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Abstract: Aflatoxin B1 (AFB1), a highly toxic secondary metabolite produced by Aspergillus
species, represents a significant health hazard due to its widespread contamination of
agricultural products. The urgent need for sensitive and sustainable detection methods has
driven the development of diverse analytical approaches, most of which heavily rely on
organic solvents, posing environmental challenges for routine food safety analysis. Here,
we introduce a supramolecular platform leveraging acyclic cucurbit[n]uril (acCB) as a
host molecule for environmentally sustainable AFB1 detection. Screening various acCB
derivatives identified acCB6 as a superior host capable of forming a stable 1:1 complex with
AFB1 in an aqueous solution, exhibiting a high binding affinity. Proton nuclear magnetic
resonance (1H NMR) spectroscopy confirmed that AFB1 was deeply encapsulated within
the host cavity, with isothermal titration calorimetry (ITC) experiments and molecular
dynamics simulations further substantiating the stability of the interaction, driven by
enthalpic and entropic contributions. This supramolecular host was incorporated into a
scaffold-assembly-based bioluminescent enzyme immunoassay (SA-BLEIA), providing
a green detection platform that rivals the performance of traditional organic solvent-
based assays. Our findings highlight the potential of supramolecular chemistry as a
foundation for eco-friendly mycotoxin detection and offer valuable insights into designing
environmentally sustainable analytical methods.

Keywords: aflatoxin B1; host–guest chemistry; acyclic cucurbit[n]urils; bioluminescent
immunoassay; supramolecular recognition

Key Contribution: We developed a supramolecular platform utilizing acyclic cucur-
bit[6]uril (acCB6) as a host molecule for aflatoxin B1 (AFB1) detection. The acCB6-AFB1
complex demonstrates a stable 1:1 binding stoichiometry in aqueous solution with re-
markably high binding affinity, showcasing the potential of supramolecular chemistry for
environmentally friendly mycotoxin detection.
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1. Introduction
Aflatoxins, particularly aflatoxin B1 (AFB1), are among the most toxic secondary

metabolites produced by Aspergillus species, frequently contaminating staple agricultural
commodities such as peanuts, corn, cereals, and their derivatives [1]. AFB1 has been
classified as a Group 1 carcinogen by the International Agency for Research on Cancer
due to its potent carcinogenic, mutagenic, and immunosuppressive effects, even at trace
levels [1,2]. These serious health risks, combined with the widespread occurrence of
AFB1, have prompted stringent regulatory limits on AFB1 concentrations in food and feed
products, typically ranging from 2 to 20 µg/kg [3,4]. Consequently, developing sensitive,
reliable, and scalable methods for AFB1 monitoring remains a critical priority.

Current AFB1 detection techniques predominantly rely on chromatographic methods,
including high-performance liquid chromatography (HPLC) and liquid chromatography-
tandem mass spectrometry (LC-MS), alongside immunological assays such as enzyme-
linked immunosorbent assay (ELISA) [5–7]. While HPLC and LC-MS deliver excellent
sensitivity and specificity, their complex instrumentation, high operational costs, and re-
liance on skilled technicians limit their scalability for routine applications. Immunoassays,
on the other hand, are better suited for high-throughput analysis [8,9]. However, a shared
limitation across these methodologies is their heavy dependence on organic solvents for
sample preparation and standard solutions, which raises concerns about their environ-
mental sustainability. Addressing these challenges requires the development of green
alternatives that can balance sensitivity, reliability, and environmental impact.

Host–guest chemistry has emerged as a powerful tool for molecular recognition, en-
abling the sequestration and detection of toxins, drugs, and other contaminants [10–18].
One notable example is the inclusion–antagonism mechanism of sugammadex, which
efficiently removes residual neuromuscular blocking agents in clinical applications.
Supramolecular hosts such as cyclodextrins, calixarenes, cucurbiturils, and pillararenes
exhibit excellent biocompatibility and form strong complexes with target molecules,
making them suitable for in vivo and in vitro applications. Among these, acyclic cu-
curbit[n]urils (acCBs) are particularly promising due to their high water solubility and
adaptable cavities, which can flexibly bind guests of varying sizes. Recent advance-
ments have shown that modifying acCBs with exocyclic substituents can fine-tune their
backbone curvature and steric properties, enhancing their binding versatility [16,19].
Such functional adaptability makes acCBs ideal candidates for various guest-binding
applications, including toxin detection [20,21].

AFB1 possesses a difuranocoumarin-like structure characterized by a highly pla-
nar conjugated aromatic system (Figure 1a). The aromatic moieties of acCBs provide
opportunities for π-π stacking interactions with AFB1, potentially forming tightly
packed complexes. Building on the binding versatility of acCBs, this study investigates
their application in AFB1 detection. Spectroscopic, thermodynamic, and computational
analyses revealed that acCB6 forms a highly stable 1:1 complex with AFB1 in aqueous so-
lution. Furthermore, integrating this host–guest system into a scaffold-assembly-based
bioluminescent enzyme immunoassay (SA-BLEIA) enabled sensitive, environmentally
sustainable AFB1 detection. This work not only establishes the utility of acCBs for
mycotoxin detection but also underscores their potential for advancing green analytical
methodologies through host–guest chemistry.
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Figure 1. Chemical structures of acyclic cucurbit[n]urils and their ability to enhance the solubility 
of aflatoxin B1 (AFB1). (a) Chemical structure of AFB1 alongside the structures of acCB derivatives, 
illustrating their substituents and cavity dimensions. (b,c) Visual representation of AFB1 dissolution 
enhancement in aqueous solution. Sample vials containing AFB1 with various acCBs (vials 1–7 cor-
responding to acCB 1–7) at 0 molar equivalents (b) and 1.0 molar equivalents (c). Top and side views 
of the vials are provided. 

