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Abstract: Sweetening compounds are commonly incorporated into food products to en-
hance their texture and flavor, thereby indicating product quality. 4-Hydroxy-2,5-dimethyl-
3(2H)-furanone (HDMF) is a sweet aromatic compound characterized by its pineapple-like
baking scent. While it serves as a taste enhancer in various industries, including wine
production and soy sauce manufacturing, HDMF also exhibits DNA-damaging activity
in foods. In this study, a fluorescence detection method based on fluorescence resonance
energy transfer (FRET) for the sensitive detection of HDMF was developed. Initially, gold
nanoparticles were deposited onto the surface of Fe3O4 to create fluorescence-quenching
materials. Subsequently, thiol-functionalized β-cyclodextrin (SH-β-CD) was modified to
provide cavities that allow the fluorescent dye rhodamine 6G (R6G) to enter. The fluores-
cence of R6G remains quenched until HDMF is present because it will compete with R6G
for binding sites within the SH-β-CD cavities through competitive host–guest recognition.
Furthermore, the fluorescence intensity of R6G at 553 nm exhibited a strong linear corre-
lation with the logarithmic value of HDMF concentration over a range from 5 × 10−7 M
to 10−4 M. This rapid and sensitive fluorescence detection strategy rooted in FRET and
competitive host–guest recognition demonstrated significant potential for detecting HDMF
in food products.

Keywords: 4-hydroxy-2,5-dimethyl-3(2H)-furanone; HDMF; fluorescence resonance energy
transfer; competitive host–guest recognition

1. Introduction
Sweet compounds, both naturally occurring and added to cigarettes, mitigate the

harshness of smoke and significantly enhance the overall taste experience. To evaluate
cigarette quality, it is essential to identify the key sweet components in cigarette smoke [1,2].
These compounds can be classified into five groups: sugar alcohols, furans, pyrans, ke-
tones, and phenols. Notable contributors to the sweet flavor profile include glucose,
fructose, maltol, 4-Hydroxy-2,5-dimethyl-3(2H)-furanone (HDMF), 5-methylfural, and
2-furaldehyde [3–6]. HDMF is an aromatic compound characterized by a baking flavor
reminiscent of pineapples. It is found in fresh fruits such as pineapple and strawberries [7,8].
While it serves as a taste enhancer in various industries including wine production and
soy sauce manufacturing, HDMF also exhibits DNA-damaging activity when present
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in foods [9–15]. Consequently, although its application in the food industry for flavor
enhancement is viable, careful evaluation of its content is imperative.

Common methods for detecting HDMF include liquid chromatography (LC), mass
spectrometry (MS), gas chromatography (GC), and stable isotope dilution assays [16–19].
Although these techniques can detect multiple targets simultaneously, they often involve
time-consuming, complex procedures. Therefore, there is a pressing need for simpler
methodologies that allow for more sensitive and rapid detection of HDMF. Spectral analysis
has gained popularity due to its straightforward processes. Techniques such as UV–visible
spectroscopy and fluorescence are commonly employed [15]. Among these methods,
fluorescence has become particularly favored owing to its superior sensitivity and simplicity.
Recent advancements have led to assays with lower detection limits by Förster resonance
energy transfer (FRET). In this context, when two chromophores overlap within a proximity
range of 1–10 nm, the fluorescence signal from one chromophore can be quenched by
another one [20].

Gold nanoparticles (Au NPs) are extensively used as energy receptors due to their ease
of chemical modification and high fluorescence quenching coefficients [21,22]. Additionally,
Fe3O4 nanoparticles (Fe3O4 NPs) possess numerous advantageous properties including
electrical conductivity, magnetic characteristics, and biocompatibility [23–25]. Materials
containing Fe3O4 NPs could be effectively magnetically separated without requiring pre-
treatment [26,27]. On the other hand, Fe3O4 NPs are also excellent fluorescence quenchers
because of their wide UV–vis absorption and large surface areas, which have great applica-
tion potential in fluorometric detection [28,29]. However, the quenching effects of Fe3O4

