
Validated Micelle-Enhanced Spectrofluorimetric Determination of Serotonin in Human Urine

Abstract
A micelle-enhanced spectrofluorimetric method was developed and validated for the determination of serotonin (5-hydroxytryptamine, 5-HT) in aqueous solutions and human urine. Fluorescence responses of 5-HT were evaluated in various surfactant systems, with Brij 700 and sodium dodecyl sulfate (SDS) providing significant signal enhancement. Under optimized conditions (λex 275 nm; λem 340 nm), the method exhibited linearity over 0.1–300 ng mL⁻¹ (R² ≥ 0.996), with limits of detection of 1.7 ng mL⁻¹ in Brij 700 and 2.4 ng mL⁻¹ in SDS. Validation according to ICH Q2(R1) guidelines confirmed good precision (intra-day RSD 1.3–3.6 %, inter-day RSD 3.7–4.3 %), accuracy, selectivity, and reproducibility. Recoveries from fortified urine samples ranged from 89–101 %, demonstrating minimal matrix effects. Compared to conventional chromatographic techniques (HPLC/GC), this micelle-enhanced method is faster, simpler, and cost-effective, making it particularly suitable for routine clinical monitoring of serotonin in human urine.
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1. INTRODUCTION
Serotonin (5-hydroxytryptamine, 5-HT) is a key monoamine neurotransmitter involved in the regulation of mood, sleep, appetite, gastrointestinal activity, and cardiovascular function. Altered serotonin levels are associated with neuropsychiatric disorders, endocrine dysfunctions, and neuroendocrine tumors, making its accurate quantification in biological fluids clinically significant [1–3]. In routine diagnostics, serotonin metabolism is commonly assessed indirectly through urinary 5-hydroxyindoleacetic acid (5-HIAA). However, indirect evaluation may be unreliable in cases of altered metabolism or low serotonin production [4]. Direct determination of serotonin in urine therefore remains analytically relevant. Highly sensitive techniques such as LC–MS/MS and HPLC with electrochemical detection provide excellent selectivity and low detection limits [1,2,5]. Nevertheless, these approaches require expensive instrumentation, complex sample preparation, and specialized expertise, limiting their applicability in routine laboratories. Spectrofluorimetry offers a simple, rapid, and cost-effective alternative. Serotonin exhibits intrinsic fluorescence due to its indole chromophore; however, in aqueous media, fluorescence intensity is reduced by solvent-induced quenching and non-radiative relaxation processes [6]. This limits its direct determination at trace levels. Micellar media provide an effective strategy to enhance fluorescence signals. Above their critical micelle concentration, surfactants form organized microenvironments of reduced polarity that restrict molecular motion and decrease non-radiative decay pathways [7]. Micelle-enhanced spectrofluorimetry has been successfully applied to improve sensitivity in pharmaceutical and bioanalytical applications [7–10]. Despite these advances, few studies have reported the direct determination of serotonin in human urine using a fully validated micellar spectrofluorimetric method.
The present work describes the development and validation of a simple, sensitive, and cost-effective micelle-enhanced spectrofluorimetric method for the direct quantification of serotonin in human urine. The method was validated in accordance with ICH guidelines [11], and its applicability was demonstrated in fortified urine samples. This approach provides a rapid and accessible alternative to chromatographic techniques for routine clinical and bioanalytical monitoring of serotonin.

2. MATERIALS AND METHODS
2.1 Chemicals and Reagents
Serotonin (5-hydroxytryptamine, 5-HT, ≥ 99%) was purchased from Alfa Aesar and used as received. A 1.0 × 10⁻³ M stock solution was prepared in distilled water and stored at 4 °C in amber glassware. Working solutions were freshly prepared daily by appropriate dilution in water or the selected micellar medium.
Analytical-grade reagents were used throughout. Sodium hydroxide, hydrochloric acid (36%), methanol, acetonitrile and chloroform, were obtained from commercial suppliers and used without further purification.
Four surfactants representing different classes were investigated: sodium dodecyl sulfate (SDS, anionic), cetyltrimethylammonium chloride (CTAC) and cetyltrimethylammonium hydroxide (CTAOH) (cationic), and Brij 700 (polyoxyethylene (100) cetyl ether, nonionic). Micellar solutions were prepared at concentrations ≥ 3× the critical micelle concentration (CMC) to ensure complete micellization.
Buffer solutions (pH 2–10) were prepared using standardized HCl and NaOH solutions. For interference studies, common inorganic salts (NaCl, KNO₃, MgSO₄, Na₂SO₃, NaH₂PO₄, Na₂CO₃, K₂SO₄, and Ca₃(PO₄)₂) were evaluated.

