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Abstract

A red-emissive, derivatization-assisted aptasensor was developed for acrylamide analysis
in food. Acrylamide was first converted into the xanthydrol–acrylamide adduct (XAA),
which was recognized by the DNA aptamer AptXAA. A π-conjugation-extended thioflavin
T analogue, ThT-Red, was synthesized as the fluorescent signal molecule. ThT-Red exhib-
ited an emission maximum at 600 nm and showed enhanced fluorescence upon binding
to AptXAA, attributable to restricted intramolecular motion. XAA binding perturbed the
ThT-Red–AptXAA interaction, producing a concentration-dependent fluorescence decrease
consistent with competitive displacement. Following a 30 min xanthydrol derivatization
step, the fluorescence sensing response was obtained within 3 min. Under optimized condi-
tions, the sensor showed a linear response to XAA over 0–2.5 µM, with a limit of detection
of 0.23 µM. Recoveries of 90.14–119.72% were obtained in spiked potato-chip extracts. The
sensing response was also measurable using a portable fluorometer, supporting its poten-
tial for rapid on-site analysis. This work demonstrates that structural engineering of an
aptamer-responsive molecular rotor can provide an effective red-fluorescence transduction
strategy for derivatization-assisted detection of low-epitope food contaminants.

Keywords: acrylamide; xanthydrol–acrylamide adduct; aptamer; thioflavin T analogue;
red fluorescence; portable detection

1. Introduction
Acrylamide is a heat-induced food-processing contaminant formed predominantly

through Maillard-type reactions in carbohydrate-rich foods, including potato products,
baked foods, and coffee. Its widespread occurrence and toxicological concerns have created
a continuing need for analytical methods that can support both laboratory confirmation and
rapid screening [1–3]. Chromatographic methods, particularly liquid or gas chromatogra-
phy coupled with mass spectrometry, provide reliable quantification but generally require
centralized instrumentation, trained personnel, and multistep sample preparation [4].
Nonchromatographic alternatives include derivatization-dependent enzyme-linked and
chemiluminescence immunoassays, nanobody-based immunoassays, electrochemical for-
mats, and optical/colorimetric sensors [5–9]. These approaches can reduce instrument
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demands, but their performance remains linked to recognition-element design, derivatiza-
tion chemistry, matrix control, and readout standardization; they complement rather than
replace confirmatory instrumental analysis.

Aptamers are attractive recognition elements for portable sensing because they are
chemically synthesized, readily modified, and compatible with diverse optical transduc-
tion mechanisms [10,11]. Direct selection against low-epitope acrylamide is difficult: the
original study reported a 4.7 mM dissociation constant for a direct acrylamide aptamer by
strand displacement. Covalent reaction of acrylamide with xanthydrol generated the more
structurally complex adduct XAA, and the selected XAA-1 aptamer (AptXAA) reached a
20 nM dissociation constant with a 4.2 nM adduct-detection limit [12]. Thus, that work
established high-affinity recognition rather than an analytically inadequate aptamer. Other
acrylamide aptasensors, including smartphone-assisted colorimetric systems and our pre-
ceding portable near-infrared platform, have also been reported [9,13].

Fluorogenic dyes that become emissive after binding structured nucleic acids offer a
label-free route to couple aptamer recognition with optical readout [14,15]. Thioflavin T
(ThT) is widely used as a nucleic-acid-responsive molecular rotor because its fluorescence
is enhanced when intramolecular motion is restricted by a structured binding environ-
ment [16]. Nevertheless, conventional ThT emits in the blue region, whereas thermally
processed foods can contain fluorescent Maillard products and suspended or co-extracted
matrix components that complicate short-wavelength fluorescence measurements [17].
Extending the π-conjugated system of a ThT-like scaffold is therefore a rational strategy
to obtain longer-wavelength emission while retaining environment-sensitive fluorescence.
Donor–π–acceptor fluorophores and molecular rotors are particularly suitable for this pur-
pose because their excited-state relaxation is strongly affected by conformational freedom,
local polarity, and intermolecular binding [18–20].

