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Abstract

:

The current work aims to synthesize highly fluorescent and surface-functionalized gadolinium oxide nanoparticles (Gd2O3 NPs) with (3-mercaptopropyl) trimethoxysilane (MPTMS). The surface modification of Gd2O3 nanoparticles with MPTMS enhanced the stability and solubility of the nanoprobe in aqueous media. The size of the nanoprobe was controlled to 7 ± 1 nm using MPTMS coating. These valued points made the MPTMS@Gd2O3 nanoparticles as economical, highly sensitive, selective nanoprobe with a quick response time for the detection of cysteine via the simple fluorescence-based methodology. The proposed strategy has offered the reliable detection of cysteine in the concentration range of 1–100 µm with a detection limit of 42 nm. The selective sensing of cysteine in human serum has jointly acknowledged the potential prospect of developing sensors in body fluids with great accuracy.
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1. Introduction


The biologically active small thiols, such as cysteine (Cys), execute several biochemical activities, including fabrication of DNA, transmission of signals across the cells and protein folding in living beings [1,2,3,4]. The enzymatic posttranslational changes, bio-stimulations via catalysis, and detoxification of harmful toxins from living systems are also maintained by the application of Cys in human beings [4,5].The prevailing anti-oxidative properties of Cys have made it an effective component for the entrapment of reactive oxygen species in the living system [6]. Around 240–300 μm concentration of Cys in human plasma is required for the proper functioning of biological processes [5]. Any kind of abnormality in Cys levels can lead to a series of disorders, including retarded growth in toddlers, damaging of skin and liver, depigmentation of hair, cardiovascular problems, tiredness, edema and decreasing levels of muscle and fat in the living system [4,7,8]. On the other hand, neurotoxicity has been observed due to the presence of excessive amounts of Cys in the living system [9].Therefore, the accurate identification of Cys provides an effective way to treat several associated diseases via early diagnosis [4]. At present, different types of analytical methods, including chromatographic analysis, capillary electrophoresis, high-performance liquid chromatography (HPLC), and electrochemical- and colorimetric-based methods, have been utilized for the detection of Cys [7,10,11,12,13]. Among these methods, fluorescence-based methodology holds increasing interest because of its high selectivity, sensitivity with low cost easy processing and quick response time [14].



Up to now, a wide range of fluorescent probes and biosensors, including carbon dots, metal and their oxide/sulfide, organic and surface functionalized MOFs, have been designed for the accurate detection of Cys [1,14,15,16,17]. For instance, Raj and Sudarsanakumar have developed diosmin@silver NPs for the optical sensing of Cys [18]. Surface-functionalized CdS nanoparticles have been prepared for the fluorescence sensing of Cys with a 0.5–10 µm range [16]. N@CDs on Au NPs showed a quick response for Cys during colorimetric and photoluminescence analysis [19]. However, photochemical instability over a period with broad emission and narrow absorption bands with associated nanotoxicity has restricted its utilization in biological fluids [20].



Currently, Lanthanide oxide-based optical nanoprobes are identified as a budding celeb for the detection of trace levels of biologically active thiols [21]. The sharp emission, large Stokes and anti-Stokes shift, long fluorescence lifetime, and less autofluorescence [22,23,24,25] with controllable toxicity levels have further enhanced the potential scope of lanthanide oxide-based nanoprobes in applied and biomedical applications, including optical diodes, solar cells, lasers, photodynamic therapy, bio-photonics, drug delivery, optical bio-probes, and biolabeling markers [20,26,27,28,29,30,31,32,33,34]. Among the colossal range of lanthanide-based oxides, gadolinium oxide (Gd2O3) has been seen to be special due to its superior photochemical stability, long thermal stability and low phonon energy [35,36,37]. Their diagnostic and therapeutic properties have further makes Gd2O3 more efficient in bio-sensing [38,39]. Gd2O3 NPs exhibit a good emission profile with high charge transfer efficiency in the presence of analytes [40]. The optical properties of Gd2O3 NPs have reflected their diverse range of applications in luminescent devices, optical imaging and in targeting agent [41,42]. The facile synthesis, excellent characteristics, structure tailoring and functionalization with a targeting substance make Gd2O3 NPs a suitable candidate for detection of bio-molecules with great accuracy and sensitivity. Therefore, keeping the potential scope of Gd2O3 NPs, we hereby aimed to formulate a highly selective and sensitive fluorescent probe with Gd2O3 NPs, for the detection of Cys.