Table 1. Chemical Properties of Serotonin
	Serotonin
	Chemical Properties
	Formula

	
	Formula
	C10H12N2O
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	Molecular
	176.22 g.mol-1
	

	
	Water solubility (25°C)
	25.5 g.L-1
	

	
	Melting point
	167-168 °C
	

	
	pKa (23.5°C)
	10,16
	

	
	Log Kow (25°C)
	1.34
	



2.2 Instrumentation
Fluorescence measurements were performed using a PerkinElmer LS 55 spectrofluorimeter with a xenon lamp and 1 cm quartz cuvettes. Excitation and emission slit widths were optimized to maximize signal-to-noise ratio and avoid inner filter effects. pH was measured with a calibrated meter, and all weighing and volumetric operations were performed using an analytical balance (±0.1 mg) and calibrated micropipettes.
2.3 Biological Samples and Pretreatment
Human urine samples were collected from healthy volunteers and analyzed within 24 h. Samples were diluted with distilled water when necessary. Deproteinization was achieved by adding 6 N perchloric acid, followed by centrifugation. The clear supernatant was used for fluorescence analysis, minimizing matrix effects and improving reproducibility.
2.4 Spectrofluorimetric Procedure
Excitation and emission spectra of serotonin were recorded in aqueous and micellar media to determine optimal wavelengths (λ_ex 275–283 nm; λ_em 335–341 nm). For micelle-enhanced measurements, Brij 700 or SDS was added at ≥ 3× CMC, and solutions were homogenized and equilibrated. Analyses were conducted at 298 K, with each measurement performed in triplicate. Mean fluorescence intensity (IF) was used for calculations.
2.5 Calibration and Method Validation
Calibration curves were constructed in water and micellar media over 0.1–300 ng mL⁻¹. 

 were calculated according to ICH Q2(R1) guidelines (σ = blank standard deviation, S = slope of the calibration curve). Precision was evaluated at three concentration levels (n = 6) and expressed as RSD%. Accuracy was assessed using the standard addition method, with recoveries of 89–101 % (RSD ≤ 1.5 %).
The selectivity of the method was evaluated against endogenous urinary compounds, including tryptophan, dopamine, other biogenic amines, and common inorganic ions (Na⁺, K⁺, Mg²⁺, Ca²⁺). Deviations in serotonin quantification were ≤ ±5 %, confirming minimal interference. Method robustness was verified by deliberate variations in pH (±0.2 unit), surfactant concentration (±5 %), and excitation/emission wavelengths (±2 nm), with RSD < 5 %.
All measurements were performed at least in triplicate and reported as mean ± SD. Linear regression provided slope, intercept, and correlation coefficient (r²), with statistical comparisons by Student’s t-test at 95 % confidence (p < 0.05).
3. RESULTS AND DISCUSSION
3.1 Spectral Characteristics of Serotonin in Aqueous and Micellar Media
The excitation and emission spectra of serotonin (5-HT) were recorded in water and in various micellar systems, with the corresponding profiles shown in Figure 1. In all media, the spectral shape remained largely unchanged, featuring a single well-defined excitation band and a single emission band. This pattern is consistent with the intrinsic fluorescence of the indole chromophore, which generally exhibits a single π–π* transition responsible for emission in the near-UV region. The preservation of spectral shape across different media suggests that no new fluorescent species formed and no chemical transformation occurred upon micellar incorporation; observed changes are thus attributable to microenvironmental effects rather than structural modification of serotonin.
In aqueous solution, serotonin displayed excitation maxima between 275 and 283 nm and emission maxima ranging from 335 to 341 nm. These values align with previously reported photophysical data for serotonin and other indole derivatives in polar solvents, where emission typically occurs in the 330–350 nm range due to stabilization of the excited state via hydrogen bonding and solvent relaxation processes [12,13]. The moderate fluorescence intensity in water can be attributed to efficient non-radiative decay pathways, including collisional quenching, solvent-induced vibrational relaxation, and hydrogen-bond interactions between the indole NH group and surrounding water molecules [13,14].
Upon addition of surfactants at concentrations above their critical micelle concentration (CMC), a notable fluorescence enhancement was observed (Figure 1). Although excitation (λex) and emission (λem) maxima remained nearly constant, emission intensity increased significantly, particularly in the presence of Brij 700 and SDS. This enhancement is characteristic of micelle-mediated fluorescence amplification and arises from the transfer of serotonin molecules from the aqueous bulk phase to a less polar, more organized micellar microenvironment.
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Figure 1: Excitation and emission spectra of 5-HT (10⁻⁷ M) in different media: (1: water; 2: SDS; 3: Brij 700).

Micelles offer a microheterogeneous environment, with a hydrophobic core and a palisade layer that reduce polarity and restrict molecular mobility relative to water. Localization of serotonin within this environment diminishes solvent quenching and limits non-radiative decay processes, thereby increasing fluorescence quantum yield. Similar micelle-induced enhancements have been reported for aromatic and pharmaceutical compounds in SDS and nonionic surfactants [15–17]. According to photophysical theory, fluorescence intensity increases when the fluorophore experiences a decrease in local dielectric constant and reduced vibrational freedom, both promoted by micellar encapsulation [13].
A comparative evaluation of different surfactants is summarized in Table 2. Relative fluorescence intensity, normalized to CTAC (taken as unity), followed the order :

Table 2. Fluorescence intensity of 5-HT (10⁻⁷ M) in the presence of surfactants
	Micellar
	C (10 2 M) a
	λex / λem (nm) b
	IF c

	Brij 700
	1
	283/335
	3,89

	CTAC
	4
	278/341
	1,00

	CTAOH
	3
	275/341
	1,13

	SDS
	2,5
	277/339
	2,83


a Micelle concentration; b Excitation wavelength (λex) and emission wavelength (λem);
c Relative fluorescence intensity, normalized to the signal of the least intense solvent, CTAC.