2. Results 
2.1. Dissolution Enhancement of AFB1 by acCBs 

To evaluate the potential of acCBs as solubilizing agents for AFB1, we systematically 
screened a series of acCB derivatives with varying structure features (Figure 1a). While 
acCBs have previously demonstrated efficacy in enhancing the solubility of poorly soluble 
pharmaceuticals, their ability to dissolve AFB1 in water—given its planar spatial structure 
and extremely low solubility (10–30 µg/mL)—remains uncertain [22]. Initial solubility ex-
periments were performed via visual inspection. AFB1 was dissolved in water in sample 
vials, followed by the addition of acCBs at 1.0 molar equivalents (Figure 1b,c). Among the 
derivatives tested, acCB6 exhibited exceptional dissolution efficacy, forming a completely 
transparent solution, indicative of full AFB1 either remaining as visible deposits on the 
vial walls or suspended in the solution. These observations suggest that the naphthalene 
substituents of acCB6 provide an optimal cavity size and aromatic surface for effective 

Figure 1. Chemical structures of acyclic cucurbit[n]urils and their ability to enhance the solubility
of aflatoxin B1 (AFB1). (a) Chemical structure of AFB1 alongside the structures of acCB derivatives,
illustrating their substituents and cavity dimensions. (b,c) Visual representation of AFB1 dissolution
enhancement in aqueous solution. Sample vials containing AFB1 with various acCBs (vials 1–7
corresponding to acCB 1–7) at 0 molar equivalents (b) and 1.0 molar equivalents (c). Top and side
views of the vials are provided.

2. Results
2.1. Dissolution Enhancement of AFB1 by acCBs

To evaluate the potential of acCBs as solubilizing agents for AFB1, we systematically
screened a series of acCB derivatives with varying structure features (Figure 1a). While
acCBs have previously demonstrated efficacy in enhancing the solubility of poorly soluble
pharmaceuticals, their ability to dissolve AFB1 in water—given its planar spatial structure
and extremely low solubility (10–30 µg/mL)—remains uncertain [22]. Initial solubility
experiments were performed via visual inspection. AFB1 was dissolved in water in sample
vials, followed by the addition of acCBs at 1.0 molar equivalents (Figure 1b,c). Among the
derivatives tested, acCB6 exhibited exceptional dissolution efficacy, forming a completely
transparent solution, indicative of full AFB1 either remaining as visible deposits on the
vial walls or suspended in the solution. These observations suggest that the naphthalene
substituents of acCB6 provide an optimal cavity size and aromatic surface for effective
AFB1 encapsulation. This preliminary screening identified acCB6 as the most effective
solubilizing agent for AFB1.
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2.2. Spectroscopic Evidence for 1:1 Host–Guest Complex Formation

To elucidate the molecular interactions underpinning acCB6’s superior solubilizing
capability, we performed spectroscopic analyses. NMR titration experiments provided
detailed insights into the binding mechanism and stoichiometry of the acCB6-AFB1 interac-
tion. Stepwise addition of acCB6 (0.25–8.0 equivalents) to AFB1 led to systematic chemical
shift changes in the diagnostic proton signals within the 1H NMR spectra (Figure 2a).
Significant upfield shifts were observed for signals A and B, indicative of AFB1 inclusion
within the acCB6 cavity. Binding stoichiometry analysis revealed an inflection point at a 1:1
molar ratio (Figure 2b), supporting the formation of a well-defined 1:1 host–guest complex.
Given AFB1’s extremely low solubility in water, these NMR observations further support
the fact that acCB6 successfully solubilized AFB1.
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Figure 2. NMR, UV-vis, and fluorescence spectroscopic characterization of the acCB6-AFB1 complex.
(a) 1H NMR titration spectra showing the evolution of chemical shift changes in the 3.6–5.0 ppm
region upon the stepwise addition of acCB6 (0.8–25.6 mM, 0.25–8.0 equivalents) to AFB1 (3.2 mM).
(b) Signal shift analysis for A and B as a function of [acCB6]/[AFB1] ratio, highlighting a 1:1 binding
stoichiometry. (c) Comparative 1H NMR spectra of free acCB6 (3.2 mM, D2O), free AFB1 (3.2 mM,
DMSO-d6), and their 1:1 mixture (3.2 mM, D2O) at 25 ◦C, with key proton assignments of AFB1 (a–g)
indicated. (d) UV–visible absorption spectra and (e) fluorescence emission spectra of acCB6 (1 µM),
AFB1 (1 µM), and their 1:1 complex (1 µM) in H2O at 25 ◦C, demonstrating spectral changes upon
complex formation.
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Comparative 1H NMR spectra of free acCB6, free AFB1, and their equimolar mixture
further confirmed this interaction. Notable upfield shifts in AFB’s H-a, H-b, H-c, and H-f proton
signals (Figure 2c), suggest deep encapsulation of nearly the entire AFB1 molecule with acCB6
cavity. Complementary UV–visible and fluorescence spectroscopy analyses revealed slight
increases in AFB1’s absorbance and fluorescence upon complexation with acCB6 (Figure 2d,e),
corroborating the host–guest complex formation. These spectroscopic findings establish acCB6
as a highly effective host molecule for AFB1 encapsulation in aqueous media.

2.3. Thermodynamic Analysis and Molecular Dynamics Simulations Reveal the Driving Forces of
Complex Formation

To quantitatively investigate the driving forces of the acCB6-AFB1 interaction,
we conducted isothermal titration calorimetry (ITC) experiments. Titration of acCB6
(0.1 mM) into AFB1 solution (0.01 mM) at 25 ◦C produced well-defined binding
isotherms that fit a 1:1 binding model (Figure 3a). The binding constant (Ka) was
determined to be (3.02 ± 4.7) × 106 M−1, corresponding to a favorable Gibbs free
energy change (∆G) of −8.84 kcal/mol (Table 1). The interaction was driven by
both enthalpic contributions (∆H = −3.96 ± 0.582 kcal/mol) and entropic gains
(−T∆S = −4.88 kcal/mol), highlighting the thermodynamic stability of the complex.
The stoichiometry value (N = 1.27 ± 0.08) further confirmed the 1:1 binding mode
observed in NMR studies.

