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Detection of Aflatoxin B1 and Zearalenone in corn by SERS-integrated lateral flow strip

Abstract: Aflatoxin B1 (AFB1) and zearalenone (ZEN) are two mycotoxins that often
co-occur in corn. A surface-enhanced Raman scattering-based lateral flow
immunoassay (SERS-LFIA) that can simultaneously detect AFB1 and ZEN in corn
samples was developed employing the core-interlayer-satellite magnetic
nanocomposites (Fe;04@PEI/AuMBA@AgMB*) as dual-functional SERS tags. Under
the optimal conditions, the detection ranges of AFB1 and ZEN in corn samples were
0.1-10 pg/kg and 4-400 pg/kg, respectively. Moreover, the test results for two
mycotoxins in contaminated corn samples employing the suggested SERS-LFIA was in
line with those of the HPLC technique. In view of its satisfactory sensitivity, accuracy,
precision and short testing time (20 min), the developed system has a promising
application prospect in the on-site simultaneous detection of AFB1 and ZEN.

Keywords: Lateral flow; Aflatoxin Bl; Zearalenone; Magnetic; Fes3Os;

Surface-enhanced Raman scattering
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Detection of Aflatoxin B1 and Zearalenone in corn by SERS-integrated lateral flow strip

1. Introduction

Corn, an indispensable commodity farmed worldwide since is employed as a raw
material for both food and feed. The corn is considered one of the most susceptible
grains to mildew during storage than other ones, owing to its large endosperm, amusing
nutrients, vigorous respiration and a wide spectrum of infectious microbes (Kebede, et
al., 2020). Mycotoxins are a hazardous category of secondary metabolites secreted by
fungi of Aspergillus, Fusarium and Penicillium spp (Xie, et al., 2022). To date,
approximately 400 mycotoxins have been discovered, among which zearalenone
(ZEN), deoxynivalenol (DON), aflatoxin B1 (AFB1), ochratoxin A (OTA), fumonisins
(FBs) as well as T-2 toxin (T2) which are furthermost commonly reported in the
grain-food supply chain(Ji, Fan, & Zhao, 2016). Predominantly, co-contamination of
multiple mycotoxins in corn is a pervasive manifestation, for instance combination of
AFBI1 and ZEN is thought to have one of the worst detrimental influences on living
organisms™ health (Xu, et al., 2016; Zhou & Tang, 2020). In this context, AFB1 is
classified as a category 1A carcinogen due to its high toxicity and propensity for cancer
(Ko, Lee, & Choo, 2015), whereas ZEN has a potent estrogen-like effect, which can
obliterate the normal reproductive development in humans and animals (Yin, et al.,
2023). Various motherlands and officialdoms have emanated the maximum residue
levels (MRL) of AFB1 (2 ~ 20 pg/kg) and ZEN (20 ~ 300 pg/kg) in corn (Table S1) (W.
Zhang, et al., 2020). However, once corn is consumed for special dietary meals such as
baby, elder and patient food, substantially reduced MRL must be followed (Rebellato,

et al., 2021). Basically, conventional approaches include high performance liquid



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72
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chromatography (HPLC), enzyme-linked immunosorbent assays (ELISA) in addition
to liquid chromatography-mass spectrometry (LC-MS) are utilized for exposing
mycotoxins (Xing, et al., 2020). Unfortunately, these procedures are quite complex,
time-consuming and necessitate specialized equipment, making them inappropriate for
rapid and on-site testing (Yang, et al., 2022). Furthermore, these techniques typically
ascertain only one mycotoxin in a single run. Thus, it is imperative to develop a fast,
convenient as well as accurate mode for the instantaneous detection of AFB1 and ZEN
in corn.

Actually, immunochromatography is a simple and rapid diagnostic method, and a
significant tool for point-of-care testing (POCT) (Wang, et al., 2021). Strips of lateral
flow test based on gold nanoparticles (AuNPs) are the supreme archetypal
immunochromatography contrivance, subscription swift analysis, economic,
convenience, portability and visual analysis and have been extensively used in clinical
diagnosis and food safety (Chen, et al., 2020; Lee, et al., 2019). Moreover, lateral flow
immunoassay (LFIA) facilitates multi-channel analysis by scenery several Test (T)
lines on the same nitrocellulose (NC) membrane (Wang, et al., 2017). Nevertheless,
little sensibility and inadequate quantifiable capability of LFIA-based AuNPs obstruct
their application in the recognition of trace analytes (Xing, et al., 2020). No doubt,
introduction of innovative signal nanotags, including fluorescent microspheres,
SERS-, and quantum dots, has piqued the interest of researchers to boost the
sensitivity and quantitative capabilities of LFIA (Guo, et al., 2021; Kim, et al., 2021;

Liu, et al., 2020). Among them, SERS tagging detection based on SERS nanotags
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which lately has an ongoing outstanding reputation across a range of research
applications owing to its extraordinary sensitivity, fast detection, anti-photobleaching
and anti-quenching properties (Wang, et al., 2021). Typically, a representative SERS
nanotag is constituted of 3 parts (Chen, et al., 2020): (i) gold or silver material-based
core as the SERS substrates, (ii) Raman reporter molecules to construct robust
distinctive Raman peaks, and (iii) recognition elements such as antibodies or aptamers
to combine with the target analytes, which can assurance the sensibility, quantitative
capability and specificity of SERS tagging examination assay. The Raman signal
enhancement directly be contingent on the employed SERS substrates. Therefore, the
design and manufacture of exceedingly active and multifunctional SERS substrates is
crucial in refining the susceptibility and stability of SERS signals.

