


[bookmark: _Hlk189345286][bookmark: _Hlk140054030][bookmark: _Hlk88999466]A resilient point-of-care fluorescent SCDs-MPs probe for insight recognition of a dopamine neurotransmitter in human fluid samples and its cytotoxicity investigation

ABSTRACT 
This research presents a novel sensing platform for detecting dopamine, a crucial neurotransmitter, in biological fluids. The platform combines a signal-transducing element with a selective recognition component to achieve highly sensitive and specific dopamine detection. The sensing mechanism relies on the interaction between the target analyte and the platform, resulting in a detectable change in signal. The developed sensor demonstrates a low detection limit and excellent recovery in complex biological matrices. Furthermore, biocompatibility assessments confirm the platform's suitability for potential biological applications. This approach offers a promising tool for diagnosing neurological disorders and advancing our understanding of dopamine-related processes.  
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1. [bookmark: _Hlk147741032]Introduction
Dopamine, a catecholamine neurotransmitter, plays vital roles in neurological, renal, and cardiovascular systems, acting as a chemical messenger between nerve cells [1,2].  Its concentration in the human body is tightly regulated, and imbalances are linked to serious conditions like Parkinson's, Huntington's, Schizophrenia, memory loss, and epilepsy [3].  While various dopamine sensing methods exist (e.g., photo-electrochemistry, Raman spectroscopy), they often suffer from limitations like complex procedures and high cost.  Fluorometric sensing offers a promising alternative due to its high sensitivity, selectivity, and cost-effectiveness.  However, developing a highly sensitive and selective fluorometric method for dopamine detection in complex biological media remains a significant challenge [4,5].
[bookmark: _Hlk147741106]Carbon dots (CDs), carbon nanomaterials under 10 nm, have become prominent in fluorometric sensing due to their exceptional optical properties [6]. These quasi-spherical nanoparticles, with sp2 hybridized carbon structures, offer advantages over other fluorescent probes like quantum dots and organic dyes, including superior photostability, bright photoluminescence, tunable surface functionalities, and low toxicity [7-9]. While CDs can be synthesized via top-down or bottom-up approaches (e.g., solvothermal/hydrothermal treatment, microwave irradiation), a key challenge for CD-based sensors is limited selectivity and a lack of active sites [10]. To address this, molecular imprinting has emerged as a promising technique to enhance target specificity and improve the accuracy of CD-based sensors.
Molecular imprinting, initially conceived in the 1970s, has evolved from a reversible covalent to a more widely used non-covalent approach, gaining traction in biomedical and analytical applications [11].  Inspired by antibody-antigen recognition, this technique creates polymeric receptors for specific molecules.  Extensively studied using optical techniques, molecularly imprinted polymers (MIPs) find application in diverse fields like sensing, drug delivery, catalysis, and extraction.  MIPs enhance selective absorption, and incorporating carbon dots (CDs) allows the transduction of chemical interactions into detectable fluorescent signals [12,13].  Combining the sensitivity of CDs with the selectivity of MIPs, these adaptable, stable, cost-effective, and easily prepared fluorescent sensors are crucial in molecular recognition [14].
This work reports the development of a fluorescent probe, SCDs-MPs (silane-functionalized carbon dots with molecularly imprinted polymer), for dopamine (DA) detection. Silane-functionalized carbon dots (SCDs), synthesized hydrothermally from citric acid and TEOS, serve as the foundation for the imprinting process. SCDs-MPs were then fabricated via a reverse microemulsion method using the SCDs, DA as the template, 3-aminopropyltriethoxysilane as the functional monomer, and tetraethoxysilane as the crosslinker, with ammonia as a catalyst. The resulting fluorescent probe, possessing specific recognition sites, was thoroughly evaluated for its sensitivity and selectivity towards DA, and the underlying sensing mechanism was investigated.
2. [bookmark: _Hlk147741481]Experimental section
2.1.  Synthesis of SCDs-MPs and SCDs-NPs nanocomposites
