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ABSTRACT: Salbutamol (SAL), a -2 adrenoreceptor agonist, is 1
an unpopular addition to livestock and poultry, causing several side o i
effects to human health. Thus, it is very important to develop a ,
simple and rapid analytical method to screen SAL in the field of e lDAH
food safety. Here, we present an immunochromatographic assay

(ICA) method for sensitively detecting SAL with polydopamine-

decorated iridium oxide nanoparticles (IrO,@PDA NPs) as a IrO,@PDA I
signal tag. The IrO,@PDA with excellent hydrophilicity, 1
biocompatibility, and stability was synthesized by oxidating self- L2
polymerization of dopamine hydrochloride (DAH) on the surface @\’ ;
of IrO, NPs and used to label monoclonal antibodies (mAbs) = X
through simple physical adsorption. Compared with IrO, NPs, the 0, @RDAMAD]
IrO,@PDA also possessed superior optical properties and higher

affinity with mAbs. With the proposed method, the limit of detection for SAL was 0.002 ng/mL, which was improved at least 24-fold
and 180-fold compared with the IrO, NPs-based ICA and conventional gold nanoparticles-based ICA, respectively. Furthermore, the
SAL residuals in pork, pork liver, and beef were successfully detected by the developed biosensor and the recoveries ranged from
85.56% to 115.56%. Briefly, this work indicated that the powerful IrO,@PDA-based ICA can significantly improve detection

[l Metrics & More | @ Supporting Information

IrO, NPs

SAL-BSA

sensitivity and has huge potential for accurate and sensitive detection of harmful small molecules analytes in food safety fields.
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1. INTRODUCTION

Salbutamol (SAL) is a quick acting -2 adrenergic receptor
agonist and is usually known as “lean meat powder”, not only
popularly used in the treatment of humans for chronic
pulmonary disease and asthma, but also could increase lean
meat-to-fat ratios of livestock.' In the breeding industry, when
SAL doses are 5—10 times higher than the normal requirement
of therapeutic treatment, it can sharply increase lean meat
content and simultaneously decrease fat deposition, which can
significantly enhance economic profit.” However, some studies
have revealed that the residual SAL in animal tissue produced
negative effects to human health, and caused some clinical
symptoms such as heart palpitations, muscular tremors,
dizziness, profuse sweating, and chills, etc.”* Hence, SAL has
been rigorously prohibited for use in animal husbandry by the
Ministry Agriculture of China published Announcement No.
235 in 2002.° Thus, it is necessary to design a simple and rapid
analytical method to screen SAL residues in animal tissues and
meat-processing enterprises.

So far, various analytical techniques have been developed to
monitor SAL in animal-derived foods including liquid
chromatography tandem mass spectrometry (LC—MS/
MS),”” high performance liquid chromatography (HPLC),*’
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gas chromatography—mass spectrometry (GC—MS),”" en-
zyme-linked immunosorbent assay (ELISA),"" surface en-
hanced Raman scattering (SERS)," and electrochemical
detection.'>"® Despite the fact that these conventional
methods can provide highly sensitive detection and achieve
accurate results, they require expensive instrumentation,
professional operators, tedious sample-preprocessing steps,
and time-consuming processes, which hinder their applications
in the onsite and rapid detection.

Immunochromatographic assay (ICA) is widely used for fast
monitoring in the food safety assessment field due to its
simplicity, rapidity, sensitivity, and excellent selectivity.'* It is
noteworthy that the signal tag is an important factor affecting
the expression and sensitivity of ICA."> Presently, gold
nanoparticles (AuNPs) are a common signal tag owing to
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their incomparable biocompatibility and unique optical
properties.'°~>° Nonetheless, the low sensitivity of conven-
tional AuNPs-ICAs severely impeded their further applications
for low-level target detection.”! Fortunately, due to their large
surface area to volume ratio, high catalytic activity, and
corrosion resistance, iridium oxide nanoparticles (IrO, NPs)
are promising transition metal oxides that have been widely
applied in electrocatalysis>*® and antitumor.”* Furthermore,
Quesada-Gonzalez et al. proved for the first time that IrO, NPs
can be used on ICA to detect human immunoglobulin,25
indicating that the IrO, NPs are expected to become an
alternative signal label for AuNPs in ICA because of their
simple synthesis method and excellent chemical stability.
However, in the process of labeling monoclonal antibodies
(mAbs), it is difficult to obtain a complete probe by high-speed
centrifugation because the particle sizes of IrO, NPs are too
small, resulting in the loss of a part of the mAbs. Therefore, it is
necessary to explore a method to increase the particle size of
IrO, NPs to avoid the wasting of mAbs in ICA application.