and Au nanoparticles alone are limited. Therefore, Fe3O4@Au composites have been estab-
lished to achieve a better quenching effect. Thiol-functionalized β-cyclodextrin (SH-β-CD)
possesses a hollow cylindrical structure with a hydrophilic outer surface and a lipophilic
inner cavity [21]. Hydrophobic molecules selectively enter the cavities of SH-β-CD through
host–guest recognition. Different guest molecules exhibit varying binding affinities to the
cavities of SH-β-CD and compete for these spaces when present simultaneously [30,31].
This competitive mechanism allows for the indirect detection of target substances that lack
direct signals by monitoring signal changes from competing entities. Thus, various sensors
based on SH-β-CD have been created [32,33].

In this study, we established a fluorescence method for detecting HDMF using
Fe3O4@Au-CD as a fluorescence sensor, as illustrated in Scheme 1A. The Fe3O4 NPs
were ammoniated to acquire a positive charge, enabling them to interact with negatively
charged Au NPs via electrostatic forces. Subsequently, SH-β-CD was conjugated to the
Fe3O4@Au composite through an Au-S bond. The resulting Fe3O4@Au-CD exhibited an
enhanced quenching effect compared to either standalone Fe3O4 or Au NPs and served as
an effective fluorescence quencher for HDMF detection (Scheme 1B). When R6G coexisted
with Fe3O4@Au-CD, it entered the cavities of SH-β-CD, leading to its fluorescence being
quenched via FRET. In the presence of HDMF within this reaction system, it displaced R6G
through host–guest interactions, allowing entry into SH-β-CD’s cavities. This resulted in
the activation of R6G’s fluorescence. With the increased amount of HDMF, the fluorescence
intensity of R6G increased, with a good linear relationship between fluorescence intensities
and the lg value of HDMF concentrations in the range of 5 × 10−7 M to 10−4 M. This simple
and sensitive fluorescence detection method based on FRET and competitive host–guest
recognition showed good application potential in HDMF detection.
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Scheme 1. Schematic diagram of the mechanism for the detection of HDMF. (A) The synthesis of
Fe3O4@Au-CD. (B) Fluorescence detection of HDMF based on FRET and competitive host–guest
recognition of R6G and HDMF.

2. Experiment
2.1. Preparation of Fe3O4@Au-CD

The synthesis of Au nanoparticles (about 13 nm) was carried out as follows. An
amount of 50 mL of HAuCl4·4H2O (2%) solution was heated to boiling while stirring at
2000 rpm. Then, 5 mL of 44 mM sodium citrate solution was quickly added and stirred
for 15 min. The solution was kept under stirring until it cooled to room temperature. The
synthesized Au NPs were collected and stored at 4 ◦C for later use.

A total of 8 mg of Fe3O4 NPs (about 100 nm), dispersed in 15 mL of ethanol, were
mixed with 400 µL of 3-APTES under vigorous stirring for 4 h to obtain the ammoniated
surface. The precipitates (Fe3O4-NH2) were washed three times with ethanol and water
to remove excess APTES. Subsequently, the Fe3O4-NH2 was dispersed in 5 mL of water
and mixed with another 5 mL of Au NP solution under gentle stirring for 8 h to form the
Fe3O4@Au. The precipitates were washed three times with water to remove the unbounded
Au NPs. Then, 15 mL of 0.067 mg mL−1 SH-β-CD was added and stirred for 4 h to fabricate
the Fe3O4@Au-CD for later experiments. The final products were washed with water to
remove superfluous SH-β-CD and re-dispersed in 5 mL water for further use.

2.2. Fluorescence Detection of HDMF

A 40 µL sample of Fe3O4@Au-CD from the solution above was mixed with 20 µL
of 0.1 M R6G to create the FRET system. A 100 µL solution of HDMF with varying
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concentrations (from 0.5 to 100 µM) was added to compete with R6G for binding. The
resulting reaction mixture was then diluted to a final volume of 1 mL and shaken for 20 min
for the competitive reactions of R6G and HDMF. Following this, the fluorescence of R6G
was measured at an excitation wavelength of 530 nm on an FS5 spectrofluorometer.

