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Antipsychotic drugs like chlorpromazine hydrochloride (CPZ) are widely used to treat mental illnesses but
can accumulate in the environment if not properly disposed of. Long-term exposure to trace levels of such
pharmaceuticals may pose health risks. This study reports a colorimetric assay for detection of the

antipsychotic drug chlorpromazine hydrochloride (CPZ) based on its ability to reduce gold ions and form

gold nanoparticles (AuNPs). Optimization of reaction conditions such as pH, temperature and reagent
concentrations enabled quantitative analysis of CPZ concentrations from 0.1-30 pg mL7% with
a detection limit of 0.06 pg mL~%, 0.23 ng mL~! quantification limit and less than 3.5% RSD. The AuNPs

exhibited a characteristic surface plasmon
spectrophotometry. Method validation with spiked serum, urine and environmental water samples

Received 14th August 2023
Accepted 3rd January 2024

resonance band at 527 nm detectable by UV-vis

demonstrated acceptable accuracy and precision. Interfering substances showed minimal impact,
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1 Introduction

Gold nanoparticles (AuNPs) have unique optical and chemical
properties that make them well-suited for analytical sensing
applications. When AuNPs have dimensions smaller than
50 nm, they exhibit strong light absorption in the visible region
due to surface plasmon resonance.'” The position and intensity
of this absorption peak depends on factors like AuNP size,
shape and aggregation state.*® Importantly, the surface plas-
mon resonance absorption of AuNPs allows for highly sensitive
and quantitative measurement of their concentration using
simple spectrophotometry. Researchers have leveraged this
property to develop colorimetric biosensors using AuNPs
modified with biorecognition elements like aptamers, these
optical sensors have enabled detection of targets such as metal
ions,® protease activity,” and protein® at trace levels.
Aggregation-induced changes in AuNP plasmon resonance
provide the basis for many “lab-on-a-particle” sensing plat-
forms. For example, engineered aggregation through DNA
hybridization or nanoparticle conjugation has enabled protein
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resilience and specificity. This

rapid, inexpensive colorimetric assay could facilitate

environmental monitoring and biomedical analysis of antipsychotic drugs.

analysis, enzyme activity assays, ion detection and DNA
sequencing applications.® Early work in this area by Willner
et al. demonstrated that neurotransmitters acting as in situ
reducing agents could enable the generation of AuNPs, whose
optical properties allow quantitative analysis of different
neurotransmitters.'® This approach has also been applied to
detect other analytes like H,O, (ref. 11) and sugars,'* and anti-
oxidant activity’® using AuNP-based colorimetric assays. The
determination of drugs is of utmost importance for numerous
reasons. Accurate drug determination ensures proper dosage
administration, helps monitor drug efficacy, assesses thera-
peutic drug levels, and aids in detecting drug abuse or misuse.
It plays a vital role in patient safety, pharmacological research,
and the overall management of healthcare. Therefore, a series
of methods have been developed for the determination of
various drugs, including flow injection,*** turbidity,"”** solid
phase  extraction,”  HPLC,> electrochemistry** and
spectrophotometry.”*>*

Inspired by these revolutionary works, a team of proficient
scientists and researchers has successfully developed a colori-
metric assay using AuNPs, enabling the swift detection of B-
agonists. This assay specifically focuses on phenylethanolamine
compounds with various substituent groups on the aromatic
ring as its primary targets.” The resultant colorimetric assay
may prove to be a versatile method for detecting a range of
reductive analytes, and to evaluate this possibility, the team
selects CPZ antipsychotic as a model system.
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CPZ, a phenothiazine therapeutic agent, possesses, sedative,
analgesic, anticholinergic, antipsychotic, and antihistaminic
properties, and is predominantly utilized for the treatment of
allergic symptoms, motion sickness prevention, and anxiety.*®
However, caution must be exercised during CPZ administration
due to the potential occurrence of severe side effects in humans,
such as drowsiness, dry mouth, endocrine disorders, blurred
vision, occasional hypotension, respiratory depression, nausea,
constipation, akathisia, dystonia and trouble sleeping. Precise
CPZ detection is crucial in biological samples and pharmaceu-
tical preparations and due to the gravity of its adverse effects.*”
The ubiquity of CPZ usage for therapeutic purposes, sometimes
concurrently with other medications, has led to its detection in
aquatic environments. Consequently, CPZ presence in water
systems is a matter of increasing environmental concern. The
Globally Harmonized System of Classification and Labelling of
Chemicals (GHS) recognizes CPZ as hazardous to the aquatic
realm due to its acute and lingering toxic effects on aquatic
organisms.”®* As CPZ is so widely employed clinically, yet its
potentially adverse impacts on aquatic life are acknowledged,
development of analytical techniques for CPZ monitoring in
water becomes increasingly important from environmental
stewardship perspectives.

