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Food and agricultural commodities endure consistent contamination by mycotoxins, low molecular weight
fungal metabolites, which pose severe health implications to humans together with staggering economic losses.
Herein, a ratiometric aptasensor was constructed using silver-coated porous silicon (Ag-pSi) used as an efficient
surface-enhanced Raman scattering (SERS) substrate. The bioassay included direct detection of fumonisin B;
(FB;), an abundant and widespread contaminant, by a specific aptamer sequence immobilized on the porous
transducer. The inherent surface void and pore morphology were physically optimized to achieve a sufficient
SERS effect (enhancement factor > 5 x 107). Under optimal conditions, the aptasensor exhibits high sensitivity,
wide dynamic range, signal stability, selectivity and regeneration for consecutive FB; detection (0.05 ppb,
0.1-1000 ppb, RSD of 5.2 %, no interference with competing mycotoxins and eight regeneration cycles,
respectively). The efficacy of the designed aptasensor was elucidated in various spiked matrices (maize, onion,
wheat and milk) with averaged recovery values of 93.3-113.6 % and satisfactory consistency with HPLC data for
representative foodstuffs. Overall, the resulting validation emphasizes the transducer’s reliability and suitability

Porous silicon
SERS

for practical use, including on-site analysis.

1. Introduction

Food and agricultural commodities are constantly contaminated by
various toxigenic molds that secrete poisonous chemical products
formed as secondary metabolites (Hassan, Zareef, Xu, Li, & Chen, 2021).
Among the various mycotoxin groups, fumonisin B1 (FB;) is naturally
generated by Fusarium species and is highly prevalent in maize, wheat,
rice and soybean (Miron-Mérida, Gong, & Goycoolea, 2021). According
to the International Agency for Research on Cancer, FB; is considered a
possible human carcinogen (group 2B) responsible for adverse health
implications, such as gene mutation, kidney and liver poisoning, he-
matological and biochemical damages (Dong, Liu, Meng, Liu, & You,
2022). Due to the increased toxicological effects, the EU and the FDA
have established a maximum tolerable daily intake of 2 pg/kg body
weight (Gao et al., 2023). The ability to accurately detect and quantify
contaminated food and feed at the early stage is of utmost importance to
prevent potential health hazards to livestock and humans. Numerous
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methods are well facilitated for mycotoxins detection, including HPLC,
LC-MS, ELISA and later flow assays (Logan et al., 2024). Although the
high sensitivity and selectivity, most of these laboratory-based tech-
niques are inadequate for in situ operation (intricate preparation pro-
cedures, exclusive equipment and personnel), while the portable
techniques suffer from low throughput, limited stability and reproduc-
ibility, and most importantly an unappealing price tag for a single
measurement (Gao et al., 2023; Huang et al., 2023).

Novel designs and sensing methods focus on exceeding these limi-
tations to further improve and, at some point, replace the current
analytical techniques. Among the emerging detection systems, optical-
transduction is widely popular, ie., optical biosensors that demon-
strate high sensitivity and selectivity, ease of detection, high-throughput
analysis at on-site conditions, miniaturization toward lab-on-chip tech-
nology and reproducibility (Arshavsky-Graham, Massad-Ivanir, Segal, &
Weiss, 2018). The recent rising star for ultrasensitive low molecular
weight target molecule detection, operation-friendly and rapid
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multiplex constituents’ assessment is the surface-enhanced Raman
scattering (SERS) spectroscopy (Langer et al., 2020; Logan et al., 2024).
The attractivity stems from the advancements in Raman signal ampli-
fication through electromagnetic and chemical enhancement mecha-
nisms, rational design of the signal-generating platform and the
efficiency of the affinity agent to capture its designated analyte. For
example, Jiao et al. have shown a highly sensitive and reproducible
multiplex mycotoxin SERS array based on gold nanoparticles-loaded
inverse opal silica photonic crystal microsphere (Jiao et al., 2022).
Three distinct Raman nanotags were utilized to code the target myco-
toxins. The competitive immunoassay offered limit of detection (LOD) of
2.46, 0.20, and 68.98 pg/mL (parts per trillion) for OTA, FB,, and DON,
respectively, while achieving an impressive enhancement factor (EF) of
1.2 x 10% Other examples include SERS-based immunochromato-
graphic assays (W. Zhang et al., 2020; Zheng et al., 2022), microfluidic
systems (Pu, Xiao, & Sun, 2017; J. Zhang, Jiang, Li, Yuan, & Yang,
2023), and hybrid supports (Martinez & He, 2021; Miron-Mérida et al.,
2021), all of which excelled in terms of sensitivity, noninvasive and
fingerprint information, while additional efforts should be devoted to-
ward minimizing false-positive output of interfering residues in actual
samples (Z. Wu, Pu, & Sun, 2021). In the last two decades, aptamers
(artificial single-stranded oligonucleotides, DNA or RNA) have prevailed
as an alternative capture probe to antibodies denoted due to their
exceptional affinity and specificity, cost-effectiveness, ease of fabrica-
tion, durability and shelf-life stability (Miron-Meérida et al., 2021). He
et al. reported a bimodal (SERS and fluorometry) approach using
competitive aptamer assay (detection aptamer labeled with Cy5 and
complementary DNA-modified gold nanorods) (He, Wu, Cui, & Xu,
2020). In the presence of FB;, the fluorophore-labeled composite was
detached, resulting in recovered fluorescence and declined SERS signal.
The assay offered LOD of 0.003 and 0.005 ppb (ng/mL) for SERS and
fluorescence modes, respectively. Despite the massive exploration of
numerous SERS-based platforms for mycotoxins detection, there is still
an actual need for a robust, sensitive, cost-effective, stable and reusable
pen-side sensing platform (Logan et al., 2024).