2.3. HDMF Detection in Real Samples

The samples selected for this study were pineapple drinks and tobacco. The pineapple
drink sample was prepared by diluting 1 mL of pineapple drink into 10 mL of water solution.
The tobacco sample was obtained from commercially available cigarettes. A 10 mL solution
containing 0.1 g of tobacco powder was ultrasonicated for 30 min. The tobacco sample
solution was obtained after filtration. Different concentrations (5 × 10−7 M, 5 × 10−6 M,
5 × 10−5 M) of HDMF were spiked into the pineapple drinks and tobacco solutions to be
determined. Each spiked sample was displayed in three parallel experiments.

3. Results and Discussion
3.1. Characterization of Fe3O4@Au-CD

Morphologies of Fe3O4@Au-CD were characterized by high-resolution transmission
electron microscopy (HRTEM). The HRTEM (Figure 1A) and scanning transmission electron
microscopy (STEM) (Figure 1B) images showed that small spherical nanoparticles were
adsorbed on the surface of the large cube nanoparticles. The energy-dispersive X-ray
spectroscopy (EDX) elements mapping images illustrated how Au NPs (Figure 1D) were
adsorbed onto the surface of the cube Fe3O4 NPs (Figure 1C) and SH-β-CD was bonded to
the surface of the particles (Figure 1E). Zeta potential was used to confirm the modification
step (Figure 1F). The Fe3O4 had a negative charge and the zeta potential value was −13.1 mV.
After the modification of APTES, the zeta potential value of Fe3O4 was positive, with a
value of 6.9 mV. Au NPs showed a negative charge due to sodium citrate, which made
Fe3O4@Au and Fe3O4@Au-CD negative. The Fe3O4 NPs were ammoniated to be positively
charged, which were prone to attract negatively charged Au NPs [34]. SH-β-CD bound to
Fe3O4@Au via Au-S bonds [35]. According to the UV–vis spectrophotometer (Figure 1G),
Fe3O4 NPs had good absorption in 400 nm to 800 nm [26,28]. The absorbance of Fe3O4@Au
and Fe3O4@Au-CD increased in the band of 550 nm to 700 nm due to the loaded Au
NPs. Compared with bare AuNPs, the absorption peak of Fe3O4@Au and Fe3O4@Au-CD
had a red shift due to the change in surface charge [36,37]. These characterization results
indicated the successful preparation of the Fe3O4@Au-CD.

3.2. Feasibility of Detecting HDMF

The feasibility of the fluorescence method for detecting HDMF was evaluated. As
shown in Figure 2A, when the excitation wavelength was 530 nm, neither the Fe3O4@Au-
CD (black curve) nor the target HDMF (blue curve) had a fluorescence signal. The red
curve in Figure 2A showed an obvious fluorescence emission peak when the R6G existed
alone and the maximum fluorescence intensity peak was at 553 nm. However, the fluores-
cence intensity of R6G at 553 nm decreased sharply when Fe3O4@Au-CD and R6G were
mixed (orange curve in Figure 2A), which implied that the fluorescence signal of R6G was
quenched by Fe3O4@Au-CD.

The absorption spectrum of Fe3O4@Au-CD overlapped with the fluorescence emis-
sion spectrum of R6G, as shown in Figure 2B, indicating the possibility of FRET. On the
other hand, the fluorescence excitation spectrum of R6G also overlapped with the absorp-
tion spectrum of R6G, which suggested that the inner filter effect (IFE) also caused the
quenching [38]. However, when Fe3O4@Au-CD, R6G, and the target HDMF coexisted, the
fluorescence intensity of R6G was restored (green curve in Figure 2A). The reason was that
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HDMF could replace R6G for the cavities of β-CD, which released the R6G into the solution.
The IFE does not require the distance between the fluorophore and the quencher [39], so
the fluorescence signal changing from “off” to “on” was caused by the disruption of FRET.
These results prove that it is feasible to establish a fluorescence method for HDMF detection
based on FRET and competitive host–guest recognition.
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Figure 2. (A) FL emission spectra of Fe3O4@Au-CD, R6G, HDMF, Fe3O4@Au-CD/R6G, and
Fe3O4@Au-CD/R6G/HDMF, respectively. (B) The UV–vis absorption spectrum of Fe3O4@Au-CD
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3.3. Optimization of HDMF Detection

