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We designed polymer dot-magnetic nanoparticle nanohybrids for
signal enhancement in a test strip platform. Besides, the multicolor
emissions of the Pdots embed multiplexing ability for this test strip.
Two mycotoxins, aflatoxin B1 and zearalenone, were tested with
the determined limits of detection of 2.15 ng mL™* and 4.87 ng mL™%,
respectively.

Since the global pandemic of COVID-19 in recent years, there is
no doubt that immunochromatography test strips (ICTS), the
most widely used assay of point-of-care (POC) diagnostics, have
become a prerequisite for daily testing to slow down disease
transmission and thus reduce the number of hospitalizations.
The incentive for the widespread use of ICTS lies in many
aspects, including prompt result interpretation, large-scale
testing, low cost, easy use, etc.' > Therefore, ICTS have been
adopted in detecting diverse targets.® ™

Though powerful, traditionally commercial ICTS possess
several challenges, such as lower sensitivity and poorer specificity
than standard laboratory facilities.”'> Aiming at the improvement
of the sensitivity and specificity of ICTS, recently, assay opti-
mization and signal amplification strategies have been applied
to ameliorate the assay kinetics and enhance the probe
signals."®'” Unfortunately, these techniques often lead to the
issues of lengthening the assay test time'®'? and/or reducing
detection specificity.>*>' To address this dilemma, a platform
which can integrate assay optimization and signal amplifica-
tion to achieve both higher sensitivity and specificity is highly
desired. Herein, we integrated highly fluorescent polymer dots
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Hybrid polymer dot-magnetic nanoparticle based
immunoassay for dual-mode multiplexed
detection of two mycotoxinsf
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(Pdots) with Fe;O, magnetic nanoparticles (MNPs) as the
reporter to achieve a dual-mode immunoassay. The ultrahigh
fluorescence of the Pdots>*™*° can greatly enhance the detection
sensitivity of ICTS.”*'** However, we found that the high
sensitivity due to signal amplification was also accompanied by
an unwanted increase in false positives. This drive inspired us
to create test strip platforms that are both sensitive and
selective, while retaining the multiplexing capability of Pdots.
Here, we endowed Pdots with magnetic properties by encapsu-
lating MNPs inside the Pdots to form Pdot-MNP nanohybrids.
It is important to note that numerous MNP-based test strip
platforms have been developed, primarily employing MNPs for
sample preconcentration purposes,® but it is relatively uncom-
mon to directly utilize the magnetic signal as a reporter for
quantitative measurements of the targeted analytes.

In addition, the multi-color property of Pdots provides the
chance to develop multiplexed ICTS for simultaneously detecting
multiple analytes. Here, we selected two mycotoxins, aflatoxin B,
(AFB,) and zearalenone (ZEN), as the proof-of-concept targets.
Mycotoxins are secondary metabolites with low molecular
weight produced by filamentous fungi, including species such
as Aspergillus, Penicillium, and Fusarium. AFB, is the predomi-
nant mycotoxin of Aspergillus and classified by the International
Agency for Research on Cancer as a group I carcinogen.** ZEN,
an estrogenic metabolite mainly produced by Fusarium, has a
significant reproductive toxicity and teratogenic effects on
humans.*® Both AFB; and ZEN are common contaminants in
cereal grains, nuts, and complete feeds such as rice, maize,
wheat, corn, and peanuts. Therefore, the maximum levels and
tolerance limits for AFB; and ZEN in food have been strictly
regulated by many countries.*>*” For example, in the European
Union, the maximum AFB; tolerance levels are 5 ppb and 2 ppb
for nuts and cereals, respectively.*® In Taiwan, the maximum
tolerance levels are 12 ppb and 400 ppb for AFB; and ZEN,
respectively.*® The performance of the detection for AFB; and
ZEN using Pdot-MNP-based ICTS is elaborated as follows.

To endow fluorescent Pdots with magnetic properties,
we integrated Pdots with MNPs by electrostatic interactions
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Scheme 1 Schematic showing the approach used by a MNP@Pdot-based lateral flow test strip for detection of mycotoxins.

(Scheme 1, see ESIT for detailed discussions). Fig. S1A (ESIt)
showcases the optical properties of different materials, includ-
ing bare MNPs (dashed brown line), MNP@PFCN (dashed/solid
green line), and MNP@PFTC6FQ (dashed/solid red lines).
Before coating with Pdots, the MNPs showed strong absorption
below 400 nm and no fluorescence in the visible region. After
coating with Pdots, representative absorption and emission
peaks of Pdots clearly appeared. The rationale behind the
selection of PFCN Pdots with green emission and PFTC6FQ
Pdots with orange-red fluorescence was based on the noticeable
difference in color between the two under 365 nm excitation.
When the two fluorescence colors are mixed, it leads to a
conspicuous color transition from the original colors, which
is advantageous for facilitating multiplexing detection. In Fig. S1B
(ESIt), the TEM image shows the MNPs before the Pdot coating
process. The MNPs exhibit an average hydrodynamic diameter of
10 nm, as determined through dynamic light scattering (DLS)
measurements. The TEM images of MNPs subsequent to the
encapsulation of PFCN and PFTC6FQ Pdots are depicted in
Fig. S1C and D (ESIY), respectively. Furthermore, the hydro-
dynamic sizes of the MNP@PFCN and MNP@PFTC6FQ nano-
hybrids increased to 48 nm and 54 nm, respectively. The above
results, which encompass zeta potential measurements, optical
characterization, TEM imaging, and DLS data, confirm the suc-
cessful surface modification of MNPs with Pdots.

