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A B S T R A C T   

In this work, gold nanoparticles coated with polyvinylpyrrolidone (PVP-AuNPs) were used as a 
colorimetric probe for the sensitive, selective, simple, and rapid determination of atenolol (ATN). 
Indeed, atenolol triggered the aggregation of PVP-AuNPs via hydrogen bonding, electrostatic 
interactions, and dipole-dipole forces with PVP on the surface of AuNPs, causing the colloidal 
solution’s color to shift from red to blue. SEM, TEM, FT-IR, UV–Vis, zeta potential, and other 
methods were used to characterise the PVP-AuNPs that were created as well as their aggregates. 
An excellent linear relationship between the absorption ratio (A690/A521) and the concentration 
of ATN in the range of 0.07–3.0 μM with a detection limit of 0.023 μM was discovered by opti
mising the experimental settings. The influence of potential interfering species on the measure
ment of ATN was investigated, and it was discovered that the developed colorimetric sensor had 
satisfactory selectivity. Finally, the presented method was used to measure ATN in tablet and 
blood plasma samples, and the obtained recovery values showed great promise for the use of the 
proposed sensor in clinical applications.   

1. Introduction 

Twenty-five percent of adults worldwide have hypertension or cardiovascular disease. As a result, β-blocker medications are 
increasingly being used to treat hypertension. Atenolol (ATN) is a β-blocker drug that is widely used to regulate blood pressure by 
blocking β1 adrenergic receptors [1–3]. In addition, the use of this drug by athletes is considered doping because of its sedative 
properties [4,5]. Since the usage of ATEs is prohibited by the World Anti-Doping Agency (WADA), particularly for use by athletes in 
some sports, ATE-level monitoring is essential for drug abuse detection, particularly in athletes. In addition, level monitoring for 
patient dose management is of notable importance [6]. Atenolol is being used more often, which means that significant amounts of the 
drug and its metabolites may end up in surface water due to home sewage or wastewater treatment facilities. The examination of ATN 
is crucial for pharmacological and environmental studies because of its potential toxicity to aquatic organisms. The development of a 
quick screening technique to find its presence in pharmaceutical formulations and/or natural waters is therefore intriguing [7]. On the 
other hand, due to the narrow therapeutic window and significant toxicity of ATN at high dosages, monitoring this drug needs a 
sensitive and selective analytical method [8]. Due to their high sensitivity and selectivity, various chromatographic techniques have 
been used to measure ATN up until now [9]. However, despite the advantages mentioned, chromatography methods have limitations, 
such as the necessity for skilled and experienced operators, costly instrumentation, and special and expensive solvents. Apart from the 
aforementioned cases, another drawback of this method is the requirement for complicated sample pre-preparation processes that take 
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a lengthy time. While nanoparticle-based colorimetric sensors provide great accuracy and precision for measuring pharmaceuticals 
and chemicals, they are also considered simple and highly rapid techniques [10–12]. 

Due to their localised surface plasmon resonance (LSPR) characteristics, noble metal nanoparticles are now often used in optical 
sensors. For example, gold nanoparticles (AuNPs) are frequently used in colorimetric assays to determine a variety of analytes, 
including metal ions, macromolecules, and small molecules. This is because they have excellent chemical stability, a high extinction 
coefficient in the visible region of the spectrum, and an LSPR property in the visible region [13–17]. The LSPR characteristic of AuNPs 
has already been demonstrated to be affected by shape, size, nanoparticle environment, and inter-particle distance [18,19]. Therefore, 
when the distance between AuNPs decreases due to aggregation, a significant red shift occurs in their LSPR spectrum, which is the basis 
of colorimetric sensors [20–24]. On the other hand, modifying the surface of AuNPs to create aggregations in the presence of analytes is 
critical [25–27]. Hence, we modified the surface of AuNPs using polyvinylpyrrolidone (PVP) in order to develop a selective, sensitive, 
simple, and quick colorimetric sensor for the measurement of ATN (Fig. 1). In fact, atenolol promotes PVP-AuNPs to aggregate via 
hydrogen bonding, electrostatic interactions, and dipole-dipole interaction with PVP on the surface of AuNPs, which results in the 
colloidal solution shifting color from red to blue. The evaluation of the suggested sensor for detecting ATN in real samples demon
strates its high efficiency in pharmaceutical formulations, clinical, and hospital applications. 

