A novel cucurbit[8]uril-based fluorescent probe for the detection of phenethylamine in urine
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Abstract: 
[bookmark: OLE_LINK6]Background: Beta-phenylethylamine (PEA), is known to scientists as the “mood hormone”, posing a threat to human health. In this study, an “on-off-on” supramolecular fluorescent probe was developed for the detection of PEA. The probe, namely PDT@2Q[8], was assembled from cucurbit[8]uril (Q[8]) and a coumarin derivative (PDT) via a host-guest interaction in a 2:1 binding ratio. 
Results: The solution fluorescence was turned on again when PEA was added to PDT@2Q[8] in aqueous solution. The intensity of the fluorescence of the solution returned to blue following quenching, and the intensity of the fluorescence of the solution correlated with the concentration of PEA at 395 nm in a linear manner. The probes detection limit for PEA was 3.08 μM over the linear range 0.5-3×10-4 M. The probe was used for the detection of PEA in urine, and the detection limit for PEA was 1.34 μM over the linear range of 0.4-1.6×10-4 M. 
Significance: As an “on-off-on” fluorescence-opening cucurbit[n]urils-based fluorescent probe, PDT@2Q[8] is not only simple to prepare, and of low-cost, but also exhibits significant fluorescence before and after the addition of PEA, with a fast response time and high sensitivity. This study provides a new fluorescent probe method for the detection of Beta-phenylethylamine (PEA).
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Introduction:
Beta-phenylethylamine (PEA), an endogenous amine found in the vertebrate brain[1], is known to scientists as the “mood hormone” and has been closely linked to psychological disorders such as depression[2], attention deficit hyperactivity disorder (ADHD)[3-5], schizophrenia[6-7], and psychomotor retardation[8-10]. A high intake of PEA induces the production of norepinephrine and dopamine, leading to feelings of euphoria and hallucinations[11]. It is banned in the sports world due to its potential performance-enhancing properties. For example, if PEA is detected in an athlete's urine, the athlete may be subject to serious penalties such as disqualification[12]. In daily life, due to its characteristics of being easy to manufacture, inexpensive, and portable, PEA has become associated with a variety of criminal activities and has become a widespread societal problem. It thus presents a significant threat to human health, family values, and social coherence[13-14]. Given this, there is a real need to design a technique that can accurately, rapidly, sensitively and intelligently monitor PEA.
To date, a variety of methods and techniques have been applied to the detection of PEA, including electrochemical detection[15], high performance liquid chromatography (HPLC)[16], Raman spectroscopy[17], and ion mobility spectrometry [18]. However, many such strategies depend on cumbersome sample pretreatments, costly equipment, and complex instrumentation that require specialized personnel for operation. In contrast, fluorescence detection benefits from low cost, simple operation, and a fast response time. Therefore, the development of a fluorescent probe for the rapid detection of PEA is essential.
Alongside the progress made with novel fluorescent compounds, that of supramolecular chemistry has also benefited given investigation of their encapsulation in appropriate hosts, typically cyclodextrins[19], cuproaromatics[20] and columnar aromatics[21-26]. Cucurbit[n]urils[27-31] (Q[n], n=5-8,10,13-15) are a family of synthetic macrocyclic host molecules ,which possess a highly mimetic hydrophobic cavity that can bind a wide range of guests in aqueous solution[32-36]. When the fluorescent molecules are in the nonpolar environment of the cavity, changes in the photophysical, photochemical, and other properties of the guests can occur, thus realizing the identification and detection of target substances[37-40]. For example, Yang et al.[41] constructed supramolecular probes for the specific detection of 3-nitrotyrosine in serum and plasma by combining tetraphenylvinylimidazole derivatives with Q[8] via host-guest interactions. Xiao et al.[42-43] utilized supramolecular assemblies constructed from cucurbit[7]uril and pamadine for the detection of paraquat in aqueous solution, and also utilized cucurbit[8]uril and 1,2-bis(4-pyridinyl)vinyl derivatives self-assembled to detect phenolic pollutants. Many typical fluorescent probes for the detection of biogenic amines have also been reported. For example, Wang et al. reported an easy-to-prepare organic/inorganic composite with two-color ratiometric fluorescence for monitoring biogenic amines[44]. Yang et al.[45] developed a coumarin-based fluorescent probe for detecting the freshness of shrimp, beef, and chicken breasts. Gui et al.[46] reported a dual-channel probe with fluorescence in both the color rendering and near-infrared regions for the high-sensitivity detection of gaseous amines and for the monitoring of food freshness. However, fluorescent probes using supramolecular assemblies constructed from cucurbit[n]urils and guest molecules to detect PEA are less common and are mostly of the fluorescence burst type.
Based on the previous observations, a water-soluble PDT molecule with blue fluorescence was synthesized and interacted with Q[8] to construct an “on-off-on” fluorescence-opening supramolecular probe for the detection of PEA. Based on fluorescence, UV-Vis absorption and NMR spectroscopies, the probe PDT@2Q[8] was assembled via host-guest interactions in a 2:1 binding ratio, and the solution fluorescence gradually returned to blue from quenching with the addition of Q[8]. The probes fluorescence response to a variety of common biogenic amine compounds was further examined in aqueous solution, and it was found that the probe could specifically recognize PEA. Interestingly, the fluorescence of the supramolecular assembly (PDT@2Q[8]) was significantly enhanced by the addition of PEA, and the fluorescence returned; the color change was from quenching to blue. This probe can be used in urine for the rapid detection of PEA, and the supramolecular assembly not only specifically recognizes PEA, but also acts as an “on-off-on” fluorescence-opening probe with significant fluorescence enhancement before and after the addition of PEA. In conclusion, the “on-off-on” fluorescence-opening cucurbituril-based supramolecular probe reported herein benefits from low cost, facile operation and fast response, which demonstrates the great advantages in recognizing biogenic amines, and broadens the application fields of cucurbit[n]urils-based supramolecular fluorescent probes.