In our preceding work, a molecular-library-screened near-infrared dye was combined
with AptXAA and a portable fluorometer for derivatization-assisted acrylamide analysis [13].
The present study addresses a different design question: whether a π-conjugation-extended
ThT analogue can serve as an effective red-emissive signal molecule for the established
AptXAA/XAA recognition system. The fluorophore used here was previously synthe-
sized and characterized by our group as ThT-π-NM in a Cu2+ aptasensing study [21]. In
the present work, it is referred to as ThT-Red to emphasize its red-emissive function in
the AptXAA sensing system. Structurally, the analogue contains a vinyl bridge between
the dimethylaminophenyl and benzothiazolium units, extending the π-conjugated frame-
work relative to conventional ThT. Its interaction with AptXAA, fluorescence activation
mechanism, competitive response to XAA, analytical performance, selectivity, behavior in
potato-chip extracts, and compatibility with a portable fluorometer were systematically
evaluated. The contribution of this work therefore lies in applying and mechanistically
evaluating this red-emissive ThT analogue as a signal transducer for derivatization-assisted
XAA recognition and portable acrylamide analysis.

2. Experiment
2.1. Chemicals, Materials and Instruments

Acrylamide, xanthydrol, methanol, n-hexane, anhydrous dimethyl sulfoxide (DMSO),
acetonitrile, 4-(dimethylamino)benzaldehyde, 2-methylbenzothiazole, methyl iodide, glyc-
erol, HEPES, sodium chloride, magnesium chloride, glacial acetic acid, ethanol, hydrochlo-
ric acid, sodium hydroxide, DMSO-d6, glycine, L-alanine, acrylic acid, isopropyl acetate,
propionic acid, sucrose, and silica gel were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China) and were used as received unless otherwise specified.. The
HEPES working buffer contained 20 mM HEPES, 100 mM NaCl, and 10 mM MgCl2 and
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was adjusted to pH 7.4 before use. Unless otherwise specified, fluorescence and absorp-
tion measurements were conducted under these nominal buffer conditions. Fluorescence
and UV–Vis absorption spectra were acquired using a Spark 10M multimode microplate
reader (Tecan Group Ltd., Männedorf, Switzerland). Portable fluorescence measurements
were performed using a Fluo-200 fluorometer (Hangzhou Allsheng Instruments Co., Ltd.,
Hangzhou, China). 1H and 13C NMR spectra were recorded on a Bruker AVANCE NEO
400 MHz NMR spectrometer (Bruker BioSpin GmbH & Co. KG, Ettlingen, Germany).

2.2. Aptamer Preparation and XAA Formation

The XAA-binding DNA aptamer AptXAA (XAA-1) was synthesized and purified by
Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). The full sequence reported in the
original aptamer study was 5′-GACGACGTAGGTGTGGATGGCTTTGAAAAAGGGCTAG
TCGTC-3′. The lyophilized oligonucleotide was dissolved in ultrapure water to 100 µM,
heated at 95 ◦C for 10 min, and slowly cooled to room temperature before storage at 4 ◦C.

For preparation of an XAA reference standard, acrylamide (2 mmol, 142.16 mg) and
xanthydrol (1 mmol, 198.22 mg) were dissolved in glacial acetic acid and reacted at 40 ◦C
for 30 min. The product was isolated via crystallization, filtration, washing with water,
and vacuum drying. For food analysis, acrylamide was derivatized with xanthydrol in
the diluted sample extract before aptasensor measurement. The identity of the isolated
XAA reference standard was characterized by 1H NMR, 13C NMR, and high-resolution
mass spectrometry (Figures S3–S5). High-resolution mass spectra were acquired using an
Agilent quadrupole time-of-flight mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA) equipped with an electrospray ionization source.

2.3. Synthesis of ThT-Red

4-(Dimethylamino)benzaldehyde (1.49 g, 10.0 mmol) and 2-methylbenzothiazole
(2.24 g, 15.0 mmol) were dissolved in ethanol (50 mL) and refluxed for 24 h. After cooling
to room temperature, the precipitated product was collected by filtration, washed with
ice-cold ethanol, and dried under vacuum to afford the deep-red intermediate NM-1, which
was used without further purification (Figure S1).