2. Materials and methods 

2.1. Reagents and materials 

Alfa Aesar® provided the hydrogen tetrachloroaurate (III) trihydrate (HAuCl4⋅3H2O, 99.9 %). We supplied Atenolol and poly
vinylpyrrolidone (PVP) with molecular weight ≈ 55,000 from Sigma-Aldrich®. Trisodium citrate dihydrate (Na3C6H5O7⋅2H2O), and 
other chemicals used were products of Merck® Company. We used deionized water (DI) with a resistivity of 18.2 MΩ cm and pH ≈ 6–7 
to prepare our aqueous solutions. 

2.2. Apparatus 

An Agilent® 8453 spectrophotometer (USA) was utilized to collect absorption spectra. Using a field-emission microscope (TESCAN 
MIRA3 LMU, Czech Republic) running at an accelerating voltage of 15 kV, scanning electron microscopy (SEM) pictures were ob
tained. Using a Philipps EM 208 S microscope set to 100 kV, images from transmission electron microscopy (TEM) were captured. A 
PerkinElmer® (Model Spectrum GX) infrared spectrometer was used to do Fourier transform infrared (FTIR) analysis in the 4000-400 
cm− 1 wave region. The zeta potential of the particles measured using from a HORIBA® Nano Particle Analyzer SZ-100 (Japan). An 
elma-E− 100-H – Elma Ultrasonic bath (Germany) and a Hettich®- UNIVERSAL 320 benchtop centrifuge (Germany) were used during 
experiments. A DanChrom® HPLC system (Kianshar Danesh Co., Iran) equipped with a multi-wavelength UV–Vis detector, along with 
clarity and compiler software was used for HPLC analysis. 

2.3. Synthesis of AuNPs coated with PVP 

Before synthesis, all glassware was washed in a bath of freshly made aqua regia (1:3 HNO3/HCl) and completely rinsed with DI 
water. According to the literature, the AuNPs were synthesized by reducing HAuCl4 with citrate [28]. First, a 100.0 mL two-neck flask 
was filled with a 1.0 mM HAuCl4 solution, followed by a condenser in one neck and a stopper in the other. The flask containing the 
HAuCl4 solution was then put in a 100 ◦C silicon oil bath to reflux under stirring conditions. The reaction solution was allowed to reflux 
for an additional 20 min after 10.0 mL of a 38.8 mM sodium citrate solution was added as soon as the reflux began (the solution’s color 
has now changed from light yellow to deep red). The flask was removed from the bath and allowed to cool down to room temperature 
while being swirled. Finally, functionalized AuNPs with PVP were obtained using a ligand exchange reaction by adding 100.0 mg of 
PVP to the colloidal AuNPs solution while vigorously stirring and staying for 2 h under the same conditions for PVP to be placed on the 
surface of the AuNPs. Finally, the PVP-AuNPs were dispersed in DI water after the resulting colloidal solution was centrifuged three 
times at 12,000 rpm to eliminate any remaining PVP and citrate from the system. 

2.4. Colorimetric detection of ATN using the PVP-AuNPs 

For colorimetric detection of ATN, first 2.5 mL of colloidal solution PVP-AuNPs and different volumes of standard ATN solution 

Fig. 1. Chemical structure of Atenolol.  
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were added to a series of 5.0 mL volumetric flasks, and then the flasks were filled with DI water up to the marked line. It should be 
mentioned that no buffer was needed because the pH of the deionized water used was between 6 and 7 (optimal pH). After thoroughly 
mixing the resulting solutions, their absorption spectra were immediately recorded using a UV–Vis spectrophotometer, and the 
analytical signal was defined as the absorption ratio (A690/A521). 

2.5. Determination of ATN in real samples 

The Iranian Blood Transfusion Organisation (IBTO) provided plasma samples, which were stored in a refrigerator before pro
cessing. The proteins were precipitated and separated from the samples by centrifuging the mixture for 20 min at 4000 rpm after 
thoroughly combining 0.2 mL of plasma samples with 1.6 mL of acetonitrile. The resultant supernatant was then diluted with DI water 
up to ten times. ATN was not found in plasma samples, thus different concentrations of ATN were added, and the recovery analysis was 
performed under the best lighting conditions with the colorimetric sensor that was planned. For the tablet samples’ analysis, 10 tablets 
from the Sobhan Darou company (Iran, Tehran) with a label reading of 50.0 mg each were weighed, completely ground into powder, 
and then 100.0 mg of that powder was measured and added to 50.0 mL of DI water in a volumetric flask. Following that, it spent 30 min 
being sonicated in an ultrasonic bath. Following a 25-min centrifugation of the solution at 4000 rpm, the supernatant was filtered 
through ordinary filter paper. Finally, the recovery test was conducted using the suggested methodology. At the end of the process, the 
supernatants were collected and analyzed with high-performance liquid chromatography (HPLC) according to the United States 
Pharmacopeia (USP) monograph (Detection wavelength: 226 nm, Temperature: 25 ◦C, Column: C18, Flow rate: 0.6 mL/min, Injection 
size: 10 μL, Mobile phase: Sodium 1-heptansulfonate, Anhydrous dibasic sodium phosphate, and Dibutylamine). 

