

  colloids-06-00061




colloids-06-00061







Colloids Interfaces 2022, 6(4), 61; doi:10.3390/colloids6040061




Article



A Colorimetric Detection of Noradrenaline in Wastewater Using Citrate-Capped Colloidal Gold Nanoparticles Probe



Numeerah Ally[image: Orcid], Nokwanda Hendricks[image: Orcid] and Bhekumuzi Gumbi *[image: Orcid]





School of Chemistry and Physics, College of Agriculture, Engineering and Science, University of KwaZulu Natal, Durban 4000, South Africa









*



Correspondence: gumbib@ukzn.ac.za







Academic Editor: István Szilágyi



Received: 31 August 2022 / Accepted: 24 October 2022 / Published: 31 October 2022



Abstract

:

This study reports a simple, fast, and low-cost detection of noradrenaline (NA) in wastewater using citrate-capped colloidal gold nanoparticles (AuNPs). The addition of NA to citrate-capped colloidal AuNPs generates a colour modulation that the bare eye can detect due to the aggregation of the colloidal AuNPs. The relationship between the NA concentration and colloidal AuNPs aggregation was further monitored by ultraviolet–visible light (UV–vis) spectroscopy in an aqueous solution. The method displayed a linear range of 0–500 μM with R2 = 0.99 and an LOD and LOQ of 42.2 and 140.5 μM. Application in an environmental sample collected from the Darville Wastewater Treatment Plant shows that this work provided a cost-effective and spectrophotometric method that could be used for monitoring contamination in wastewater.
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1. Introduction


Micro-pollutants, especially hormones, are endocrine disruptor (EDC) biomarkers that enter the environment at trace levels and pose threat to human and aquatic organisms [1,2]. The World Health Organization (WHO) defines EDCs as a substance that alters the function of the endocrine system and causes an adverse effect in target organisms at trace level [3,4]. Hence, the need to develop colloidal nanoparticle probes that can be implemented on-site to control contaminants in environmental water bodies is a pressing issue [4,5,6,7]. The alarming rate of the release of emerging anthropogenic and industrial contaminants in water prioritizes the development of fast, specific, in-situ, and straightforward methods to understand their effects, removal efficiency in wastewater treatments, and implementation of early warning systems. A large percentage of environmental emerging contaminants are pharmaceuticals due to increased production and consumption [8,9]. Pharmaceutical active biological compounds, even in small quantities, may adversely affect the quality of water for drinking and the aquatic life in the contaminated water body.



Noradrenaline (NA) is a catecholamine neurotransmitter that dual functions as a hormone. NA hormone is produced by the adrenal glands and nerve endings in response to anxiety, stress, memory, and sleep; it is also responsible for the body’s “fight or flight” response [10,11]. NA is known to cause an increase in patients’ blood pressure [12]. The presence of abnormal levels of NA in bodily fluids is linked to mental health illnesses, neurogenerative diseases, and cancerous tumours [10,12]. Thus, the detection in body fluids, such as blood and urine, is an imperative tool in the medical industry in the early detection and diagnosis of cancer. Therefore, the environmental monitoring of NA in wastewater would prove beneficial by providing an overall health assessment of the population, also allowing the opportunity to understand its accumulation, transformation, and effect on the quality of the environment. Analytical techniques reported for the determination of NA require sophisticated instrumentation such as liquid chromatography (LC) [13], mass spectroscopy (MS) [14], and fluorometric techniques [15] for the determination of NA at low concentrations. Hence, the existing analytical methods of NA detection require sophisticated instrumentation and require complicated procedures. Therefore, optical biosensors are a suitable option for providing time and cost-efficient, sensitive, selective and specific detection of contaminants and offering on-site analysis for effective environmental monitoring [16]. Recently, the analysis of neurotransmitters such as NA in wastewater has gained more interest from researchers. Casadio et al. investigated molecularly imprinted polymers for thermal detection of NA in an aqueous solution up to environmental relevant concentration [17]. In another study, Mukdusai et al. fabricated a novel electrochemical sensor for the determination of NA using multi-walled carbon nanotubes [18]. In general, the occurrence of neurotransmitters in the environment is greater than first anticipated and more researchers are now developing a rapid method for their detection in surface waters [13,19,20]. Pandopulos et al. developed a sensitive method for the measurement of neurotransmitter metabolites in wastewater [21].