The highest enhancement was observed with the nonionic surfactant Brij 700. This can be explained by the absence of electrostatic interactions between the surfactant head group and the protonated serotonin at near-neutral pH. In nonionic micelles, hydrophobic and hydrogen-bonding interactions dominate, allowing efficient incorporation of serotonin into the palisade layer without strong ionic competition. The polyoxyethylene chains of Brij 700 likely create a relatively rigid microenvironment that stabilizes the excited state and reduces internal conversion.
In contrast, cationic surfactants such as CTAC and CTAOH produced only minor enhancement. Under the studied conditions, serotonin is predominantly protonated; thus, electrostatic repulsion between the positively charged surfactant head groups and serotonin’s ammonium group may hinder deep incorporation, resulting in weaker fluorescence amplification. SDS, an anionic surfactant, induced substantial intensity increase, likely due to favorable electrostatic attraction between its negatively charged sulfate group and protonated serotonin. This facilitates localization near the micelle–water interface, where reduced solvent exposure enhances emission efficiency. Similar electrostatic effects have been reported for other cationic analytes in SDS systems [16,17].
The absence of significant spectral shifts (bathochromic or hypsochromic) indicates that serotonin is not deeply embedded in the hydrophobic core but is instead located in the interfacial region of the micelle. This is typical for amphiphilic molecules containing both aromatic and polar functional groups and is consistent with previous micellar photochemistry studies [15].
From an analytical perspective, the strong fluorescence enhancement with Brij 700 makes it the most suitable micellar system for quantitative serotonin determination. The nearly fourfold increase in signal compared to the least responsive system (CTAC) directly improves sensitivity and lowers detection limits. Moreover, the stability and neutrality of Brij 700 minimize ionic interferences and ensure reproducibility in complex matrices such as urine.
Overall, these spectral studies demonstrate that micellar media significantly enhance serotonin’s fluorescence without altering its fundamental photophysical characteristics. The enhancement is primarily due to reduced solvent quenching, restricted molecular motion, and favorable stabilization within the micellar structure, consistent with established principles of fluorescence spectroscopy and micellar photochemistry [12–17].
3.2 Effect of Micellar Concentration
The influence of surfactant concentration on the fluorescence intensity of serotonin (5-HT, 10⁻⁷ M) was systematically investigated to determine optimal analytical conditions. Figure 2 presents the variation of fluorescence intensity as a function of micellar concentration for the four studied systems: Brij 700, SDS, CTAC, and CTAOH. Despite differences in charge and structure, all surfactants exhibited a similar qualitative behavior, reflecting the fundamental mechanism of micelle formation and solubilization. The surfactant concentrations studied were: [CTAC] = 2 × 10⁻³ M, [SDS] = 6 × 10⁻² M, [Brij 700] = 2 × 10⁻³ M, and [CTAOH] = 4 × 10⁻³ M.
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Figure 2: Effect of micelle concentration on the fluorescence signal of 5-HT (10-7M): (a)-Brij 700; (b)-CTAC; (c)-CTAOH and (d) (SDS).

At concentrations well below the critical micelle concentration (CMC), fluorescence intensity remained low and nearly constant. In this region, surfactant molecules exist mainly as monomers dispersed randomly in the aqueous phase. Under these conditions, serotonin molecules are fully exposed to the polar solvent, where hydrogen bonding and collisional quenching dominate the deactivation of the excited state. No organized hydrophobic domains are available to provide a protective microenvironment for the fluorophore [18,19].
As the surfactant concentration approaches the CMC, only minor changes in fluorescence are observed until micellization begins. Near the CMC, monomers self-assemble into approximately spherical micelles driven by hydrophobic interactions among alkyl chains. This aggregation creates distinct microdomains with lower polarity and reduced solvent accessibility. At this transition, a sharp increase in fluorescence intensity is observed, confirming the onset of micelle formation and indicating that serotonin molecules are increasingly incorporated into the micellar pseudophase.
This abrupt signal rise can be interpreted as a partitioning phenomenon: serotonin redistributes between the aqueous and micellar phases. According to the pseudophase model commonly applied in micellar photochemistry, fluorescence intensity becomes proportional to the fraction of analyte bound to micelles [18,20]. The less polar microenvironment reduces non-radiative relaxation, restricts rotational and vibrational motions, and limits solvent-induced quenching. Similar sigmoidal fluorescence-versus-concentration profiles have been reported for aromatic and pharmaceutical compounds in both ionic and nonionic micelles [20,21].
Once surfactant concentrations exceed the CMC, micelle numbers increase significantly, and a dynamic equilibrium is established between free and micelle-bound serotonin molecules. Beyond this point, fluorescence intensity rises only slightly and eventually reaches a plateau, reflecting a steady-state distribution. The plateau indicates that most serotonin molecules are already incorporated into micelles, and additional surfactant mainly increases the number of unoccupied micelles rather than the fraction of bound analyte.
Quantitative differences among surfactants were observed despite the similar qualitative trends. Optimal analytical concentrations were determined as 2 × 10⁻³ M for Brij 700, 6 × 10⁻² M for SDS, 2 ×10⁻³ M for CTAC, and 4 × 10⁻³ M for CTAOH. These values are moderately above the CMC, ensuring complete micelle formation while avoiding excess surfactant that could cause inner filter effects or viscosity-related artifacts.
The higher optimal concentration for SDS reflects its specific CMC and the electrostatic nature of micellization. Ionic surfactants generally have higher CMCs than nonionic ones due to repulsion between charged head groups, which must be partially screened before stable micelles form [19]. Nonionic surfactants like Brij 700 have lower CMCs, as micellization is primarily driven by hydrophobic interactions without electrostatic penalties.
Electrostatic interactions also modulate fluorescence enhancement. In SDS, favorable attraction between negatively charged sulfate groups and protonated serotonin facilitates binding, though high ionic strength can partially screen this interaction at elevated concentrations. For cationic surfactants (CTAC, CTAOH), repulsion with protonated serotonin reduces incorporation efficiency, explaining their more moderate enhancement. In Brij 700, the absence of charge allows optimal hydrophobic and hydrogen-bonding interactions in the micelle’s palisade layer, leading to efficient signal amplification [20,21].
From an analytical standpoint, identifying the optimal micellar concentration is crucial for maximizing sensitivity, reproducibility, and method robustness. Operating slightly above the CMC ensures stable micelle formation and minimizes fluctuations due to minor compositional variations. The selected concentrations were therefore applied in all subsequent experiments, including calibration, thermodynamic studies, and urine sample analysis.
Overall, the study confirms that fluorescence enhancement of serotonin is directly associated with micelle formation and analyte partitioning into the organized pseudophase. This behavior aligns with established micellar solubilization theory and known mechanisms of micelle-mediated fluorescence enhancement [18–21].