Table 1. Thermodynamic parameters for acCB6 and AFB1 binding at 25 ◦C measured by ITC.

Syringe Cell N Ka (M−1) ∆H (kcal/mol) −T∆S
(kcal/mol)

∆G
(kcal/mol)

0.1 mM acCB6 0.01 mM AFB1 1.27 ± 0.08 (3.02 ± 4.7) × 106 −3.96 ± 0.582 −4.88 −8.84

To gain atomic-level insights into the binding mechanism of the acCB6-AFB1 complex,
molecular dynamics (MD) simulations were performed. Three independent 1000 ns trajec-
tories were analyzed to assess stability and binding modes (Figure 3b). Root-mean-square
deviation (RMSD) analysis indicated rapid equilibration and stable complex formation,
with fluctuations stabilizing at approximately 0.3 nm. The center-of-mass distance between
acCB6 and AFB1 remained consistently close (~0.2 nm), confirming a stable host–guest
association throughout the simulations. Energy component analysis revealed a total bind-
ing energy of −76,488.2 kJ/mol, consisting of potential energy (−92,910.53333 kJ/mol),
Coulombic short-range interactions (−106,370.0 kJ/mol), and Lennard-Jones interactions
(13,364.53333 kJ/mol). The large negative Coulomb energy highlights strong electrostatic
interactions between the host and guest molecules, while the positive Lennard-Jones term
reflects the balance between attractive van der Waals forces and repulsive steric interac-
tions at close-contact distances (Table 2). These results align with the favorable energetics
observed in ITC measurements and MD calculations, underscoring the structural stability
of the complex.

Table 2. Energy components of the acCB6-AFB1 complex from molecular dynamics simulations.

Total Energy
(kJ/mol)

Potential
(kJ/mol)

Coulomb (SR)
(kJ/mol)

LJ (SR)
(kJ/mol)

−76,488.2 −92,910.53333 −10,6370.0 13,364.53333
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Figure 3. ITC and molecular dynamics analyses of acCB6-AFB1 interactions. (a) ITC titration curve
showing raw calorimetric data and integrated heat changes for the addition of acCB6 (0.1 mM) to
AFB1 (0.01 mM) at 25 ◦C. The solid line represents the best fit to a 1:1 binding model. (b) Molecular
dynamics simulation results, including an RMSD plot of the acCB6-AFB1 complex (top) and the
center-of-mass distance between acCB6 and AFB1 (bottom) over 1000 ns across three independent
trajectories. (c) Representative structures from cluster analysis of MD trajectories showing three
dominant binding modes (Clusters 1–3). AFB1 is depicted in cyan, acCB6 in gray, with polar
interactions (magenta) and π-π stacking interactions (gray) shown as dashed lines. Polar O/N atoms
are colored red in AFB1 and blue in acCB6. The host cavity surface is rendered in transparent white
to illustrate the encapsulation of AFB1.

Cluster analysis of the MD trajectories was conducted to identify predominant binding
modes. Representative structures from the top three clusters showed the AFB1 molecule
consistently embedded deeply within the acCB6 cavity. In all clusters, the complex was
stabilized by an intricate network of intermolecular interactions, visualized as polar contacts
(magenta dashed lines, Figure 3c) and π-π stacking interactions (gray dashed lines). These
interactions contribute directly to the observed Coulomb and Lennard-Jones energies and
provide a molecular explanation for the favorable enthalpic contributions measured by ITC.
The recurrent presence of these interactions across binding modes supports the specificity
and strength of the acCB6-AFB1 recognition mechanism.

2.4. Development of acCB6-Enabled Aqueous Detection Assay for AFB1

With acCB6 established as a potent host for AFB1 solubilization, its potential as a
green alternative to organic solvents in analytical detection was explored. Specifically, we
investigated its application in a previously developed scaffold-assembly-based biolumines-
cent enzyme immunoassay (SA-BLEIA), comparing traditional methanol-dissolved AFB1
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standards with the novel acCB6-dissolved AFB1 standards (Figure 4a) [9]. In this assay,
the AFB1 present in the solution engages in a competitive binding interaction with hapten
AFB1-BSA that is immobilized on the microplate surface, vying for attachment to nanobody–
luciferase conjugates. As the concentration of AFB1 escalates, the bioluminescence signal,
measured in Relative Light Units (RLUs), correspondingly diminishes. Initial experiments
demonstrated that while the acCB6-based method produced detection curves comparable
to the conventional approach, it exhibited reduced sensitivity. The IC50 value increased
from 0.3730 ng/mL (methanol) to 0.7045 ng/mL (acCB6) (Figure 4b, Table 3). Given the
MD simulations showing strong electrostatic interactions in the acCB6-AFB1 complex, we
hypothesized that modulating ionic strength could improve assay performance.

Toxins 2025, 17, x FOR PEER REVIEW 8 of 13 
 

 

 

Figure 4. Performance of the scaffold-assembly-based bioluminescent enzyme immunoassay (SA-
BLEIA) analysis with AFB1 standards dissolved in different solutions. (a) Schematic representation 
of the SA-BLEIA detection principle, comparing traditional methanol-dissolved AFB1 standards 
with acCB6-dissolved AFB1 standards. (b) Standard curves illustrating the detection performance 
of methanol-dissolved AFB1 (gray) and acCB6-dissolved AFB1 (blue) standards, highlighting dif-
ferences in sensitivity. (c) Influence of ionic strength on SA-BLEIA performance using acCB6-dis-
solved AFB1 standards at varying NaCl concentrations (50, 100, and 200 mM). 