3. Results and discussion 

3.1. Characterization 

As previously stated, surface modification of AuNPs is required to increase their selectivity for colorimetric sensors. Hence, to 
achieve this aim, AuNPs were functionalized with PVP for the determination of ATN. The successful synthesis of AuNPs coated with 
PVP was demonstrated using SEM, TEM, FT-IR, and UV–Visible spectroscopy techniques. The SEM and TEM images (Fig. 2a and b) 
show that spherical AuNPs with dimensions of around 13 nm and excellent monodispersity were successfully synthesized. The findings 

Fig. 2. SEM (a,c) and TEM (b,d) images of PVP-AuNPs in the absence (a,b) and presence (c,d) of ATN (the inset shows the size distribution of the 
PVP-AuNPs). 
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of the SEM and TEM images are confirmed by a narrow-width absorption peak at 521 nm in the UV–Vis spectrum (Fig. 3b). FT-IR 
spectroscopy was also employed to validate the surface modification of AuNPs with PVP. The FT-IR spectrum of PVP-AuNPs is 
depicted in Fig. 3a, and it is comparable to that of pure PVP. However, when compared to pure PVP, the CO stretch vibrational band 
exhibits a significant red-shift, which suggests that PVP is chemisorbed on the surface of AuNPs via the oxygen atom of its carbonyl 
group while the structure of PVP is left unaltered [29]. These findings demonstrate that the surface of AuNPs is completely coated with 
PVP. 

3.2. Mechanism of ATN detection 

The technique of atenolol measurement utilising PVP-AuNPs is depicted in Scheme 1. ATN colorimetric detection is based on the 
fact that PVP-AuNPs aggregate in the presence of atenolol, which causes a red-to-blue color change in the PVP-AuNPs solution. PVP is a 
solid dispersion excipient used in the pharmaceutical industry to increase the solubility and bioavailability of ATN. It has been shown 
that PVP interacts very strongly with ATN through hydrogen bonding and dipole-dipole forces [30,31], which are the crucial 
mechanisms of aggregation of PVP-AuNPs. Indeed, in aggregation, dipole-dipole interaction has occurred between –C––O of polymer 
(PVP) and –C––O of atenolol. Thus, in the proposed colorimetric sensor, PVP placed on the surface of AuNPs causes their aggregation 
via the mentioned interactions with ATN. In the first step, the UV–Visible spectroscopy technique was used to confirm these findings. 
As shown in Fig. 4, in the absence of atenolol, AuNPs exhibit an absorption peak at 521 nm; however, by introducing a certain amount 
of ATN, a new absorption peak at 690 nm appears, indicating the formation of AuNPs aggregation. In the meantime, it is easy to see 
how the color of the AuNPs solution changed from red to blue (see the inset of Fig. 4). In other words, the intensity of the absorption 
peaks at 521 and 690 nm is affected by the degree of dispersion and aggregation of AuNPs, respectively. Indeed, the value of 
(A690/A521) represents the ratio of aggregated to dispersed AuNPs. SEM and TEM images clearly show the formation of AuNPs ag
gregates and confirm the results obtained from UV–Visible spectra (Fig. 2c and d). 

Fig. 3. a) FT-IR spectra of PVP and PVP-AuNPs. b) UV–Vis spectrum of PVP-AuNPs.  
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3.3. Optimization of experimental conditions for ATN sensing 

Since the physicochemical properties of the surfaces of AuNPs and ATN are pH- dependent, this parameter may affect the color
imetric sensor’s response. Fig. 5a shows that the ratio of A690/A521 is very low at the acidic pH, indicating that AuNPs aggregation does 
not occur. In the acidic pH range, ATN is protonated (pKa = 9.6) and hence has a positive charge [32,33]. PVP, on the other hand, acts 
as a capping agent for AuNPs and, according to the results of zeta potential calculations, has a positive charge (Fig. 5c). Therefore, as 
electrostatic repulsion between charges are similar, the drug’s electrostatic attraction to PVP precludes the formation of AuNPs ag
gregates at pH levels lower than 6. Due to the electrostatic attraction, hydrogen bonds, and dipole-dipole interaction between ATN and 
PVP-AuNPs, atenolol aggregates and changes the color of the solution from red to blue at pH 6–8, where atenolol still has a positive 
charge and PVP has a negative charge. In addition to dramatically lowering ATN’s solubility under alkaline conditions, hydroxide ions 
also compete with the medication for surface adsorption and stop it from interacting with PVP-AuNPs. 