Herein, we present a direct sensing approach for the sensitive and
selective detection of FB; in representative foodstuffs. Silver-coated
porous silicon (Ag-pSi) was used as the SERS active substrate,
renowned for its massive internal surface area, tunable pore size, ease of
surface functionalization, and remarkable performance in various bio-
sensing applications (Arshavsky-Graham et al., 2018; Khinevich et al.,
2021; Nirala, Asiku, Dvir, & Shtenberg, 2022; Yang et al., 2024).
Moreover, the produced substrates are compliant with any ratiometric
SERS-based sensing, thus achieving a reliable quantitative detection
method with pronounced reproducibility (Yan Wu et al., 2024). Initially,
the experimental conditions were carefully optimized for an abundant
SERS effect, including the inherent surface void and pore morphology,
noble metal content and distribution. Then, the optimized Ag-pSi
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scaffold was labeled with 4-aminothiophenol (4-ATP, Raman marker)
followed by anti-FB; aptamer modification to serve as the bio-
recognition element that can comply with regenerating the scaffold for
numerous consecutive sensing events while using the same portable
scaffold. A ratiometric response evaluated the sensitivity, selectivity,
stability and surface regeneration. Finally, the feasibility of near real-
time assessment was investigated using foodstuff samples spiked or
naturally contaminated with FB; in comparison with the traditional
HPLC approach. Fig. 1 demonstrates the sensing concept upon target
analyte capturing and detection, while the optical response gradually
declined with augmented FB; content. The latter is associated with
biocomplex formation and consequently signal masking, as previously
shown (Muthukumar & Shtenberg, 2024; Yang et al., 2024; Yin et al.,
2022; W. Zhang et al., 2020). Overall, this work holds significant
promise for enhancing food safety measures and preventing the spread
of minute contaminants, ultimately safeguarding public health.

2. Experimental section
2.1. Materials

P-type silicon wafers (B-doped, (100) oriented with an averaged
resistivity of 1.0 mQ cm) were obtained from Sil’tronix Silicon Tech-
nologies (France). Analytical grade buffers, methanol (MeOH), absolute
ethanol (EtOH), 4-ATP, glutaraldehyde (GA, 50 %), FB;, aflatoxin B1
(AFB), ochratoxin A (OTA), deoxynivalenol (DON), zearalenone (ZEN),
silver nitrate (AgNO3) and hydrofluoric acid (HF, 48 %) were purchased
from Merck (Israel). Aptamer against FB; (aFBj, 5’ -NH-ATACCAGCT-
TATTCAATTAATCGCATTACCTTATACCAGCTTATTCAATTAC-3") was
purchased from Integrated DNA Technologies (IDT, Germany) (Frost,
McKeague, Falcioni, & DeRosa, 2015).