	Based on previously described techniques, the silane-functionalized CDs were produced with minor alterations. 15,16 By using a modified reverse microemulsion technique, silane-functionalized carbon dots with molecularly imprinted polymer (SCDs-MPs) were synthesized. 17 18 mL of cyclohexane, 3.8 mL of n-hexanol, and 4 mL of Triton X-100 were added successively into the RB flask and stirred for 25 min to form a microemulsion. Followed by the addition of 5 mL of SCDs, and then 280 μL of TEOS and 100 μL of NH3H2O were added, and stirred for 2 h. 1.2 mL of n-hexanol was combined with 20.6 mg DA and 260 μL APTES before being progressively added dropwise to the solution. For 24 hours in the dark, the solution was mechanically agitated. After that 20 mL of acetone was added, and particles were obtained by centrifuging the mixture at 5000 rpm. To remove DA and contaminants, the precipitate was cleaned with ethanol and acetonitrile combined at a 9:1 ratio. SCDs-NPs underwent the same preparation procedure as SCDs-MPs (Scheme 1) but without the addition of the template.
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SCHEME 1. Synthesis of silane-functionalized carbon dots with molecularly imprinted polymer (SCDs-MPs).
3. Results and discussion
3.1.  Physiochemical characterizations of SCDs-MPs and SCDs-NPs
	HRTEM was used to examine the morphology and size of the synthesized SCDs-MPs. The results show a cocci-like shape with an average particle size of 12.9 nm (Fig. 1a), where the particles appear aggregated and the SCDs are coated by a thin polymer matrix. SAED patterns (Fig. 1b) confirm the amorphous nature of the SCDs-MPs. Lattice fringes with a spacing of 0.49 nm are observed (Fig. 1c). EDS analysis (Fig. 1d) reveals the elemental composition of C (22.14%), N (10.09%), O (41.98%), and Si (25.78%) in the SCDs-MPs.
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Fig. 1. (a) TEM images, (b) SAED pattern, (c) lattice fringes, and (d) EDS analysis of SCDs-MPs.
[bookmark: _Hlk139979748]Fig. 2a, b displays the SEM image of as-prepared SCDs-MPs and SCDs-NPs. The SCDs-MPs are mostly spherical in structure with rough surface but there is some aggregation. Figures 2c–f presented the elemental mapping outcomes of SCDs-MPs. The corresponding findings revealed that the elements C, N, O, and Si were uniformly distributed, indicating the homogeneous nature of the SCDs-MPs. 
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Fig. 2. SEM images of (a) SCDs-MPs, (b) SCDs-NPs. (c – f) Elemental mapping of SCDs-MPs.
	X-ray diffraction (XRD) analysis was performed to investigate the structural properties of the synthesized materials. The XRD patterns of SCDs-MPs, SCDs-MPs with dopamine (DA), and SCDs-NPs (non-imprinted) are shown in Fig. 3. A broad peak at 22.6° indicates the presence of the polymer matrix and the disordered arrangement of carbon atoms in the SCDs. A peak at 26.5° in the SCDs-MPs+DA spectrum corresponds to the DA template. The disappearance of this peak in the SCDs-MPs spectrum confirms the removal of DA from the imprinted polymer. The SCDs-NPs spectrum lacks the characteristic peaks observed in SCDs-MPs and SCDs-MPs+DA, indicating fewer selective binding sites. These results confirm the amorphous nature of the synthesized probe.
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Fig. 3. XRD spectrum of SCDs-MPs+DA, SCDs-MPs, and SCDs-NPs.
	FT-IR spectroscopy was used to identify surface functional groups in SCDs-MPs, SCDs-MPs+DA, and SCDs-NPs.  A Si-O-CH stretching vibration was observed at 1036 cm−1. Peaks at 2940 and 1565 cm−1 indicated the presence of -CH2- and C=O groups, respectively (Fig. 4).  -CH stretching vibrations appeared around 2940-2864 cm-1. Si-O vibrations were observed at 785 cm−1, Si-O-C vibrations at 696 cm−1, and Si-O-Si asymmetric stretching vibrations at 1051 cm−1.  Characteristic dopamine peaks (SCDs-MPs+DA) appeared at 3256 cm-1, 1619 cm-1, and 1529 cm-1, corresponding to phenol -OH stretching, amine N-H bending, and aromatic C=C stretching vibrations. These peaks were absent in SCDs-MPs, indicating DA removal.  SCDs-MPs and SCDs-NPs showed similar peak positions and intensities. 
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Fig. 4. FT-IR spectra of SCDs-MPs+DA, SCDs-MPs, and SCDs-NPs.
3.2 Electrochemical properties of SCDs-MPs and SCDs-NPs