To evaluate the effect of ionic strength, the SA-BLEIA system was tested under var-
ying NaCl concentrations ranging from 50 to 200 mM. The results revealed a clear trend 
of enhanced assay sensitivity with increasing salt concentration (Figure 4c, Table 3). The 
IC50 values improved progressively, decreasing from 0.6460 ng/mL at 50 mM NaCl to 
0.5229 ng/mL at 100 mM NaCl, and further to 0.4825 ng/mL at 200 mM NaCl. Notably, the 
bioluminescence intensity displayed a concentration-dependent response to ionic 
strength, with higher NaCl concentrations slightly reducing signal intensity across the 
AFB1 concentration range. Despite this reduction, the improved IC50 values indicate en-
hanced AFB1 detection sensitivity under higher salt conditions. 

Table 3. Analytical performance comparison of SA-BLEIA with methanol and acCB6 as solvents 
for AFB1 standards under varied buffer conditions. 

Buffer Conditions IC50 (ng/mL) R2 

20% methanol 0.3730 0.9837 
acCB6 0.7045 0.9814 

acCB6 + 50 mM NaCl 0.6460 0.9885 
acCB6 + 100 mM NaCl 0.5229 0.9926 
acCB6 + 200 mM NaCl 0.4825 0.9924 

The observed improvement of sensitivity with increasing ionic strength is likely due 
to the modulation of electrostatic interactions between the acCB6-AFB1 complex and 

Figure 4. Performance of the scaffold-assembly-based bioluminescent enzyme immunoassay (SA-
BLEIA) analysis with AFB1 standards dissolved in different solutions. (a) Schematic representation
of the SA-BLEIA detection principle, comparing traditional methanol-dissolved AFB1 standards
with acCB6-dissolved AFB1 standards. (b) Standard curves illustrating the detection performance of
methanol-dissolved AFB1 (gray) and acCB6-dissolved AFB1 (blue) standards, highlighting differences
in sensitivity. (c) Influence of ionic strength on SA-BLEIA performance using acCB6-dissolved AFB1
standards at varying NaCl concentrations (50, 100, and 200 mM).

Table 3. Analytical performance comparison of SA-BLEIA with methanol and acCB6 as solvents for
AFB1 standards under varied buffer conditions.

Buffer Conditions IC50 (ng/mL) R2

20% methanol 0.3730 0.9837
acCB6 0.7045 0.9814

acCB6 + 50 mM NaCl 0.6460 0.9885
acCB6 + 100 mM NaCl 0.5229 0.9926
acCB6 + 200 mM NaCl 0.4825 0.9924

To evaluate the effect of ionic strength, the SA-BLEIA system was tested under varying
NaCl concentrations ranging from 50 to 200 mM. The results revealed a clear trend of
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enhanced assay sensitivity with increasing salt concentration (Figure 4c, Table 3). The
IC50 values improved progressively, decreasing from 0.6460 ng/mL at 50 mM NaCl to
0.5229 ng/mL at 100 mM NaCl, and further to 0.4825 ng/mL at 200 mM NaCl. Notably,
the bioluminescence intensity displayed a concentration-dependent response to ionic
strength, with higher NaCl concentrations slightly reducing signal intensity across the
AFB1 concentration range. Despite this reduction, the improved IC50 values indicate
enhanced AFB1 detection sensitivity under higher salt conditions.

The observed improvement of sensitivity with increasing ionic strength is likely due
to the modulation of electrostatic interactions between the acCB6-AFB1 complex and
assay components. Under low-salt conditions, strong electrostatic forces may limit AFB1
availability, whereas increased ionic strength optimizes the balance between complex
stability and AFB1 accessibility for immunodetection. At 200 mM NaCl, the detection
sensitivity approached that of the traditional methanol-based method, with IC50 values
of 0.4825 ng/mL and 0.3730 ng/mL, respectively. These findings highlight acCB6 as a
promising green alternative for AFB1 detection, particularly when paired with optimized
salt conditions.

3. Discussion
This study demonstrates the successful development of a highly effective host–

guest system for AFB1 detection using acCBs. Through screening seven acCB deriva-
tives, we identified acCB6 as the optimal host molecule, forming a stable 1:1 com-
plex with AFB1 in an aqueous solution and exhibiting a remarkable binding affinity
(Ka = 3.02 × 106 M−1); the high binding strength arises from a synergistic combination
of enthalpic and entropic contributions. By integrating this host–guest system into an
SA-BLEIA, we observed salt-dependent assay performance, highlighting the practical
versatility of acCB6. Unlike traditional AFB1 detection methods, which typically rely on
organic solvents, our approach emphasizes the feasibility of aqueous-phase detection,
offering an environmentally sustainable alternative. Notably, the assay’s sensitivity
improved with increasing ionic strength, as reflected in the IC50 values, underscoring
the delicate balance between host–guest binding affinity and AFB1 accessibility for
immunodetection, both of which are modulated by ionic conditions.

The superior performance of acCB6 can be attributed to well-established principles
of host–guest chemistry and molecular recognition [10,23]. The naphthalene moieties in
acCB6 provide extensive aromatic surfaces, facilitating efficient π-π stacking interactions
with the conjugated system of AFB1, which are critical for the stabilization of the complex.
Additionally, the exocyclic ethyl groups likely enhance encapsulation by endowing the
cavity with structural adaptability [24,25]. These structural features align with prior studies,
which have shown that acCBs with appropriately sized cavities and aromatic walls exhibit
enhanced guest binding [20,26]. MD simulations further elucidate the critical role of
electrostatic interactions and solvation effects in the host–guest binding process [10,27].
The simulations suggest that the salt-dependent sensitivity enhancement arises from ionic
strength modulating these electrostatic interactions, offering valuable insights into the
behavior of the system in aqueous solutions [28].

