accurate concentration of analyte, the strip reader
device is needed to achieve quantitative analysis of analyte
contents in the sample. Therefore, the FICA combined with
a dual-functional mode can serve as a useful screening tool to
monitor tetracycline antibiotics residues in milk and animal
muscle tissue samples.
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