Electromagnetic (EM) enhancement is a major factor in magnifying the Raman
signal, according to the SERS augmentation mechanism (Guo, et al., 2024; Pazos, et
al., 2016). Commonly, EM enhancement engendered by localized surface plasmon
resonance (LSPR) closes to the metal nanostructures surfaces or adjacent nanogaps
which leads to generating enhancement sites with a very narrow scope, called
“hotspots” (Liu, et al., 2022). Previously, several articles have reported that Au@Ag
core-shell nanoparticles exhibited more excellent SERS performance than single type
of nanoparticles (AuNPs and AgNPs) (Liu, et al., 2017). This is attributed to the fact
that more hotspots can be generated at the core-shell intersection, which heightens the
intensity and stability of the Raman peaks (Wang, et al., 2021). Today, SERS nanotags

based on the core-shell of Au@AgNPs have been efficaciously utilized via variant
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SERS-LFIA systems to achieve the sensitive detection of bacteria, veterinary drugs,
pesticides, mycotoxins, etc (Ma, et al., 2023; Su, et al., 2021; Yin, et al., 2022; D.
Zhang, et al., 2019; Zhang, et al., 2020). Nevertheless, the complex matrix interference
in actual samples impacts the homogeneous distribution of hotspots in SERS
immunocomplex on the test (T) lines, leading to random boost of Raman signals and
rendering it unattractive for reproducible and quantitative SERS analysis.
Auspiciously, magnetic SERS nanotags based on Fe3;O4 were introduced to diminish
matrix interference in the assembly of biosensors due to their excellent constancy and
enrichment proficiency. Prior studies demonstrated that magnetic SERS nanotags
(Fes04s@Au and Fe;Os@Ag)-based SERS-LFIA was fruitfully equipped to the
qualitative and quantitative inquiry of countless objectives, among them cancer
biomarkers, viruses, and serum proteins (Liu, et al., 2020; Ren, et al., 2019; Wang, et al.,
2019). Yet, magnetic SERS nanotags are prerequisites to be innovated for signal
amplification ability, good dispersion, uniformity, stability and reproducibility. Since
Au@Ag has greater enhancement and stability beside to iron NPs displays soft
ferromagnetism, the amalgamation of Fe3O4 and Au@Ag may be a promising strategy
to improve the performance of Au@Ag, subsequently showing a potent efficacy in
wide spectrum of applications. Furthermore, recent findings revealed that the prepared
multilayered magnetic-core dual-shell nanoparticle (MDAu@ Ag) has superior SERS
activity (Tu, et al., 2023). However, the preparation of MDAu@Ag requires four
ultrasonic treatments to complete the adsorption of double layers of Au@Ag, making

the synthesis process complex.
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Through the present research, we constructed a bi-channel with ultrasensitive
SERS-LFIA platform for the detection of two common mycotoxins (AFB1 and ZEN),
that employed core-interlayer-satellite magnetic nanocomposites
(Fe;04@PEI/AuMPA@Ag-MBA) as SERS tags. The progressions of our SERS-LFIA
system can be abridged in three aspects. Firstly, high-performance
Fe;04@PEI/AuMPA@Ag-MBA were familiarized into the LFIA system for the first
time, serving as a promising dual functional tool for Raman signal amplification and
immunocomplex enrichment. Polyethyleneimine (PEI) was used to adhere AuMBA@Ag
nanoparticles as satellites onto the Fe3Os surface. Vitally, these fashioned magnetic
SERS nanocomposites attain noble chemical stability, superior SERS activity,
magnetism, monodispersity, and uncomplicatedness of preparation, thus ensuring
potent sensitivity and repeatability. Secondly, the strong Raman signal and magnetic
enrichment of SERS probes significantly improved the sensitivity of detection. This
double amplification was attributed to the strong Raman signals provided by the
double-layer of 4-MBA and the resuspension of magnetically enriched
immunocomplex in running buffer at an enlarged concentration, occasioning a very
strong Raman signal. Thirdly, testing duration were impressively reduced. The
recommended SERS-LFIA strips accomplished simultaneous and quantitative
detection of AFB1 and ZEN within 20 min by localizing two T lines on the NC
membrane. Additionally, the implementation of Au-IgG indicative probe lessens the

amount of the SERS nanotags, thereby saving manufacturing costs of SERS nanotags.
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2. Experimental

Details of chemicals, reagents and instruments employed in the study are
provided in the supplementary Material (S2.1., S2.2.). The experimental protocols
including the preparation of Au-IgG (S2.3.), HPLC analysis of AFB1 and ZEN (S2.4.)
are also included in Supplementary Material.
2.1 Synthesis of AuMB*@Ag, Fe304 and magnetic SERS nanoprobes
2.1.1 Preparation of Au™®*@Ag

AuNPs (~ 25 nm) were synthesized according to our previous work with slight
alteration (Yin, et al., 2022). Firstly, solution of HAuCls-4H>O (100 mL, 0.01%, w/v)
was boiled then 1.6 mL of Na3;CsHsO7-2H>O (1%, w/v) was added quickly with
continuous magnetic stirring. Once the color of mixture shifted to deep red, the
AuNPs solution was further heated for extra 5 min and let to chill at room temperature
(RT) for later procedure. Secondly, AuMBA@Ag nanoparticles then prepared as
follows (Yin, et al., 2023): 4-MBA (10™* M; 200 pL) was further gradually incorporated
to AuNPs (20 mL) in addition to agitated for extra 40 min at RT. Subsequently, the
prepared of AuMBANPs was spun-down using centrifuge at 7800 g for 15 min following
resuspend with DDI water (20 mL). For Ag shell growth on the AuMPANPs, 400 pL of
Na3CsHs07-:2H20 (1%, m/v) and 1 mL of AA (10 mM) were supplemented to
AuMPANPs solution (20 mL) at one time with vigorous stirring. Next, 1 mL of silver
nitrate at 10 mM was implemented via a drop per 30 s to the combination at steady
moving using stirrer (350 rpm) following by extra stirring for 20 min after fully adding

AgNO:s. Finally, the precipitate of AuMPA*@Ag was moved out from the solution by
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centrifugation at 7200 g for 20 min and resuspend with DDI water (20 mL)for further
usage.
2.1.2 Preparation of Fe3O4 NPs

Fe3Os4 magnetic nanoparticles (FesO4sMNPs) were engineered via a adjusted
solvothermal system according to the previous literature with few modification (Feng,
et al., 2020). To summarize, 40 mL of ethylene glycol (EG) was mixed with
FeCl3-6H>O (1.35 g) and magnetically agitated for 20 min until the mix was entirely
dissolved. Subsequently, anhydrous sodium acetate (3.6 g) and PEG 400 (1g) were
included and stirred for another 20 min until the whole constituents fully mixed.
Afterward, the solution was sealed in Teflon-lined stainless steel autoclave (100 mL)
and incubated at 210 °C for 6 hours. Once autoclave was chilled to RT, the product of
black precipitate was picked upby a magnet and cleaned with ultrapure water as well as
ethanol three periods, respectively. At last, the obtained precipitate was dehydrated at
60 °C for 4 hours in a vacuum oven.
2.3.3 Preparation of Fe;0s@PEI/AuM**@Ag