2.2. AgpSi SERS platform fabrication

The pSi nanostructures were fabricated by two sequential anodiza-
tion procedures used to remove the parasitic layer (also termed as a
sacrificial layer) produced during the first etching step, as previously
reported (Muthukumar & Shtenberg, 2023; Nirala et al., 2022). Caution:
HF is a highly toxic and corrosive substance; hence, physical contact should
be evaded. The wet etching conditions were 75, 300, and 526 mA cm 2
applied for 70, 18, and 10 s, respectively (resulting in scaffolds #1, #2
and #3). The freshly produced transducers were soaked in 1 mM AgNOs3
solution (50 % ethanol) for specific durations (0, 5, 10, and 30 min) to
integrate AgNPs within the porous layer. The reduction was stopped
after all surfaces were washed trice with ultrapure water and dried at
100 °C for 5 min. Then, all platforms were immersed in 1 pM ethanoic
solution of 4-ATP for 60 min, resulting in 4-ATP/Ag-pSi surfaces. Sub-
sequently, the optimal scaffold conditions were functionalized with
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Fig. 1. Schematic representations of FB; (target analyte) capturing and detection using aptamer modified Ag-pSi SERS scaffold.
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aFB; (10 pL at 1 pM) using 2.5 % (v/v) aqueous GA solution applied for
30 min and vigorously washed with ultrapure water to remove unbound
residues (Sachin K Srivastava et al., 2015). The developed SERS plat-
forms were stored under ambient conditions and immersed in a pre-
heated Tris buffer (50 mM, pH 8.0, 70 °C) for 5 min prior to the intended
analysis.

2.3. SERS-based detection of FB;

An amount of 20 pL of different FB; concentrations (0.1 to 1000 ppb
prepared in 10 % (v/v) MeOH in 50 mM HEPES buffer) were adminis-
tered on oFB;/4-ATP/Ag-pSi surfaces. The solutions were incubated at
room temperature for 30 min to ensure sufficient recognition between
the aptamers and the target molecules, thoroughly rinsed with HEPES
buffer and dried using a low stream of nitrogen before optical inspec-
tion. The selectivity studies were similarly performed using different
common interfering mycotoxins (e.g, AFB;, OTA, DON, and ZEN, 10 ppb
each). Moreover, the stability and self-life were optically evaluated upon
the target release using a preheated Tris buffer (50 mM, pH 8.0, 70 °C)
applied for 5 min.

2.4. Foodstuff analysis

Various food samples were ground in a mixer mill (wheat, onion and
maize). Following that, 10 mL of 10 % MeOH in HEPES buffer was used
to suspend 5 g of the finely powdered foodstuff. The mixtures were
stirred for 30 min prior to centrifugation (3000 xg for 10 min) and sy-
ringe filtered (0.22 pm Milex®) to remove any insoluble matter. More-
over, bovine milk was defatted and used as an additional simulant of a
complex matrix. Finally, the noted food matrices were spiked with 0.5, 5
and 50 ppb FB; using MeOH and assessed by the porous transducer.

2.5. Equipment and measurements

The resulting morphological features were characterized using a Carl
Zeiss Ultra Plus HRSEM operated at 1 kV. The elemental composition
was studied using a MIRA3 field-emission SEM microscope (TESCAN)
coupled with EDX detector operated at 10 kV. Images were processed
using Image J software. The open porosity values were calculated by
Bruggeman effective medium approximation using the spectroscopic
liquid infiltration method (SLIM) (Schwartz, Alvarez, & Sailor, 2007).
Both Raman and SERS spectra were acquired using a portable spec-
trometer (QEPro 650 by Ocean optics, FL, USA) with an input slit of 50
pm, equipped with 785 nm laser source (385 mW) while collecting three
accumulations of 3 s exposure. Note: in order to minimize the spot-to-
spot variation, all porous platforms were physically impregnated
within a sample holder while assessing the same optical spot. The ob-
tained spectra were normalized using OriginPro-2016 by asymmetric
least squares smoothing and automatic baseline correction (Nirala et al.,
2022).

The Ag-pSi SERS surface response was calculated as a ratiometric
SERS intensity response located at 1598 cm ™! and defined as:

I
Nor.Intensity (%) = L x 100 (€D)
)

where, I represents the optical intensity response of the different solu-
tions, while Iy denotes the intensity value recorded at the baseline before
the application of the studied solution onto the SERS platform (un-
modified aFB1/4-ATP/Ag-pSi surface). Note: all reported data are re-
ported as mean + Std (n > 3).

2.6. Mycotoxin analysis

2.6.1. Fungal strain
Fumonisin-producing Fusarium proliferatum (F. proliferatum) strain
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YO3, isolated from red onion cv. Mata Hari, was used in this study. The
strain was refreshed from —80 °C by subculturing on PDA plates and
maintained at 28 °C before each experiment. Spores (macroconidia)
were collected in sterile saline from cultures grown for 4 days and
macroconidial suspension was adjusted to the required concentration by
counting in a hemocytometer. Inoculum concentration was verified by
plating on PDA plates for determination of CFU counts.