The response time of the suggested colorimetric sensor was then studied. Because the interaction between PVP-AuNPs and ATN is 
very fast, the colorimetric sensor response remained constant from 0 to 15 min (Fig. 5b). As a result, absorption spectra were recorded 
immediately after adding ATN to AuNPs. 

Scheme 1. General route for sensing ATN using the designed colorimetric sensor.  

Fig. 4. UV–Vis spectra of PVP-AuNPs in the absence (a) and presence (b) of ATN (the inset shows changing color of PVP-AuNPs from red to blue 
after adding ATN). 
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3.4. Selectivity 

To evaluate the selectivity of the designed colorimetric sensor, 0.5 μM of ATN was determined under optimal conditions in the 
presence of possible interferents, including different ions (PO4

3− , SO4
2− , Mg2+, Ca2+, Na+, K+, Cl− , and NO3

− ) and biological species (uric 
acid, urea, glucose, sucrose, fructose, lysine, and ascorbic acid). Since blood pressure-lowering medications are frequently taken in 
combination, the interfering effect of propranolol and metoprolol which are frequently administered with ATN was also investigated. 
The outcomes are displayed in Table 1. As can be seen, when the tolerance level of 5 % is taken into consideration, which is thought to 
be the greatest concentration of interferents causing a relative error of less than 5 % on the analyte response, the studied species show 
no interference on the atenolol assay. 

To better show the selectivity for ATN, the colorimetric response in the presence of several interferences has been graphically 
demonstrated in Fig. 6. The suggested sensor has great selectivity and may be utilized to measure ATN in real samples with a complex 
matrix as a result of these findings. 

Atenolol possesses two amino groups (-NH and –NH2) and one hydroxyl group. These are the interactive sites in which hydrogen 
bindings with the synthesized nanoparticle occur and result in rapid aggregation. Other interferent molecules with amino or hydroxyl 
groups may interact with PVP-AuNPs but won’t result in aggregation. One possible reason could be the presence of fewer amino groups 
in the interferent molecules (such as propranolol and metoprolol). Anther possible reason could be attributed to the limitation of stereo 
geometry of the moiety connected with the amino group in the interferent molecules. 

3.5. Sensitive colorimetric determination of ATN 

The absorption spectra of PVP-AuNPs (Fig. 7a) were recorded after introducing different concentrations of ATN under optimal 
conditions. Looking at Fig. 7, it is apparent that, as the concentration of atenolol increases, the intensity of the 521 nm peak decreases 
and a new peak appears at longer wavelengths, which gradually shows a significant red shift in addition to the increase in intensity, 

Fig. 5. a) Effect of pH on absorption ratio A690/A521 in presence of 2 μM ATN b) Effect of the incubation time on absorption ratio A690/A521 of 
the system with 2 μM ATN c) Zeta potential of PVP-AuNPs. 

Table 1 
Interference effects of several coexisting substances for 0.50 μM of ATN.  

Substance MACa (μM) Calculated ATNb (X ± SD) 

Na+, K+, Ca2+, Mg2+, SO4
2− , PO4

3− , NO3
− , Cl− 10,000 0.487 ± 0.002 

Glucose, Sucrose, Fructose, Ascorbic Acid, Lysine 5000 0.497 ± 0.001 
Uric Acid, Urea 3000 0.503 ± 0.002 
Propranolol 500 0.513 ± 0.001 
Metoprolol 100 0.508 ± 0.003  

a Maximum Allowable Concentration. 
b Mean of three replicate analyses (n = 3). 
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Fig. 6. Selectivity study of the colorimetric probe for ATN (Concentration of ATN: 0.5 μM).  

Fig. 7. a) UV–Vis spectra of the PVP-AuNPs in the presence of different amount of ATN (0.07–3.0 μM) b) Plot of the absorption ratio (A690/A521) 
vs. different concentrations of ATN. 

Table 2 
Comparison of the proposed method with alternate approaches for determination of ATN.  

Analysis Method LDRa (μM) LOD (μM) Ref. 