Dopamine hydrochloride (DAH), 3,4-dihydroxyphenethyl-
amine, is an analog of L-DAH in mussel secretion adhesion
protein. It oxidizes and self-polymerizes in a mild alkaline
solution to form polydopamine (PDA).*® In recent years, PDA
has attracted notice due to its high chemical reactivity, good
free radical quenching capacity, and strong adhesion
property.”” Thanks to the presence of abundant functional
groups on the PDA surface such as catecholamine/chinone
groups, the conformal coating can easily adhere onto the
nanoparticles (NPs) surface via covalent linkage with amines
or thiols, metal ion coordination, and electrostatic inter-
actions.”® Additionally, covering the surface of NPs with
coating not only ensured the high affinity to various substrates,
which could obviously enhance its hydrophilicity and
biocompatibility, but at the same time, PDA also improves
the color intensity of the NPs to facilitate test strip detection.”
Briefly, these advantages of the PDA layer make the modified
NPs have a broader perspective in many fields, including
biomedical diagnosis and chemical analysis.

In this research, we synthesized IrO,@PDA by oxidative
self-polymerization on the surface of IrO, NPs with DAH and
utilized it as a signal tag to construct an ICA biosensor, to
detect SAL for the first time. IrO,@PDA, with excellent
hydrophilicity, biocompatibility, and stability, can quickly label
monoclonal antibodies (mAbs) through simple physical
adsorption, which subtly avoided using the complicated
cross-linking agents. In addition, IrO,@PDA possessed
superior optical properties and higher affinity than IrO, NPs.
Compared with IrO, NPs-ICA and traditional AuNPs-ICA,
these advantages of IrO,@PDA render it more suitable for
application in ICA to significantly improve the sensitivity of
detecting SAL. Furthermore, IrO,@PDA-ICA was also applied
in pork, pork liver, and beef samples to evaluate its reliability
and practicability. Consequently, this work proves that the
IrO,@PDA-ICA has great potential for accurate and sensitive
detection of small molecule analytes in food safety fields.

2. MATERIALS AND METHODS

2.1. Materials and Equipment. Potassium hexachloroiridate
(K,IrClg), trisodium citrate, sodium hydroxide (NaOH), sodium
nitrite (NaNO,), and 4-ethylcatechol (ECC) were purchased from
Aladdin Co, Ltd. (Shanghai, China). Catechol (CC), 3,4-dimethox-
yphenethylamine (DMPEA), and trichloroacetic acid were obtained
from Sigma-Aldrich Chemical Co, Ltd. (St. Louis, MO). Melamine

(MEL), ractopamine (RAC), clenbuterol (CLE), dopamine hydro-
chloride (DAH), chloramphenicol (CAP), streptomycin sulfate
(STR), and salbutamol (SAL) (their chemical structures were
displayed in Figure S1 of the Supporting Information, SI) were
purchased from Macklin Biochemical Co., Ltd. (Shanghai, China).
Goat antimouse IgG antibody, bovine serum albumin (BSA), SAL-
BSA conjugates, and anti-SAL monoclonal antibodies (mAbs) were
purchased from Shenzhen Baoankang Biotechnology Co., Ltd.
(Shenzhen, China). Pork, pork liver, and beef samples were purchased
from local supermarket (Xianyang, China). The nitrocellulose (NC)
membrane, sample, conjugate, and absorbent pads were obtained by
Shanghai Jinbiao Biological Technology Co., Ltd. (Shanghai, China).

The HGS-201 automatic programmable cutter, CSY-JA immuno-
chromatographic test strip reader, and HGSS510-5-1 biodot strip spray
system were supplied by Fenghang Science Instrument Co, Ltd.
(Zhejiang, China). Transmission electron microscopy (TEM)
analyses were conducted to characterize the morphology of the
synthesized particles (Tokyo, Japan). The Ultraviolet—visible (UV—
vis) spectra were obtained from Shanghai Metash Instruments Co,
Ltd. (Shanghai, China). The {-potentials of IrO, NPs and IrO,@PDA
were acquired from Malvern Panalytical Co. Ltd. (Malvern, U.K.).