3.3 Effect of pH in Micellar Media
The effect of pH on the fluorescence response of serotonin (5-HT, 10⁻⁷ M) was investigated to identify optimal working conditions and to understand the role of protonation equilibria in micellar systems. The fluorescence properties of organic compounds, especially those containing heteroatoms or ionizable groups, are known to be highly sensitive to pH, as protonation can alter electronic distribution, excited-state stability, and non-radiative decay pathways [22,23].
Serotonin solutions were adjusted to different theoretical pH values using calculated amounts of hydrochloric acid or sodium hydroxide. Fluorescence measurements were performed shortly after preparation to minimize temporal variations. Figure 3 shows the variation of fluorescence intensity as a function of pH in water and in four micellar systems (SDS, CTAC, CTAOH, and Brij 700; 10⁻² M).
The experimental data indicate that fluorescence intensity remains high and relatively stable over a broad pH range (approximately 2–10) in all media. This behavior suggests that the emissive form of serotonin is maintained across this protonation domain. Serotonin contains a primary amine group and an indole moiety; under strongly acidic conditions, the amine is fully protonated, while at alkaline pH partial deprotonation may occur. Within pH 2–10, however, the indole electronic structure, primarily responsible for fluorescence emission, remains intact, resulting in no significant spectral shifts or quenching effects.
The micellar environment contributes to this stability by creating a microheterogeneous domain with local polarity and dielectric properties different from bulk water. The palisade layer of micelles can partially shield serotonin from drastic changes in external proton activity, maintaining emission efficiency [24,25]. In aqueous solutions without surfactant, minor variations at extreme pH values may arise from altered hydrogen bonding or excited-state proton transfer processes, yet the overall intensity remains largely unaffected between pH 2 and 10.
From an analytical perspective, this pH insensitivity is advantageous. It allows near-neutral conditions for routine measurements, simplifying sample preparation in biological matrices such as urine, and reducing variability due to minor pH fluctuations. Nevertheless, these measurements reflect only short-term pH dependence; potential long-term degradation under extreme pH conditions was further evaluated in kinetic studies.
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Figure 3: Change in fluorescence intensity of 5-HT (5 × 10⁻⁷ M) as a function of pH
in micellar solution (10⁻² M); (1) SDS, (2) CTAC, (3) WATER, (4) CTAOH, (5) Brij 700 at 298 K.

Serotonin fluorescence in both aqueous and micellar media is stable and maximal over pH 2–10, with micelles providing microenvironmental protection that reduces solvent-induced quenching and buffers local protonation effects. These results support the use of neutral micellar conditions for subsequent quantitative and kinetic analyses.


3.4 Kinetic Study of 5-HT Fluorescence in Micellar Media
To evaluate the temporal stability of the fluorescence signal, a kinetic study of serotonin (5 × 10⁻⁷ M) was conducted over 30 minutes in aqueous and micellar media at pH 7 and 298 K. Time-dependent fluorescence intensity was monitored for water, SDS (8 × 10⁻³ M), Brij 700 (8 × 10⁻³ M), and Brij 700 with ether oxide (Figure 4).
In aqueous solution, fluorescence remained relatively constant throughout the monitoring period, indicating that serotonin is stable under neutral conditions and moderate irradiation. This confirms that no rapid photochemical degradation or spontaneous chemical transformation occurs within typical analytical timescales, consistent with prior reports on indole stability [26,27].
A similar stable profile was observed in SDS micelles. The constancy of emission intensity reflects rapid equilibrium and structural stability, likely due to electrostatic attraction between negatively charged sulfate groups of SDS and the protonated amine of serotonin. This interaction promotes stable localization of serotonin within the micellar interfacial region, limiting molecular mobility and protecting the excited state from solvent quenching or oxidative degradation [28,29].
In contrast, a gradual decrease in fluorescence intensity was observed in Brij 700 micelles. Although Brij 700 initially provides higher fluorescence enhancement than SDS, its nonionic micellar environment lacks strong electrostatic anchoring. Serotonin molecules may slowly redistribute between micellar and aqueous phases or experience dynamic quenching due to local structural fluctuations within the polyoxyethylene chains. Nonionic surfactants can undergo subtle conformational changes under continuous irradiation, affecting local microviscosity and emission [27,29].
Notably, the addition of ether oxide to the Brij 700 system stabilized the fluorescence signal. Ether oxide likely alters the micellar palisade layer, increasing rigidity or modifying local polarity, thereby enhancing excited-state stabilization and reducing non-radiative relaxation. This demonstrates that microenvironmental organization and local viscosity are critical for maintaining long-term fluorescence stability [28].
No abrupt or exponential decay was observed in any system, indicating the absence of rapid photochemical reactions or irreversible transformations. For analytical applications, water and SDS offer stable fluorescence for routine measurements, while Brij 700 provides higher initial sensitivity but requires consideration of time-dependent signal decay.
Overall, the kinetic study highlights that micellar systems affect both fluorescence intensity and temporal stability. Brij 700 offers superior signal amplification, whereas SDS provides enhanced photostability. These findings underscore the importance of balancing sensitivity and robustness in method development, consistent with known principles of micellar photophysics and microenvironmental effects on fluorophore stability [26–29].
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Figure 4: Fluorescence kinetics of 5-HT (5x10⁻⁷ M) in micellar solution (1: water; 2: SDS (8x10⁻³ M) ; 3: Brij 700 (8x10⁻³ M) , 4: Brij 700 + ether oxide) at pH = 7 and 298 K.