2.6.2. HPLC-based detection of FB; in food samples

Ten g of wheat grain, rice and oats samples were inoculated with 1
mL of 10° conidia/mL of F. proliferatum. Food samples treated with
sterile water instead of fungal inoculum were used as negative controls.
The samples were prepared in triplicate and incubated at 28 °C for 5
days. Then, the samples were freeze-dried and milled to a fine powder
with a grain grinder. FB; content was analyzed by HPLC as described
previously (Sadhasivam et al., 2022). Briefly, 2 g of the ground sample
was extracted with 10 mL of the extraction solvent mixture (acetoni-
trile/methanol/water, 25:25:50, v/v). After agitation on an orbital
shaker for 30 min, the samples were centrifuged at 8580 xg for 15 min.
A 2 mL aliquot of the supernatant was diluted with 8 mL phosphate
buffered saline (PBS). Then, 10 mL of the diluted extract was passed
through an immunoaffinity column (FumoniTest™ wide-bore, VICAM,
Milford, MA, USA). The column was rinsed with 10 mL PBS and the toxin
was eluted by passing 1 mL methanol followed by 1 mL water through
the column. The eluate was evaporated to dryness under a nitrogen
stream at 60 °C. The dried analytes were derivatized by solvent mixture
of methanol (250 pL), 0.05 M sodium borate buffer (250 pL), sodium
cyanide (125 pL) and 2,3-naphthalenedicarboxaldehyde (NDA, 125 pL).
The mixture was allowed to react for 20 min at 60 °C in a water bath and
then cooled down to room temperature. Then 250 pL of 0.05 M phos-
phate buffer (pH 7.4)/acetonitrile (40:60, v/v) was added to the
mixture. The derivatized samples were filtered through a 0.22 pm PTFE
filter and quantitatively analyzed by injection of 20 pL into a reversed
phase HPLC/UHPLC system (Waters ACQUITY Arc, Milford, MA, USA)
with an isocratic mobile phase consisting of 0.1 M sodium phosphate
monobasic salt adjusted to pH 3.3 with orthophosphoric acid/methanol
(230:770, v/v) at a flow rate of 1 mL/min through a Kinetex 3.5 pm XB-
C18 (150 x 4.6 mm) column (Phenomenex). The column temperature
was 30 °C. The noncontaminated food samples (wheat grain, rice and
oats) were spiked with different concentrations (0.025, 0.05, 0.1, 0.5, 2
ng/g) of the mycotoxin FB, standard solution to construct the calibration
curves. The FB; peak was detected with a fluorescence detector (Ex/Em
at 420/500 nm) and quantified by comparing with the calibration curves
of the mycotoxin standard. Similar solutions were assessed by the porous
transducer.

3. Results and discussion
3.1. Ag-pSi nanostructures’ topology and optical characteristics

The structural properties of noble metal-decorated SERS scaffolds are
crucial for efficient sensing capabilities, such as optical performance and
sensitivity threshold (Khinevich et al., 2021). Hence, the intrinsic fea-
tures such as metal-dielectric scaffold pore diameter, thin layer thick-
ness, open porosity, noble metal content, distribution on the pSi
nanostructure and EF, were thoroughly evaluated. Three different cur-
rent densities were used to construct various morphologies, mainly
altered in their pore diameter and unchanged in the overall porous layer
thickness. The latter was fixed at optimal penetration depth for porous
SERS transducer based on previous reports (Giorgis et al., 2008; Nirala
et al., 2022), while the former offered different substances load
impregnation. HR-SEM images of the different porous scaffolds reveal
the morphological features of open pores with averaged diameters of 32
+ 10,52 + 11 and 68 + 13 nm for scaffolds #1, #2 and #3, respectively,
see Fig. 2a, f, k (the pores size distribution is shown in Fig. S1). A uni-
form layer of un-branched channels with a characteristic thickness of
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Fig. 2. HR-SEM images of the different porous scaffolds upon immersion plating with AgNO3. Top row images of scaffold #1, middle row images of scaffold #2 and
bottom row images are scaffold #3 (corresponding to wet etching conditions of 75, 300, and 526 mA cm™ applied on bulk Si wafer for 70, 18, and 10 s, respectively).
The immersion periods are (a, f, k) 0 min, (b, g, 1) 5 min, (¢, h, m) 10 min and (d, i, n) 30 min. Cross-sectional images (e) scaffold #1, (j) scaffold #2 and (o) scaffold
#3. The scale bars are 300 nm and 1 um for top and cross-sectional images, respectively. (p). EDX analysis of silver distribution. (q) Inherent porosities calculated by
SLIM approach. (r) The corresponding SERS intensities of different 4-ATP/Ag-pSi scaffolds produced at different immersion periods. The intensified C=C stretching

mode recorded at 1598 cm™ was used for the assessment.