2.2. Synthesis of IrO, NPs and IrO,@PDA. The IrO, NPs were
synthesized according to previously reported literature with minor
modifications.”® First, 50 mg trisodium citrate and 30 mg K,IrClg
were mixed with S0 mL of ultrapure water and stirred for S min
continuously. Then, the pH of the resulting solution was adjusted to
7.5 by using NaOH (0.25 M) and refluxed at boiling. When the color
of the solution changed from brown to steel gray, continuing to stir
the solution and heat for 30 min. After the solution was cooled to
ambient temperature, the pH was readjusted to 7.5, and then the
solution was heated for 30 min until pH was stable. The color of the
final solution turned dark blue, indicating the formation of IrO, NPs.
Finally, the IrO, NPs were stored in 4 °C. Color changes during the
synthesis were shown in Figure S2.

The IrO, NPs synthesized above were decorated with DAH to
form IrO,@PDA. In short, 15 uL of 3% H,0, was added to 1 mL of
IrO, NPs and stirred for 10 min. Then 10 yL of DAH (10 mg/mL)
was added to the above solution and stirred overnight. The precipitate
of mixed solution was collected by centrifuging (9000 rpm, 30 min)
and washed with ultrapure water twice. Finally, the purified IrO,@
PDA was suspended in ultrapure water and stored in 4 °C for further
use.

2.3. Preparation of IrO,@PDA-mAb Probe. The 1rO,@PDA
was conjugated with mAbs via the electrostatic adsorption method.
Briefly, 4 ug anti-SAL mAbs (1 mg/mL)was added into 1 mL of
IrO,@PDA solution and incubated for 60 min at 37 °C. After
coupling, 100 L of 10% BSA (w/v) solution was added to block the
vacant sites on IrO,@PDA. After blocking the reaction for 30 min, the
unlabeled mAbs and BSA were discarded by centrifuging at 9000 rpm
for 30 min. Finally, the precipitate was recovered and redispersed with
100 uL of 0.01 mol/L phosphate buffered solution (PBS). Similarly,
the anti-SAL mAbs were conjugated with IrO, NPs and AuNPs,
respectively.

2.4. Evaluation of the mAbs Performance of IrO, NPs and
IrO,@PDA. First, the mAbs coupling efficiencies of IrO, NPs and
IrO,@PDA were assessed. The standard curve of optical density at
450 nm (ODy;,) relative to mAbs concentrations (1, 0.2, 0.1, 0.02,
0.004, and 0.001 pg/mL) was established by ELISA. Then, 1, S, 10,
15, and 20 pg anti-SAL mAbs were added into 1 mL IrO,@PDA and
IrO, NPs solution. After centrifuging at 9000 rpm for 30 min to
acquire the supernatant, then diluted 100 times to analyze the
coupling efficiency of the mAbs. The coupling efliciency was
calculated using the following equation:*

total mAbs — supernatant mAbs
total mAbs

X 100%

(1)

Then, the mAbs affinity constant (k,) and equilibrium dissociation
constant (Kp) of IrO, NPs-mAb probe and IrO,@PDA-mAb probe
were also estimated. k, represents the binding strength between

coupling efficiency =
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Scheme 1. (A) The synthesis of the IrO,@PDA and (B) the IrO,@PDA-ICA for the Detection of SAL
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antigens and mAbs, which was measured by indirect competitive
ELISA using the following equation:

k= n—1
: 2(n[mAb], — [mAb],) (2)

where n represents the multiple ratios of the two groups of coating
antigen concentrations (n > 1), [mAb]; and [mAb], represents the
two mAbs concentrations corresponding to the absorbance signal at
OD,,.,/2 in the two groups, respectively.

Moreover, according to the principle of Langmuir adsorption
isotherm, the linearized equation of adsorg)tlon isotherm was used to
estimate the dissociation constant (Kp):>

c__c K&
Abs  Abs(sat)  Abs(sat) 3)

where C represents the mAbs concentrations, Abs is the absorbance
signal, and Abs(sat) is the absorbance signal at saturation.

2.5. Fabrication of the IrO,@PDA-ICA. The ICA was composed
of five components, namely, sample pad, conjugate pad, absorbent
pad, NC membrane, and backing substrate. The sample and conjugate
pads were soaked in 0.01 mol/L PBS solution containing 2% BSA and
then dried at 37 °C for 8 h. The goat antimouse IgG (1 mg/ mL) and
SAL-BSA (1 mg/mL) were applied onto the NC membrane at
different densities of 1 and 0.9 xL/cm as the control line (C-line) and
test line (T-line), respectively. The distance between T and C lines
were about 4 mm, then the prepared NC membrane was dried at 37
°C for 60 min. Afterward, different pads were assembled onto the
backing substrate with an approximately 1—2 mm overlap and then
were cut into 3 mm wide strip by automatic programmable cutter, and
stored at 4 °C before use.