Refer to a previous literature (Tu, et al., 2023), a large number of AuMBA@Ag may
adhere to the external layer of Fe;O4 NPs via the intermediate layer of PEI. Here, 10
mg of fabricated FesO4sMNPs was dispersed in the solution of PEI based in water (50
mL; 0.2 mg/mL) and ultrasonicated over 20 min to form positively charged
Fe304@PEI. Once deionized water was used for purification twice, the magnetically
product of Fe;04@PEI was soaked in 10 mL ultrapure water (Fe3Os=1 mg/mL). Then,

200 pL of prepared Fe;O4@PEI was added to different volumes (1, 2, 3, 4 mL) of
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AuMBA@Ag colloidal solution containing 0.5% Tween-20 to obtain the optimal
adsorption capacity followed by the combining fluid was heavily vibrated using
ultrasonic for 20 min. Ultimately, the mixture was magnetically separated and
subsequently, 1 mL of ultrapure water containing 0.5% Tween-20 (Fe304=0.2 mg /mL)
was used to redisperse the precipitate. The obtained Fe;O4@PEI/AuMB*@Ag were
stowed at 4 °C for more experiment.
2.2 Preparation of magnetic SERS nanoprobes

The second layer 4-MBA was labeled on the exterior of the aforementioned
magnetic particles (Fe;0s@PEI/AuMBA@Ag) to introduce carboxyl group (-COOH)
which can be coupled with mAbs through the reaction of EDC/NHS reaction. In brief,
40 pL of 4-MBA (10* M) was added dropwise to 1mL of Fe;04@PEI/AuMBA@Ag and
react for 1 h at RT. Later magnetic separation, the precipitate
(Fe304@PEI/AuMBA@Ag-MBA) was redispersed in a buffer fluid of MES (1 mL,
pH=6.0 and 0.05 M). Then, 100 pL of activating solution encompassing (EDC and
NHS provided 0.1 mg/mL for each) was added and incubate the entire solution via
shaker at 37 °C for 30 min. Consequently, 8 pug of each AFB1-mAb and ZEN-mAb
were introduced to the Fe3;Os@PEI/Au™PA@Ag-MBA solution and continuously
shaken for 1 h at 37 °C. Next, 100 uL of solution containing BSA (1%, w/v) was
incorporated to block the excess -COOH sites for extra 30 min at 37 °C. Lastly, the
magnetic SERS nanoprobes (Fe30s@PEI/AuMBA@Ag-MBA-mAbs) were rinsed with
PBST (0.05%) under an external magnetic field and resuspended in PBS (400 puL, pH

7.4, 10 mM) holding 2% BSA (w/v), 5% trehalose, 2% PVP and 0.1 % Proclin 300.

10
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The prepared SERS nanoprobes were kept at 4 °C for subsequent procedure.
2.3 Assembly of LFIA strips

The LFIA strip consisted of polyvinyl chloride (PVC) base plate, NC membrane,
sample pad and absorbent pad (Fig. 1B(c)). It worth noting that, two test lines (T1 and
T2) and a control line (C) were fabricated by spraying 0.2 mg/mL of each AFB1-BSA
and ZEN-BSA in addition to goat anti-rabbit IgG (0.5 mg/mL) on NC membrane,
which was firstly dissolved in PBS buffer (10 mM, pH 7.4). The application volume
was adjusted at 1 pl/cm. Lately, the NC membrane adheres to the PVC base plates
were dehydrated for 24 h at 37 °C. For construction LFIA strips, the sample pad and the
absorbent pad were stuck on the PVC base plate joining an overlap of approximately 2
mm covering the NC membrane. Lastly, assembled card was snipped into 3.5 mm-wide
LFIA strips and stockpiled in a vacuum sealed bag with a desiccant at 4 °C for future
invstigations.
2.4 SERS-LFIA detection system

Herein, Fig. 1B clearly explain the phases for instantaneous detection of two
mycotoxins (ZEN and AFB1) by means of diverse magnetic SERS nanoprobes. In this
context, 500 puL of sample solution (or standard solution) was mixed with 10 pL each
of the two magnetic SERS probes (AFB1 and ZEN SERS probes) in a 1.5 mL EP tube
and the mix then incubated at RT with a period of 10 min. Next, the immunocomplex
(Fe304@PEI/AuMP*@Ag-MBA-mAb/target analyte) was enriched for 2 min by an
exterior magnetic field and then resuspended with 100 pL of running buffer (0.01 M

PBS, containing 1% BSA as well as 3% Tween-20). Furthermore, the suspension (100

11
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ulL) was relocated with in the micro-well. Next, 5 puL of prefabricated Au-IgG was
added and mixed thoroughly. Then, the strip was submerged into the well. After 8 min,
the sample pad was eradicated to finalize the immunochromatographic assay. Raman
bands of T1 and T2 were acquired via a spectrometer of handheld Raman furnished by
laser of 785 nm. Notably, the laser power was fixed at 50 mW and the integration time
was 5 s. The Raman peak’s concentrations at 1074 cm™! (the characteristic band of
4-MBA) were attained from ten different spots over the test line and the average value
was used for the quantitative analysis. Moreover, AccuRam® software was utilized to
pre-handled every spectrum at baseline with flattening adjustment in order to
eradicate apparatus noises. To calculate the standard deviation (SD) and average value,
each trial was computed after three repetitions
2.5 Assessment of SERS-LFIA strips for actual samples

The practical applications of the SERS-LFIA strips for corn samples were
evaluated by recovery experiment and comparative experiment. In the recovery
experiment, the corn sample without AFB1 and ZEN determined by HPLC was used
as the blank sample. Blank samples of corn flour (5g) were spiked with varying
amount of mycotoxins (AFB1 and ZEN) solution to acquire equivalent spiked
samples having AFB1 (1, 2.5, 5 pg/kg) and ZEN (30, 60, 120 pg/kg). The tainted
samples was then stockpiled at RT for 2 h. Next, every tainted sample supplemented
with 20 mL of 50% ethanol extraction and then vortexed for 5 min. After centrifuging
at 1600 g for 5 min, the outcome supernatant was further diluted 5 times with PBST

(0.01 M, pH 7.4, 0.1% Tween-20) for additionally detection. In the comparative

12
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experiment, SERS-LFIA strips and the HPLC method were used to detect several
positive corn actual samples adulterated with AFB1 and ZEN, and the results of the
two methods were compared. The pre-treatment procedure of positive corn actual
samples for SERS-LFIA detection was identical to that used for the spiked samples.
3. Results and Discussion
3.1 Principle of magnetic SERS-based LFIA strips