2.99 + 0.31 pm was shown for all structures, see Fig. 2e, j, o. Inmedi-
ately, the freshly anodized scaffolds were chemically oxidized in the
presence of 1 mM AgNOs at various durations (0, 5, 10 and 30 min) to
integrate noble metal nanoparticles on the thin films (Liu, Cheng, & Cui,
2014). The AgNPs distribution and size are dominated by redox-
synthesis duration. Indeed, the HR-SEM images visualized augmented
AgNPs dimensions upon elongated periods (for instance Fig. 2b, c, d),
while insignificant differences in silver load were shown between
similar dipping durations (Fig. 2d, i, n). It is to be mentioned that all
studied surfaces produced relatively homogeneous silver coverage upon
the noted distribution without incidences of silver agglomerates. To
further complement the noble metal content coverage on the different
Ag-pSi scaffolds, elemental analysis was performed using an EDX de-
tector coupled to HR-SEM. Fig. 2p depicts that the atomic silver content
increased profoundly upon elongated immersion periods for all analyzed
scaffolds, in agreement with previous studies (Muthukumar & Shten-
berg, 2023; Nirala et al., 2022). The only silver load deviation was ob-
tained at 30 min of silver-plating that preferred larger pore width. These
conditions presented atomic content of 29.1 + 0.5, 32.7 &+ 0.7 and 35.7
+ 1.9 % of for scaffolds #1, #2 and #3, respectively. Next, the open
porosity values were calculated by Bruggeman effective medium
approximation using SLIM. The approach utilizes the known refractive
indexes of liquids infiltrating the porous void that alternate the

interference components of the reflectance spectra. The attained data
revealed a decrease in the open porosities with pores clogging at elon-
gated immersion periods (Fig. 2q). In addition, the overall porosity was
proportional to the anodization conditions, favoring higher current
densities that generated increased porous voids. These results are in
agreement with previous reports, exhibiting that the resulting SERS
substrate based on a metal-coated anisotropic scaffold is formed by a
rapid, straightforward and cost-effective method (Chursanova et al.,
2010; Han et al., 2023; Khinevich et al., 2021).

The optical performances of the different SERS active substrates were
investigated under controlled conditions using 1 pM ethanoic solution of
4-ATP (Raman tag) on the Ag-pSi. Fig. S2 shows a representative SERS
spectrum of 4-ATP/Ag-pSi with the characteristic fingerprints of five
major peaks (located at 824, 1089, 1194, 1243 and 1598 cm™!) that are
ascribed to the benzene ring and its functional groups. Table S1 reviews
the attained peak positions with the chemical and vibrational assign-
ments (Hu, Wang, Wang, & Dong, 2007; Osawa, Matsuda, Yoshii, &
Uchida, 1994). Thereafter, the intensified C=C stretching mode recor-
ded at 1598 cm ™! was used for the assessment. Fig. 2r depicts the cor-
responding SERS intensities of 4-ATP/Ag-pSi scaffolds produced at
different immersion periods. A similar trend is shown for all studied
scaffolds, in which the intensity rises in correlation to metal content
growth. The wider pores of scaffold #3 outperformed other substrates
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while presenting intensified values. For example, the SERS intensities
obtained at 30 min of silver-plating were 6388 + 1065, 13,023 + 831
and 17,583 + 900 a.u. for scaffold #1, #2 and #3, respectively. The
attained increase is attributed to the physical features of the pSi-based
SERS substrate, offering surface topology control of the generated
local electric field between metal crystals faces (hot spots) needed for
intensified SERS activity (Agafilushkina et al., 2020; Ge et al., 2020;
Muthukumar & Shtenberg, 2023; Nirala et al., 2022). At this point, the
amplified SERS output was compared with similar silver treatment
conducted on a planar Si surface. Briefly, the bulk Si wafer was pre-
treated with 36 % v/v ethanolic HF solution for 2 min without applying
the electrochemical anodization procedure, thus receiving reductive
species of silicon hydride (Liu et al., 2014). Immediately, the mono-
crystalline Si substrate was soaked in 1 mM AgNOs3 for 30 min, followed
by similar 4-ATP modification. Fig. S2 shows a representative SERS
spectrum of 4-ATP/Ag-Si (non-anodized flat platform) with similar
characteristic peaks. The intensified C=C stretching mode recorded at
1598 cm ! presented values of 355 + 170 a.u. that are 50-fold lower
than a similarly treated porous scaffold #3 (Fig. S2, inset). This result
strengthens the importance of the structural properties of noble metal-
decorated SERS substrate to generate a proficient signal, in agreement
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with previous reports (Agafilushkina et al., 2020; Chursanova et al.,
2010; Giorgis et al., 2008; Muthukumar & Shtenberg, 2023). Finally, the
optical performance of the constructed SERS scaffolds was assessed
through EF calculation. The scattered radiation proportion between
SERS substrate intensity was compared with normal Raman signal
attained from metal-free porous Si support using 4-ATP at 1 pM and 100
mM, respectively (Khinevich et al., 2021). The calculated EF were 3.9 x
107, 4.9 x 107 and 5.4 x 107 for scaffold #1, #2 and #3, correspond-
ingly, see Supplementary Information. Thus, considering the intensified
SERS performance, scaffold #3 soaked in 1 mM AgNOs for 30 min was
chosen as the optimal SERS active substrate for all subsequent
assessments.