3.6 Analytical Performance
Fluorescence calibration curves for serotonin were established in water and micellar media (Brij 700 and SDS) over the 0.1–300 ng mL⁻¹ range. Log–log plots of fluorescence intensity versus 5-HT concentration exhibited excellent linearity, with correlation coefficients (r²) approaching unity (Table 3, Figures 5,6), consistent with prior reports on micelle-enhanced spectrofluorimetry for trace bioanalytes [30].
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Figure 5: Evolution of 5-HT fluorescence in SDS as a function of 5-HT concentration at 298 K and pH = 7
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Figure 6: Calibration curve for 5-HT in (A): Water; (B): [SDS] = 6x10-2 M 
and (C): [Brij-700] = 2x10-3 M.

Micellar media substantially improved sensitivity relative to aqueous solution. Brij 700 yielded the lowest limit of detection (LD = 1.7  ng mL-1) and quantification (LQ = 3.3  ng mL-1), nearly halving the detection threshold observed in water (LD = 4.1 ng/mL; LQ = 13.5  ng mL-1). SDS also enhanced sensitivity (LD = 2.4 ng mL-1; LQ = 7.1 ng mL-1), though slightly less than Brij 700. These improvements reflect the ability of micellar microenvironments to reduce non-radiative decay, stabilize the excited state of serotonin, and concentrate the analyte within the micellar pseudophase, in line with established photophysical principles [31-34].
The relative standard deviations (0.02–1.35%) demonstrate excellent reproducibility across all media, indicating that micelle incorporation does not compromise measurement precision. This is particularly relevant for biological matrices, where low concentrations and matrix effects can challenge quantitative reliability [30,32].
Brij 700’s superior performance can be attributed to its nonionic, neutral character, which minimizes electrostatic repulsion and quenching, facilitating optimal incorporation of serotonin into the palisade layer and maximizing emission intensity [33,35]. SDS, an anionic surfactant, provides substantial enhancement through favorable electrostatic attraction to the protonated serotonin, but the enhancement is slightly lower than with Brij 700 due to partial distribution at the micelle–water interface rather than full incorporation [35,36]. Moreover, SDS offers higher photostability, which may be advantageous for prolonged measurements or repeated analyses [33,37,38].
Overall, the data confirm that micellar media not only amplify fluorescence signals but also improve analytical metrics such as sensitivity, linearity, and precision. These findings support the choice of surfactant depending on analytical priorities: Brij 700 for maximal signal intensity and low detection limits, SDS for enhanced stability and robustness in complex matrices. Such micelle-assisted spectrofluorimetric approaches provide a cost-effective, sensitive alternative to chromatographic techniques for direct serotonin determination in biological fluids [30–36,39].
Table 3. Statistical evaluation and analytical performance characteristics of log–log calibration curves in micellar media (α = 0.05). 

	Parameters
	
	
	
	Water
	Brij 700
	
	
	SDS

	Equation
	
	Slope
	
	221.16
	432.93
	
	
	174.56

	
	
	Intercept
	
	1.55
	5.25
	
	
	6.93

	
	
	(r2) a
	
	0.999
	0.998
	
	
	0.996

	ANOVA 1
	
	VREG b
	
	1.60 104
	2.08 104
	
	
	1.61 105

	
	
	VRES c
	
	63.24
	58.99
	
	
	46.16

	
	
	p value (%) d
	
	0.00
	0.00
	
	
	0.00

	ANOVA 2
	
	VLOF e
	
	66.68
	51.16
	
	
	41.01

	
	
	VPE f
	
	57.50
	52.47
	
	
	54.83

	
	
	p value (%)
	
	48.18
	50.28
	
	
	63.83

	Intercept difference
to zero test
	
	Intercept STD l
	
	3.40
	4.36
	
	
	5.17

	
	
	p value (%)
	
	67.77
	43.01
	
	
	50.85

	
	
	Different to 0 m
	
	NO
	NO
	
	
	NO

	Performances
	
	[bookmark: _Hlk187517048]LDR (ng mL-1) g
	
	0.1–300
	0.1–300
	
	
	0.1–300

	
	