The preparation and testing principle of the proposed bi-channel magnetic
SERS-LFIA system is illustrated in Fig. 1A novel magnetic SERS nanotag
(Fe;0,@PEI/AuMB2@Ag-MBA) was schemed and engineered through electrostatic
adsorption of the PEI middle layer. This nanotag consisted of three parts: ~170 nm
Fe304 core to generate a strong magnetic response, PEI interlayer to provide positive
charge and improve the hydrophilicity of Fe3O4, a dual metallic core-shell structure
embedded by 4-MBA (AuMBA@Ag) to afford potent Raman signal. To further
improve the Raman signal intensity and provide antibody binding sites, the second
layer of 4-MBA was labeled on the surface of Fe;0s@PEI/AuMBA@Ag to form the
magnetic SERS nanotags. Two monoclonal antibodies (AFB1-mAb and ZEN-mAb)
were coupled with the terminal carboxyl groups of 4-MBA on the SERS tags
(Fe;04@PEI/AuMBA@Ag-MBA) directly via EDC/NHS reaction to form two
magnetic SERS nanoprobes (Fe;0s@PEI/AuMPA@Ag-MBA-mAb) (Fig. 1A). In
addition, two coating antigens (AFB1-BSA and ZEN-BSA) as well as goat anti-rabbit
IgG were correspondingly sprayed onto the NC membrane to form two T lines and a C

line.

13
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The quantitative detection of the two mycotoxins was achieved through the
following three steps (Fig. 1B). First, two magnetic SERS nanoprobes were added to
the sample solution (0.5 mL) and then endorsed to integrated with the target analytes
during incubation. The resultant Fe;O04@PEI/AuMBA@Ag-MBA-mAb/targets
immunocomplex were enriched by the external magnetic field and resuspended in the
running buffer. Second, the suspension had been transferred into the micro-well and
copiously mixed with 5 pL of prefabricated Au-IgG. The immunochromatographic
detection process started as the strip was inserted. If the sample solution did not contain
target analytes, both magnetic SERS nanoprobes were captured by the corresponding
coating antigen on the T lines, resulting in two dark black bands (T1 and T2).
Conversely, if the sample solution contained target analytes, the two magnetic SERS
nanoprobes first combined with the targets to form immunocomplexes, resulting in
fewer magnetic SERS probes that could combine with the coating antigen on the T line
and show light black bands. The added indicative probe Au-IgG can be captured by the
secondary antibody on the C line and show a stable red, regardless of the amount of the
target analytes. Ultimately, the SERS signals of the two T lines were evaluated using a
handheld Raman spectrometer. Furthermore, antigen-antibody complex containing
Fe;04@PEI/AuM®*@Ag-MBA SERS tags on the T lines can generate characteristic
Raman peaks at 1074 cm! when excited at 785 nm. Therefore, the sensitive
quantitative detection of two mycotoxins can be succeeded by gaging Raman
intensities of the characteristic peak on the two T lines.

3.2 Preparation and characterization of Fe;0s@PEI/AuM*@Ag-MBA

14
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Core-shell structure embedded with 4-MBA (AuMPA@Ag) and FesOsNPs were
well-structured, and then the assembly (Fe;O4s@PEI/AuMBA@Ag-MBA) was formed
through the PEI layer. A previous study reported that the Raman enhancement effect of
Au@Ag was prejudiced by the thickness of Ag (shell) as well as Au core dimension
(Pena-Rodriguez & Pal, 2011). Considerably, it was noted that the external layer of
metal NPs at thickness of (10~15 nm) attains the ideal Raman enhancement effect.
Herein, AuMBA@Ag with the ideal Raman enhancement was synthesized according to
our previous research (Yin, et al., 2022). Evidently from Fig. 2A, the TEM image of
AuMBA@Ag displayed a core-shell structure with a approximately 9 nm Ag shell as
well as monodispersed spherical structure. Besides, the statistical results of particle size
distribution (Fig. S1A) showed that the diameter of AuMPA@Ag was 37.72+3.58 nm
and the RSD (n=30) was 9.49%, indicating that the synthesized nanoparticles have a
relatively uniform particle size. The 4-MBA as the Raman reporter molecules were
embedded in the bimetallic core-shell structures via Au-S covalent bonds to generate
strong Raman signals (Ma, et al., 2022). The EDS element mapping (Fig. 2B-C)
confirmed that Au, Ag and S elements coexist in AuMBA@ Ag, indicating the successful
preparation of AuMBA@Ag. Previous studies have revealed that the UV-vis absorption
peaks of AuNPs and AgNPs were at ~ 520 nm and ~ 390 nm, respectively (Bhatt, Bhatt,
& Padmaja, 2018). The results showed that the absorption peak of AuNPs blueshifted
from 524 nm to 405 nm (AuMBA@AgNPs) in the UV-vis spectra (Fig. S1B), indicating
the well-formation of core-shell structure.

Typically, FesO4NPs large size serve as the core, can provide a strong magnetic
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response. As reported in Fig. 2D, FesOsNPs had a worthy dispersion and spherical
structure, and the diameter was 178.15+24.20 nm and the RSD (n=16) was 13.58%.
PEI is a cationic organic polymer rich in primary amine groups (NH»), which can
impart a strong positive charge to the electronegative Fe3O4NPs. In addition, PEI with
good hydrophilicity also can greatly escalate the dispersibility of Fe3;Os@PEI in
aqueous solution (Wang, et al., 2019). Evidently from Fig. 2E, the diameter of
Fe;04@PEI/AuMB*@Ag was 247.92+22.57 nm and the RSD (n=10) was 9.10%. As
displayed in the magnified TEM image (Fig. 2F), numerous of electronegative
AuMBA@Ag were densely adsorbed onto the surface of Fe;04@PEI. Additionally,
high-angle annular dark-field scanning transmission electron microscopy
(HADDF-STEM) clearly showed that many AuMBA@Ag nanoparticles were
distributed around the Fe3Os4 core (Fig. 2G(i)). The EDS element mapping spectra
further confirmed the elemental composition of Fe;04@PEI/Au™MB*@Ag (Fig.
2G(ii-iv)), revealing that the magnetic core, composed of Fe (red) was densely
surrounded by a significant amount of Au (blue) and Ag (yellow). In addition, the zeta
potentials of Fe3Os, Fe;04@PEI, AuMBA@Ag and Fe;0s@PEI/AuMBA@Ag were
observed as -11.43 mV, 39.67 mV, -34.73 mV and -4.45 mV respectively, signifying
that nanocomposites surface potential increased with PEI coating while decreased with
adsorption of AuMBA@Ag (Fig. 2H). These systematic fluctuations in the electrical
features confirmed that the assembly between the Fe3Os (core) and AuMBA@Ag
(satellites) was driven by the electrostatic interaction of the interlayer PEI.