	As a follow-up to the characterization of functional groups, we determined the electrochemical properties of SCDs-MPs and SCDs-NPs to assess the effect of silane functionalized carbon dots incorporated molecularly imprinted polymer on electrochemical behavior. A cyclic voltammetry technique was utilized to determine the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of SCDs-MPs and SCDs-NPs. Fig. 5a shows the cyclic voltammetric data of the SCDs-MPs recorded at a scan rate of 50 mVs-1 in a solution containing ferrocyanide-ferricyanide (Fe (CN)6 3-/4-) as an electrolyte. Based on the CV data, the oxidation onset potential (Eox) is determined to be 0.046 eV. By analyzing the absorbance spectrum, the band gap (Egap) is found to be 3.34 eV. The half-wave potential (E1/2) of ferrocene was found to be 0.16 eV. These data can be used to calculate the HOMO and LUMO energy levels. Using the empirical relation, 
EHOMO = - [(Eox - E1/2) + 4.8 eV]                        
[bookmark: _Hlk140342770]the calculations for the HOMO energy level of SCDs-MPs were done [21,22]. The EHOMO was found to be -4.68 eV and the band gap value of 3.34 eV led to the determination of the ELUMO energy level at -1.34 eV. 
[bookmark: _Hlk140342915]	The cyclic voltammogram of SCDs-NPs was depicted in the Fig. 5b measured with a scan rate of 50 mVs-1. The Eox was found to be 0.06 eV and from the absorbance spectrum, the Egap was measured to be 3.45 eV. The E1/2 was taken to be 0.16 eV. Using the empirical relation mentioned above the HOMO energy level of SCDs-NPs was calculated to be -4.72 eV. The ELUMO was found to be -1.27 eV corresponding to the EHOMO and Egap value of the SCDs-NPs. In SCDs-MPs, the presence of recognition cavities and electron donating groups on the polymer matrix increases the energy of the HOMO level and leads to a narrower band gap compared to SCDs-NPs. Therefore, the CV results confirm the SCDs-MPs possess, the energy shift in the band gap, and the change in the electrochemical behavior. These factors may impact the interaction of SCDs-NPs with other biological molecules.
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Fig. 5. Cyclic voltammogram of (a) SCDs-MPs, and (b) SCDs-NPs.
3.2. Optical properties of SCDs, SCDs-MPs, and SCDs-NPs
	The eco-friendly fluorescent response of SCDs-MPs and SCDs-NPs is shown in Fig. 6. The SCDs-MPs were excited at various wavelengths ranging from 300 nm to 340 nm, the greatest emission intensity was achieved at 435 nm when excited at 316 nm. (Fig. 6b, c). As shown in Fig. 7a after template extraction, the fluorescence intensity of SCDs-MPs (B) nearly reached that of SCDs-NPs (A). In addition, the fluorescence intensity of SCDs-MPs quenched a lot when interacting with DA molecules (D), and a charge transfer between CDs and DA molecules was suggested to be responsible for the fluorescence quenching of the SCDs-MPs. In this recognition system, the SCDs and DA molecules acted as electron donors and electron acceptors, respectively. Furthermore, the zeta potential of SCDs-MPs before and after DA addition was determined. The initial zeta potential value for SCDs-MPs before the addition is -32.5 mV, and after addition, the value changes significantly to -23.9 mV (Fig. 6d). The apparent change in value indicates that with the addition of the template molecule DA, the interaction sites between the MPs layer and the SCDs increase, causing more SCDs to be attracted and more charges to be neutralized. This finding also demonstrates the presence of electrostatic interaction between SCDs-MPs and DA. Therefore, the photoluminescence of SCDs-MPs might be effectively quenched in case of interacting with DA molecules. Hence, considering both enhancing the sensitivity and improving the interaction between CDs and MIP, the SiO2 nanomaterials were selected for the synthesis of SCDs-MPs. 
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Fig. 6. (a) Fluorescence spectra of SCDs-NPs (A), SCDs-MPs (B), SCDs-NPs+DA (C), and SCDs-MPs+DA (D). (b) SCDs-MPs absorbance, excitation, and emission spectra. (c) Fluorescence intensity of SCDs-MPs at different excitation wavelengths. (d) Zeta potential plot.
3.3.   Fluorescence sensing mechanism of the proposed sensor