The as-prepared MNP@PFCN nanoparticles were then con-
jugated with ZEN antibodies, while MNP@PFTC6FQ nanorods
were decorated with AFB; antibodies. Following conjugation,
the MNP@Pdot nanohybrids exhibit dual capabilities of mag-
netic/fluorescent readout and targeted recognition. Scheme 1
shows the production of a nitrocellulose membrane comprising
a control line and a test line. As there were no commercially
available paired ZEN/AFB; antibodies, a competitive immu-
noassay was utilized. Consequently, the control line was
equipped with IgG secondary antibodies, whereas the test line
was customized to include ZEN-BSA, AFB,-BSA, or a combi-
nation of both for multiplexed detection. It is important to note
that the direct use of bare ZEN or AFB; antigens is not viable
due to their low affinity with the nitrocellulose membrane. A

This journal is © The Royal Society of Chemistry 2023

plastic case was used to assemble and accommodate each set
of test strips, which consisted of a sample pad, a nitrocellulose
membrane, and an absorbent pad. After the analytes and
MNP@Pdot probes were added to the sample well of the test
strip, the running buffer was introduced. The capillary action
facilitated the movement of analytes and probes across the test
strip, transferring them from the sample pad to the absorbent
pad. The running buffer acted as a carrier for the analytes and
probes, facilitating their movement through the test strip. The
MNP@Pdot probes interacted with the analytes during their
journey, allowing for the detection and quantification of the
target analytes. Overall, this process enabled the efficient and
effective detection of the analytes of interest. If ZEN is absent in
the sample, the MNP@PFCN hybrids will attach to the ZEN
antigens on the test line, resulting in the immediate visualiza-
tion of green fluorescence from PFCN under UV irradiation.
On the contrary, If ZEN is present in the sample, no green
fluorescence from PFCN will be visible on the test line. This
method is ideal for fast qualitative identification. The same
mechanism also applies to MNP@PFTC6FQ in detecting AFB,;.
The magnetic intensity ratios of the test line to the control line
(T/C) can be utilized for quantitative measurements in both
cases, owing to the minimal magnetic signal background
interference in food. We expect that this bimodal signal read-
out ICTS, which combines fluorescent and magnetic properties,
will be an effective tool for diagnosing mycotoxins in food.

To begin the assessment, the specificity of MNP@PFCN and
MNP@PFTC6FQ nanoprobes for ZEN and AFB,, respectively,
was examined. According to Fig. 1A and B, the MNP@PFCN
probes exhibited a notable specificity towards ZEN, with negli-
gible non-specific binding observed for other antigens such as
AFB,, ochratoxin A (OTA), and deoxynivalenol (DON). The
ability of fluorescence to distinguish signals was found to be
even better than the color depth from MNPs in Fig. 1A,
as evidenced by the highly distinguishable fluorescence signals
of Pdots in Fig. 1B. This highlights the excellent qualitative
performance of fluorescence. In a similar fashion, MNP@
PFTC6FQ nanohybrids demonstrated high specificity towards
AFB;, as shown in Fig. 1C and D. It is worth noting that we
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Fig. 1 Selectivity performance of MNP@PFCN and MNP@PFTC6FQ probes on different mycotoxins. (A) Photographs of the test strips employing
MNP@PFCN probes under ambient lighting conditions, and (B) their respective fluorescent images upon excitation with 365 nm light after reacting with
analytes containing distinct antigens (150 ng mL™! for ZEN, AFB;, and OTA; 750 ng mL™* for DON). (C) The test strips were photographed using
MNP@PFTC6FQ probes in ambient light, while (D) their corresponding fluorescent images were captured under 365 nm light excitation after reacting
with analytes that contained various antigens (ZEN, AFB;, and OTA at 150 ng mL~% DON at 750 ng mL™?). (E) Magnetic intensity ratios (left panel) and
fluorescence ratio (right panel) of T/C measured in (A) and (B), respectively. (F) Magnetic intensity ratios (left panel) and fluorescence ratios (right panel) of
T/C measured in (C) and (D), respectively. (G) Magnetic intensity ratios (left panel) and fluorescence ratios (right panel) of the T/C measured at different
reaction times for the ZEN detection using MNP@PFCN probes and AFB; detection using MNP@PFTC6FQ probes. Each dataset was subjected to at least

three repeated measurements.