The SERS activities of nanoparticles at each step were investigated with the
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Raman intensities of the SERS nanotags since it is crucial for the detection of
sensitivity and stability. Herein, 4-MBA with a large Raman cross section was
selected as the Raman reporter molecule. Fig. 2I presents the typical Raman spectra of
4-MBA, the bands of bending and breathing vibration of aromatic rings appear at
1584 cm™' and 1074 cm!, respectively (Krajczewski, Michalowska, & Kudelski,
2020). As shown in Fig. 21, AuMBA@Ag could provide sufficiently strong Raman
signals (curve b) while Fe3O4@PEI had no Raman signal (curve a), so the
Fe;04@PEI/AuMB*@Ag assembled after adsorbing a large amount of AuMBA@Ag
that could generate stronger Raman signal (curve c). To facilitate the modification of
antibodies, 4-MBA (2" layer) with terminal carboxyl groups was labeled on the
surface of Fe;04@PEI/AuMP*@Ag via stable Ag-S bonds. The outcomes indicated
that the SERS probes (curve d-e) with modified antibodies had strong Raman signals
owing to the loading of dual-layer Raman reporter molecules.

The absorbability of Fe;04@PEI to AuMBA@Ag directly affected the Raman
intensities of SERS nanotags. Therefore, the maximum adsorbing capacity of
Fe3;04@PEI was investigated by incubating different volumes (1 ~ 4 mL) of
AuMPA@ Ag with the invariable amount of FesO4@PEI (1 mg/mL, 200 uL). According
to the photographs in the adsorption process (Fig. S2A), it is evident that when the
volume of AuMP*@Ag was 3 mL and 4 mL, the remaining solution after magnetic
separation was light yellow and dark yellow, indicating that excess AuMP*@Ag were
not adsorbed. In addition, the Raman intensities (characteristic peaks at 1074 cm™' and

1584 cm™') of the resuspension of the precipitate after magnetic separation were
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consistent when the volume of AuMBA@Ag was 3 mL and 4 mL (Fig. S2B-C).
Therefore, the maximum adsorbing capacity of Fe304@PEI to AuMBA@Ag was 3 mL.
Moreover, the SERS enhancement factor (EF) of the Fe;O4@PEI/AuMBA@Ag tags
with maximum absorbability was calculated as 4.53 x 107 and the detailed calculation
method is provided in the supporting information S3.3 (Table S2). Afterward, the
magnetic response ability of Fes;0s@PEI/AuMP*@Ag was investigated since it was
crucial for the magnetic enrichment of analytes. As shown in Fig. S2D, the saturation
magnetization of Fe3;04@PEI/AuMBA@Ag was still as high as 33.15 emu/g to provide
sufficient magnetic enrichment capacity. As the inserted picture displayed, the
Fe;04@PEI/AuMB*@Ag nanoparticles were uniformly dispersed (a), enriched
completely within 30 s by an external magnetic field (b), and returned to the
dispersion state after removing the external magnetic field (c). Therefore, the
superparamagnetic property and strong magnetic responsiveness of the
Fe3;04@PEI/AuMP*@ Ag ensure rapid recovery of the magnetic immunocomplex from
the sample solution in practical applications.
3.3 Construction and optimization of SERS-based LFIA strips
A micro-well lateral flow configuration was used in this investigation.
Consequently, the LFIA test strip comprises only three portions: sample pad and
absorbent pad as well as NC membrane; however, the conjugate pad is not included.
Considering that the SERS nanotags (Fe3O4s@PEI/Au™M®*@Ag-MBA) have a large
diameter (247.92+22.57 nm), NC membrane with big pore sizes is necessary to ensure

the effective transportation of the immunocomplex. ZEN SERS probes were used to
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evaluate three common NC membrane (CN140, CN95 as well as 80 HP) with pore
dimensions of 8 um, 15 um and 20 um, in the lateral flow test. As presented in Fig. 3A,
CN95 and 80 HP endorsed good transport of ZEN SERS probes, whereas some
aggregates of ZEN SERS probes were visible at the intersection of the sample pad
with CN140 membrane. However, the T line on the HP80 membrane was wider due to
the larger pore sizes. In addition, Raman intensities on the T lines showed that the
strongest signal was on the CN95 membrane, which was due to the loss of part of the
SERS probes on the CN140 membrane and a slightly lower concentration of SERS
probes on the 80HP membrane. Therefore, the CN95 membrane was chosen to
construct LFIA strips. In addition, it was verified that the three probes can be
specifically recognized by their respective antigens on the T lines. As shown in Fig.
3B(a), the two SERS probes were collected with the corresponding antigen on the T
lines to form a clear black line, while the indicative probe Au-IgG was captured by
the secondary antibody on the C line to form a red line, indicating that the three
probes can be specifically recognized by their respective antigens. As shown in Fig.
3B(b), strong Raman signals (characteristic Raman spectra of 4-MBA) were detected
on two T lines (curve @ and ), further indicating specific binding between the
antigens and corresponding SERS probes. However, no Raman signal was detected
on the blank area and the C line (curve (O and @), indicating good fluidity of the
SERS probe on the CN95 membrane and the indicative probe only provided color but
did not yield any Raman signal.

Thereafter, we further investigated the feasibility of simultaneous quantitative
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detection of two mycotoxins using the bi-channel SERS-LFIA strip. Four standard
solutions of different concentrations were tested. The photographs of the test strips
(Fig. 3A(a)) revealed that the color of the two T lines changed with the concentration
of the target analytes. The test results were as follows: both AFB1 and ZEN at
concentration of 0 ng/mL, two dark T lines appeared (i), AFB1 at concentration of 1
ng/mL and ZEN at concentration of 20 ng/mL, the color of the corresponding T line
of 20 ng/mL, respectively, the color of both T lines simultaneously lightened (iv).
The corresponding Raman spectra of the two T lines were verified and reported in
Fig. 3A(b). And the Raman intensities on T1 and T2 were adversely correlated with
the concentration of target analytes. These results substantiated that it was feasible to
quantitatively detect two mycotoxins simultaneously by monitoring the SERS
intensities on T1 and T2 lines.