3.2. Sensitivity, selectivity and homogeneity of SERS-based aptasensor

The optimized Ag-pSi scaffold was modified with an anti FB;
aptamer to serve as a biorecognition element against the target mole-
cule, resulting in aFB;/4-ATP/Ag-pSi surface. Subsequently, a compre-
hensive dynamic response was acquired upon direct detection of the
solid support. Briefly, 20 pL of different FB; concentrations (0 to 1000

(b) 100 -
y = -8.90 In(x) + 71.21
801 ™ R?=0.99
S 9
2 60 1
=
S 40
5
z
LN
20
“
1 S —
0.1 1 10 100 1000
FB1 (ppb)
@ 10
1598 cm-1, RSD = 5.2%

Intensity (x 10% a.u.)

0 10 20 30 40
Sensing Site

Fig. 3. (a) Representative SERS spectra of aFB,/4-ATP/Ag-pSi surfaces toward various FB; concentrations (0 to 1000 ppb). (b) Corresponding calibration curve using
normalized SERS intensity obtained at 1598 cm™!. The normalization was performed with respect to the intensity value recorded prior to any interaction (unreacted
of aFB,/4-ATP/Ag-pSi surface). (c) Selectivity study using competing mycotoxins (all targets were fixed at a final concentration of 10 ppb). Note: mix stands for a
mixture of AFB;, ZEN, DON and OTA. (d) SERS signal distribution of 40 randomly recorded sensing spots using 1598 cm ™! peak. The average line is plotted with a

blue line and the navy regions indicate the intensity variation (£5.2 %).
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ppb) were administered on the SERS substrates, allowed to interact for
30 min, washed and dried prior to optical assessment. Fig. 3a shows
representative SERS spectra of the characteristic fingerprint using a 4-
ATP molecule as a Raman reporting tag. The optical response propor-
tionally decreased with increased FB; content and thus inhibited the
inherent SERS signal of aFB;/4-ATP/Ag-pSi surface. Next, a calibration
curve was constructed to establish a quantitative relationship between
the optical response and the mycotoxin concentration using ratiometric
SERS response of normalized intensities (Fig. 3b). Note: the attained
peak intensities measured at 1598 cm ™! were normalized to the in-
tensity of the unreacted scaffold (prior to any substance interaction).
The fitted regression equation was Normalized Intensity = — 8.90 x Ln
(Cpp1) + 71.21, with a regression coefficient of 0.99. The optical
response declined on a logarithmic correlation while assessing the dy-
namic range of FB;. Similar optical output was previously shown for the
direct assessment of a biorecognition event (Muthukumar & Shtenberg,
2023, 2024; Sachin K. Srivastava et al., 2014). The calculated LOD was
0.05 ppb using three standard deviations of the control sample (that
omitted FB; from the bioassay) proportion to the fitting curve slope. The
attained value is well below the threshold levels set by the current EU
legislation and Codex standards for food and feed (< 2000 ppb)
(Terciolo et al., 2019; Yongning Wu, 2014). Similarly, the limit of
quantification (LOQ) and coefficient of variation (CV) were computed,
revealing 0.12 ppb and 5.2 %, respectively, Table S2 (Camara, Bor-
nancini, Cabrera, Ortega, & Yudi, 2010; Wang, Tan, Zhao, Liu, & Li,
2024).