Our findings significantly advance the field of AFB1 detection by demonstrating that a
cucurbituril-based system can achieve comparable sensitivity to traditional immunoassays
without relying on organic solvents. This marks a significant departure from conventional
methods that depend on organic solvents for the preparation of standard curves [9,29].
The acCB6-based system enables detection in aqueous conditions while maintaining high
sensitivity, eliminating environmental risks associated with solvent use. This innovation
enhances the practicality of AFB1 detection and promotes environmental sustainability,
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aligning with the global push toward reducing chemical waste in scientific and industrial
applications. Additionally, our results build upon existing research on cucurbituril-based
recognition systems.

Previous studies highlight the potential of acCBs to improve pharmaceutical solu-
bility, although they have reported lower binding constants (Ka ~ 104–105 M−1) [21,30].
The exceptionally high binding affinity observed in this study represents a substantial
improvement addressing the stringent regulatory requirements for AFB1 detection in food
products. Integration of acCB6 with the SA-BLEIA platform offers notable advantages
over existing detection systems. Beyond eliminating the need for organic solvents, our
system maintains a high sensitivity level, making it suitable for diverse applications. This is
particularly relevant in the context of recent advances in nanobody-based detection systems,
which have similarly reduced organic solvent dependency in immunoassays. Our work
complements this growing body of research, presenting an environmentally sustainable
solution for mycotoxin detection [31].

However, some limitations of the current system warrant consideration. While increas-
ing ionic strength enhances sensitivity, a reduction in absolute signal intensity is observed
at higher salt concentrations. This may result from the competitive effects of ions on the
binding process. Although the reduction does not significantly impact overall sensitiv-
ity, it highlights an area for further optimization. Future studies could focus on refining
the structure of acCB6 to preserve high binding affinity while minimizing its sensitivity
to ionic strength variations [23,32]. Overall, our findings deepen the understanding of
host–guest chemistry in aqueous media and introduce a novel, eco-friendly approach for
AFB1 detection. This system holds significant potential as a reliable tool for ensuring food
safety, complementing traditional techniques like HPLC and LC-MS within regulatory
frameworks. It offers a more rapid and cost-effective initial screening option for detecting
aflatoxins and provides valuable references for detecting other harmful compounds in
diverse food products.

4. Materials and Methods
4.1. Synthesis of acCBs

The synthesis of acCB1-7 was conducted following previously reported methods [18,19].

4.2. AFB1 Dissolution Promotion Experiments

To prepare AFB1-containing samples, a standard acetone solution of AFB1 (1 mg/mL)
was used. A volume of 100 µL was deposited in clean glass vials, and the acetone was
removed under vacuum in a drying oven to leave 0.1 mg of AFB1 adhered to the vial
walls. Stock solutions of acCBs were prepared in deionized water and then sterilized using
0.22 µm filters. During dissolution experiments, acCB solutions were added to AFB1-coated
vials in molar equivalent amounts (1.0 equivalents). Samples were sonicated for 5 min, and
the degree of dissolution was visually evaluated.

4.3. NMR Experiments

NMR titration experiments were performed using a Bruker 500 MHz spectrometer
(Bruker BioSpin GmbH, Rheinstetten, Germany). A stock solution of acCB6 in D2O (80 mM)
was titrated in incremental volumes into NMR tubes containing 0.5 mg (1.6 × 10−3 mM) of
AFB1, covering a molar ratio range of 0.25 to 8.0 equivalents. The residual non-deuterated
solvents (δ 4.79 for D2O and δ 2.50 for DMSO-d6) were used as internal references for 1H
NMR spectra.
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4.4. UV–Visible Absorption Spectra

Stock solutions of acCB6 (1 mM) and AFB1 (1 × 10−2 mM) were prepared in ultrapure
water and subsequently diluted to a final concentration of 1 µM. An aqueous solution of the
AFB1-acCB6 complex (1 µM) was prepared by combining the diluted stock solutions. The
UV–visible absorption measurements were performed using a Unico UV-4802 double-beam
spectrophotometer (UNICO, Shanghai, China).

4.5. Fluorescence Emission Spectra

Fluorescence emission spectra were measured using a PerkinElmer FL6500 fluores-
cence spectrophotometer (PerkinElmer Inc., Waltham, MA, USA). The sample preparation
followed the procedure outlined in Section 4.4. After 1 h of equilibration at room tempera-
ture, spectra were recorded using an excitation wavelength of 360 nm with a slit width of
20 nm. Emission spectra were measured at 440 nm with a slit width of 10 nm.

4.6. Isothermal Titration Calorimetry (ITC) Experiments

ITC experiments were conducted at 25 ◦C using a MicroCal PEAQ-ITC calorimeter
(Malvern Panalytical, Malvern, UK). A solution of acCB6 (0.1 mM) was titrated into an
AFB1 solution (0.01 mM) prepared in ultrapure water. Data were analyzed using the
manufacturer’s software (MicroCal PEAQ-ITC Analysis Software 1.1.0.1262), employing a
one-site binding model.