Materials
Q[8] was synthesized in our laboratory based on the method reported in the literature[47]. All reagents and solvents were obtained commercially as analytical-grade and were used without further purification. Other property tests were all performed at room temperature without special requirements.

Measurements
1H NMR spectra were measured on a JNM-ECZ 400 MHz nuclear magnetic resonance (NMR) spectrometer. Fluorescence spectra measurements were performed on a Varian Cary Eclipse fluorescence spectrophotometer. UV-vis spectra were recorded on a Shimadzu UV-2700. Isothermal titration calorimetry (ITC) was carried out on a Nano ITC instrument (TA, U.S.A.) at 298.15 K.

Experimental methods
Fluorescence spectra: The stock solution of PDT (1.00×10-3 mol·L-1), different bioamines (1.00×10-2 mol·L-1) and common components of urine (1.00×10-2 mol·L-1) were prepared in deionized water. The fluorescence spectra of the host-guest complexes were recorded at 298 K. The stock solution was diluted to the desired concentration to prepare the working solution. The PDT@2Q[8] (2:1) complex solution was prepared in deionized water at a fixed concentration of 2×10-5 mol·L-1. Fluorescence spectra were obtained at 295 nm excitation (both emission and excitation bandwidths were 10 nm). Three repeated measurements were recorded for each experiment.

1H NMR spectroscopic measurements: The 1H NMR spectra were recorded at 298 K on a JNM-ECZ 400 MHz nuclear magnetic resonance (NMR) spectrometer. Using D2O as a field frequency lock, the observed chemical shift is reported in parts per million (ppm) relative to the built-in tetramethylsilane (TMS) standard (0.0 ppm).

Preparation of real samples
Urine pretreatment: The actual urine sample was centrifuged (10000 npm, 10 min), and then the supernatant was diluted 20 times.

Limit of detection (LOD) measurement
The LOD was calculated based on the standard derivation (σ) of 10 measurements without guest molecules and the slope (K) of a linear calibration curve with the formula LOD = 3σ/K. The standard deviation formula for 10 measurements in the absence of guest molecules was formulated as:(n=11)