Numerous analytical techniques have been employed for the
detection of CPZ, including capillary zone electrophoresis,* GC/
MS,** HPLC,** and chemiluminescence technique.** Further-
more, in recent times, a host of biosensors and electrochemical
sensors have been developed and used to identify various target
analytes related to food quality, environmental pollutants,
biomarkers, pesticides, and pharmaceuticals. To achieve
optimal selectivity and sensitivity, bare electrodes are custom-
ized with functional nanomaterials, thereby influencing the
overall performance of the sensors. With the progression of
nanotechnology, functional nanomaterials like metal nano-
particles (NPs), polymeric nanomaterials, transition metal
oxides, nano carbmetal chalcogenide and their composites are
employed as electrode materials.** Although these methods
offer high sensitivity and reliability when quantifying CPZ in
commercial pharmaceutical preparations, most of them require
long time analysis, complicated procedures, professional
training, and costly instrumentation, which renders those
conventional methods unsuitable for real-time and on-site
detection. Consequently, a colorimetric technique has
emerged as a favourable alternative due to its advantages like
rapid analysis, operational simplicity, high sensitivity, field
applicability, and cost-effectiveness.

In this study, a facile and expeditious colorimetric approach
has been devised for the determination of CPZ in liquid
samples (urine and serum) as well as CPZ tablet and river water
samples, involving in situ growth of gold nanoparticles (AuNPs).
Upon combining CPZ with ammonium chloroaurate (NH,-
AuCl,) within the solution, a distinctive red color attributed to
the SPR band of AuNPs is instantaneously observed at ambient
temperature. The absorbance measured at 527 nm is linearly
proportional to the concentration of CPZ present in the
analyzed solution. Thus, the developed colorimetric assay can
be effectively employed for rapid, in situ screening of CPZ in
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liquid samples, requiring minimal sample preparation. As
a result, this work holds significance in the field of analytical
chemistry and has implications for the effective monitoring and
regulation of CPZ in environmental and industrial settings.

2 Experiment
2.1 Materials and apparatus

Sigma (St. Louis, MO) provided chlorpromazine hydrochloride,
sodium chloride, ammonium chloroaurate salts, boric acid,
sodium tetraborate, ethanol, methanol, urea, uric acid, glucose,
creatinine and trichloroacetic acid (TCA), which all were of
analytical grade, >99.9%. Aqueous solutions were prepared
using ultrapure water (Milli-Q, Millipore Corporation, Bedford,
MA). The UV-L9, UV-visible spectrophotometer (WEST TUNE,
China) equipped with glass cuvettes (1.0 cm) was employed to
conduct spectrophotometric measurements, which were per-
formed at wavelengths between 200 and 800 nm. The Field
Emission Scanning Electron Microscopy (FE-SEM) images of
AuNPs were obtained from a Teneo Field Emission Scanning
Electron Microscopy (Thermo Fisher Scientific, USA) using an
acceleration voltage of 500 V to 30 kV. FE-SEM samples were
prepared by placing 2.0 mL solution containing 20 pg mL~" of
AuNPs onto a glass plate and drying in air. The synthesized gold
nanoparticles were observed using a JEM-2010 transmission
electron microscope (TEM). Energy Dispersive X-ray spectros-
copy (Type EDX 8100, Shimadzu, Japan) was used to determine
the composition of samples. The morphology and physical
properties of AuNPs obtained were investigated using an AFM
NEXT II (NT-MDT). The particle size analysis from AFM, TEM
and FE-SEM images was carried out using the Image] software,
an image processing program. The methodologies involving
human samples were approved by the Institutional Ethics
Committee of [University of Baghdad/College of Science].
Written informed consent was obtained from all participants
prior to collection of blood and urine samples. All experiments
were performed in accordance with relevant guidelines and
regulations regarding the use of human specimens for
biomedical research. Appropriate precautions were taken
during sample collection, handling, analysis and disposal to
protect participant privacy and safety.