4.7. SA-BLEIA Procedure

The SA-BLEIA experiments were performed following previously described pro-
tocol [9]. High-binding white 96-well microplates were coated overnight at 4 ◦C with
100 µL of 5 µg/mL AFB1-BSA in PBS buffer (10 mM phosphate, pH 7.4). After incubation,
the plates were blocked using 3% skim milk in PBS. Subsequently, 50 µL of 0.5 µg/mL
nanobody–luciferase conjugates were pre-incubated with 50 µL of varying AFB1 (TMRM,
Changzhou, China, 99% purity) concentrations prepared in PBS buffer with either 20%
methanol (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) or 1.0 molar equiva-
lents of acCB6. To evaluate salt-dependent performance, NaCl was added to the PBS buffer
at final concentrations of 50, 100, or 200 mM. This mixture was added to the antigen-coated
wells and incubated for 30 min at 37 ◦C. Plates were washed three times with PBST buffer
(PBS containing 0.05% Tween-20), followed by the addition of luminescence substrates
in the optimized assay buffer. Luminescence signals were recorded using a Varioskan
Flash spectral scanning multimode reader (Thermo Fisher Scientific, Waltham, MA, USA).
Standard curves were generated by plotting luminescence against the logarithm of AFB1
concentration and analyzed using four-parameter nonlinear regression for data analysis.

4.8. Molecular Dynamics (MD) Simulations

MD simulations were conducted using GROMACS 2020 with the GAFF force field for
acCB6 and AFB1, and the modified TIP3P water model. A 150 mM NaCl concentration
was included to neutralize the system [33,34]. Energy minimization was performed using
the steepest descent algorithm for 50,000 steps. Equilibration was achieved through 1 ns
simulations under the isothermal–isochoric (NVT) and isothermal–isobaric (NPT) ensem-
bles [35], at 298 K, using the v-rescale thermostat and the Parrinello–Rahman barostat
with a compressibility of 4.5 × 10−5 bar and a τp of 2 ps [36,37]. Production simulations
were conducted for three independent 1000 ns runs with a 2 fs time step [38]. H bonds
were constrained using the LINCS algorithm. The cutoff distance for electrostatic and van
der Waals interactions was set to 1.2 nm. Long-range electrostatics were calculated using
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the particle mesh Ewald (PME) method [39]. Simulation trajectories were analyzed using
GROMACS tools.

Author Contributions: Conceptualization, S.W. and S.-B.Y.; Data curation, S.W., K.F., J.N., J.X.,
H.M. and S.-B.Y.; Formal analysis, S.W., K.F. and S.-B.Y.; Funding acquisition, S.W., S.-B.Y. and S.Y.;
Investigation, S.W., K.F., J.N., X.S. and S.-B.Y.; Methodology, S.W. and S.-B.Y.; Project administration,
S.Y.; Resources, S.W., S.-B.Y. and S.Y.; Supervision, Z.-T.L. and S.Y.; Validation, S.W. and S.-B.Y.;
Writing—original draft, S.W.; Writing—review & editing, S.-B.Y., Z.-T.L. and S.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Project of Collaborative Innovation Center of GDAAS
(XT202210, XT202504), Shanghai Sailing Program (No. 22YF1458300), the Natural Science Foundation
of China (No. 22307022 and 22201293), the Natural Science Foundation of Guangdong Province
(2024A1515010062), and the Special Fund for Scientific Innovation Strategy-Construction of High
Level Academy of Agriculture Science (R2023PY-JX024; R2021YJ-YB1004; R2023PY-JG025; 2023QZ-
NK04; GDNKY-ZQQZ-K5).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Caceres, I.; AI Khoury, A.; Khoury, R.E.; Lorber, S.; Oswald, I.P.; Khoury, A.E.; Atoui, A.; Puel, O.; Bailly, J.-D. Aflatoxin

Biosynthesis and Genetic Regulation: A Review. Toxins 2020, 12, 150. [CrossRef]
2. Uka, V.; Cary, J.W.; Lebar, M.D.; Puel, O.; De Saeger, S.; Diana Di Mavungu, J. Chemical repertoire and biosynthetic machinery of

the Aspergillus flavus secondary metabolome: A review. Compr. Rev. Food Sci. Food Saf. 2020, 19, 2797–2842. [CrossRef]
3. Streit, E.; Schatzmayr, G.; Tassis, P.; Tzika, E.; Marin, D.; Taranu, I.; Tabuc, C.; Nicolau, A.; Aprodu, I.; Puel, O.; et al. Current

situation of mycotoxin contamination and co-occurrence in animal feed—Focus on Europe. Toxins 2012, 4, 788–809. [CrossRef]
4. van Egmond, H.P.; Schothorst, R.C.; Jonker, M.A. Regulations relating to mycotoxins in food: Perspectives in a global and

European context. Anal. Bioanal. Chem. 2007, 389, 147–157. [CrossRef] [PubMed]
5. Zheng, M.Z.; Richard, J.L.; Binder, J. A review of rapid methods for the analysis of mycotoxins. Mycopathologia 2006, 161, 261–273.

[CrossRef]
6. Marroquín-Cardona, A.G.; Johnson, N.M.; Phillips, T.D.; Hayes, A.W. Mycotoxins in a changing global environment—A review.

Food Chem. Toxicol. 2014, 69, 220–230. [CrossRef] [PubMed]
7. Anfossi, L.; Giovannoli, C.; Baggiani, C. Mycotoxin detection. Curr. Opin. Biotechnol. 2016, 37, 120–126. [CrossRef]
8. Ren, W.; Li, Z.; Xu, Y.; Wan, D.; Barnych, B.; Li, Y.; Tu, Z.; He, Q.; Fu, J.; Hammock, B.D. One-Step Ultrasensitive Bioluminescent

Enzyme Immunoassay Based on Nanobody/Nanoluciferase Fusion for Detection of Aflatoxin B1 in Cereal. J. Agric. Food Chem.
2019, 67, 5221–5229. [CrossRef] [PubMed]

9. Wu, S.; Xu, J.; Chen, W.; Wang, F.; Tan, X.; Zou, X.; Zhou, W.; Huang, W.; Zheng, Y.; Wang, S.; et al. Protein nanoscaffold enables
programmable nanobody-luciferase immunoassembly for sensitive and simultaneous detection of aflatoxin B1 and ochratoxin A.
J. Hazard. Mater. 2024, 462, 132701. [CrossRef] [PubMed]