NM-1 (1.40 g, 5.0 mmol) and methyl iodide (14.19 g, 100.0 mmol) were dissolved in
acetonitrile (50 mL) and refluxed at 80 ◦C for 12 h. After removal of the solvent under
reduced pressure, the crude product was purified via silica-gel column chromatography to
yield ThT-Red as a deep-red solid (1.14 g, 54%) (Figure S2). 1H NMR (400 MHz, DMSO-d6)
δ 8.29–8.24 (m, 1H), 8.09–8.02 (m, 1H), 7.99 (s, 1H), 7.87 (d, J = 9.0 Hz, 2H), 7.74 (ddd, J = 8.5,
7.3, 1.2 Hz, 1H), 7.68–7.54 (m, 2H), 6.78 (d, J = 9.0 Hz, 2H), 4.18 (s, 3H), 3.06 (s, 6H). 13C
NMR (101 MHz, DMSO-d6) δ 171.84, 153.98, 150.62, 142.47, 133.36, 129.38, 127.95, 127.34,
124.34, 121.98, 116.47, 112.46, 106.79, 40.30, 40.14, 36.13. The structural characterization of
ThT-Red was further supported by its 1H and 13C NMR spectra (Figures S6 and S7).

2.4. Fluorescence Binding Assay and Aptasensor Operation

ThT-Red was dissolved in anhydrous DMSO to prepare a 100 µM stock solution and
stored at 4 ◦C in the dark. To evaluate the interaction between ThT-Red and AptXAA, ThT-
Red (2.0 µM) was mixed with AptXAA at concentrations from 0 to 12 µM in HEPES buffer.
After incubation at room temperature for 3 min, fluorescence spectra were recorded with
excitation at 500 nm and emission monitored around 600 nm. The apparent dissociation
constant (Kd) for the interaction between ThT-Red and AptXAA was obtained by nonlinear
regression using a one-site saturation-binding model:

F = F0 +
∆FmaxX
Kd + X
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where F is the fluorescence intensity at 600 nm, F0 is the fluorescence intensity in the
absence of AptXAA, X is the AptXAA concentration, and ∆Fmax represents the maximum
fluorescence increase at saturation.

For XAA detection, ThT-Red (2.0 µM), AptXAA (1.5 µM), and XAA (0–100 µM) were
mixed in HEPES buffer to a final volume of 200 µL. Following incubation, the fluorescence
spectrum was recorded. The normalized response was expressed as F/F0, where F and
F0 represent the fluorescence intensity at 600 nm in the presence and absence of XAA,
respectively. Each condition was measured in triplicate.

2.5. UV–Vis Absorption and Viscosity-Response Measurements

For aptamer-binding absorption measurements, ThT-Red (6 µL, 100 µM) was mixed
with AptXAA (0–12 µM) in HEPES buffer and incubated for 3 min at room temperature. An
aliquot (90 µL) was transferred to a transparent 96-well plate and the UV–Vis spectrum
was recorded. For competitive absorption measurements, XAA (0–70 µM) was added to
a 300 µL mixture containing AptXAA (4.5 µL, 100 µM) and ThT-Red (6 µL, 100 µM), and
spectra were collected from 350 to 800 nm.

The effect of molecular-motion restriction was examined by recording the fluorescence
of ThT-Red in glycerol/HEPES mixtures containing 10, 20, 30, 40, 50, 60, and 70% (v/v)
glycerol. The excitation wavelength was 500 nm, and the emission intensity at 600 nm was
used for comparison. The excitation wavelength was 500 nm and the emission intensity at
600 nm was used for comparison.

2.6. Selectivity Evaluation

Selectivity was evaluated under the optimized sensing conditions using XAA and
potential interferents at 40 µM. The interferents included glycine, L-alanine, acrylic acid,
isopropyl acetate, propionic acid, and sucrose. All interferents were tested at a uniform
concentration of 40 µM as a standardized selectivity challenge to enable direct comparison
of the sensing responses. This concentration was not intended to represent their actual
endogenous levels in potato-chip extracts. The response of the ThT-Red/AptXAA mix-
ture without analyte was used as the blank control. All measurements were performed
in triplicate.