Next, the selectivity of the bioassay was thoroughly studied using
commonly known interfering mycotoxins (i.e., AFB;, ZEN, DON and
OTA). The selectivity assessment is a crucial feature needed for innate
performance evaluation in complex matrices applicable to real-life
practices. The final concentration of all examined mycotoxins was
fixed to 10 ppb that were similarly applied on the solid support for
sufficient biorecognition by the immobilized «FB; and were optically
assessed thereafter. Fig. 3c depicts the normalized optical response of
the noted mycotoxins with respect to the FB; (used as a control).
Negligible interferences for all competing mycotoxins were shown,
while the condition that included the target analyte was equivalent to
the response of only FB; (55.5 + 1.2 and 49.7 + 1.8 %, respectively).
Therefore, the obtained results strongly support satisfactory selectivity
using the unique binding affinity of aFB; toward accurate FB; detection
without conceding the optical performances. Another critical parameter
while assessing the collected intensity of the solid support substrate
would be the efficiency of reproducing a homogenous signal across the
SERS surface. Fig. 3d depicts the signal distribution of 40 randomly
recorded sensing spots using the intensive peak located at 1598 cm ™ _.
The average intensity of aFB;/4-ATP/Ag-pSi surface was 6826 + 353 a.
u. while the calculated relative standard deviation (RSD) was 5.2 %. The
sufficient reproducibility of the constructed aptasensor outperformed
previously reported pSi-based SERS active substrates that included
numerous structural compositions combined with conventional and
affordable metals (Khinevich et al., 2021).

3.3. SERS platform regeneration

One of the favorable advantages of using aptamers for any bioassay
or biosensing scheme is their reversible denaturation feature that is
amenable to consecutive sensing events (Arshavsky-Graham et al., 2020;
Miron-Mérida et al., 2021). The regeneration process will include the
release of the target molecule upon aptamer’s unfolding process (e.g.,
preheated solution, regeneration buffer, etc.), thus resulting in a recy-
clable substrate’s surface. The reversible nature of the developed SERS
platform was thoroughly elucidated. Fig. 4 presents the normalized in-
tensity values (ratiometric response) upon eight regeneration cycles
with respect to the control sample (first sensing event). Despite mild
alterations in the obtained regeneration values (<6.7 %), all sensing
cycles fluctuated around the normalized value of the control sample
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Fig. 4. SERS substrate reusability assessment. The aFB;/4-ATP/Ag-pSi surface
was recycled using preheated Tris buffer (50 mM, pH 8.0, 70 °C) that was
applied for 5 min on the substrate. All sensing events monitored 10 ppb FB;.

(52.6 + 2.3 %). These findings demonstrate that the developed SERS
substrate remains effective for up to eight regeneration cycles. The
restoration capability ensures its long-term use and practicality in
various applications. Table 1 compares the developed SERS-based assay
with recent sensing and biosensing approaches for FB1 assessment.
Although several platforms depicted enhanced sensitivities (lower LOD
values), the presented SERS-based assay exhibited several profound
advantages for practical use, such as direct target analyte detection,
simplified and straightforward sensing protocol (sample drop-wash-
measure), wide dynamic range, rapid assay duration and a generic
sensing concept using aptamers as the biorecognition element. More-
over, the ratiometric design minimizes the need for internal standard
addition (a supplementary inert Raman active molecule) and minimizes
the effect of substrate feature fluctuations upon various fabrication
processes (batch-to-batch variation). The substrate’s ability to maintain
a significant portion of its initial intensity after multiple regenerations
enhances its sustainability and cost-effectiveness in comparison to other
techniques. To the best of our knowledge the eight reuses of the sensing
platform is the maximal regeneration cycles reported to date (Table 1).
This means that the ability to reuse the transducer for numerous effec-
tive biorecognition events minimizes the price tag for a single mea-
surement by 8-fold and surpasses other state-of-the-art techniques,
hence indicating the novelty of the produced pen-side sensing platform.
Overall, the evaluation highlights the resilience and practical applica-
bility of the portable SERS substrate for reliable and prolonged use while
assessing minute FB1 residues.

3.4. Detection of FB; in real foodstuff

The efficacy of the designed aptasensor was elucidated using spiked
conditions in various foods. All samples were spiked with standard so-
lutions of 0.5, 5.0 and 50 ppb of FB; and were optically evaluated.
Table 2 summarizes the detected values using the regression relation-
ship of the calibration curve. The calculated recovery values of maize,
onion and wheat were between 93.3 % to 109.8 %. Moreover, defatted
milk was used as an additional complex matrix example that entails
numerous constituents (e.g., fat globules, white cells, proteins, nutrients
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Table 1
Comparison of the developed SERS-based assay with recent sensing and biosensing approaches for target molecule assessment.
Detection Receptor Transducer Linear LOD Assay Portability =~ Reusable SERS Refs.
methods range (ppb) Duration (regeneration EF
(ppb) (min) cycles) (x
10
. . (Chen, Liang, Zhang, Leng, &
Colorimetry Antibody AuNP 3-25 12.5 120 — — — Xiong, 2018)
Tao, Zi Li, & We
Colorimetry Aptamer Microplate 0.5 -300 0.3 110 - - - ;();())’) hou, Li, & Wang,
Colorimetry/ . . 0.1/