10. Beatty, M.A.; Hof, F. Host–guest binding in water, salty water, and biofluids: General lessons for synthetic, bio-targeted molecular
recognition. Chem. Soc. Rev. 2021, 50, 4812–4832. [CrossRef]

11. Zhang, X.; Cheng, Q.; Li, L.; Shangguan, L.; Li, C.; Li, S.; Huang, F.; Zhang, J.; Wang, R. Supramolecular therapeutics to treat the
side effects induced by a depolarizing neuromuscular blocking agent. Theranostics 2019, 9, 3107. [CrossRef]

12. Geng, W.-C.; Sessler, J.L.; Guo, D.-S. Supramolecular prodrugs based on host–guest interactions. Chem. Soc. Rev. 2020, 49,
2303–2315. [CrossRef] [PubMed]

13. Yin, H.; Bardelang, D.; Wang, R. Macrocycles and related hosts as supramolecular antidotes. Trends Chem. 2021, 3, 1–4. [CrossRef]
14. Yin, H.; Zhang, X.; Wei, J.; Lu, S.; Bardelang, D.; Wang, R. Recent advances in supramolecular antidotes. Theranostics 2021, 11, 1513.

[CrossRef] [PubMed]
15. Li, Z.-T.; Yu, S.-B.; Liu, Y.; Tian, J.; Zhang, D.-W. Supramolecular organic frameworks: Exploring water-soluble, regular nanopores

for biomedical applications. Acc. Chem. Res. 2022, 55, 2316–2325. [CrossRef] [PubMed]

https://doi.org/10.3390/toxins12030150
https://doi.org/10.1111/1541-4337.12638
https://doi.org/10.3390/toxins4100788
https://doi.org/10.1007/s00216-007-1317-9
https://www.ncbi.nlm.nih.gov/pubmed/17508207
https://doi.org/10.1007/s11046-006-0215-6
https://doi.org/10.1016/j.fct.2014.04.025
https://www.ncbi.nlm.nih.gov/pubmed/24769018
https://doi.org/10.1016/j.copbio.2015.11.005
https://doi.org/10.1021/acs.jafc.9b00688
https://www.ncbi.nlm.nih.gov/pubmed/30883117
https://doi.org/10.1016/j.jhazmat.2023.132701
https://www.ncbi.nlm.nih.gov/pubmed/37839380
https://doi.org/10.1039/D0CS00495B
https://doi.org/10.7150/thno.34947
https://doi.org/10.1039/C9CS00622B
https://www.ncbi.nlm.nih.gov/pubmed/32181453
https://doi.org/10.1016/j.trechm.2020.08.008
https://doi.org/10.7150/thno.53459
https://www.ncbi.nlm.nih.gov/pubmed/33391548
https://doi.org/10.1021/acs.accounts.2c00335
https://www.ncbi.nlm.nih.gov/pubmed/35916446


Toxins 2025, 17, 104 12 of 12

16. Yu, S.; Zhou, W.; Tian, J.; Ma, D.; Zhang, D.; Li, Z. Host-guest chemistry for the design of drug antagonists. Sci. Sin. Chim. 2023,
53, 2345–2356. [CrossRef]

17. Liu, Y.-Y.; Yu, X.-Y.; Pan, Y.-C.; Yin, H.; Chao, S.; Li, Y.; Ma, H.; Zuo, M.; Teng, K.-X.; Hou, J.-L.; et al. Supramolecular systems for
bioapplications: Recent research progress in China. Sci. China Chem. 2024, 67, 1397–1441. [CrossRef]

18. Zhang, B.; Isaacs, L. Acyclic cucurbit [n] uril-type molecular containers: Influence of aromatic walls on their function as
solubilizing excipients for insoluble drugs. J. Med. Chem. 2014, 57, 9554–9563. [CrossRef] [PubMed]

19. Feng, K.; Liu, Y.-Y.; Zong, Y.; Lei, Z.; Wu, Y.; Yang, J.; Lin, F.; Qi, Q.-Y.; Li, Q.; Zhuang, S.-Y.; et al. Structure–Activity Relationship
Studies Leading to the Discovery of Highly Water-Soluble and Biocompatible Acyclic Cucurbit [n] uril FY-3451 as a Universal
Antagonist That Rapidly Reverses Neuromuscular Blocking Agents In Vivo. J. Med. Chem. 2024, 67, 17905–17918. [CrossRef]
[PubMed]

20. Ma, D.; Zavalij, P.Y.; Isaacs, L. Acyclic cucurbit [n] uril congeners are high affinity hosts. J. Org. Chem. 2010, 75, 4786–4795.
[CrossRef]

21. Liu, H.; Guo, Y.-J. Acyclic cucurbiturils and their applications. J. Incl. Phenom. Macrocycl. Chem. 2022, 102, 723–733. [CrossRef]
22. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Some Traditional Herbal Medicines, Some Mycotoxins,

Naphthalene and Styrene. IARC Monogr. Eval. Carcinog. Risks Hum. 2002, 82, 1–556.
23. Armstrong, L.; Chang, S.L.; Clements, N.; Hirani, Z.; Kimberly, L.B.; Odoi-Adams, K.; Suating, P.; Taylor, H.F.; Trauth, S.A.;

Urbach, A.R. Molecular recognition of peptides and proteins by cucurbit [n] urils: Systems and applications. Chem. Soc. Rev. 2024,
53, 11519–11556. [CrossRef] [PubMed]

24. Burrows, J.; Sain, P.; Saunders, G.C. A Variable Temperature Study of the π–π Stacking Interaction in the Co-Crystal Naphthalene-
Octafluoronaphthalene. Open Chem. J. 2019, 6, 66–73. [CrossRef]