2.6. Assay Procedure and Evaluation of the IrO,@PDA-ICA.
The 100 L various concentrations of SAL solution (0, 0.00S, 0.01,
0.02, 0.045, 0.09, 0.18, 0.375, 0.75, 1.5, and 3 ng/mL) containing 2
puL of IrO,@PDA-mADb probe were applied to the sample pad and
migrated under the force of capillary action. Then, the optical
intensity of the T-line was scanned with strip reader after reaction for
1S min. In this work, the limit of detection (LOD) was determined as
the corresponding SAL concentration that caused a 10% inhibition of
the T-line intensity by the IrO,@PDA-ICA, it was calculated using
the following four-parameter logarithmic equation:>"

28901

AI_AZ

L+ (fo)p )

where A; and A, are the asymptotic maximum (ie, the T-line
intensity in the absence of target analytes) and asymptotic minimum
respectively, x, is equal to 50% inhibitory concentration (ICy;), and p
is the curve slope at ICg.

The specificity of the IrO,@PDA-ICA was evaluated by analyzing
SAL (0.75 ng/mL), as well as other food additives including MEL,
RAC, CLE, CAP, STR, and NaNO, (100 ng/mL), respectively. Each
experiment was repeated three times.

2.7. Analysis of SAL in Real Samples. To further investigate the
reliability of IrO,@PDA-ICA, pork, pork liver, and beef samples were
selected as real samples. All samples were pretreated by an acid—base
strategy. The chopped samples (S g) were added into 10 mL of 3%
trichloroacetic acid solution and thoroughly oscillated for S min. After
centrifugation (10000 rpm, 10 min), the pH of the acquired
supernatant was adjusted to 7 by NaOH (1 M). Afterward, the
resulting supernatant was diluted 10-fold with ultrapure water.

y=A +

3. RESULTS AND DISCUSSION

3.1. Principle of IrO,@PDA-ICA. Scheme 1 showed the
principle of detecting SAL by IrO,@PDA-based ICA
biosensor. First, the IrO, NPs were synthesized by reducing
K,IrClg with trisodium citrate under weakly alkaline con-
ditions. Subsequently, the IrO,@PDA was prepared by self-
polymerization of DAH on the surface of IrO, NPs with DAH.
The IrO,@PDA exhibited excellent optical performance and
high affinity with mAbs (Scheme 1A). As shown in Scheme 1B,
the IrO,@PDA-ICA was developed based on competitive
immunoreaction. In the immunoassay, the sample solution and
IrO,@PDA-mAD probe were added onto the sample pad, then
flowed through the strip by capillary action. For the negative
sample, the IrO,@PDA-mAb probe was recognized and
captured by the specific antigen immobilized on the test line
to form a visible band. For the positive sample, the probe was
first combined with SAL and the remaining probe was
captured by the T-line, so that the color intensity of T-line

https://doi.org/10.1021/acsami.1c06724
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Figure 1. (A) UV—vis spectra and (B) {-potentials of (a) IrO, NPs, (b) IrO,@PDA-S, (c) IrO,@PDA-10, (d) IrO,@PDA-1S, and (e) IrO,@
PDA-20, respectively. TEM images of the prepared (C) IrO, NPs and (D) IrO,@PDA. (E) Standard curve of OD,s, relative to mAbs
concentrations. (F) The mAbs coupling efficiencies of IrO, NPs and IrO,@PDA. (G) UV—vis spectra, (H) {-potential, and (I) SDS-PAGE (1, 2, 3,
and 4 represents Marker, BSA, IrO,@PDA, and IrO,@PDA-BSA, respectively) images of IrO, NPs and IrO,@PDA-BSA.

was shallower than negative samples. When the SAL
concentration reached high enough, the IrO,@PDA-mAb
probe was only captured on the C-line. Moreover, the results
were observed with the naked eye and the T-line intensity was
recorded with the strip reader for quantitative determination.