Colloidal gold nanoparticles (AuNPs) are ideal colorimetric biosensors due to their (i) simple functionalization, (ii) unique optical properties, and (iii) simple synthesis of uniform shape and size particles [22,23]. Their unique optical property is the localized surface plasmon resonance (LSPR), which is a result of the interaction of light and conduction of the delocalized electron bands on citrate-capped colloidal AuNPs [24,25]. The LSPR is dependent on the distance between nanoparticles. Therefore, the introduction of an analyte promotes the selective and sensitive aggregation of AuNPs, which can be interpreted as an analytical signal. The aggregation decreases the distance between the nanoparticles (NPs) and results in the shift of the LSPR of AuNPs to a longer wavelength [10,26,27]. This allows for the bare-eye detection based on colour modulation of the original ruby-red solution to blue. This bare-eye detection technique coupled with UV–vis spectrophotometry provides for the simple, fast and in-situ qualitative and quantitative determination of the target analyte to be studied.



Therefore, this study describes a spectroscopic technique to detect and quantify NA in wastewater. Upon the addition of NA, the citrate-capped colloidal AuNPs interact via electrostatic response and therefore result in aggregation of the colloidal AuNPs accompanied by a shift to a longer wavelength. The aggregation provides a colour modulation, which allows the detection of NA by the bare eye, and the plasmonic peak at the visible region allows quantification of NA up to 140.5 μM in wastewater.




2. Materials and Methods


2.1. Reagents and Apparatuses


Gold(III) chloride trihydrate (99.9%), L-norepinephrine hydrochloride (noradrenaline) (98.0% HPLC grade), salicylic acid, xylitol, sulfamethoxazole, and acetic acid were purchased from Sigma Aldrich. Acetaminophen and phenacetin were purchased from BDH laboratory reagents. Caffeine was purchased from UniLab. Trisodium citrate dihydrate was purchased from Merck. All reagents were used without further purification. All aqueous solutions were prepared using 18.2 MΩ cm Millipore water.




2.2. Instrumental Specifications and Parameters


UV–vis absorption spectra were recorded on an Ocean Optics spectrometer HR200+ high-resolution spectrometer using a 1 cm pathlength quartz cuvette with the light source shutter, halogen and deuterium bought from Ocean Optics (Duiven, The Netherlands). TEM images were obtained using a JOEL 1010 transmission electron microscope. XRD patterns were recorded using the Bruker AXS with a D8 advanced spectrometer with a step size of 0.034° and a 2ϴ range of 20–100°. FT-IR spectra were captured using PerkinElmer Spectrum 100 FT-IR Spectrometer at a wavelength range of 400–4000 cm−1 bought from PerkinElmer (Midrand, South Africa). Zetasizer ultra zeta meta (Malvern Panalytical, Malvern, UK). All analyses were conducted at room temperature 25 ± 3 °C.




2.3. Preparation of Citrated-Gold Nanoparticles


Citrate-capped AuNPs were prepared in Millipore water via the Turkevich citrate reduction method of reducing gold(III) chloride trihydrate as shown in Scheme 1 [25]. Firstly, 0.0202 g of gold(III) chloride trihydrate was added to 190 mL of boiling Millipore water on a hotplate. When the 0.27 mM gold solution was vigorous boiling, 10 mL of 13.54 mM sodium citrate (0.1747 g in 50 mL) was instantly added to the heating system. The solution was left vigorously boiling until the solution underwent a colour modulation from yellow to colourless to black and finally, ruby red. The solution was removed from the hotplate and cooled to room temperature upon obtaining the ruby-red colour. After that, the solution was transferred into a glass bottle and stored in a dark place at room temperature for several weeks.




2.4. Sensing of NA and Selectivity Studies


For NA sensing, standards of 50–750 μM were freshly prepared in Millipore water. A volume of 1 mL of citrate-capped AuNPs was added to 1 mL of the corresponding NA standard. The mixture was shaken for 5 min before the UV–vis spectra were obtained at room temperature. This procedure was repeated for samples related to NA analysis.



To ensure the selectivity of the colloidal probe, sensing of possible interferences (acetaminophen, phenacetin, salicylic acid, caffeine, xylitol, and sulfamethoxazole) were tested. The selectivity studies were conducted as described in sensing of NA, the concentration of 500 μM prepared in Millipore water was chosen for the possible interference-studied analytes.




2.5. Analysis of NA in Real Water Samples


To ensure the reliability of the colloidal nanoparticle probe, NA in a real environmental water sample was tested via the standard addition method. The water samples were obtained from the Darville WasteWater Treatment Site in KwaZulu Natal, South Africa. Briefly, 1 mL of the real water sample was added to the NA standards and made up with Millipore water thereafter.