In this work, we proposed MPTMS functionalized Gd2O3 NPs synthesized from the hydrothermal method as a ratiometric fluorescent nanoprobe for Cys. The developed particles were systematically characterized to determine their size, shape, structure and chemical composition. The as formed MPTMS@Gd2O3 nanoprobes have displayed excellent selectivity toward Cys, which significantly distinguished Cys from other amino acids. The fluorescence emission intensity of MPTMS@Gd2O3 nanoprobes was linearly doused by increasing the concentration of Cys (turn “off”) in reaction media. The effective binding of surface modified MPTMS@Gd2O3 with Cys could be responsible for the specific and efficient interaction with Cys, which further produced the quenching behavior in fluorescence intensity. These particles provide a contemporary approach for Cys sensing in complex environments with great accuracy.




2. Materials and Methods


2.1. Reagents and Synthetic Methodology to Prepare MPTMS@Gd2O3 Nanoparticles


All HPLC-grade L-amino acids, including aspartic acid, glutamine, asparagine, tyrosine, histidine, leucine, isoleucine, arginine, alanine, methionine, glutamic acid, lysine, proline, phenylalanine, serine, tryptophan, threonine, glycine and valine, with 98% purity were bought from Sigma-Aldrich, Bengaluru, India. Gadolinium nitrate hexahydrate (Gd(NO3)3·6H2O, 99.9% pure), cysteine (Cys, ≥97% pure), GSH (98% pure) and (3-mercaptopropyl) trimethoxysilane (MPTMS, 95% pure) were also procured from Sigma-Aldrich. The concentrated HCl and NaOH pallets with 99% purity were obtained from Fisher Scientific of analytical grade. The size-controlled Gd2O3 NPs were fabricated via the hydrothermal method by the following procedure: Initially, the homogenous dispersion of 2 g of Gd(NO3)3·6H2O was prepared in 20 mL distilled water under stirring conditions at 350 rpm. Afterwards, 1M NaOH solution was added in a drop-wise manner to a homogenous solution of Gd(NO3)3·6H2O and pH was adjusted to 10 and further stirred for 2 h at 350 rpm. Subsequently, the obtained solution was transferred into an 80 mL Teflon-lined stainless steel autoclave (AICIL, Ambala, India). The hydrothermal treatment was given for 18 h at 160 °C (Scheme 1). After the completion of the reaction, the furnace was cooled down and the final mixture was filtered out to extract the sample. The obtained sample was further calcined at 550 °C for 3 h in a muffle furnace (AICIL, Ambala, India) to get Gd2O3 NPs. The particles collected were further washed thoroughly with ethanol and distilled water to remove the impurities.



The exterior surface of Gd2O3 NPs was further modified to enhance their interaction with the analyte. For surface coating, 100 mg of Gd2O3 NPs were dispersed in 25 mL of ethanol under sonication at room temperature for 1h. Thereafter, MPTMS solution (250 µL of 1wt%) was added in a dropwise manner under stirring conditions (Scheme 1). The resultant mixture was left under stirring conditions at 350 rpm for 36 h. The final mixture was filtered to obtain MPTMS@Gd2O3 NPs. The collected powder was further washed with distilled water and ethanol and dried at 70 °C.




2.2. Instrumentation


Detailed information about the size and morphology of MPTMS@Gd2O3 NPs was carried out by using transmission electron microscopy (TEM, Hitachi H-9500, Tokyo, Japan) and scanning electron microscopy (SEM, Hitachi SU8010, Hitachi, Tokyo, Japan). The optical behavior of synthesized particles was examined using a Jasco V-750 UV-visible Spectrophotometer (Jasco, Tokyo, Japan) in the range 200–650 nm. Further, the photoluminescence (Pl) spectra were performed using the Edinburgh instrument FLS 980 (Bain Square, UK). A transparent quartz cuvette of 1.0 cm fixed path length was used during the PL experiment. The Panalytical X’Pert Pro XRD powder diffractometer (Malvern, UK) using Cu Kα radiation (λ = 1.5406 Å) with a scan rate of 2 degrees per minute with 2θ range of 5–90° was used to examine the crystalline behavior of MPTMS@Gd2O3 nanoparticles. A Raman spectrophotometer (Wotton-under-Edge, UK) from Horiba, Lab RAM HR evolution was used to check the structural parameter for MPTMS@Gd2O3 nanoparticles. The hydrodynamic diameter of the particles was measured using a dynamic light scattering (DLS, Malvern (ZEN 1690), Worcestershire, UK) instrument. The Labman pH Multiparameter was used to check the pH of the reaction media. The functional properties of synthesized particles were studied using a Perkin Elmer 400 FTIR spectrometer (Waltham, MA, USA). The calcination was done on an AICIL furnace.