LSPR Antibody =~ Microplate 0.1-500 0.06 100 - - — (Zhou et al., 2024)
Fluorescence Antibody Glass slide 17.3-79.6 11.1 220 — — — (Peltomaa et al., 2017)
Fluorescence Antibody ~ Microplate 0.41-100 0.483 120 — - - (Huang et al., 2023)

. . Screen-printed (Lu, Seenivasan, Wang, Yu, &
Electrochemistry Antibody carbon electrode 200-45,000 42 40 - - - Gunasekaran, 2016)
Electrochemistry Aptamer AuNR 0.001-100 0.00026 15 — ;rs) — (Wei, Xin, Feng, & Liu, 2020)
Fluorescence/ 0.01-0.25/ 0.005/ 0 one

SERS Aptamer Pt-AuNR 0.01-0.5 0.003 45 - - - (He et al., 2020)

SERS Antibody ~ CraPheneoxide Au- -, 000 16 0000520 20 - - 354 (Zheng et al., 2022)
nano film
. AuNPs- silica inverse X Py
SERS Antibody opal 0.001-10 0.00026 90 — — 1.2 (Jiao et al., 2022)
. Nitrocellulose
SERS Antibody 0.4-300 0.26 20 + - - (W. Zhang et al., 2020)
membrane
SERS Aptamer Ag-pSi 0.1-1000 0.05 30 + ;;) 54 This work
Table 2
Accuracy of the SERS-based platform to quantify spiked FB, in various foodstuffs.
Real samples Detected ? Recovery Detected ° Recovery Detected © Recovery
(ppb) (%) (ppb) (%) (ppb) (%)
Maize 0.49 + 0.08 97.6 4.90 + 0.58 98.0 53.18 + 3.52 106.4
Onion 0.47 +£ 0.07 93.4 4.79 £+ 0.35 95.7 54.88 + 3.80 109.8
Wheat 0.47 £ 0.11 93.3 4.97 + 0.35 99.3 53.72 + 1.66 107.4
Defatted Milk 0.49 + 0.07 98.1 5.26 + 0.47 105.3 56.82 + 0.37 113.6

Note: Spiked conditions were 0.5%, 5.0° and 50° ppb of FBI1.

and others) that may impede the sensing event. The attained recovery
values found in milk were between 98.1 % to 113.6 %. More impor-
tantly, three foodstuffs (wheat, rice, and oats) were inoculated with
F. proliferatum, allowed it to cultivate and secrete its secondary metab-
olites that were later assessed by the routine method of analytical
chemistry using HPLC. Table 3 presents the comparative assessment of
the aptasensor vs gold standard approach while depicting recoveries of
95.0, 99.8 and 114.3 % in wheat, rice and oats, respectively. The
comparative study indicated acceptable accuracy of the developed
bioassay to quantify minute toxins in different foodstuffs. The successful
application of the developed SERS bioassay in analyzing real samples
emphasizes its reliability and suitability for practical use, including on-
site analysis. The ability to accurately detect and quantify contaminated
food at the early stage is of utmost importance for ensuring food safety
and preventing potential health hazards.

4. Conclusions

A ratiometric aptasensor was utilized for minute FB; residue
assessment while employing a highly porous SERS substrate coupled

Table 3
SERS platform and HPLC estimates of FB; detection in various foodstuffs.
Foodstuff SERS HPLC Recovery
(ppb) (ppb) (%)
Wheat 537 + 12 565 + 20 95.0
Rice 575 + 24 576 + 26 99.8
Oats 249 + 44 218+ 5 114.3

with a specific DNA sequence. The efficient bioassay exhibited several
profound advantages, such as a rapid (30 min), straightforward (sample
drop-wash-measure), cost-effective and portable approach. Moreover,
the direct sensing scheme offered high sensitivity, wide dynamic range,
signal stability, selectivity and regeneration for consecutive FB; detec-
tion (0.05 ppb, 0.1-1000 ppb, RSD of 5.2 %, no interference with
competing mycotoxins and eight regeneration cycles, respectively). The
latter ability outperformed numerous state-of-the-art techniques,
resulting in a price tag reduction for a single measurement by 8-fold. The
practicality of real samples evaluation was in compliance with the gold
standard approach (HPLC). Despite the high-throughput analysis defi-
ciency, the developed framework is reusable and optically durable, thus
demonstrating its potential applicability for point-of-care/site testing.
Future research will tackle the noted limitation by extrapolating the
rigid support design into an array format while detecting other haz-
ardous toxins or low molecular weight contaminants with preserved
analytical performances. Moreover, we will focus on additional im-
provements such as sample pretreatment, liquid handling and power
supply for energy consumers to expand the potential for pen-side
sensing.
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