Results and discussion
Pyrrolopyridine coumarin derivatives (PDT) were synthesized from 7-hydroxycoumarin and 4-alkylpyrrolopyridines by a two-step procedure (Scheme S1 and Figures S1-S2). Q[8] was prepared in our laboratory based on the method reported in the literature. The interaction between PDT and Q[8] was studied by NMR spectroscopies, UV-visible and fluorescence.
First, fluorescence and UV-visible spectroscopies were employed to investigate the binding ratio. As shown in Fig. 1a, a 20 μM aqueous solution of the free guest molecules PDT exhibited a blue fluorescence emission peak at 395 nm when excited at a wavelength of 295 nm. The fluorescence at 395 nm gradually decreased with the continuous addition of Q[8] to the PDT solution. When the concentration of Q[8] exceeded twice the equivalent amount of PDT, the fluorescence intensity no longer decreased. Under 365 nm UV light, a clear variation in fluorescence color from blue to quench was readily observable to the naked eye (inset of Fig. 1a). Under analogous experimental conditions, adding differing amounts of Q[8] to the PDT solution, the UV-Vis absorption spectrum of PDT was significantly altered. As shown in Fig. 1c, the absorption of free PDT occurs at 295 nm, but the absorbance of PDT at 295 nm gradually decreased when differing amounts of Q[8] were added. This change is attributed to host-guest interactions, which occur as PDT enters the Q[8] cavity and forms a new supramolecular compound. UV-visible/fluorescence titration experiments revealed that the UV-visible absorption values and fluorescence intensities were constant at a NQ[8]/NPDT ratio of 2:1 (Fig. 1b and 1d). We hypothesize that Q[8] and PDT form a host-guest complex at a stoichiometry of 2:1, which was further confirmed by a Job's plot (Fig. S3, SI).
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Figure 1. (a) Fluorescence spectra of 20μM PDT aqueous solution with Q[8]; (b) Dot plot of fluorescence intensity with NQ[8]:NPDT; (c) Ultraviolet absorption spectra of 20μM PDT aqueous solution with Q[8]; (d) Dot plot of UV absorption with NQ[8]:NPDT

Subsequently, isothermal titration calorimetry (ITC) was utilized to analyze the supramolecular probe binding ratio with the guest. As shown in Figure S4, the results of isothermal titration calorimetry (ITC) are consistent with those of UV absorption spectroscopy, fluorescence spectroscopy and Job plots. The binding constant (Ka= Ka1×Ka2) of the PDT@2Q[8] complex is 1.521×109 M-1, indicating that there is a strong host-guest interaction between the Q[8] host and the PDT guest, and a stable host-guest complex can be formed.
With a view to further understanding the mechanism of action of host Q[8] and guest PDT in more detail, we performed host-guest 1H NMR spectroscopic experiments in D2O. As shown in Fig. 2, after increasing the amount of Q[8] in the PDT solution, due to the shielding effect of the hydrophobic cavity of Q[8], the remaining protons (including Ha, Hb, Hc, Hd, He, Hh, Hi, Hj, and Hk) were significantly shifted to high field, except for the protons Hg and Hf which were shifted to low field. The 1H NMR spectroscopic results showed that the pyrrolidopyridine rings on both ends of the PDT, as well as the coumarin portion of the PDT, were encapsulated in the cavity of Q[8]. In addition, the two-dimensional NMR technique ROESY (Rotating-Frame Overhauser Spectroscopy) confirmed the presence of strong correlation signals between PDT and Q[8]. This further indicates that the structure of PDT is encapsulated in the cavity of Q[8] (Figure S5). Based on the above results, we hypothesized that Q[8] and PDT constructed the supramolecular host-guest complex PDT@2Q[8] as depicted in Fig. 2a.
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Figure 2. 1H NMR spectra of the interaction of PDT and Q[8] at 25℃, (Ⅰ) Q[8], (Ⅱ) NQ[8]:NPDT=2.05:1, (Ⅲ) PDT.