2.3. Detection Performance of MPTMS@Gd2O3


In a typical method, MPTMS@Gd2O3 NPs (1 mg) solution in 10 mL distilled water was treated with different concentrations of Cys ranging from 1–100 µm. The reaction mixture was sonicated for 2 min for complete homogenization. Afterwards, the fluorescence emission spectra for each prepared solution were monitored by exciting the sample at λexc = 235 nm.




2.4. Interference and Selectivity Studies


The fluorescence emission spectra of MPTMS@Gd2O3 NPs were studied in the presence of various interfering compounds. Particularly, aspartic acid, glutamine, asparagine, tyrosine, histidine, leucine, isoleucine, arginine, alanine, methionine, glutamic acid, lysine, proline, phenylalanine, serine, tryptophan, threonine, glycine and valine were used to investigate the selectivity of developed nanoparticles. The solution of Cys (100 µm) was further mixed with an excess amount of other interfering amino acids (150 µm) in the presence of MPTMS@Gd2O3 NPs.




2.5. Recovery Studies of Cysteine (Cys)


The practical utilization of developed nanoparticles is highly important for enhancing the efficiency of developed sensors. For this analysis, recovery studies were carried out in the presence of serum samples. A dilute solution of Bovine serum albumin (BSA, 1 mg in 100 mL) was used during the experiment. The different amounts of Cys were spiked into the serum solution, i.e., 10 µm, 25 µm and 50 µm. Around 1.5 mL of the formed solution was further mixed with MPTMS@Gd2O3 NPs (1.5 mL) and fluorescence spectra were recorded for each sample.





3. Results and Discussion


3.1. Structural Characterization of MPTMS@Gd2O3 NPs


Figure 1 exhibits the typical XRD profile of MPTMS@Gd2O3 nanoparticles which exhibited well-defined diffraction peaks at 20.8°, 29.5°, 34.34°, 36.6°, 40.6°, 44.26°, 47.5°, 49.4°, 54.22° and 57.36° corresponding to (211), (222), (400), (411), (332), (134), (125), (440), (611) and (622) planes, respectively. The diffraction peaks well-resembled the cubic structure of Gd2O3 NPs and are in agreement with JCPDS data having No. 03-065-38131 [43]. The peak position was not influenced by surface functionalization with MPTMS. The outcomes suggested that the surface coating of MPTMS produced no variations in the nature and crystalline phase of the formed Gd2O3 NPs. The crystalline size of the formed particles estimated by employing the Scherer formula from more intense peaks came out to be 17 nm.



The morphologies of the prepared MPTMS@Gd2O3 nanoparticles (NPs) were examined by transmission electron microscopy (TEM) and scanning electron microscopy (SEM) (Figure 2). Figure 2a exhibits the typical TEM image of as-prepared MPTMS@Gd2O3 NPs which confirmed that the prepared material possesses almost spherical-shaped nanoparticles of various sizes.



The corresponding size distribution plot for the synthesized MPTMS@Gd2O3 NPs revealed the typical 7 ± 1 nm mean average size for the prepared nanoparticles (Figure 2(a1)). The general morphologies of the synthesized MPTMS@Gd2O3 NPs were examined by SEM, which also confirmed the formation of spherical-shaped nanoparticles (Figure 2b). However, due to high-density growth, some agglomeration in the nanoparticles was also seen. Interestingly, the average hydrodynamic size of MPTMS@Gd2O3 NPs was found to be 35–45 nm through DLS analysis (Figure 2(b1)).