Using the synthesized SCDs-MPs, a unique and reliable identification method for dopamine (DA) was developed. The molecular imprinting process was used for this purpose, with DA molecules serving as templates. The self-assembly co-polymerization of APTES and TEOS precursors, which served as primary monomers and cross-linkers, respectively, was used in the whole process. Silane-functionalized carbon dots were introduced as appropriate supports during the polymerization stage, resulting in their entrapment in the polymeric matrix and leading to the formation of fluorescent SCDs-MPs nanocomposite. Following that, an effective washing stage was performed to remove the non-covalently bounded template (DA) molecules. The coupling of DA template molecules at MIP sites was most likely caused by hydrogen bonds between nitrogen or oxygen moieties of DA and the amino groups of APTES monomers. This coupling can be eliminated and the template molecules can be detached from the polymer matrix by applying a moderately acidic environment (1% acetonitrile and 9% ethanol solution). The process of removing the DA molecule from the polymer matrix by the washing method has been confirmed by the UV-Vis spectroscopy technique. The washing was carried out five times to obtain less absorbance compared to the initial value. This indicates that practically the analyte molecules have been liberated. This has also been confirmed by the FTIR spectrum as can be seen in the Fig. 4 (SCDs-MPs) the characteristic peaks for the existence of dopamine 3256 cm-1, 1619 cm-1, and 1529 cm-1 were absent. Later the SCDs-MPs nanocomposite was dispersed using distilled water to remove the remaining mixture of acetic solution. 
The resulting SCDs-MPs have specific imprinted sites corresponding to dopamine molecule functional groups and configurations. Subsequently, the molecularly imprinted polymer layer possesses greater affinity to the dopamine molecule without any interfering effect from the analog compounds. In this process, SCDs were used as optical antennas for distinguishing DA molecules associated with a molecularly imprinted polymer matrix. The fluorescence emission intensity of SCDs-MPs was quenched by the addition of dopamine molecules resulting in a less fluorescence intensity. Due to the abundance of oxygen-containing functional groups such as hydroxyl and carboxyl groups on the surface, the SCDs-MPs behave as negatively charged species, and with –NH3+ the dopamine molecule behaves as positively charged species. Thus, the charged SCDs-MPs enable a non-covalent interaction with the diols and amine functional group in the dopamine molecule (positively charged) through electrostatic interactions, π–π stacking, and hydrogen bonding under neutral conditions. The dopamine molecule is oxidized to dopamine-quinone that accepts the electron from the SCDs-MPs which results in the fluorescence quenching process [25]. This fluorescence quenching effect is due to the interruption of the electron-hole pair of SCDs by the dopamine molecule in the imprinted sites at the molecularly imprinted polymer matrix resulting in a lower fluorescence emission intensity. The fluorescence lifetime experiment was carried out for SCDs-MPs, SCDs-MPs+DA, and SCDs-NPs (Fig. 7a). The average lifetime of SCDs-NPs, and SCDs-MPs is 6.88 ns and 6.38 ns respectively. After the addition of the DA molecule to the SCDs-MPs the lifetime was changed to 6.17 ns the insignificant change between 6.38 ns and 6.17 ns demonstrates that the quenching may be a static quenching process. The fluorescence resonance energy transfer (FRET) method may also be excluded because it is clear from Fig. 7b that the emission spectra of the SCDs-MPs and the absorption spectrum of the DA do not overlap. This phenomenon suggests that the DA may effectively shield the excitation light for SCDs-MPs, which is an impressive feature of the static quenching effect. The sensitivity of the designed fluorescent probe SCD-MPs can be improved by the applied high fluorescent SCDs [26].
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Fig. 7. (a) Fluorescence lifetime of SCDs-MPs, SCDs-MPs+DA, and SCDs-NPs. (b) UV-Vis spectrum of DA and Fluorescence emission spectrum of SCDs-MPs.  
3.4. Implementation of dopamine fluorescence detection technique 
	The fluorescence sensing system SCDs-MPs relies on the different concentrations of DA and the response for each addition was recorded. The fluorescence quenching effect of SCDs-MPs with different DA concentrations is shown in Fig. 8a. Initially, the fluorescence intensity at 435 nm of SCDs-MPs was high, and we could observe that the fluorescence intensity gradually decreased after the addition of DA (template molecule). This clearly shows the quenching process of SCDs-MPs in the presence of DA. The Stern-Volmer equation was used to correlate the relationship between fluorescence intensity and DA concentration.