To more fully realize the application of probe PDT@2Q[8], the probe’s optimal detection conditions were studied. As revealed in Figure S6 (SI), the fluorescence changes at 395 nm of the guest and the probe under different pH and response time conditions were monitored. Figure S6a shows that the PDT and PDT@2Q[8] probe have the highest fluorescence intensity in the pH=2-9 range, and the fluorescence intensity significantly decreases under strong alkaline conditions. This indicates that the PDT@2Q[8] probe is more stable in neutral or acidic environments, which is favorable for the application of the probe for research. Considering that Q[8]’s maximum solubility is limited to 0.1 mM, the probe concentration was chosen to be 20 μM. The fluorescence stability of PDT@2Q[8] was examined under 150 W xenon lamp (349 nm) as shown in Figure S6b (SI). The fluorescence intensity of PDT@2Q[8] at 395 nm remained almost unchanged despite the exposure time increase. We further stored PDT@2Q[8] at 4 ℃ and 25 ℃ for a certain period of time respectively, and monitored the changes in its fluorescence. The results showed that there was no significant variation in the fluorescence intensity of PDT@2Q[8], as illustrated in Figures S6c and S6d. Additionally, PDT@2Q[8] exhibited good batch-to-batch reproducibility with an RSD of 3.14%, as presented in Table S1, indicating the superior stability of PDT@2Q[8]. Since Q[8] can only be dissolved in aqueous solution, this work only studies the relevant properties of the aqueous system.
PDT@2Q[8] not only has excellent fluorescence properties, but also exhibits stability and excellent water solubility, making it highly promising for detection and identification applications. To determine whether the fluorescent probe PDT@2Q[8] can recognize common biogenic amines, we performed a fluorescence assay (Fig. 3a). When PEA was added to the aqueous solution of probe PDT@2Q[8], the probe PDT@2Q[8] regained its blue fluorescence, the fluorescence was turned back on, and it was more resistant to interference (Fig. 3b). However, no blue fluorescence appeared when a dozen other biogenic amines (e.g. N,N-dimethylethylenediamine, ammonia, ethylamine, n-propylamine, 1,2-propanediamine, trimethylamine, dimethylamine, putrescine, cadaverine, glutathione, hydroxylamine hydrochloride, tyramine, hydrazine hydrate, triethylamine) were added (Fig. 3c). These results indicate that PDT@2Q[8] can selectively recognize phenethylamine in aqueous solution.
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Figure 3. (a) Fluorescence spectra of Q[8] and PDT assemblies interacting with more than a dozen bioamines; (b) Anti-interference diagram of PDT@2Q[8]+PEA; (c) Fluorescent photographs of Q[8] and PDT assemblies interacting with more than a dozen bioamines (1-14: N,N-dimethylethylenediamine, ammonia, water, ethylamine, n-propylamine, 1, 2-propylenediamine, trimethylamine, dimethylamine, putputamide, cademine, glutathione, hydroxylamine hydrochloride, tyramine, hydrazine hydrate, triethylamine).

Moreover, in order to obtain further insight into the recognition of PEA by probe PDT@2Q[8], fluorescence titration experiments were undertaken with PEA. As depicted in Fig. 4a, the emission fluorescence intensity of PDT@2Q[8] at λem = 395 nm slowly enhanced following the addition of PEA (Fig. 4b). The change in values of the fluorescence intensity revealed a near linear relationship with the concentration of phenethylamine over a specific concentration range. The linear regression equation was y=6.1434x+86.45 (x denotes the concentration of PEA, mol/L) with a correlation coefficient of 0.9942 in the linear range of 0.5-3×10-4 M, which revealed a good linear relationship. The limit of detection was calculated as 3.08×10-6 M based on 3σ/K. Data from this study showed that the probe was able to recognize PEA even at low concentrations in aqueous solution.
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Figure 4. (a) Fluorescence changes of the assembly with the increase of PEA concentration in water; (b) The correlation between the change of fluorescence intensity and PEA concentration.