Raman and FTIR spectra were performed to examine the surface functional group and chemical composition of MPTMS@Gd2O3 NPs (Figure 3). Raman spectrum for formed particles was observed at an excitation of 785 nm laser in range 200–600 cm−1. The strong Raman bands were located at 360, 395, 447 and 510 cm−1 as shown in Figure 3a. The prominent peak at 360 cm−1 was attributed to mixed modes of Fg + Ag, in cubic phase of Gd2O3 NPs. The peak obtained at 447 cm−1 was found due to the independent Fg mode. Further, in the FTIR spectrum, the characteristic peak at 549.6 cm−1 was attributed to the Gd-O stretching frequency (Figure 3b). The spectrum showing the peaks at 805.2 and 1038.7 cm−1 is due to the Si-O-Si group in the MPTMS moiety. In addition, the peaks observed at 694.3 (C-O-Si) and 1262.4 cm−1 (Si-O) confirmed the surface modification of Gd2O3 NPs using MPTMS molecules. The intense peak at 2927.9 cm−1 represented the stretching frequency of the alkyl group in the MPTMS. However, the presence of bands at 1120 and 1436 9 cm−1 symbolized the bending and asymmetric vibrations of the alkyl group (-CH2-CH2). The FTIR peak centered at 3434.29 cm−1, which was mainly ascribed to the presence of OH stretching on the surface of MPTMS@Gd2O3 NPs. These outcomes clearly demonstrated the effective coating of MPTMS over the surface of Gd2O3 NPs.




3.2. Optical Properties and Detection of Cys by MPTMS@Gd2O3 Nanoparticles


The optical properties of MPTMS@Gd2O3 NPs were assessed using UV-vis. and fluorescence spectroscopic analysis. The spectra displayed an absorption hump at 238 nm, with a broad peak at 272 nm (Figure 4a). This behavior was explained by the f-f transition (8S7/2 → 6IJ) of gadolinium (III) in MPTMS@Gd2O3 nanoparticles [20]. The band gap energies were also calculated by applying the Tauc creation and the value came out to be 5.84 eV (inset Figure 4a). Additionally, the UV-vis. spectra of Cys were also analyzed in the 200–800 nm range. The spectrum displayed a broad absorption band at 237 nm (Figure 4b). The corresponding band gap was found to be 5.59 eV (inset Figure 4b).



Further, the fluorescence spectra of MPTMS coated Gd2O3 NPs were checked at various excitations to analyze their emission profile. From the spectra, it was found that the emission spectra displayed maximum emission intensity at 650 nm with λexc = 235 nm (Figure 5a). Additionally, the water suspended MPTMS@Gd2O3 NPs showed good colloidal solubility as compared to Gd2O3 NPs. The emission behavior of MPTMS@Gd2O3 NPs was further investigated in the presence of various essential amino acids. The surface defect states of pristine Gd2O3 nanoparticles also supported the ability of MPTMS@Gd2O3 NPs towards cysteine sensing. The analysis was done for aspartic acid, glutamine, asparagine, tyrosine, histidine, leucine, isoleucine, Cys, arginine, alanine, methionine, glutamic acid, GSH, lysine, proline, phenylalanine, serine, tryptophan, threonine, glycine and valine (150 µm each). For the analysis, the properly sonicated sample of each suspension of amino acids with MPTMS@Gd2O3 NPs was employed for fluorescence studies. On interpreting the results, it was found that the fluorescence intensity of MPTMS@Gd2O3 NPs was significantly affected in the presence of Cys (100 µm) (Figure 5b). The fluorescence band located at 650 nm was quenched by the addition of Cys. Further, the selectivity of the synthesized probe was investigated for aspartic acid, glutamine, asparagine, tyrosine, histidine, leucine, isoleucine, arginine, alanine, methionine, glutamic acid, lysine, proline, phenylalanine, serine, tryptophan, threonine, glycine and valine in the presence of Cys (Figure 5c). On interpreting the data, it was observed that the emission intensity of MPTMS@Gd2O3 NPs was nearly unaffected in the presence of Cys. These results suggested that the other amino acids except Cys did not influence the emission intensity of MPTMS@Gd2O3 NPs in the presence of Cys in the aqueous samples. The outcomes supported the selectivity and specificity of the developed MPTMS based Gd2O3 sensor toward the detection of Cys. The probable reason behind the sensing of Cys is mainly explained by the effective collision between the fluorophoric group of MPTMS@Gd2O3 NPs and the quencher (cysteine). These collisions had the propensity to produce a non-fluorescent ground state complex via the transference of energy and molecular rearrangements. This complexation was promoted the accumulation of molecules and augmented the intra-molecular charge transfer (ICT) between the surface functional group of Gd2O3 and cysteine.