2.7. Potato-Chip Sample Analysis

Potato chips obtained from a local supermarket in Zhengzhou, China, were finely
ground. A 2.0 g portion of the sample was mixed with 10 mL methanol and 5 mL n-hexane
and ultrasonicated for 3 min. The mixture was then centrifuged using an Eppendorf
benchtop centrifuge (Eppendorf SE, Hamburg, Germany) at approximately 2350× g for
10 min. After phase separation, the upper n-hexane layer containing lipids was carefully
discarded, whereas the lower methanolic layer containing acrylamide was collected. The
supernatant was collected, passed through a 0.22 µm membrane filter, and diluted 20-fold
with HEPES buffer.

The derivatization procedure followed the previously reported XAA-forming proto-
col [12]. Briefly, 600 µL of the aqueous sample solution containing acrylamide was mixed
with 400 µL of xanthydrol solution (4 mg/mL in acetonitrile), followed by the addition of
100 µL HCl (1.5 M). The mixture was allowed to react for 30 min at room temperature, and
the reaction was terminated by adding 100 µL NaOH (1.5 M) to neutralize the solution.

After derivatization and neutralization, the derivatized sample was introduced into
the fluorescence sensing system at the designated XAA-equivalent concentration. ThT-Red
and AptXAA were then added at the working concentrations selected in this study, and the
final assay volume was adjusted to 200 µL with HEPES buffer, giving final concentrations
of 2.0 µM ThT-Red and 1.5 µM AptXAA. Because acrylamide reacts with xanthydrol to
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form XAA with a 1:1 stoichiometric relationship, the XAA-equivalent concentration used
in the sensing experiments was calculated from the initial acrylamide concentration after
accounting for the corresponding dilution steps.

2.8. Portable Fluorescence Measurement and Data Analysis

Portable fluorescence measurements were performed using a Fluo-200 fluorometer
(Hangzhou Allsheng Instruments Co., Ltd., Hangzhou, China) in fluorescence mode using
the Blue&Red channel. The sensing mixture had a final volume of 200 µL and contained
2.0 µM ThT-Red and 1.5 µM AptXAA in HEPES buffer. After a 3 min sensing reaction, the
fluorescence signal was recorded using the instrument’s preset acquisition parameters. The
instrument-reported fluorescence intensity (RFU) was exported and used for concentration-
response analysis. All samples were measured using the same instrument settings. All data
processing, curve fitting, statistical analyses, and graph preparation were performed using
Origin 2026b (version 10.35; OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion
3.1. Molecular Design and Spectral Properties of ThT-Red

Conventional ThT contains a rotatable linkage between the benzothiazolium and
aminophenyl units [22]. Rotation about this linkage in low-viscosity media facilitates
nonradiative excited-state deactivation, whereas conformational restriction in a structured
nucleic-acid environment can enhance fluorescence [23,24]. In the previously reported ThT-
π-NM design, insertion of a vinylene bridge between the electron-donating aminophenyl
unit and the cationic benzothiazolium acceptor extended the D–π–A conjugation and
replaced the direct aryl–aryl linkage with a more extended conjugated pathway, providing
a structural basis for bathochromic spectral tuning [18–21]. The present study does not
introduce this molecule as a newly designed fluorophore; rather, the previously reported
compound is referred to here as ThT-Red and is evaluated as an AptXAA-compatible red-
emissive signal transducer (Figure 1A). Its environment-sensitive fluorescence behavior
in the present sensing system was subsequently evaluated through aptamer-binding and
viscosity-dependent fluorescence measurements.

 

Figure 1. Molecular design and characterization of ThT-Red. (A) Previously reported π-conjugation-
extension strategy and synthetic route to ThT-π-NM (referred to as ThT-Red in this work) from
4-(dimethylamino)benzaldehyde and 2-methylbenzothiazole. (The arrow indicates the conceptual
extension of the π-conjugated system from ThT to ThT-Red and the associated red shift in emission.)
(B) Independently normalized fluorescence emission spectra of ThT and ThT-Red in ethanol (ThT:
λex = 350 nm; ThT-Red: λex = 500 nm).