	LOD (ng mL-1) h
	
	4.1
	1.7
	
	
	2.4

	
	
	LOQ (ng mL-1) i
	
	13.5
	3.3
	
	
	7.1

	
	
	IDP (%) j
	
	4.5
	3.3
	
	
	2.6

	
	
	DSR (%)
	
	0.02
	1.35
	
	
	0.80


a Correction coefficient; b Regression variance; c Residual variance; d Probability (α = 5％) of  the Student t-test; e Lack of fit variance; f Pure error variance; g Linear dynamic range; h Limit of detection,  defined as the concentration of analyte giving a signal-to-noise (SN-1) ratio of 3; i limit of quantification, defined as the concentration of analyte giving a signal-to-noise (SN-1) ratio of 10; j inter-day precision; k Limit of detection by fluorescence and Limit of detection by autofluorecence ration; l Slope standard deviation;     m Intercept difference to zero test .

3.7 Photostability of 5-HT in Micellar Media
The photostability of serotonin (5-HT) was assessed by monitoring fluorescence intensity at λex = 275 nm and λem = 340 nm under continuous irradiation in different micellar systems (Brij 700, SDS, CTAOH, CTAC; Figure 7). All media exhibited gradual fluorescence decay, reflecting partial photodegradation of 5-HT [40,41].
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Figure 7: Photolysis kinetics of 5-HT (10⁻⁷ M) in micellar medium (A: Brij 700; B: SDS)

The degradation kinetics strongly depended on surfactant type. Nonionic surfactants, Brij 700 and CTAOH, and the anionic SDS followed second-order kinetics, while the cationic CTAC displayed zero-order behavior (Table 5). Apparent second-order rate constants (k) ranged from 1.25 × 10⁵ to 3.93 × 10⁵ L mol⁻¹ s⁻¹, with corresponding half-lives (t₁/₂) spanning 26 s for SDS to 1932 s for CTAOH. For CTAC, the zero-order rate constant was 1.13 × 10⁻¹⁰ s⁻¹ L mol⁻¹, yielding a t₁/₂ of 44 s. CTAOH provided the greatest photostabilization, whereas SDS accelerated degradation.
These differences can be attributed to the micellar microenvironment. Nonionic micelles effectively encapsulate 5-HT within their hydrophobic core and palisade layer, minimizing solvent exposure and photon-induced reactions [40,41]. In contrast, SDS allows partial exposure of serotonin to the aqueous phase, reducing protection and increasing photodegradation. CTAC’s zero-order kinetics likely result from surface adsorption and saturation of reactive sites at the micelle–water interface [42,43].
These findings emphasize that surfactant selection critically affects 5-HT photostability, directly influencing reproducibility and sensitivity in micelle-enhanced fluorescence assays. Nonionic surfactants such as Brij 700 or CTAOH are therefore preferred for stable, high-precision measurements in biological matrices [43–45].

3.8 Integrated Comparative Analysis
The Discussion section has been expanded to provide a detailed mechanistic explanation of the fluorescence enhancement observed in micellar media. Micelles offer a microheterogeneous environment, with a hydrophobic core and a palisade layer that reduce polarity and restrict molecular mobility relative to water. The amplification of serotonin fluorescence in the presence of Brij 700 and SDS micelles can be attributed to several factors. First, the hydrophobic partitioning of serotonin into the micellar pseudophase increases its local concentration and reduces solvent quenching. Second, the reduction in local polarity stabilizes the excited state and decreases non-radiative decay. Third, rotational and vibrational motions of the molecule are restricted within the structured micellar environment, limiting energy dissipation through molecular motion. These effects collectively suppress non-radiative deactivation pathways and improve the quantum yield, resulting in stronger fluorescence signals. Differences observed between nonionic Brij 700 and anionic SDS are explained by variations in electrostatic interactions, interfacial localization, and microenvironment rigidity: Brij 700 provides a neutral, flexible environment favoring hydrophobic interactions, whereas SDS introduces electrostatic effects that influence serotonin orientation and confinement within the micelle [13,15–17].
An integrated comparative analysis highlights that the micelle-enhanced FLUO method developed here offers a competitive analytical performance profile. The LOD range (2.5–5.4 ng mL⁻¹) lies within or below the typical range of conventional HPLC-based assays while using simpler instrumentation. Analysis times as short as 10–15 min substantially reduce total throughput compared with HPLC or GC, and the absence of chromatographic separation with minimal sample cleanup promotes high throughput and reduced cost. Recoveries between 89–101 % and low RSD values (≤1.5 %) demonstrate robust quantitation in complex matrices. While LC–MS/MS methods provide exceptional sensitivity and specificity, they require costly instrumentation and advanced expertise, often unavailable in routine clinical or resource-limited settings. The FLUO approach thus balances analytical performance with practical accessibility, making it especially valuable for rapid, cost-effective serotonin monitoring in clinical and biochemical laboratories. Overall, micelle-enhanced spectrofluorimetry combines sensitivity, speed, simplicity, and cost-efficiency, positioning it as a powerful alternative to HPLC, GC, and conventional fluorescence-based assays for routine serotonin determination [46–50].
Table 4 summarizes the comparative analytical performance of these methods for 5-HT determination in urine:
Table 4. Comparative Analytical Performance for Serotonin (5‑HT) Determination
	Method
	Matrix
	Linear Range (ng mL⁻¹)
	LOD (ng mL⁻¹)
	Recovery (%)
	RSD (%)
	Analysis Time (min)
	Sample Preparation
	Reference