To improve the detection performance of the method, experimental conditions were
optimized. Firstly, the optimal sensing material was studied. Au NPs were good quenchers,
so the effect of Au-CD as a fluorescence sensor on the detection results was investigated.
As shown in Figure 3A, Au-CD had a weak fluorescence quenching effect for R6G. In
contrast to Fe3O4@Au-CD, bare Au-CD showed minimal changes in fluorescence intensity
for HDMF detection (Figure 3A,B). The reason is that R6G has the maximum fluorescence
emission peak at 553 nm, while Au-CD had a weak absorbance at this band (Figure S1).
As a result, no efficient FRET occurred under these circumstances. On the other hand,
Fe3O4@Au-CD had a strong absorption peak at 553 nm since it combined the excellent
absorption performance of Fe3O4 and Au NPs (Figure 1G). Thus, Fe3O4@Au-CD was
chosen as the fluorescence quencher in the fluorescence detection of HDMF.
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Figure 3. (A) The fluorescence emission spectra of R6G, Fe3O4@Au-CD/R6G, Fe3O4@Au-CD/
R6G/HDMF, Au-CD/R6G, Au-CD/R6G/HDMF. (B) The effect of different sensors on the change
in fluorescence intensity. The error bars represented the standard deviations of three repetitive
measurements.

The amounts of Au NPs and SH-β-CD in the synthetic process of Fe3O4@Au-CD were
optimized. The absorbance of Fe3O4@Au at 553 nm increased with the increasing volume
of Au NPs, reaching a plateau at 5 mL (Figure S2). The fluorescence intensity of the solution
reached the lowest when SH-β-CD was 1.0 mg (Figure S3). Further increases in SH-β-CD
led to the aggregation of Fe3O4@Au-CD, which prevented the combination of R6G and
Fe3O4@Au-CD [40,41]. Therefore, 5 mL Au NPs and 1 mg β-CD were used to prepare
Fe3O4@Au-CD.

The volume of Fe3O4@Au-CD and reaction time were also optimized. The fluorescence
intensity increased with the increment of Fe3O4@Au-CD, leveling off at 40 µL of Fe3O4@Au-
CD (Figure S4). Figure S5 indicated that Fe3O4@Au-CD and R6G reacted completely within
20 min. Thus, 40 µL Fe3O4@Au-CD solution and 20 min reaction time were selected.

3.4. HDMF Detection

Various concentrations of HDMF were detected under optimal conditions. As il-
lustrated in Figure 4A,B, the fluorescence signal increased with HDMF concentrations
ranging from 5 × 10−7 M to 10−4 M. When the concentration of HDMF was more than
100 µM, the fluorescence intensity increased slightly. The fluorescence intensity at 553 nm
showed a good linear relationship with the logarithm of HDMF ranging from 5 × 10−7 M
to 10−4 M as shown in the inset in Figure 4B. The corresponding linear equation was
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F = 112,624 lgC + 618,672 (R2 = 0.986), where F represents the fluorescence intensity at
553 nm and C is HDMF concentration (5 × 10−7 M to 10−4 M). The limit of detection (LOD)
was calculated to be 198.9 nM, based on the formula LOD = 3 × Sb/a. The Sb was the blank
standard deviation. The variable “a” was obtained from linear fitting on the fluorescence
intensity of the blank and 500 nM based on the formula a = (F500 nM − Fblank)/(500 nM).
This is the first time that a fluorescence method has been constructed to detect HDMF. Com-
pared with previously reported methods, the proposed fluorescence method for HDMF
detection was more sensitive, rapid, and convenient (Table S1).
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3.5. Selectivity and Stability of the HDMF Detection