3.2. Optimization of the IrO,@PDA Synthesis.
Trisodium citrate is an important factor affecting the oxidative
self-polymerizes of DAH on the surface of IrO, NPs.
Therefore, we used different volumes of 3% H,0, as an
oxidant to oxidize sodium citrate. As revealed in Figure S3, the
synthesized IrO,@PDA had the highest absorbance when 15
uL of 3% H,0, was added to the IrO, NPs solution. Since the
reductive sodium citrate can inhibit the self-polymerization of
DAH, the PDA layer will not be formed on the IrO, NPs
without 3% H,O,. Therefore, 15 uL of 3% H,0, was
considered the optimal volume for further experiment.
Furthermore, a series of structural analogs of DAH
(DMPEA, CC, and ECC) were selected to coat IrO, NPs
solution, and their absorbance was all lower than IrO, NPs +
DAH (IrO,@PDA), while pure DAH would not self-
polymerize (Figure S4). Thus, DAH was selected for the
following experiments. Subsequently, we optimized the
amount of DAH added to the IrO, NPs solution. In the
UV—vis spectra of Figure 1A, the maximum absorption peaks
of the IrO,@PDA-5, IrO,@PDA-10, IrO,@PDA-15, and
IrO,@PDA-20 were located at 575, 568, 556, and 494 nm
when §, 10, 15, and 20 uL DAH solution (10 mg/mL) were
added, separately. Compared with the pure IrO, NPs solution,
the self-polymerization of the PDA layer on the surface of IrO,
NPs caused significant blue shift of the absorption peak. In
addition, when 10 uL of DAH solution was added, the

28902

absorbance of IrO,@PDA reached a maximum of 0.898.
According to the Beer—Lambert law”” (£ = A/cl, where ¢ is the
molar absorptivity, A is the absorbance, ¢ the concentration of
sample, and [ is the path length), the molar absorptivity of
IrO,@PDA-10 was at least 1.83-fold higher compared with
that IrO, NPs solution. A thicker PDA coating was produced
with the excessive volume of DAH solution, leading to IrO,@
PDA aggregation, so the absorbance decreased and a wider
absorption peak was generated. Figure 1B showed that IrO,
NPs, IrO,@PDA-5, IrO,@PDA-10, IrO,@PDA-15, and
IrO,@PDA-20 had {-potentials of —5.3, —14.5, —22.8,
—17.8, and —13.8 mV, respectively. The {-potential of DAH
modified IrO, NPs was lower than that of pure IrO, NPs due
to the abundance of —OH on the PDA coating. The (-
potential indicated the stability of the nanodispersion. The
absolute values of the {-potential in 0—10 mV, 10—20 mV,
20—30 mV, and above 30 mV were defined as extreme
instability, relative stability, moderate stability, and high
stability, respectively.”> Thus, the IrO,@PDA-10 was the
most stable, which was selected as the signal label of ICA for
the follow-up experiments.

3.3. Characterizations of the IrO,@PDA and IrO,@
PDA-mADb Probe. As seen in the TEM image (Figure 1C),
the synthesized IrO, NPs had excellent dispersity and
uniformity, and the average size of 17.84 + 2.99 nm. As
TEM image of IrO2@PDA-10 shown in Figure 1D, the PDA
layer was clearly adhered onto the IrO, NPs. A thicker PDA
coating was produced with increasing DHA, while excessive
volume of DAH led to IrO,@PDA aggregation (Figure SS).

The mAbs coupling efficiencies of IrO, NPs and IrO,@PDA
were evaluated. Figure 1E was the standard curve of ODyq,
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relative to mAbs concentrations (1, 0.2, 0.1, 0.02, 0.004, and
0.001 pg/mL). As displayed in Figure 1F, when the mAbs
concentration was 10 ug/mL, the coupling efficiency of IrO,@
PDA reached the maximum of 91.56%, while the coupling
efficiency of IrO, NPs reached the maximum of 80.43% when
the mAbs concentration was 15 pg/mL. The above results
indicated that IrO,@PDA could significantly improve the
coupling efficiency of mAbs compared with IrO, NPs.
Moreover, we estimated the k, value of IrO, NPs-mAb and
IrO,@PDA-mAb from indirect ELISA data respectively
(Figure S6). The k, of the IrO,@PDA-mAb (7.595 X 10°
M) was at least 2-fold higher compared with that of IrO,
NPs-mAb (3.179 x 10® M™'). Meanwhile, the K}, value was
also evaluated from the binding isotherm (Figure S7), the
IrO,@PDA-mAb (5.709 X 107'° M) also showed a lower Kj,
value than the IrO, NPs-mAb (9.051 X 107'° M). These
results clearly indicated that the IrO,@PDA possessed a high
affinity with mAbs. The possible reason for the above results is
that the quinone group in the PDA coating may participate in
the nucleophilic addition reaction of —SH and —NH, of the
amino acid residues in the protein, resulting in more mAbs
adsorbing on IrO,@PDA.*