Under the measurement conditions, conventional ThT emitted at approximately
430 nm, whereas ThT-Red exhibited an emission maximum at 600 nm (Figure 1B), corre-
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sponding to a 175 nm bathochromic shift. Because the two spectra were independently
normalized to their respective emission maxima, the comparison primarily highlights the
differences in spectral position and band shape, while absolute fluorescence intensity was
not directly compared in this figure. The single dominant red-emission band of ThT-Red
also facilitates subsequent single-wavelength intensity readout at 600 nm.

3.2. Aptamer-Induced Fluorescence Activation and Motion-Restriction Mechanism

ThT-Red spontaneously associates with AptXAA to form a dye–aptamer complex,
thereby enabling effective coupling between the signal transduction unit and the molecular
recognition element (Figure 2A). To elucidate the origin of the ThT-Red fluorescence signal,
we investigated its binding interaction with AptXAA. The fluorescence response of ThT-Red
to AptXAA was first evaluated to determine whether the red-emissive analogue could
serve as a label-free aptamer-responsive dye. Increasing the AptXAA concentration from
0 to 12 µM produced a progressive enhancement of the 600 nm emission (Figure 2B).
Fitting the titration data to a one-site binding model gave an apparent Kd of 8.62 µM
(Figure 2C), indicating micromolar interaction between the dye and AptXAA. This affinity is
sufficient to form a fluorescent dye–aptamer complex while still allowing XAA to perturb
the equilibrium.

Figure 2. (A) Interaction of ThT-Red with AptXAA and mechanism-related characterization. (B) Fluo-
rescence spectra of 2 µM ThT-Red with 0–12 µM AptXAA. (C) Fluorescence titration curve of ThT-Red
with increasing AptXAA concentrations and nonlinear fitting using a one-site saturation-binding
model. The fitted apparent dissociation constant was Kd = 8.65 µM. Error bars represent the stan-
dard deviation of three independently prepared samples. (D) Visible absorption spectral changes
in ThT-Red induced by increasing AptXAA concentrations. (E) Viscosity-dependent fluorescence
spectra of ThT-Red in glycerol/HEPES mixtures containing 10, 20, 30, 40, 50, 60, and 70% (v/v)
glycerol (λex = 500 nm). The arrow indicates increasing glycerol content.

AptXAA addition also caused a 32 nm bathochromic shift in the visible absorption
band of ThT-Red (Figure 2D). The spectral change is consistent with an altered ground-state
microenvironment or dye organization upon aptamer association. Because the absorption
profile also changed in the vicinity of the 500 nm excitation wavelength, a contribution
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from altered excitation absorbance to the observed fluorescence enhancement cannot be ex-
cluded. Accordingly, the fluorescence increase should not be attributed solely to restricted
intramolecular motion. The viscosity experiment therefore provided complementary evi-
dence for the role of molecular-motion restriction. In a low-viscosity medium, ThT-Red
undergoes relatively free intramolecular rotation, allowing excited-state energy to dissipate
predominantly through nonradiative relaxation pathways and resulting in weak fluores-
cence. As the glycerol content increased from 10 to 70% (v/v), the fluorescence intensity
of ThT-Red at approximately 600 nm progressively increased (Figure 2E). These results
support a contribution of restricted intramolecular motion to the fluorescence enhancement
of ThT-Red. Accordingly, the fluorescence activation observed upon AptXAA addition is
consistent with the formation of a more conformationally restricted dye–aptamer microen-
vironment, although changes in excitation absorbance may also contribute to the overall
signal enhancement.

3.3. Selection of Working Concentrations for the ThT-Red/AptXAA Sensing System

The influence of ThT-Red concentration was preliminarily evaluated at 1.0 and 2.0 µM
under otherwise identical conditions. Among the two concentrations examined, 2.0 µM
ThT-Red produced a larger fluorescence response upon interaction with AptXAA and XAA
and was therefore selected as the working concentration for subsequent experiments
(Figure S8). This comparison was used to select a practical working condition rather than
to establish a globally optimal ThT-Red concentration. The AptXAA concentration was
subsequently varied from 0 to 10 µM. An AptXAA concentration of 1.5 µM provided the
largest target-dependent signal change under the tested conditions and was selected for
subsequent sensing experiments (Figure S9).