Several key factors were then optimized including the concentration of the
coating antigens on T lines, the amount of antibodies modified on the SERS nanotags
and the volume of sample solution (Vj), to improve the detection performance of the
proposed SERS-LFIA strips. First, the concentration of the coating antigens was
optimized, since the concentration of antigen significantly affected the Raman
intensities on the T lines. Evidently from Fig. 4A, AFBI-BSA at ongoing
concentrations (0.1 to 0.3 mg /mL), T line progressively shifted darker and the
intensity of Raman peaks gradually augmented. Although at concentration > 0.2 mg

/mL, Raman intensity tended to flat, too-high concentration caused the lower edge of
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the T line to be darker. Therefore, the optimal concentration of AFB1-BSA was 0.2
mg/mL. Likewise, the optimal concentration of ZEN-BSA was also 0.2 mg/mL (Fig.
4B). Second, the amount of antibody modified on the SERS nanotags can influence
the sensitivity of the competitive reaction and also the Raman intensity. Herein, the
Raman intensities on the T line at AFB1 concentration of 0 ng/mL (Ro) and 1 ng/mL
(R1) and their ratios Ro/R; were collected to regulate the optimal amount of antibodies
modified on the SERS nanotags. As revealed in Fig. 4C, the growth of Ry tended to be
stable at AFB1-antibody of 8 ug /mL and the value of Ro/R; was the maximum,
indicating the highest sensitivity of the competitive reaction. Hence, the optimal
amount of AFBl-antibody was 8 pg /mL. Likewise, the optimal concentration of
ZEN-antibody was also 8 pug /mL (Fig. 4D). Third, the volume of the sample solution
during incubation affected the concentration of the immunocomplex after magnetic
separation and thus pretentious the sensitivity. Theoretically, too much volume of
sample solution should be used to enrich the immunocomplex. However, it was
discovered that an extensively large volume of the sample solution have adverse
effects on magnetic enrichment, leading to extended magnetic collection times and
greater loss of immunocomplex (Li, et al., 2022). As displayed in Fig. 4E(a), 10 pL
each of the two magnetic SERS probes were added to 3 diverse amounts (0.5, 1.0 and
1.5 mL) of dilution buffer (10% ethanol). In the pre-treatment process of corn samples,
the extraction solution was 50% ethanol. To maintain the activity of antibodies on the
SERS nanoprobes, the extracted solution was diluted 5 times (10% ethanol) before

being detected. Therefore, 10% ethanol was chosen as the dilution buffer to maintain a
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consistent ethanol concentration. The three mixed solutions were incubated for 10 min.
Thereafter, the magnetic SERS probes were collected at the bottom of the EP tube.
Afterward, 100 pL of running buffer was added to resuspend the magnetic enrichment.
In addition, an equal amount of SERS probes was directly added to 100 pL of running
buffer as a comparison to inspect the influence of the sample solution volume on the
loss of the magnetic enrichment. As the photographs of test strips shown in Fig. 4 E(a),
the color of the T line was very similar to that of the comparison (Vs= 0.1 mL) while the
V; was equal to 0.5 mL, but the color of the T lines was deteriorated while the Vs were
equal to 1.0 mL and 1.5 mL. In addition, the intensities of Raman peaks on T lines were
measured to further assess the resulting loss of the Raman signal. Compared with the
comparison (Vs= 0.1 mL), the loss of Raman intensities on T lines was less than 5%
while the Vs was equal to 0.5 mL (Fig. 4E(b)), which was acceptable. However, the loss
of Raman intensities on T lines were 11-15% and 45% while the Vs were equal to 1.0
mL and 1.5 mL (Fig. 4E(b)), respectively. Therefore, the optimal volume of sample
solution during incubation is 0.5 mL. As such, the sensitivity which resulted on the
immunocomplex was enriched five times as the sample solution can be concentrated
from 0.5 mLto 0.1 mL by magnetic separation after incubation.
3.4 Detection performance evaluation of SERS-based LFIA strips

The magnetic SERS-based LFIA strips were used for the simultaneous detection
of AFBI1 and ZEN at the previously mentioned perfect conditions to evaluate several
important performances, including sensitivity, uniformity, repeatability and specificity.
A series of blended solutions with diverse quantities of AFB1 (0 ~0.5 ng /mL) and
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ZEN (0 ~20 ng /mL) were investigated using the SERS-based LFIA strips to confirm
the sensitivity of the proposed method. As displayed in Fig. 5A, uniform black color
appeared on the T1 and T2 lines and the color intensity gradually weakened once the
amount of the specified analyte in the standard solution enlarged. To accurately
evaluate uniformity of the T line, the test strip with the darkest T line color (standard
solution of 0 ng/mL) was selected as the evaluation object and the Raman intensities
at 1074 cm™ from 10 various spots on the lines of T were acquired. Relative standard
deviation (RSD) data of the Raman intensities were 1.23% and 1.49%, signifying
good homogeneousness of the two T lines (Fig. 5B). Moreover, the negative and
positive mixed standard solutions were checked with five strips to appraise the
repeatability. The colors of the two T lines on the five test strips were basically
consistent and the RSD values of the Raman intensity were less than 2%, indicating
decent repeatability between them (Fig. 5C-D). Subsequently, we randomly measured
10 spots on one T line of a series of strips as shown in Fig. 5A, and averaged to
generate the corresponding Raman spectra (Fig. 5E and F). Plainly, Fig. 5G(a) and Fig.
3H(a), depicts that Raman intensities of the distinctive spectrum at 1074 cm™ show an
inverse relation with the AFB1 and ZEN quantities.This behavior followed the belief of
competitive immunoassay, where the greater the analyte concentration, the less SERS
probes were able to bind to the capture probes, subsequently inferior in the intensity of
Raman peaks (Yin, et al., 2022). The calibration curves for AFB1 and ZEN were
plotted by employing the relationship between R/Ro and the logarithm of analytes

(AFB1 or ZEN) concentration, where R and Ro represented the Raman intensities of
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standard solution at diverse concentrations and blank solution (0 ng/mL), respectively.
Furthermore, linearity range of AFB1 and ZEN were verified at 0.005 ~ 0.5 ng/mL and
0.2 ~ 20 ng /mL, respectively; as well as linear correlation coefficient (R?) were
determined as following: AFB1 (R?=0.99971) while ZEN (R?= 0.99712) (Fig. 5G(b)
and Fig. 5H(b)). The limit of detection (LOD) of the SERS-LFIA strips was
well-recognized as the concentration of analyte resulting in a 10% decrease in Raman
intensity compared with O ng/mL and was determined to be 0.095 ng /mL and 4.76 pg
/mL for ZEN and AFBI, respectively. Detection ranges of AFB1 and ZEN in corn
samples were determined to be 0.1-10 pg/kg as well as 4-400 ug/kg, correspondingly;
with LODs values as follows: for AFB1 (0.095 ng/kg) and ZEN (1.896 pg/kg) due to
implementation of a 20-fold dilution during sample processing.