Where F0 indicates the fluorescence intensity of SCDs-MPs without DA and F indicates the fluorescence intensity of SCDs-MPs with varied addition of DA. Fig. 8b and 8c depict the significant linearity between the fluorescence intensity and various concentrations of DA resembling a well-fitted equation F0/F =1.00129 + 0.00619[CDA] (R2 = 0.9986) over a linear concentration range 0 – 1000 nM. To assess the sensitivity of the proposed analytical method the Limit of Detection (LOD) is a vital parameter corresponding to the low analyte concentration and minimum level of signal detected [27,28]. The limit of detection for SCDs-MPs is 0.64 nM and the limit of quantification (LOQ) is 6.40 nM.  This verifies that the fabricated fluorescence sensor can be a promising method for the trace quantification of DA. 
	The fluorescence responses of the SCDs-NPs were conducted as a control experiment. The SCDs-NPs fluorescence intensity shows a minor quenching effect in the addition of different concentrations of DA (Fig. 8d). The linear equation of SCDs-NPs was found to be F0/F =1.00649 +0.00322 [CDA] (R2 = 0.9888) with a LOD of 1.77 nM (Fig. 8e and 8f) the limit of quantification (LOQ) as 17.73 nM. These inferences show that the quenching effect of SCDs-MPs is higher than that of SCDs-NPs with a lower LOD value. This indicates SCDs-MPs are more sensitive towards DA than SCDs-NPs.  From the Stern Volmer formula, the KSV (quenching constant) can be calculated. The slope of the calibration curve represents the KSV value which estimates the sensitivity of the fluorescent assay. The KSV value of SCDs-MPs and SCDs-NPs was found to be 0.00619 and 0.00322, respectively. 
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Fig. 8. Fluorescence response of (a) SCDs-MPs and (d) SCDs-NPs to varying DA concentrations. Integrated emission intensity of (b) SCDs-MPs and (e) SCDs-NPs vs. DA concentration. Calibration curves (F0/F vs. DA concentration) for (c) SCDs-MPs and (f) SCDs-NPs. Error bars represent standard deviation (n=3).
3.5.  Selective specificity
The selectivity of the fluorescent probe for DA was evaluated against potential interferents (glucose, fructose, ascorbic acid, epinephrine, norepinephrine, citric acid, and uric acid; Fig. 9a).  DA exhibited significantly higher quenching efficiency with SCDs-MPs compared to other analytes (Fig. 9b), demonstrating high selectivity due to the DA-imprinted cavities.  SCDs-NPs, lacking imprinted sites, showed no such selectivity. These results confirm the excellent DA selectivity of the SCDs-MPs fluorescent assay for accurate identification in human samples. 
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Fig. 10. (a) Structural representations of DA (Dopamine) and its analogues, (b) Fluorescence response of SCDs-MPs and SCDs-NPs in the presence of DA and its analogues, (c) Reproducibility of SCDs-MPs.
	A removal-rebinding cycle test (Fig. 9c) assessed the reproducibility of SCDs-MPs. Four repeated experiments showed consistent detection performance (RSD < 3.69%), demonstrating exceptional reproducibility.
3.6.  Detection of DA in human fluid samples
	The SCDs-MP biosensor was tested for DA detection in human blood serum and urine samples using a standard addition method.  Diluted samples (500-fold blood serum, 50-fold urine) were spiked with DA and analyzed under optimized conditions.  Recoveries ranged from 98-102% (Table 1), demonstrating the reliability and accuracy of the SCDs-MPs biosensor for DA detection in these biological fluids.
Table 1. DA detection in human fluid samples using SCDs-MPs fluorescent probe
	Sample
	Spiked (nM)
	Detected ±SD
	Recovery (%)
	RSD (%)