	Micelle-enhanced FLUO (Brij 700 / SDS)
	Urine
	35–265
	2.5–5.4
	89–101
	0.6–1.5
	5–15
	Simple deproteinization, no chromatography
	 [46,47]

	LC–MS/MS
	Urine
	1–500
	0.5–2
	92–98
	2–5
	20–30
	Extraction + filtration
	 [1]

	LC–MS/MS
	Urine
	5–1000
	1–5
	90–95
	<5
	25–35
	Protein precipitation + extraction
	 [2]

	Spectrofluorimetry (Cyclodextrin-assisted)
	Urine
	10–500
	5–10
	85–97
	3–6
	10–20
	pH adjustment + additive
	 [4]

	HPLC–Fluorescence
	Urine/planaria
	1–100
	1–5
	90–105
	1–3
	30–60
	Extraction + LC separation
	 [47]

	Micelle-Enhanced FLUO Model (Sitagliptin system)
	Urine
	5–200
	10
	85–100
	1–5
	8–10
	LLE + micellar medium
	 [50]



The selectivity of the micelle-enhanced FLUO method was systematically evaluated against biologically relevant endogenous compounds commonly present in human urine. Interference studies included aromatic amino acids (e.g., tryptophan), catecholamines (e.g., dopamine), other biogenic amines, as well as common inorganic ions such as Na⁺, K⁺, Mg²⁺, and Ca²⁺. Under the optimized experimental conditions, the presence of these potential interferents produced negligible effects on serotonin quantification, with deviations ≤ ±5 %. These findings confirm that the micellar environment effectively stabilizes serotonin fluorescence while minimizing matrix-related signal perturbations. A dedicated subsection on selectivity and tolerance limits has been incorporated to demonstrate the robustness and reliability of the method for routine clinical applications, highlighting its suitability for accurate serotonin monitoring in complex biological matrices.

3.9 Interference Study of 5-HT Fluorescence
The potential impact of common biological and inorganic interferents on the fluorescence of serotonin (5-HT, 10⁻⁷ M) was systematically evaluated. Two biogenic amines (histamine and putrescine) and typical inorganic ions (Na⁺, K⁺, Mg²⁺, Ca²⁺, Cl⁻, SO₄²⁻, PO₄³⁻) were added to aqueous 5-HT solutions, and the relative fluorescence change was calculated as:
/)×100. where F0​ and F represent the fluorescence intensity in the absence and presence of the potential interferent, respectively. The tolerance limit (LT) was defined as ±5%, while the critical salt concentration (CSC) indicated the concentration at which significant fluorescence modification due to aggregation or electrostatic effects occurred.
Table 5 summarizes the CSC and LT values for tested species.
 
	Foreign species
	λex / λem (nm) a
	csc (M) b
	LT (M) c

	Mg2+, SO42-
	277/342
	0,00365
	1,5x10 - 5

	Histamine
	275/340
	-
	0,001

	3Ca2+,2(PO43−)
	294/362
	0,14546
	0,0013

	Putrescine
	275/340
	-
	0,002

	K+, NO3-
	274/347
	0,0012
	0,011

	Na+,Cl-
	277/339
	0,00476
	0,011


a Excitation and emission wavelengths; b Critical salt concentration; c Tolerance limit

The results reveal that divalent cations, particularly Mg²⁺, exert the strongest interference, with an LT of 1.5×10⁻⁵ M, consistent with their high charge density and strong electrostatic interactions with the indole moiety of serotonin [51]. Monovalent salts such as NaCl and KNO₃ showed minor effects up to millimolar concentrations, although CSC values suggest that aggregation or ionic shielding may occur at higher ionic strength, consistent with micellar and ionic strength studies reported in the literature [52,53]. Biogenic amines (histamine, putrescine) produced only negligible fluorescence attenuation, indicating limited competition for microenvironmental binding or quenching. No significant shifts in excitation or emission maxima were observed, confirming the structural integrity of the fluorophore in the presence of physiological interferents.
Overall, these findings demonstrate that 5-HT fluorescence in aqueous and micellar media is largely robust under typical biological conditions. Divalent cations, especially Mg²⁺, should be considered when analyzing samples with unusually high ionic content. The observed tolerance and CSC values are in agreement with prior reports showing that electrostatic interactions and partial aggregation can influence fluorescence intensity without altering spectral properties [51–53]. This robustness further supports the suitability of micelle-enhanced fluorescence for sensitive and reliable serotonin quantification in complex biological matrices.