The specificity of suggested SERS-LFIA system was investigated by detecting
other interfering mycotoxins (100 ng/mL), including DON, OTA and FB1, which
existed commonly in corn. As shown in Fig. 51, only the target mycotoxins (AFB1=0.1
ng/mL and ZEN=2 ng/mL) were recognized by specific SERS probes, yielding lighter
colour with significant debilitated Raman intensity on the T lines. Furthermore, we
discovered that in spite of the interfering mycotoxins (DON, OTA, FB1) grasped 100
ng/mL, the colour and signal of Raman on T lines were consistent with the blank
control (0.01M PBS). Subsequently, these outcomes demonstrated that the engineered
SERS-LFIA system was highly specific to AFB1 and ZEN.

3.5 Application in real corn samples.

The spiked recovery experiments and confirmatory studies compared with HPLC
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were carried out to evaluate the reliability and practical application of the fabricated
SERS-LFIA method for the detection of AFB1 and ZEN in corn samples. Specific
steps for AFB1 and ZEN detection using the HPLC apparatus are well-described in
supplementary material. Liquid chromatogram and corresponding standard curves for
AFBI1 and ZEN were depicted in Fig. S3A and Fig. S4A, respectively. And the
correlation coefficients (R?) were 0.99946 for AFB1 and 0.99977 for ZEN. The blank
corn sample employed in the spiked experiment was initially confirmed to be without
AFBI1 and ZEN using the HPLC method (Fig. S3B(a) and Fig. S4B(a)). Table 1
highlighted the recovery rates of SERS-LFIA strips for spiked AFB1 (1.25, 2.5, 5.0,
7.5 ng/kg) and ZEN (30, 60, 120, 240 npg/kg) at four different concentrations:
91.28%-109.52% and 94.71%-108.15%, respectively, with RSDs less than 10%.
These discoveries revealed that the enrichment of immunocomplex by magnetic
SERS probes effectively reduced the matrix interference and obtained superior
accuracy and precision.

In addition to the spiked recovery experiment, several corn samples contaminated
with two mycotoxins were also detected to further verify the practical application of our
proposed SERS method. Herein, five positive corn samples (AFB1:1~10 pg/kg,
ZEN:40~400 pg/kg) were detected using each of the SERS-LFIA strips and HPLC
method. The result shows that there was good agreement between the two
methodologies' results, with coincidence rates ranging from 91.76% to 108.53%, and
RSDs less than 10% (Table 1). Moreover, the AFB1 and ZEN liquid chromatograms

of five positive contaminated corn samples are shown in Fig. S3B(b-f) and Fig.
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S4C(b-f), respectively. Consequently, AFB1 and ZEN can be detected simultaneously
and with high sensitivity by the SERS-LFIA system, which was established by
enriching the target with magnetic SERS probes and integrating two T lines onto a
single strip. In addition, the use of a handheld Raman spectrometer can yield results
expeditiously, rendering our proposed method suitable for the rapid and on-site
mycotoxins detection of corn samples.

The proposed method in this study exhibited satisfactory sensitivity since the
LODs of AFBI and ZEN were 4.76 pg/mL and 0.0948 ng/mL, respectively.
Compared to earlier researchs of various mycotoxins detection in corn using SERS
technology (Table S3), the sensitivity of this study is only inferior to one of the
studies (Zheng, et al., 2022). But it could fully meet the strictest tolerable limits of
AFB1 and ZEN (AFB1:0.1pg/kg, ZEN:20 pg/kg) in corn samples. In addition,
superior detection accuracy (91.76% ~ 108.53%), precision (RSD < 10%) and fast
detection speed (20 minutes) were obtained for the detection of positive corn samples
which was believed to be a promising detection method in the future.

4. Conclusion

The current study developed a bi-channel magnetic SERS-based LFIA strip for
the simultaneous detection of AFB1 and ZEN using Fe;04@PEI/Au™M®* @ Ag-MBA as
active SERS nanotags. The novel SERS nanotag, composed of a large-sized Fe;O4 core
and double-layer Raman reporter molecules (4-MBA), demonstrated excellent stability,
good dispersity, strong magnetic responsiveness and superior SERS activity. Two

specific antibodies were modified on SERS nanotags to serve as both separation tools
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and SERS sensing labels for quantitative analysis of AFB1 and ZEN. The magnetic
enrichment function of SERS probes significantly increased the detection sensitivity
and reduced the interference of the sample matrix, thereby achieving lower LODs of
4.76 pg/mL for AFB1 and 0.0948 ng/mL for ZEN. The detection ranges of AFB1 and
ZEN in corn samples were determined to be 0.1-10 pg/kg and 4-400 pg/kg, with LODs
of 0.095 pg/kg for AFB1 and 1.896 pg/kg for ZEN owing to the implementation of a
20-fold dilution during sample processing. The LODs were significantly lower than the
most stringent MRLs of AFB1 (0.1 pg/kg) and ZEN (20 pg/kg) in baby grain food.

Additionally, the SERS-based LFIA system employed two probes: SERS probes
loaded with Raman reporter molecules and indicative probes of rabbit IgG-modified
gold nanoparticles. The two probes were utilized for quantitative detection of target
analytes and availability assessment of test strips, respectively. The unique design of
two probes effectively enhanced the utilization efficiency of SERS nanotags and
reduced detection costs. Conclusively, the method demonstrated satisfactory recoveries
in spiked experiments and exhibited good coincidence rates as compared to the HPLC
method for contaminated corn samples detection. This method is thought to be a potent
tool for on-site detection of AFB1 and ZEN in corn using portable Raman spectrometry
owing to its high sensitivity, specificity, simplicity, and ability to simultaneously
analyze two mycotoxins.
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Figure Captions

Fig. 1. Schematic illustration of the bi-channel magnetic SERS-LFIA system. (A)
Schematic presentation of the preparation of two SERS probes. (B) The design of
Fe;04@PEI/Au™BA@ Ag-MBA-based SERS-LFIA strips for simultaneous detection of
two mycotoxins.