3.4. Target-Responsive Signal Transduction and Analytical Performance for XAA

The fluorescence response of the ThT-Red/AptXAA system was based on target-
induced competitive displacement. In the absence of XAA, ThT-Red associated with
AptXAA to form a fluorescent dye–aptamer complex, in which the relatively rigid aptamer
microenvironment restricted the intramolecular rotation of the dye and enhanced its emis-
sion. Upon addition of XAA, the fluorescence intensity of the ThT-Red/AptXAA system
progressively decreased. Together with the corresponding absorption changes, this behav-
ior is consistent with XAA binding perturbing the ThT-Red–AptXAA equilibrium through
a competitive-displacement process (Figure 3A). Such perturbation would increase the
conformational freedom of ThT-Red and favor nonradiative excited-state relaxation, pro-
viding a plausible explanation for the concentration-dependent fluorescence decrease at
approximately 600 nm (Figure 3B).

Under the optimized conditions, with ThT-Red and AptXAA concentrations fixed at
2.0 and 1.5 µM, respectively, the fluorescence intensity of the sensing system at 600 nm
progressively decreased as the XAA concentration increased from 0 to 100 µM (Figure 3B).
The normalized fluorescence response, expressed as F/F0, declined rapidly at low XAA
concentrations and gradually approached a plateau at higher concentrations, consistent
with the progressive disruption of the fluorescent ThT-Red–AptXAA complex. A good linear
relationship was obtained over the range of 0–2.5 µM XAA, described by the equation
y = −0.2740x + 0.9925, with a correlation coefficient of R2 = 0.982 (Figure 3C). The
calculated limit of detection was 0.23 µM XAA based on the 3σ/k criterion. This value
should be regarded as a statistically estimated detection limit derived from the calibration
data. The visible absorption spectra also changed upon XAA addition (Figure 3D), with
the main absorption band showing a modest hypsochromic shift as the XAA concentration
increased. Because these spectra were normalized, they primarily demonstrate changes
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in spectral position rather than absolute absorbance. Consequently, the present data do
not allow a quantitative assessment of whether changes in absorbance at the 500 nm
excitation wavelength contribute to the fluorescence decrease, and such a contribution
cannot be excluded.

Figure 3. Competitive displacement-based signal transduction and analytical response of the ThT-
Red/AptXAA aptasensor toward XAA. (A) Schematic illustration of the proposed competitive-
displacement mechanism underlying the XAA-induced fluorescence response. (B) Fluorescence
emission spectra of the ThT-Red/AptXAA system in the presence of increasing concentrations of XAA
from 0 to 100 µM. (C) Normalized fluorescence intensity at 600 nm as a function of XAA concentration.
(Inset: linear calibration plot over the range of 0–2.5 µM.) (D) Normalized UV–vis absorption spectra
of the sensing system upon addition of XAA at concentrations ranging from 0 to 70 µM. (E) Effect
of AptXAA concentration (1.5 and 4.0 µM) on the normalized fluorescence response of the sensing
system toward XAA. Error bars represent the standard deviation of replicate measurements (n = 3).

The concentration of AptXAA also markedly affected the analytical response of the
system. Compared with 4.0 µM AptXAA, the system containing 1.5 µM AptXAA showed a
more rapid fluorescence decrease at low XAA concentrations and approached the minimum
signal at a lower target concentration (Figure 3E). This behavior can be attributed to
the lower amount of aptamer-bound dye that must be displaced when a lower aptamer
concentration is used. By contrast, an excess of AptXAA increased the population of
dye–aptamer complexes and consequently required a higher XAA concentration to achieve

https://doi.org/10.3390/chemosensors14090203

https://doi.org/10.3390/chemosensors14090203


Chemosensors 2026, 14, 203 9 of 12

comparable signal suppression. Therefore, 1.5 µM AptXAA was selected for subsequent
analytical measurements to obtain a more sensitive response toward XAA.