3.3. Mechanistic Aspects of Cys Sensing by MPTMS@Gd2O3 NPs


Generally, the fluorescence quenching of any kind of developed sensor and the corresponding analyte has been explained by using the Inner filter effect (IFE), intermolecular charge transfer, Forester resonant energy transfer (FRET), photo-induced electron transfer (PET), and static and dynamic quenching effect on the basis of the obtained results [44,45,46]. In the current work, the presence of an analyte, i.e., Cys produced an appreciable range of quenching of around 80.4% as compared to MPTMS@Gd2O3 NPs. To chalk out the mechanistic reasoning behind the quenching, the absorption profile and band gap of MPTMS@Gd2O3 nanoparticles and Cys were investigated carefully (Figure 4). The results showed a small difference of around 0.04 eV between the band gap energies of MPTMS@Gd2O3 NPs and Cys. This small variation in the band gap enhanced the possibility of the photo-induced electron transfer (PET) phenomenon among MPTMS@Gd2O3 NPs and Cys. To explain further, it was quite possible that the electrons from the conduction band of MPTMS@Gd2O3 NPs was easily transferred from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) (Figure 6a).



Then, this excited electron is transferred in the form of energy to the LUMO of Cys. These outcomes suggested that quenching in the fluorescence emission intensity of MPTMS@Gd2O3 NPs is mainly explained via the PET mechanism in the presence of Cys. However, the possibility of the IFE and FRET mechanism was ruled out due to the non-overlapping absorption peak of Cys with the emission spectra of MPTMS@Gd2O3 NPs. However, the possibility of energy transfers between the sensor and analyte through direct energy transfer or the Dexter mechanism was also studied in detail [47]. In this phenomenon, energy transfer between adjacent molecules takes place. In the Dexter energy transfer process, there is a possibility of energy transfer from the LUMO of MPTMS@Gd2O3 NPs to the LUMO of Cys, and simultaneously an electron from the ground state of Cys was transferred to the ground state of MPTMS@Gd2O3 NPs (Figure 6b). Thus, the energy transfer in the case of the Dexter mechanism is related to two electron transfer processes.



In the current system, both MPTMS@Gd2O3 and Cys displayed the absorption hump in the same region. Therefore, there is a possibility of ground state complex formation between the chosen probe and analyte before excitation. The coating template of Gd2O3 NPs, i.e., MPTMS is highly interactive due to the presence of free binding sites. Thus, the -SH group of MPTMS has the probability of interacting with any of the –COOH and –NH2 group present in the Cys molecule. Such interaction has the tendency to promote the quenching behavior of MPTMS@Gd2O3 by Cys. However, this probability is neglected, as such interaction is possible to exist in other amino acids due to the existence of the same substituent. If this interaction is a responsible factor, then other amino acids should also have the tendency to influence the emission behavior of MPTMS@Gd2O3 NPs. Therefore, the mechanistic aspect of MPTMS@Gd2O3 NPs with Cys is only validated by energy transfer in this current work.



Along with PET, there is a high probability of effective collision between the fluorophoric group of MPTMS@Gd2O3 NPs and quencher (cysteine). These collisions had the propensity to produce a non-fluorescent ground state complex via the transference of energy and molecular rearrangements. This complexation produced the accumulation of molecules and augmented the intra-molecular charge transfer (ICT) between the surface functional group of Gd2O3 and cysteine.



The respective effect of the pH of reaction media ranging from 2 to 12 on the emission intensity of MPTMS@Gd2O3 was performed to explore the scope of prepared nanoparticles (Figure 7a). On interpreting the data, it was found that the fluorescence intensity of MPTMS@Gd2O3 was found to be less at pH 5 and at pH = 10. However, the fluorescence intensity of MPTMS@Gd2O3 was found to be maximum at pH = 7. Further, the fluorescence emission behavior of MPTMS@Gd2O3 was studied as a function of different concentrations of Cys (0–100 µm) in the reaction media (Figure 7b). From the data, it was found that the addition of Cys into MPTMS@Gd2O3 solution caused apparent changes in the fluorescence response. The emission intensity showed linear decrement by increasing the concentration of Cys in the system (Figure 7c). The detection limit for Cys was calculated by 3S/σ and obtained to be 42 nm. The results supported the excellent sensitivity of the developed sensor toward the detection of Cys. Therefore, the developed fluorescence-based sensor provided an alternative and effective approach toward the detection of Cys in biological fluids, urine and water. The present method also exhibited a competitive sensing range and low detection limit compared to other methods. The outcomes of the work were compared in terms of linear sensitive range and detection limit with other reported methods (Table 1).