In order to further verify that the IrO,@PDA could combine
with proteins, the UV—vis spectra, {-potential, and sodium
dodecyl sulfate polyacrylamide gel (SDS-PAGE) studies were
performed. As displayed in Figure 1G, the UV—vis spectra of
IrO,@PDA-BSA showed a characteristic absorption peak of
BSA (proteins) at 278 nm and an absorption peak of IrO,@
PDA at 568 nm. Moreover, in Figure 1H, compared with -
potential of IrO,@PDA (—22.8 mV), the distinct change of {-
potential of IrO,@PDA-BSA (—6.97 mV) further demon-
strated the electrostatic interaction between proteins and
IrO,@PDA. Besides, we found that the same blue band as BSA
appeared at about 60 kDa in IrO,@PDA-BSA, while no band
was exhibited in the pure IrO,@PDA (Figure 1I). On the basis
of the above results, IrO,@PDA can be effectively label
proteins by electrostatic adsorption without any other
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modifications, averting the utilization of the complicated
cross-linking agents.

3.4. Optimization of the IrO,@PDA-ICA Conditions. In
order to obtain the highest sensitivity of the IrO,@PDA-ICA,
different interaction conditions were optimized. To quantita-
tively detect SAL, “T-line intensity” and “inhibition rate” were
used as the analysis standard for selecting the optimal
conditions of the biosensor, and the inhibition rate was
calculated by (1 — T/T,) X 100%, where T, and T are T-line
intensities of the negative samples and spiked samples analytes,
respectively. In competitive immunoassay, the quantity of the
mAbs was a key parameter, which directly affected the assay
sensitivity of ICA, so the amount of anti-SAL mAbs was first
optimized. In Figure 2A, T-line color intensity gradually
enhanced with the amount of anti-SAL mAbs increasing. The
inhibition ratio reached a maximal value when the amount of
anti-SAL mAbs was 4 ug. For achieving higher sensitivity, 4 ug
was regarded as the optimal mAbs quantity. The amount of
SAL-BSA on T-line was also optimized in this work. As
displayed in Figure 2B, the T-line color intensity decreased as
the amount of SAL-BSA gradually decreased. After weighing
up the T-line color intensity and inhibition ratio, 0.9 yL/cm
was set as the optimal amount of SAL-BSA on T-line. In
addition, as a recognition probe, the IrO,@PDA-mAb usage
amount could directly influence the signal intensity and
sensitivity of ICA. As shown in Figure 2C, the inhibition ratio
attained a maximum with 2 uL of the probe and then reduced
after 2.5 uL. Thus, 2 uL of the probe was considered as the
optimal volume for the following experiments. Figure 2D
showed that the T-line intensity enhanced with a prolong
immunoreaction time. The T-line intensity and inhibition rate
reached a plateau at 15 min because the IrO,@PDA-mAb
probe was limited. Consequently, the optimum immuno-
reaction time for the detection of SAL by IrO,@PDA-ICA was
15 min. Furthermore, the effect of different pH conditions on
the detection of SAL were also investigated (Figure S8). The
intensity of T-line was maximum when the pH value was 7.
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Figure 3. Photographs of detection of SAL by (A) IrO,@PDA-ICA, (B) IrO, NPs-ICA, and (E) AuNPs-ICA. The variation rule in the whole
detection range of the (C) IrO,@PDA-ICA, (D) IrO, NPs-ICA, and (G) AuNPs-ICA with different concentrations of SAL. (Inset images: the
calibration curves of SAL detection). The photographs (F) and the corresponding histogram (H) of specificity results of the IrO,@PDA-ICA. SAL

(0.75 ng/mL), other food additives (100 ng/mL).

Therefore, the pH value 7 for SAL could produce a satisfactory
signal response. Other optimizations of IrO,-mAb and AuNPs-
mADb probes were shown in Figures S9 and S10.