3.5. Selectivity and Portable Detection Performance in Potato-Chip Samples

The analytical selectivity of the ThT-Red/AptXAA sensing system was first evaluated
using a laboratory fluorescence instrument. As shown in Figure 4B, XAA caused a pro-
nounced decrease in the normalized fluorescence intensity, whereas glycine, L-alanine,
acrylic acid, isopropyl acetate, propionic acid, and sucrose produced only negligible signal
changes relative to the control. These results indicate that the fluorescence response mainly
originated from the specific recognition of XAA by AptXAA rather than from nonspecific
interactions with the tested interferents. The laboratory fluorescence measurements also
revealed a concentration-dependent decrease in the normalized fluorescence intensity with
increasing XAA concentration (Figure 4C). A good linear relationship was obtained over
the range of 0–2 µM XAA, described by the equation y = −0.2109x + 0.9996, with a cor-
relation coefficient of R2 = 0.989 (Figure 4C). The limit of detection was calculated to be
0.23 µM using the 3σ/k method, supporting the quantitative determination of XAA using
the ThT-Red/AptXAA system. Spiking experiments were further performed to evaluate
the analytical performance of the ThT-Red/AptXAA sensing system in potato-chip extracts.
At spiking levels of 0.5, 1.0, and 1.5 µM, recoveries of 119.72%, 90.14%, and 95.71% were
obtained, respectively, with corresponding RSD values of 12.20%, 6.95%, and 6.25% (n = 3)
(Table S1).

Figure 4. Selectivity and analytical performance of the ThT-Red/AptXAA aptasensor measured using
a laboratory fluorescence instrument and a portable fluorescence reader. (A) Schematic illustration of
the workflow for XAA analysis in potato-chip samples. (B) Selectivity of the ThT-Red/AptXAA sensing
system measured using the laboratory fluorescence instrument in the presence of XAA and potential
interferents, including glycine, L-alanine, acrylic acid, isopropyl acetate, propionic acid, and sucrose.
(C) Normalized fluorescence response of the sensing system toward increasing concentrations of
XAA measured using the laboratory fluorescence instrument. (Inset: linear calibration plot in the
low-concentration range.) (D) Selectivity of the sensing system in potato-chip extracts evaluated
using the portable fluorescence reader. (E) Fluorescence response of the portable fluorescence reader
toward increasing concentrations of XAA. (Inset: linear calibration plot over the low-concentration
range.) Error bars represent the standard deviation of replicate measurements (n = 3).

The assay was subsequently transferred to a portable fluorescence reader to evaluate
its feasibility for portable screening. The portable device was integrated with the sample-
treatment and sensing procedures for rapid analysis of XAA in potato-chip extracts, as
illustrated in Figure 4A. Consistent with the laboratory fluorescence results, the portable
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readout showed a marked fluorescence decrease in the presence of XAA, while the blank
extract and samples containing the tested interferents retained relatively high fluorescence
signals (Figure 4D). Furthermore, the fluorescence intensity recorded by the portable
device progressively decreased as the XAA concentration increased and exhibited a linear
response in the low-concentration region (0–2.5 µM), with an R2 value of 0.943 (Figure 4E).
Although the portable reader generated fluorescence values on a different intensity scale
from those obtained with the laboratory instrument, the two measurement platforms
showed consistent target-dependent response trends. These findings support the feasibility
of the ThT-Red/AptXAA aptasensor for rapid and portable analysis of acrylamide in potato-
chip samples after derivatization to XAA.

4. Conclusions
A π-conjugation-extended ThT analogue, ThT-Red, was developed for red-emissive

aptasensing of acrylamide after xanthydrol derivatization. Binding of ThT-Red to AptXAA

enhanced its fluorescence at 600 nm by restricting intramolecular motion, whereas XAA
recognition perturbed the dye–aptamer interaction, producing a fluorescence decrease
consistent with competitive displacement. The resulting aptasensor achieved a linear range
of 0–2.5 µM and a detection limit of 0.23 µM, and was successfully applied to spiked potato-
chip extracts. Its compatibility with a portable fluorometer further supports the feasibility of
rapid on-site analysis. Overall, this study extends the established XAA-recognition strategy
through rational fluorophore engineering and provides a practical optical transduction
approach for low-epitope analytes.
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interaction with AptXAA and XAA. Figure S9: Response of the ThT-Red/AptXAA system at different
AptXAA concentrations. Table S1: Estimation of XAA in Potato Chips.
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