3. Results


3.1. Characterisation of Citrate-Capped Colloidal AuNPs


The colour modulation of the yellow gold solution to the ruby-red solution confirmed the synthesis of citrate-capped AuNPs, indicating the reduction of Au+ → Au0 (Figure 1a) [25,28]. The synthesized citrate-capped colloidal AuNPs were characterized by UV–vis spectrophotometry, FT-IR, XRD, and TEM and the results are presented in Figure 1. The UV–vis confirmed the LSPR absorbance peak at λmax 526 nm, which is a characteristic absorption band of AuNPs (Figure 1a). The FT-IR spectra of citrate-capped colloidal AuNPs (Figure 1b) show a broad band ranging from 3400–3200 cm−1 and a peak at 1642 cm−1 that was attributed to the C-OH and asymmetric stretch of COO− of citrate groups, indicating the presence of citrate on the surface of the AuNPs. The XRD pattern (Figure 1c) was used to investigate the crystallinity and size of citrate-capped AuNPs. The citrate-capped AuNPs exhibited characteristic peaks at 38.473, 44.74, 65.135, and 78.229°, with corresponding Bragg reflections at (111), (200), (220), and (311) of a face cubic centre (fcc) lattice. The intense peak at 38.473° indicates the preferred growth orientation (moderate texture) of the Au0. Overall, the pattern is typical of citrate-capped AuNPs with small intensities resulting from the organic residue present in the sample and an apparent average particle size of 34.63 ± 3.1 nm. The size and shape of citrate-capped AuNPs were also confirmed via several TEM images; it was observed that the average particle had a spherical shape with a size of 19 ± 1 nm, which differs from the value obtained with the XRD diffractogram. However, the XRD value was close to the average diameter of 40 nm determined using the zeta sizer instrument shown in Figure 1f.




3.2. Characterisation of Aggregated Colloidal AuNPs


The introduction of NA into the citrate-capped colloidal AuNPs resulted in an instant colour modulation from an intense ruby-red colour to a deep blue colour. This was due to the shift in the LSPR peak as a result of aggregation of the citrate-capped colloidal AuNPs. UV–vis spectroscopy and TEM images in Figure 2, further confirm the interaction of NA and AuNPs. The UV–vis spectrum shows the peak at 526 nm of AuNPs decreases in absorbance with the appearance of an increasing peak at 642 nm proportional to the concentration of the target analyte. This is due to the integration of the negative citrate charges and positive amine group charges via electrostatic forces, bringing about the aggregation of the citrate-capped colloidal AuNPs. The TEM images in Figure 2b shows that the shape of the AuNPs remains spherical and the average particle size (20 ± 1 nm). This supports a scenario whereby the shift in the LSPR peak of the citrate-capped colloidal AuNPs is due to the presence of NA, causing AuNPs aggregates. This aggregation results from the electrostatic interaction between the negatively charged citrate and positivity charges amine group promoted by the affinity of nitrogen for Au colloids on NA, supported by TEM images. The formation of aggregate was further confirmed by zeta sizer in Figure 2d, an observable peak at 122 nm, which was attributed to the size of aggregated nanoparticles.




3.3. Method Development


Since NA in wastewater has not been evaluated or regulated, and its concentration permissible in environmental water has not been set, the concentration range evaluated in this study was between 0–500 μM. In Figure 3a, the colour varies with a concentration in the targeted range; changes from a light red colour at low concentrations (0–200 μM), to violet mid-concentrations (250–350 μM) and finally, blue at the high-concentrations (400–500 μM). This is due to robust aggregation at higher concentrations of NA, resulting in a wavelength shift from 526 nm to 645 nm.



Absorbance increases proportionally to the concentration of NA in Figure 3b at 645 nm wavelength. In Figure 3b–d, different calibration curves were constructed and regression analysis was performed to evaluate them, a plot of absorbance ratio at 645/526 nm versus concentration of NA shows a good analytical signal (Figure 3). The R2 values of absorbance at 526 nm were very low at 0.2319, at 654 nm, and at the absorbance ratio R2 = 0.99. The R2 improved at the absorbance ratio (R2 = 0.9932). This is because the aggregation depends on both concentrations of NA and Au colloids.



Limit of Detection (LOD) and Limit of Quantification (LOQ)


The LOD and LOQ were obtained from the calibration curves shown in Figure 3, validation results are presented in Table 1. LOD and LOQ were calculated using formulas 3.3 σ/S and 10 σ/S, respectively. Where σ is the standard deviation and S is the slope of the curve. The absorbance ratio calibration curve had low detection limits due to free Au colloids correcting aggregated AuNPs, functioning similarly to an internal standard. Detection limits were low enough to allow this proposed colorimetric probe method to be applied in the quantification of NA in wastewater.



The citrate-capped AuNPs probe was tested against possible compounds normal detected in wastewater; acetaminophen, phenacetin, salicylic acid, caffeine, xylitol, and sulfamethoxazole. In Table 2, the probe demonstrated selectivity for NA only over investigated analytes demonstrating the environmental suitability of the probe.