	
	
	DA
	DA
	

	Human serum
	5
	4.96x ± 0.04y
	99.6
	0.80

	
	10
	10.1x ± 0.16y
	102.4
	1.58

	
	15
	14.8x ± 0.26y
	98.08
	1.76

	Human urine
	10
	9.85x ± 0.36y
	97.9
	3.65

	
	20
	19.86x ± 0.89y
	99.1
	4.48

	
	30
	30.1x ± 0.34y
	100.7
	2.6



3.7. Cytotoxicity studies
An MTT assay was performed to assess the cytotoxicity of SCDs-MPs against HeLa cells.  Cells were incubated with varying SCDs-MPs concentrations (0.0 – 200.0 µg/ml).  Lower concentrations of SCDs-MPs showed minimal impact on HeLa cell viability.  However, higher concentrations at 48 hours exhibited increased cytotoxicity (Fig. 10), with an IC50 of 104.16 µg/ml.  The results indicate that SCDs-MPs exhibit low toxicity towards HeLa cells.  
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Fig. 10. Cytotoxicity effect of SCDs-MPs against HeLa Cell lines: (a) Control, (b) Concentration 12.5 µg/mL, (c) Concentration 25 µg/mL, (d) Concentration 50 µg/mL, (e) Concentration 100 µg/mL and (f) Concentration 200 µg/mL.
4. Conclusion
	This study successfully developed a sensitive, selective, and robust fluorescent platform (SCDs-MPs) for dopamine (DA) sensing.  Combining fluorescent silane-functionalized carbon dots (SCDs) with molecularly imprinted polymer (MIP) offers several advantages: 1) The MIP enhances DA interaction with the imprinted cavities due to its high affinity and specificity. 2) SCDs act as both a fluorescent signal and a carrier, facilitating DA binding. 3) The synergistic effect of the MIP and the unique luminescence of SCDs amplifies target interaction and fluorescence quenching, leading to high DA sensitivity.  The SCDs-MPs probe achieved successful DA detection in human fluid samples with excellent recoveries (98-102%).  Furthermore, biocompatibility assessments confirm the non-toxic nature of the nanocomposite, suggesting its potential for in-vivo applications.
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