Fig. 2. (A) TEM image of AuMBA@Ag and the approximate thickness of the Ag shell.
(B) The EDS element mapping images of Au, Ag and S. (C) Elemental analysis of the
AuMBA@Ag by EDS. (D) TEM image of Fe3;Os. (E) TEM image and (F) magnified
TEM image of Fe;04@PEI/AuM®*@Ag. (G) High-angle annular dark-field image of
Fe;04@PEI/AuMB*@Ag (i) and EDS element mapping images of Fe (ii), Au (iii) and
Ag (iv). (H) Zeta potential of the nanoparticles in the preparation. (I) SERS spectra of
Fe;04@PEI (a), AuMBA@Ag (b), Fe;04@PEI/AuMP*@ Ag (c) and antibodies-modified
magnetic SERS probes (d-e).

Fig. 3. (A) Comparison of three NC membranes, photograph (a) and corresponding
SERS intensities at 1074 cm ! on the T line (b). (B) Specificity evaluation between
SERS probes and capture antigens, photographs (a) and SERS intensities on the blank
zone, T1 line, T2 line and C line (b). (C) Feasibility investigation of the simultaneous
detection of two mycotoxins, photograph (a) and corresponding SERS intensities at
1074 cm™! on T1 line and T2 line (b).

Fig. 4. (A) Optimization of the concentration of AFB1-BSA. (B) Optimization of the

amount of AFB1-mAb. (C) Optimization of the concentration of ZEN-BSA. (D)
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Optimization of the amount of ZEN-mAb. (E) Determination of the volume of sample
solution during incubation, photographs of incubation process and test strips (a); and
corresponding SERS intensities of different volume of sample solution at 1074 cm ™
on T1 and T2 lines (b).

Fig. 5. (A) Photographs of test strips for the detection of various concentrations of
AFBI1 and ZEN. (B) Raman intensities of the characteristic peak of 4-MBA at 1074
cm’! from 10 different spots on the T lines. (C) Photograph of five test strips for
negative mixed standard solution detection and corresponding Raman intensity on T
lines. (D) Photograph of five test strips for positive mixed standard solution detection
and corresponding Raman intensity on T lines. (E-F) Average Raman spectra on two T
lines for different concentrations of AFB1 and ZEN detection. (G-H) Corresponding
calibration curves of AFB1 and ZEN based on the relationship between R/Ro at 1074
cm™ and the concentration of analytes. Error bars indicate the standard deviations

measured from three separate experiments. (I) Evaluation of the anti-interference of

SERS-based LFIA strips against other common mycotoxins.
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TEM image of Fe;0s@PEI/AuM*@Ag. (G) High-angle annular dark-field image of

35



Detection of Aflatoxin B1 and Zearalenone in corn by SERS-integrated lateral flow strip

Fe;04@PEI/AuMP*@Ag (i) and EDS element mapping images of Fe (ii), Au (iii) and
Ag (iv). (H) Zeta potential of the nanoparticles in the preparation. (I) SERS spectra of
Fe;04@PEI (a), AuMBA@Ag (b), Fe;04@PEI/AuMP*@Ag (c) and antibodies-modified

magnetic SERS probes (d-e).
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Fig. 3. (A) Comparison of three NC membranes, photograph (a) and corresponding

SERS intensities at 1074 cm™! on the T line (b). (B) Specificity evaluation between
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SERS probes and capture antigens, photographs (a) and SERS intensities on the blank
zone, T1 line, T2 line and C line (b). (C) Feasibility investigation of the simultaneous
detection of two mycotoxins, photograph (a) and corresponding SERS intensities at

1074 cm™! on T1 line and T2 line (b).
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corresponding SERS intensities of different volume of sample solution at 1074 cm™!

on T1 and T2 lines (b).
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Fig. 5. (A) Photographs of test strips for the detection of various concentrations of
AFB1 and ZEN. (B) Raman intensities of the characteristic peak of 4-MBA at 1074
cm! from 10 different spots on the T lines. (C) Photograph of five test strips for
negative mixed standard solution detection and corresponding Raman intensity on T
lines. (D) Photograph of five test strips for positive mixed standard solution detection
and corresponding Raman intensity on T lines. (E-F) Average Raman spectra on two T

lines for different concentrations of AFB1 and ZEN detection. (G-H) Corresponding
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calibration curves of AFB1 and ZEN based on the relationship between R/Ro at 1074
cm’! and the concentration of analytes. Error bars indicate the standard deviations
measured from three separate experiments. (I) Evaluation of the anti-interference of

SERS-based LFIA strips against other common mycotoxins.
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Table Caption

Table 1 The recoveries and verification results for the detection of two mycotoxins in
spiked corn samples and contaminated corn samples with the SERS-LFIA strips (n=3)

and HPLC method.
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Table 1 The recoveries and verification results for the detection of two mycotoxins in spiked corn samples and contaminated corn samples with the

SERS-LFIA strips (n=3) and HPLC method.

SERS-LFIA strips

Samples Mycotoxins Spiked (pg/kg)
Detected (ng/kg) Recovery (%) RSD (%)
1.25 1.171 93.68 9.47
2.5 2.282 91.28 9.42
AFBI
5.0 5.476 109.52 8.19
7.5 7.925 105.67 9.67
Spiked corn samples
30 32.163 107.21 9.13
60 64.891 108.15 8.34
ZEN
120 113.655 94.71 9.51
240 252.734 105.31 9.25
HPLC SERS-LFIA strips
Samples Mycotoxins
Detected (ng/kg) Detected (ng/kg) Recovery (%) RSD (%)
1#-AFB1 1.802 1.901 105.49 8.12
1#-ZEN 46.985 50.296 107.05 7.96
Contaminated corn samples
2#-AFB1 3.395 3.161 93.11 7.37
2#-ZEN 355.536 371.762 104.56 6.59
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3#-AFB1
3#-ZEN
4#-AFB1
4#-ZEN
5#-AFB1
5#-ZEN

4.620
199.597
5462
256.602
8.173
160.562

5.014
183.146
5.236
236.751
8.547
150.758

108.53
91.76
95.86
92.26
104.58
93.89

7.64
8.52
8.29
9.17
7.43
9.14
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