3.5. Performance of the IrO,@PDA-ICA. Under optimal
experimental conditions, the detection capability of the IrO,@
PDA-ICA was evaluated with different concentrations of SAL
standard solutions. The minimum target SAL concentration of
color weaker on T-line than the blank control group was
defined as the visual limit of detection (vLOD). When the
color completely vanished on T-line, the minimum SAL
concentration was represented as the cutoff value. As
represented in (Figure 3A,B,E), the intensity of T-lines
decreased as the concentrations of SAL increasing continu-
ously. The results showed that the vLODs of IrO,@PDA-ICA,
IrO, NPs-ICA, and AuNPs-ICA for SAL detection were 0.01,
0.09, and 0.7S5 ng/mL, separately. And the cutoff values of SAL
were 0.75, 6, and 50 ng/mL, respectively. In Figure 3C, a linear
relationship between T-line intensity of IrO,@PDA-ICA and
the SAL concentrations was acquired in the dynamic range
from 0.02 ng/mL to 3 ng/mL. The regression equation was
described as Y = 73.75—69.87X (X = Lg[SAL concentration])
with a linear regression coefficient (R?) of 0.992. For the IrO,
NPs-ICA, the regression equation in the dynamic range from
0.18 ng/mL to 12 ng/mL was described as Y = 190.68—97.61X
(X = Lg[SAL concentration]) with R? of 0.994 (Figure 3D).
The IC,, value of IrO,@PDA-ICA for SAL detection was
calculated to be 0.002 ng/mL according to the standard curve,
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which was improved at least 24-fold and 180-fold compared
with the IrO, NPs-ICA and the AuNPs-ICA, respectively.
Furthermore, compared with previous reports (Table S1), our
method has a decent sensitivity to detect SAL.

To investigate the specificity of the current immunoassay,
different kinds of food additives that may have cross-reaction
were tested, such as MEL, RAC, CLE, CAP, STR, and NaNO,.
As revealed in Figure 3F,H, only in the presence of SAL, the T-
line color disappeared. In contrast, strong gray bands were
observed on the T-line of other small molecules. Meanwhile,
we verified the specificity of anti-SAL mAbs by a competitive
ELISA (Figure S11), and the test results were consistent with
IrO,@PDA-ICA. The above results precisely manifested that
the developed IrO,@PDA-ICA has compelling specificity to
detect SAL.

3.6. Analysis of SAL in Real Samples. Encouraged by the
excellent sensitivity and selectivity of the IrO,@PDA-ICA for
SAL, we further evaluated its reliability and practicability.
Different concentrations of spiked pork, pork liver, and beef
samples (0.05—30 pg/kg) were selected as real samples to test
SAL and analyzed of spiked-recovery. The intensity of T-line
decreased gradually with the increasing of SAL concentration
(Figure 4D). The cutoff values of SAL in pork, pork liver, and
beef samples were all 7.5 ug/kg. The vLOD of pork and pork
liver were 0.1 pg/kg, while it was 0.2 pg/kg in beef samples
(Figure 4). Therefore, the matrix in beef samples had some
interferences with the detection of SAL by IrO,@PDA-ICA.
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Furthermore, the spiked-recovery range of SAL was from
85.56% to 115.56% with relative standard deviation (RSD)
values lower than 5.9% (Table 1). From these results, the
developed system had the accuracy and feasibility for rapid
screening of SAL in various sample matrixes after simple
pretreatment.

4. CONCLUSIONS

In conclusion, the IrO,@PDA was successfully synthesized and
applied to ICA strips as a signal tag for sensitive detection of
SAL. Owing to excellent hydrophilicity, biocompatibility,
stability, bioaffinity, multiple active sites, and superb optical
properties of IrO,@PDA, the developed IrO,@PDA-ICA
exhibited outstanding sensitivity for SAL detection with a
LOD of 0.002 ng/mL, which was improved at least 24-fold and
180-fold compared with the IrO, NPs-ICA and conventional
AuNPs-ICA respectively. Concurrently, the proposed bio-
sensor also exhibited compelling specificity for SAL detection.
Furthermore, the IrO,@PDA-ICA exhibited satisfactory
applicability and reliability for the detection of SAL in pork,
pork liver, and beef samples. Overall, the eflicient, sensitive,

and accurate biosensor provides a versatile and feasible
platform for the on-site detection of harmful small molecules
in the food samples. In future work, IrO, NPs can be
integrated with other detection technologies35 into ICA to
achieve the detection of biomedical targets.
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1.97 £ 0.12 109.44 £ 5.9
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