observed a magnetic intensity ratio of T/C that was more than
five times higher for MNP@PFCN towards ZEN than towards
other reagents (as shown in the left panel of Fig. 1E).
In contrast, the fluorescence intensity ratio of T/C for MNP@
PFCN towards ZEN was about four times higher than towards
other reagents (as depicted in the right panel of Fig. 1E). This
indicates that the detection sensitivity based on magnetic
signals is higher than that based on fluorescence signals. The
same trend is observed in the case of MNP@PFTC6FQ probes,
as depicted in Fig. 1F. The superior sensitivity of magnetic
signals compared to fluorescence signals can be attributed to
the minimal magnetic background from food and nitrocellu-
lose membranes. This leads to higher signal-to-noise ratios and
enables more accurate and reliable quantitative detection. The
above results suggest that the fluorescence intensities are ideal
for qualitative screening purposes, while magnetic signals are
more appropriate for precise quantitative measurements.
According to the aforementioned findings, the bimodal readout
ICTS platform exhibits exceptional specificity for detecting ZEN
or AFB,, with minimal occurrences of false negatives and false
positives. Fig. 1G illustrates the monitoring of magnetic and
fluorescence signals from the test and control lines at varying
reaction times, which is a crucial aspect for a competent ICTS
platform to rapidly acquire test results. It can be inferred that a
reaction time of 20 min is adequate for both probes to decipher
the testing results. In addition to specificity, the sensitivity of
detection is equally important to assess the performance of
these new probes (see ESIt and Fig. S4). Using magnetic
signals, the detection linearity of ZEN with MNP@PFCN ranged
from 0 to 100 ng mL-!, which is suitable for the maximum
tolerance level of ZEN (400 ng mL-!) regulated in Taiwan, taking
into account the sample pretreatment process that requires a
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dilution of 4-10 times. MNP@PFTC6FQ probes also exhibited a
good dynamic range from 0 to 25 ng mL* for AFB, (Fig. S4E and
F, ESIt). The limit of detection for ZEN and AFB; was deter-
mined to be 4.87 ng mL~ and 2.15 ng mL, respectively.**>*
The practicability of this MNP@Pdot-based ICTS platform in
real samples was also evaluated in this work (see ESI, T Fig. S5).

The multiplexing detection ability can be imparted to Pdots
through their ability to emit multiple colors and absorb a wide
range of spectra. Fig. 2A illustrates the construction of the test
strip, in which a blend of antigens of ZEN and AFB, was utilized
to modify the test line. Conceptually, magnetic signals can be
utilized to quantify the overall quantity of ZEN and AFB,,
whereas fluorescence color is well-suited for discriminating
between ZEN and AFB,;. The performance of the multiplexed
sensing capability was depicted in Fig. 2B and C. The negative
control sample (lacking ZEN and AFB,) displayed a visible test
line to the naked eye, emitting a distinct white-yellow emission
light, manifesting the occurrence of minimal false-positive
effects on this platform. When only AFB,; was present, a faintly
discernible test line was observed by the naked eye, accompa-
nied by green fluorescence. In the presence of only ZEN, a
barely noticeable test line was observed by the naked eye,
accompanied by orange fluorescence. In the case of the
presence of both ZEN and AFBy, a test line cannot be detected
visually and emissions are barely noticeable. It is noteworthy
that the control line displayed a yellow-white fluorescence
color, which was produced by the merging of green (PFCN)
and red (PFTC6FQ) fluorescence. The magnetic quantitation
data presented in Fig. 2D support the findings mentioned
above; however, it is not possible to differentiate the presence
of either ZEN or AFB,; alone. The findings indicate that the
bimodal MNP@Pdot-based ICTS platform is highly dependable

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (A) A diagram illustrating the production process of multiplexed
ICTS for co-detection of ZEN and AFB;. (B) Photographs of test strips after
interacting with sample solutions containing varying concentrations of
AFB; and ZEN. Their corresponding (C) fluorescence images under UV light
and (D) magnetic signals. The AFB;/ZEN concentrations in (B-D) are as
follows (from left to right): 0/0, 150/0, 0/150, 150/150 ng mL~%.

and has low cross-interference, making it suitable for the
simultaneous detection of ZEN and AFB; in mixed mycotoxin
samples.

We have devised a bimodal ICTS platform based on
MNP@Pdot for the qualitative and quantitative diagnosis of
ZEN and AFB, in food. The test can be performed on-site and
interpreted within 20 minutes. This ICTS has the potential for
multiplexed detection of both ZEN and AFB, at the same time,
ensuring food safety by detecting their levels. Furthermore, the
detection limit of this ICTS system is low enough to conform to
the maximum tolerance levels of ZEN (400 ng mL') and AFB,
(12 ng mL") regulated in Taiwan. We expect that this user-
friendly yet powerful ICTS will have widespread utility in
quickly screening for ZEN and AFB; in food.
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