4. Discussion


4.1. Application of Citrate-Capped Colloidal AuNPs Probe in Wastwater


The proposed colorimetric probe was tested for its efficiency in determining NA in complex matrices. The probe was tested in wastewater obtained from the Darville Wastewater Treatment Plant via the standard addition method. In Figure 4, the calibration curve was constructed using the absorbance ratio with 1 mL of wastewater added. The linearity of the R2 value decreased in comparison to the calibration curve obtained in Millipore water, indicating potential matrice interferences and supporting the use of the standard addition method. However, the calibration curves were not significantly different, indicating that the matrix effect is low and was kept at a minimum by using a smaller volume of sample. The concentration of NA in wastewater was found to be below the quantification limits.




4.2. Comparison with the Literature


Colloidal nanoparticles probe present alternative analytical methods for monitoring environmental contaminants because they are very easy to prepare, cheap, and versatile. The colorimetric sensing application of AuNPs to detect the target analyte relies on the quantitative coupling between colloidal nanoparticles. Table 3 shows promising visual readout sensors that have been developed to detect various analytes. There is a need to develop techniques for on-site monitoring of emerging contaminants and biomarkers. The methods provided are recent, showing that the use of colloidal AuNPs for detection is ongoing research, which is under development.





5. Conclusions


The findings of this study proved that simple, fast and low-cost citrate-capped colloidal AuNPs can be used for colorimetric and spectrophotometric detection of NA in wastewater. Citrate-capped colloidal AuNPs with a diameter of 18 ± 1 nm were synthesised via Turkevich’s method. In the presence of NA, the ruby-red solution of AuNPs underwent a colour modulation to blue, indicating the formation of aggregates. This results in a shift of the citrate-capped AuNPs LSPR peak from 526 nm to 645 nm due to the aggregation of citrate-capped AuNPs. The LOD and LOQ were 42.16 and 140.54 μM, respectively. The linearity range was 0–500 μM with an R2 of 0.9932 using the absorbance ratios. The wastewater application of the method proved to detect moderate levels of NA. The proposed technique can be used to investigate the accumulation, transformation, and removal efficiency of NA in wastewater treatment plants.
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Scheme 1. Preparation of nanoparticle probe and sensing of NA. 
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Figure 1. The characterization of citrate-capped AuNPs via, (a) UV–vis spectroscopy and colour modulation, (b) FT-IR spectroscopy, (c) XRD analysis, (d) TEM imaging, (e) particle size distribution obtained from several TEM images, and (f) zeta sizer size distribution. 
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Figure 2. The characterization of citrate-capped AuNPs colloidal aggregated by NA, (a) UV–vis spectroscopy and colour modulation, (b) TEM imaging, (c) particle size distribution obtained from several TEM images and (d) zeta sizer size distribution. 
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Figure 3. Response of NA to citrate-capped AuNPs (a) colour variation, (b) UV–vis spectra of AuNPs and NE, and calibration curves plotted from (c) absorbance at 526 nm, (d) absorbance at 645 nm, and (e) ratio of 645 and 526 nm as a function of NA standards from 0–500 μM. 
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Figure 4. Analysis of NA in wastewater using colloidal gold nanoparticles by the standard addition method. 
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Table 1. The LOD and LOQ for NA using citrate-capped AuNPs.
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	Calibration Curve
	Linearity Range/µM
	R2
	STDEV Factor
	LOD
	LOQ





	A526
	0–500
	0.2319
	0.000613
	919.8
	3065.9



	A645
	0–500
	0.9918
	0.00505
	50.3
	167.8



	A645/526
	0–500
	0.9932
	0.0126
	42.2
	140.5
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Table 2. The selectivity of the citrate-capped AuNPs against NA and possible interferences.
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	Interreference
	Use
	Chemical Formula
	Selectivity Test





	Noradrenaline
	Hormone [10]
	C8H11NO3
	Positive



	Acetaminophen
	Drug [29]
	C8H9NO2
	Negative



	Phenacetin
	Drug [30]
	C10H13NO2
	Negative



	Salicylic Acid
	Hormone [31]
	C7H6O3
	Negative



	Caffeine
	Constituent in drugs and food [32]
	C8H10N4O2
	Negative



	Xylitol
	Sweetener [33]
	C5H12O5
	Negative



	Sulfamethoxazole
	Antibiotic [34]
	C10H11N3O3S
	Negative










[image: Table] 





Table 3. Comparison of the current method with the literature.
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	Colloidal Gold
	Type
	Technique
	Analyte
	Matrices
	Reference





	Probe
	Antibiotic
	UV–vis
	Sulfamethazine
	Tap and lake
	[35]



	Probe
	Antibiotic
	UV–vis
	Oflaxacin
	Model solution
	[36]



	Probe
	Metal
	UV–vis
	Silver
	River and tap Water
	[26]



	Probe
	Biomarker
	UV–vis
	Noradrenaline
	Wastewater
	Current Study
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