To glean further information about PEA and PDT@2Q[8], we performed 1H NMR spectroscopic experiments on PEA, PEA with Q[8], PDT, PDT with Q[8], and PEA with PDT@2Q[8] in D2O. As shown in Fig. S7 (SI), the addition of Q[8] resulted in a slight high-field shift of the proton peaks Hc, Hd, and He and a slight low-field shift of the proton peaks Ha and Hb in the benzene ring portion of PEA relative to free PEA, suggesting that the benzene ring portion of PEA was encapsulated in the cavity of Q[8]. When PEA was added to the host-guest of Q[8] with PDT, the proton peaks (including Ha, Hb, Hc, Hd, He, Hh, Hi, Hj, and Hk) of PDT that moved toward the high field returned to the low field. This may be due to the fact that PEA competitively occupies the cavity of Q[8] and squeezes out the guest PDT, which originally occupies the cavity of Q[8]. In addition, the complex formed by PEA with Q[8] may be more stable than the complex between Q[8] and PDT, leading to the entry of PEA into the cavity of Q[8]. In turn, this leads the formation of new supramolecular assemblies, and the PDT that was originally inside the cavity of Q[8] being extruded and free in the aqueous solution, which restores the solution fluorescence to blue color.
The UV-vis absorption spectroscopy further verified the speculation that PEA enters the cavity of Q[8]. As shown in Figure S8a (SI), compared with the UV absorption of free PEA, the characteristic UV absorption peak of PEA gradually became smoother after the gradual addition of a Q[8] aqueous solution (0-1.0 eq).  When PEA was added dropwise to probe PDT@2Q[8] (Fig. S8b, SI), the UV absorption of the probe at 295 nm gradually increased, which was opposite to the effect of adding Q[8] dropwise to PDT, and further verified that the “on-off-on” fluorescence-opening phenomenon occurred in probe PDT@2Q[8] after PEA addition, which was the result of competition between the PEA and PDT. 
Since urine testing is an important tool for the detection of stimulants and their metabolites, we simulated the behavior of PDT@2Q[8] for the detection of PEA in urine. The fluorescence spectra exhibited no significant changes in the presence of the major components of urine (KCl, Na2SO4, NH4Cl, NaCl, creatinine, urea, uric acid, L-proline, glucose). Significantly, the addition of interfering substances did not result in a significant change in the fluorescence at 395 nm, suggesting that PDT@2Q[8] maintains high selectivity for PEA in the presence of the major components of urine (Fig. 6a, 6b). Subsequently, we evaluated the fluorescence response behavior of PDT@2Q[8] to PEA in real urine as depicted in Fig. 6c; the fluorescence of PDT@2Q[8] in the presence of PEA changed similarly to that in water. As the concentration of PEA in urine increased, the probe fluorescence changed from quenching to blue. The linear regression equation was y = 14.192x+38.264 (x denotes the concentration of PEA, mol/L) with a correlation coefficient of 0.9842 and a limit of detection of 1.34×10-6 M over a linear range of 0.4-1.6×10-4 M, which was shown in Fig. 6d. Additionally, spiked recovery experiments were performed and compared with other previously reported methodologies in relevant literature (Table S2). The results demonstrated that upon adding PEA at varying concentrations (40, 60, 80 μM) to urine samples containing PDT@2Q[8] (20 μM), the recovered PEA concentrations were consistent with the corresponding spiked concentrations, with recoveries ranging from 98.39% to 107.62%. These findings indicate that PDT@2Q[8] can serve as an efficient approach for the sensitive detection of PEA in urine (as shown in Table 1).
  Compared with conventional fluorescent probes for the detection of biogenic amines, PDT@2Q[8] is not only simple and of low-cost to prepare, but also presents significant fluorescence visualization before and after the addition of PEA, with fast response and high sensitivity. Thus, the system can be used to detect PEA in real urine, providing the possibility of on-site analysis.
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Figure 6. (a) Anti-interference fluorescence diagram of PDT@2Q[8] after PEA addition and common components in urine (blank indicates PDT@2Q[8]+PEA), with PEA and various biogenic amines added at concentrations ten times equivalent to the probe analysis concentration)； (b) Changes in fluorescence intensity of PDT@2Q[8] with the increase of PEA concentration in urine；(c) The fluorescence intensity of PDT@2Q[8] corresponded with the increase of PEA concentration in urine；(d) The fluorescence intensity of the assembly corresponded with the concentration of PEA ranging from 0.4-1.6×10-4M.

Table 1. The determination results of PEA in actual urine samples.
	Sample
	Added(μM)
	Found(μM)
	Recovery(n=5，%)
	RSD(n=5，%)

	urine
	40
	43.05
	107.62
	5.40

	
	60
	60.95
	101.58
	5.58

	
	80
	78.71
	98.39
	1.46



Conclusion
In summary, an “on-off-on” fluorescence-opening supramolecular assembled probe PDT@2Q[8] was developed for the detection of PEA based on the interaction of Q[8] and PDT. The pyrrolopyridine ring and the coumarin portion of PDT were encapsulated in the cavity of Q[8] to form a 2:1 host-guest complex. The probe PDT@2Q[8] not only exhibited excellent fluorescence properties, but also specifically recognized PEA in aqueous solution. On Q[8] addition, the fluorescence color of the guest solution gradually changed from blue to quench, and a host-guest fluorescent probe (PDT@2Q[8]) was formed. After the addition of PEA, the solution fluorescence was turned back on, changing from quenching to blue. The fluorescence intensity of the probe solution was linearly correlated with the concentration of PEA at 395 nm in the linear range of 0.5-3×10-4 M, with a detection limit of 3.08 μM. The probe was utilized for the detection of PEA in urine, and the probe fluorescence was still turned on, changing from quenching to blue as the concentration of PEA in the urine increased. The detection limit was 1.34 μM in the linear range of 0.4-1.6×10-4 M. PDT@2Q[8] not only specifically recognizes PEA but also showed a significant fluorescence enhancement before and after the addition of PEA. Therefore, the on-off-on supramolecular fluorescent probe reported in this paper is characterized by its low cost, simple operation and fast response for the recognition of biogenic amines, which broaden the application field of fluorescent probes for guanine-based supramolecular assemblies.
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