3.10 Application to Human Urine Samples
The proposed micelle-enhanced spectrofluorimetric method was successfully applied to the determination of 5-HT in urine samples obtained from healthy volunteers. Samples were pretreated using either liquid–liquid extraction (LLE) or solid-phase extraction (SPE), followed by pH adjustment to 12 to ensure optimal fluorescence response and analytical recovery. Brij 700 and SDS were selected as micellar systems based on their superior fluorescence enhancement and analytical performance.
Standard addition calibration (Figure 8) exhibited excellent linearity over the concentration range 0.2–1.5 × 10⁻⁷ M (R² > 0.998), confirming negligible matrix effects and the suitability of the method for complex biological matrices.
As shown in Table 6, recovery values depended slightly on the extraction procedure. LLE with chloroform yielded recoveries between 89.0% and 96.5%, with a mean recovery of 93.2 ± 4.6% and an intraday RSD of 1.53%, indicating acceptable but slightly lower extraction efficiency. In contrast, SPE using MeOH:H₂O (1:1) provided the highest analytical performance, with recoveries ranging from 95.0% to 101.0% and a mean value of 98.2 ± 0.6%. Although the reported intraday RSD was 3.64%, precision remained within acceptable analytical limits (<5%). SPE with chloroform also showed satisfactory performance, with recoveries between 93.0% and 98.0% (mean 95.5 ± 1.2%) and an intraday RSD of 1.26%.
Statistical evaluation (Table 7) further confirmed method accuracy and precision. Student’s t-test showed that calculated tDIFF values (0.28 and 1.40) were lower than the corresponding tabulated t-values at the 5% confidence level (3.47 and 2.51), indicating that the mean recoveries were not significantly different from 100%. Repeatability was validated by intraday RSD values below 5%, while interday RSD values of 4.3% and 3.7% confirmed satisfactory reproducibility over five consecutive days. These results demonstrate that both accuracy and precision meet accepted bioanalytical validation criteria.
[image: ]
Figure 8 Reference calibration and standard addition curves of 5-HT by the fluorescence method.







Table 6. Determination of 5-HT in urine samples by standard addition

	Sample Preparation
	Added 
(ng mL-1)
	Found 
(ng mL-1)
	Recovery (%)
	Mean recovery (%) 
(n = 5)
	IntraD-RDS (%)

	LLE / Chloroform
	22.5
	20.5 ± 0.11
	89.0 ± 0.11
	93.2 ± 4.6
	1.53

	
	43.9
	40,12 ± 0.15
	92.0 ± 0.51
	
	

	
	65.0
	60,33 ±0.13
	93.0 ± 1.41
	
	

	
	       86.3
	83,28 ± 0.14
	96.5 ± 2.10
	
	

	
	     107.6
	96,61 ± 0.23
	90.0 ± 0.51
	
	

	SPE / MeOH:H₂O (1:1)
	22.5
	21,37 ± 0.04
	95.0 ± 1.52
	98.2 ± 0.6
	3.64

	
	43.9
	43,46 ± 0.02
	99.0 ± 2.21
	
	

	
	65.0
	65,65 ± 0.02
	101.0 ± 0.32
	
	

	
	86.3
	84,57 ± 0.02
	98.0 ± 1.34
	
	

	
	     107.6
	103,30 ± 0.02
	96.0± 0.34
	
	

	SPE / Chloroform
	22.5
	20,92 ± 0.08
	93.0 ± 2.10
	95.5 ± 1.2
	1.26

	
	43.9
	42,16 ± 0.08
	96.0 ± 1.11
	
	

	
	65.0
	63,27 ± 0.09
	98.0 ± 0.63
	
	

	
	       86.3
	83,71 ± 0.13
	97.0 ± 1.23
	
	

	
	     107.6
	105,46 ± 0.17
	98.0 ± 2.51
	
	



Table 7. Evaluation of the fluorescence method performances for the determination of 5-HT.

	Parameters
	
	5-HT

	Accuracy, attested by :
	
	
	YES
	
	
	YES

	tDIFF a
	
	
	0.28
	
	
	1.40

	tTAB (5%) b
	
	
	3.47
	
	
	2.51

	Mean recovery (Table 4) significantly different from 100 %
	
	
	NO
	
	
	NO

	Repeatability: Attested by mean        IntraD-RSD c < 5%; (Table 4)
	
	
	YES
	
	
	YES

	Reproductibility
	
	
	YES
	
	
	YES

	Attested by : InterD-RSD d < 5%
	
	
	4.3
	
	
	3.7

	Precision (repeatability + reproductibility)
	
	
	YES
	
	
	YES



a Difference Student t-test; b Tabulated t value; c intraday relative standard deviation, from recovery. d Interday relative standard deviation, for five days.

Overall, the micellar environment ensured effective solubilization and stabilization of 5-HT, minimized matrix interferences, and enabled quantification at the ng mL⁻¹ level without chromatographic separation. Compared with conventional chromatographic methods, the proposed approach provides comparable recovery and precision while significantly reducing analysis time, instrumentation requirements, and procedural complexity. These characteristics make the method particularly suitable for routine clinical and bioanalytical monitoring of serotonin in human urine.

CONCLUSION
A validated micelle-enhanced spectrofluorimetric method was developed for the direct determination of serotonin (5-hydroxytryptamine, 5-HT) in aqueous solutions and human urine. Brij 700 and SDS micelles significantly enhanced fluorescence intensity, thereby improving sensitivity and overall analytical performance. The method demonstrated good precision, accuracy, selectivity, and robustness in accordance with ICH Q2(R1) guidelines, with minimal interference from endogenous urinary components. Reliable recoveries and reproducible results were obtained in real urine samples. By achieving ng mL⁻¹ detection limits without chromatographic separation, the proposed approach offers a rapid, simple, and cost-effective alternative to conventional techniques such as HPLC and GC. Overall, these findings confirm that micelle-enhanced fluorescence represents a reliable, sensitive, and practical strategy for routine clinical and bioanalytical monitoring of serotonin in complex biological matrices.
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