LC-MS/MSb 0.0038–3.00 0.0038 [34] 
MMIP-CE/DADc 0.0188–5.63 0.0188 [35] 
LC–HRMSd 0.0939–5.63 0.0939 [36] 
UV–Vis 5.63–67.58 0.86 [37] 
Fluorescence/QDse/AuNPs 3.94–42.13 3.94 [38] 
Electrochemical/PDA/GCEf 0.10–1.00 0.027 [39] 
Electrochemical/DMZN/CPEg 0.11–125.87 0.010 [3] 
Electrochemical/Lac/PAZh-Bi2Se3 NPs/GCE 3.00–130.00 0.15 [1] 
This work 0.07–3.00 0.023 –  

a Linear dynamic range. 
b Liquid chromatography-mass spectrometry/mass spectrometry. 
c Magnetic molecularly imprinted polymer-capillary electrophoresis/diode array detection. 
d Liquid chromatography–high resolution TOF mass spectrometry. 
e Quantum dots. 
f Poly-dopamine/glassy carbon electrode. 
g DyMnO3-ZnO nanocomposites/carbon paste electrode. 
h Laccase/polyaziridine. 
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and eventually the position of the new peak at 690 nm remains constant. As a result, the calibration curve was created using changes in 
the absorbance ratio (A690/A521) that were proportional to the ATN concentration (Fig. 7b). The findings demonstrate a strong linear 
association (correlation coefficient of 0.9972) between the analytical signal value (A690/A521) and the concentration of ATN in the 
range of 0.07–3.0 μM. The signal-to-noise ratio (S/N = 3) was used to compute the limit of detection (LOD), and the result was 0.023 
μM. Additionally, the outcomes of the proposed sensor’s use were compared with those of alternative ATN measurement techniques. 
Table 2 shows that the suggested method outperforms most other methods in terms of sensitivity, linear range, and limit of detection. 

3.6. Real sample analysis 

ATN was evaluated in blood plasma and tablet samples to assess the practical application of this recently designed colorimetric 
sensor. The results are presented in Tables 3 and 4, and obtained were a mean of three replicate (n = 3). As can be identified, the 
recoveries fell between 98.2 and 102.2 %, with a relative standard deviation (RSD) of less than 2.15, demonstrating the proposed 
sensor’s capability to detect ATN in human plasma and tablet samples. The sensor that was created is therefore appropriate for use in 
medical settings like hospitals. To evaluate the efficiency of our probe, the results of the colorimetric method have been compared to 
the results obtained from the HPLC method, which show virtually similar values. 

4. Conclusion 

In this investigation, AuNPs functionalized with PVP were employed as a colorimetric probe to carry out a quick, easy, sensitive, 
and specific detection of ATN. As a result of ATN’s selective interaction with PVP via hydrogen bonds and dipole-dipole forces, AuNPs 
clump together and the colloidal solution’s color shifts from red to blue. AuNPs functionalized with PVP were used in this study as a 
colorimetric probe to quickly, easily, sensitively, and precisely detect ATN. ATN selectively interacts with PVP through hydrogen 
bonds, electrostatic interactions and dipole-dipole forces, causing AuNPs to clump together and the color of the colloidal solution to 
change from red to blue. The LSPR peak exhibits a substantial red shift from 521 to 690 nm as well. With a detection limit of 0.023 μM, 
the absorbance ratio (A690/A521) was therefore chosen as the analytical signal, which was discovered to have a strong linear cor
relation with ATN concentrations ranging from 0.07 to 3.0 μM. Additionally, it was demonstrated that the colorimetric sensor that has 
been introduced offers a lot of potential for detecting ATN in biological and clinical samples through the examination of real samples. 
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Table 3 
Recovery of ATN (μM) in the blood plasma samples under optimum conditions (n = 3).  

Sample Colorimetric method HPLC method  

Added (μM) Found (μM) (X ± SD) Recovery % RSD % Found (μM) (X ± SD) Recovery % RSD % 

Blood Plasma 0.000 N.D.a – – –   
0.100 0.101 ± 0.002 101.0 2.15 0.1005 ± 0.117 100.5 1.18 
0.500 0.494 ± 0.006 98.8 1.23 0.499 ± 0.005 99.8 1.10 
1.500 1.473 ± 0.011 98.2 0.75 1.486 ± 0.014 99.1 0.96 
2.000 2.016 ± 0.012 100.8 0.60 2.04 ± 0.025 101.2 1.25  

a Not detected. 

Table 4 
Determination of ATN in commercial tablets (n = 3).  

Sample Colorimetric method HPLC method 

Added (mg) Found (mg) (X ± SD) Recovery % RSD % Found (mg) (X ± SD) Recovery % RSD % 

Tablet (50 mg/tablet) 0.0 50.2 ± 1.079 100.4 2.15 49.75 ± 0.930 99.5 1.87 
25.0 74.8 ± 1.069 98.4 1.43 75.45 ± 1.177 100.6 1.56 
50.0 101.3 ± 0.861 102.2 0.85 101.8 ± 0.946 101.8 0.93  
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influence the work reported in this paper. 
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