The specificity of the proposed method for HDMF detection was studied. Glucose,
fructose, maltol, 5-methylfural, and 2-furaldehyde are the main sweet compounds that
contribute to the sweet taste in cigarettes. The structures of the compounds above are shown
in Figure S6. The concentration of HDMF was 100 µM while the other five compounds
were 1 mM, as shown in Figure 5. The mixture of 100 µM HDMF and equal concentrations
of glucose, fructose, maltol, 5-methyl furfural, and 2-furaldehyde were used to test the
interference. The results showed that little interference was observed from these sweet
compounds (Figure 5A). It was proven that changes in fluorescence intensity in the presence
of these five sweet compounds were much lower than those in the presence of HDMF
(Figure 5A), which proved that the described fluorescence method had good specificity for
HDMF detection.

The stability of the proposed method was also investigated. As shown in Figure 5B,
after 7, 14, 21, and 30 days, the fluorescence method for HDMF detection remained rea-
sonable, suggesting that the proposed fluorescence method for HDMF detection had
excellent stability.
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3.6. Application of the HDMF Detection in Real Samples

To evaluate the practical applications of the described fluorescence method, we spiked
pineapple drink and tobacco solution samples with HDMF. HDMF cannot be detected in
blank cigarettes and beverages. The recovery results are listed in Table 1. The average
recoveries of pineapple drink and tobacco samples were 91.2%~110.6% and 93.9%~104.6%,
respectively. The corresponding relative standard deviations (RSDs) were less than 6.6%
and 7.9%, respectively. These results indicate that the proposed assay has good applicability
in real samples.

Table 1. Recovery analysis of HDMF in beverage and cigarette.

Samples Found (M) Added (M) Found (M) Recovery (%) RSD (%)

Beverage Not found
5 × 10−7 4.93 × 10−7 98.7 6.6
5 × 10−6 5.53 × 10−6 110.6 5.6
5 × 10−5 4.56 × 10−5 91.2 5.5

Cigarette Not found
5 × 10−7 4.96 × 10−7 99.1 7.0
5 × 10−6 4.69 × 10−6 93.9 3.2
5 × 10−5 5.23 × 10−5 104.6 7.9

4. Conclusions
In summary, this study presents the first instance of constructing a fluorescence sensor

for the detection of HDMF specifically. In this paper, the synthesized Fe3O4@Au-CD was
utilized as a fluorescence quencher for HDMF detection. When R6G entered the cavities
of SH-β-CD, its fluorescence was effectively quenched by Fe3O4@Au-CD through FRET.
However, in the presence of the target compound HDMF, it displaced R6G to occupy
the β-CD cavities. As the concentration of HDMF increased, more R6G molecules were
replaced, resulting in enhanced fluorescence intensity. A strong linear correlation was
observed between fluorescence intensity and the logarithmic value of HDMF concentration
within a range from 5 × 10−7 M to 10−4 M, with a LOD of 198.9 nM. This method is
believed to detect HDMF in practical environments if further optimized, including addi-
tional tests for selectivity and repeatability across more batches. This straightforward and
susceptible fluorescence detection method holds significant potential for application in
food flavor evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors13030110/s1, Figure S1: UV–vis absorption spectra of
Au-CD and Fe3O4@Au-CD and the fluorescence emission spectrum of R6G; Figure S2: Optimization

https://www.mdpi.com/article/10.3390/chemosensors13030110/s1
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of the volume of Au NPs; Figure S3: Optimization of the amount of SH-β-CD; Figure S4: Optimization
of the volume of Fe3O4@Au-CD; Figure S5: Optimization of the reaction time; Figure S6: The structure
of compounds used in the selectivity test; Table S1: Comparison of the analytical performance of
various reported methods for HDMF detection [15,17,19,42].
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