3.4. Recovery Studies


The potential scope of the prepared sensor was further tested in the presence of serum samples. The feasibility of the method for the quantification of Cys was determined in different spiked serum samples. The preparation of the samples was done using the standard addition method [55,56,57,58,59,60]. The spiking was performed with three different concentrations, i.e., 10, 25 and 50 µm concentrations of Cys in the serum solution. The emission spectra were recorded for each spiked amount of Cys [61,62,63,64,65]. All the prepared samples showed a recovery of around 95 to 101% of Cys in the presence of serum samples (Table 2). These outcomes supported the high sensitivity and recovery rate of MPTMS@Gd2O3 towards the direct determination of Cys in biological fluids.





4. Conclusions


The current work summarized the fabrication of MPTMS@Gd2O3 NPs by using the hydrothermal method. The surface functionalization of Gd2O3 NPs with MPTMS offered better control over the solubility and size of Gd2O3 NPs and further enhanced its fluorescence sensing aptitude toward Cys by offering a “fluorescence turn-off” sensor in aqueous media. The as-prepared MPTMS@Gd2O3 NPs showed an emission peak at 650 nm. However, the fluorescence intensity displayed a significant quenching of around 80.4% with Cys amino acids. The developed MPTMS@Gd2O3 NPs -based fluorescence strategy was successfully used for assaying Cys in the presence of various interfering amino acids with a remarkable range of LODs of around 42 nm. Additionally, the developed sensor was successfully applied for the analysis of Cys in the presence of serum samples with high sensitivity and precision values. All of the prepared samples showed a recovery of around 95 to 101% of Cys in the presence of serum samples. The developed sensor possesses the high scope to act as a miniaturized analytical tool using a simple fluorescence-based method for the sensing of Cys.
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Scheme 1. Schematic illustration showing the fabrication of MPTMS@Gd2O3 NPs. 
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Figure 1. Typical XRD pattern of as-synthesized MPTMS@Gd2O3 nanoparticles. 
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Figure 2. Typical (a) TEM image, (a1) Size distribution plot, (b) SEM image, and (b1) hydrodynamic diameter of MPTMS@Gd2O3 nanoparticles. 
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Figure 3. Typical (a) Raman scattering and (b) FTIR spectrum of as-synthesized MPTMS@Gd2O3 nanoparticles. 
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Figure 4. (a,b) UV-vis. spectra and (inset (a,b)) showing the band gap of MPTMS@Gd2O3 NPs and Cys, respectively. 
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Figure 5. (a) The optimization of fluorescence emission intensity of MPTMS@Gd2O3 NPs at various excitation wavelengths. The corresponding changes in the fluorescence intensity of MPTMS@Gd2O3 NPs (b) in the presence of various amino acids and (c) their selectivity results. 
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Figure 6. (a) The proposed mechanism of Cys quenching through PET energy transfer and (b) Dexter energy transfer between MPTMS@Gd2O3 nanoparticles and Cys molecules. 
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Figure 7. The change in the fluorescence response of MPTMS@Gd2O3 NPs as a function of (a) pH and (b) increasing concentration of Cys and (c) along with the corresponding linear plot between fluorescence intensity of developed nanoparticles in the presence of different concentrations of Cys. 
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Table 1. Comparison of the linear range and detection limit of the proposed sensor with other reported methods for the detection of Cys.
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	Material
	Linear Concentration(µm)
	Detection Limit (µm)
	References





	DNA-Ag NCs
	0–5
	0.134
	[48]



	PEI-Ag NCs
	0.1–10
	0.042
	[49]



	N,S-CQDs-Cu2+
	10–200
	0.540
	[50]



	Benzothiazole-based probe
	0–100
	0.800
	[51]



	CdTe-Hg2+
	2–20
	0.600
	[52]



	Fluorescein-based probe
	0.2–1
	0.600
	[53]



	Hg2++Citrate-Au NPs
	0.035–1.53
	9
	[54]



	NC-dots/Au NPs
	0.02–2
	8
	[19]



	GSH-Ag NCs
	2–3000
	0.51
	[1]



	Surface modified CdS
	0.5–10
	0.5
	[16]



	Present work
	0–100
	0.042
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Table 2. Percentage recovery of Cys into spiked samples by using MPTMS@Gd2O3 NPs.






Table 2. Percentage recovery of Cys into spiked samples by using MPTMS@Gd2O3 NPs.





	S. No.
	Spiked (µm)
	Found (µm)
	Recovery (%)





	1.
	10
	9.55
	95.5



	2.
	25
	25.20
	100.8



	3.
	50
	49.1
	98.2
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