25. Nishijima, A.; Osugi, Y.; Uemura, T. Fabrication of Self-Expanding Metal–Organic Cages Using a Ring-Openable Ligand. Angew.
Chem. 2024, 136, e202404155. [CrossRef]

26. Zebaze Ndendjio, S.A.; Isaacs, L. Molecular recognition properties of acyclic cucurbiturils toward amino acids, peptides, and a
protein. Supramol. Chem. 2019, 31, 432–441. [CrossRef]

27. Graña-Suárez, L.; Verboom, W.; Egberink, R.J.; Sarkar, S.; Mahalingam, V.; Huskens, J. Host–Guest and Electrostatic Interactions
in Supramolecular Nanoparticle Clusters. Eur. J. Org. Chem. 2016, 2016, 5511–5518. [CrossRef]

28. Jordan, J.H.; Ashbaugh, H.S.; Mague, J.T.; Gibb, B.C. Buffer and salt effects in aqueous host–guest systems: Screening, competitive
binding, or both? J. Am. Chem. Soc. 2021, 143, 18605–18616. [CrossRef]

29. Sun, Z.; Wang, X.; Tang, Z.; Chen, Q.; Liu, X. Development of a biotin-streptavidin-amplified nanobody-based ELISA for
ochratoxin A in cereal. Ecotoxicol. Environ. Saf. 2019, 171, 382–388. [CrossRef] [PubMed]

30. Muheyati, M.; Wu, G.; Li, Y.; Pan, Z.; Chen, Y. Supramolecular nanotherapeutics based on cucurbiturils. J. Nanobiotechnol. 2024,
22, 790. [CrossRef]

31. Wang, Y.; Wu, Y.; Gesang, D.; Dong, Z.; Qin, Z.; Li, Q.; Li, J.; Zhou, Q.; Shi, G. Non-organic solvent extraction of capsaicinoids
from oil combined with fluorescent lateral flow immunoassay strips for on-site identification of illegally recycled waste cooking
oil. Sens. Diagn. 2025, 4, 147–158. [CrossRef]

32. Niu, J.; Yu, J.; Wu, X.; Zhang, Y.-M.; Chen, Y.; Yu, Z.; Liu, Y. Host–guest binding between cucurbit [8] uril and amphiphilic
peptides achieved tunable supramolecular aggregates for cancer diagnosis. Chem. Sci. 2024, 15, 13779–13787. [CrossRef]

33. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1, 19–25. [CrossRef]

34. Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber force field. J. Comput.
Chem. 2004, 25, 1157–1174. [CrossRef] [PubMed]

35. Deift, P.; Zhou, X. A steepest descent method for oscillatory Riemann--Hilbert problems. Asymptotics for the MKdV equation.
Ann. Math. 1993, 137, 295–368. [CrossRef]

36. Parrinello, M.; Rahman, A. Crystal structure and pair potentials: A molecular-dynamics study. Phys. Rev. Lett. 1980, 45, 1196.
[CrossRef]

37. Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A 1985, 31, 1695–1697. [CrossRef] [PubMed]
38. Hess, B.; Bekker, H.; Berendsen, H.J.; Fraaije, J.G. LINCS: A linear constraint solver for molecular simulations. J. Comput. Chem.

1997, 18, 1463–1472. [CrossRef]
39. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle mesh Ewald method. J. Chem.

Phys. 1995, 103, 8577–8593. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1360/SSC-2023-0134
https://doi.org/10.1007/s11426-024-1971-4
https://doi.org/10.1021/jm501276u
https://www.ncbi.nlm.nih.gov/pubmed/25369565
https://doi.org/10.1021/acs.jmedchem.4c01960
https://www.ncbi.nlm.nih.gov/pubmed/39324796
https://doi.org/10.1021/jo100760g
https://doi.org/10.1007/s10847-022-01159-w
https://doi.org/10.1039/D4CS00569D
https://www.ncbi.nlm.nih.gov/pubmed/39415690
https://doi.org/10.2174/1874842201906010066
https://doi.org/10.1002/ange.202404155
https://doi.org/10.1080/10610278.2019.1619737
https://doi.org/10.1002/ejoc.201600873
https://doi.org/10.1021/jacs.1c08457
https://doi.org/10.1016/j.ecoenv.2018.12.103
https://www.ncbi.nlm.nih.gov/pubmed/30616155
https://doi.org/10.1186/s12951-024-03024-z
https://doi.org/10.1039/D4SD00306C
https://doi.org/10.1039/D4SC04261A
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/jcc.20035
https://www.ncbi.nlm.nih.gov/pubmed/15116359
https://doi.org/10.2307/2946540
https://doi.org/10.1103/PhysRevLett.45.1196
https://doi.org/10.1103/PhysRevA.31.1695
https://www.ncbi.nlm.nih.gov/pubmed/9895674
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3C1463::AID-JCC4%3E3.0.CO;2-H
https://doi.org/10.1063/1.470117

	Introduction 
	Results 
	Dissolution Enhancement of AFB1 by acCBs 
	Spectroscopic Evidence for 1:1 Host–Guest Complex Formation 
	Thermodynamic Analysis and Molecular Dynamics Simulations Reveal the Driving Forces of Complex Formation 
	Development of acCB6-Enabled Aqueous Detection Assay for AFB1 

	Discussion 
	Materials and Methods 
	Synthesis of acCBs 
	AFB1 Dissolution Promotion Experiments 
	NMR Experiments 
	UV–Visible Absorption Spectra 
	Fluorescence Emission Spectra 
	Isothermal Titration Calorimetry (ITC) Experiments 
	SA-BLEIA Procedure 
	Molecular Dynamics (MD) Simulations 

	References