2.2 Preparation of real samples for the colorimetric assay

The analysis of real samples involved examining various bio-
logical fluids and environmental sources that may contain CPZ
residues. The human serum sample was obtained from residual
specimens' leftover from routine testing procedures conducted
at Al-Yarmouk Hospital in Baghdad, Iraq. These samples were
screened to ensure they came from healthy individuals not
taking any medications to eliminate potential interference. A
mid-stream urine sample was collected from 25-35 year-old
healthy male volunteers with no history of antipsychotic use
in the past six months. A CPZ tablet was sampled from an intact
blister strip from a commercial package purchased from
a pharmacy in Central Baghdad. The river water sample was
collected in pre-washed polyethylene bottles from three

© 2024 The Author(s). Published by the Royal Society of Chemistry
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different locations (Babylon village 32.04°N 44.25°E, Baiji
34.52°N 43.58°E and Taji 33.55°N 44.07°E) along the Tigris
River. All samples were filtered through 0.45 pm pore size
membranes and stored in clean, dry test tubes at 4 °C in
a refrigerator until analysis within one week. Storage at refrig-
erated temperature helped minimize degradation prior to con-
ducting the colorimetric assay. This sampling strategy aimed to
obtain representative real-world matrices for method valida-
tion, while also adhering to ethical sampling guidelines and
avoidance of interference-causing contaminants. To analyze the
biological samples, a test solution was prepared by taking
a suitable quantity of each sample and subjecting it to centri-
fugation at a speed of 8000 revolutions per minute for 20
minutes. Then, 200 pL of TCA (10%) was added to the 100 pL of
serum sample and gently mixed. After that, the mixture allowed
to stand for 1 hour at 4 °C. Then, the test tubes were centrifuged
at 3000 rpm for 10-15 minutes to obtain a protein precipitate.
The supernatants were collected and transferred into another
clean and dry test tube and stored at 4 °C for further experi-
ments. The resulting supernatant liquid was then diluted with
a 0.05 M STB solution. Subsequently, the diluted real samples
were mixed with varying concentrations of CPZ solutions. In the
final step, a suitable volume of each spiked sample was analyzed
using the standard addition method in a 0.05 M STB solution
(pH 7.0). To obtain the pharmaceutical preparation sample,
CPZ tablets (25 mg per tablet, commercial brand) were finely
powdered, and a measured quantity of this powder was dis-
solved in 100 mL of distilled water. The resulting mixture was
sonicated for 20 minutes and subsequently filtered. The filtrate
obtained underwent further dilution with a 0.05 M STB solution
to prepare it for colorimetric analysis. Prior to analysis, river
water samples were purified to eliminate potential interferents.
Initial purification involved centrifugation of the samples at
5000 revolutions per minute for 30 minutes to separate solids.
After centrifugation, the samples were carefully filtered to
remove any particulates. A standard addition method was used
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where a known concentration of chlorpromazine (CPZ) was
added to the purified river water sample. This permitted
a colorimetric analysis and quantification of the amount of CPZ
originally present in the samples.

2.3 General procedure

All of samples including serum, urine, tablet and river water
were prepared for colorimetric analysis. Each sample (50 pL)
was combined with NH,AuCl, solution (0.5 mL of 20 ug mL™")
and STB solution (0.5 mL of 0.05 M). The mixtures were then
vigorously mixed for 2 minutes. Various concentrations of CPZ
were then added and incubated at 40 °C for another 2 minutes.
This resulted in a visible color change from yellow to red, con-
firming the CPZ-catalyzed formation of AuNPs under the opti-
mized reaction conditions. The intensity of the red color was
quantified by spectrophotometry to determine the levels of CPZ
in the original serum, urine, tablet and river water samples. The
colorimetric assay served to detect and measure any CPZ
present in the different sample types.

3 Results and discussion
3.1 Optimization of reaction variables for colorimetric assay

When a 10 pg mL™' CPZ solution was mixed with a buffer
containing 20 ug mL ™' NH,AuCl,, the mixture changed color
visibly from yellow to red. This color change demonstrated that
AuNPs formed from the reaction without requiring additional
nanoparticle seeds. The spontaneous formation of AuNPs
catalyzed by CPZ was observed upon the solutions being
combined, as depicted in Fig. 1. The experiment parameters
influencing the CPZ-catalyzed AuNP formation were then eval-
uated and optimized. The parameters tuned included concen-
trations of NH,AuCl, and CPZ, duration of the reaction,
temperature, ionic strength and pH. Fine tuning these experi-
mental conditions ensured the growth of AuNPs proceeded

AuNPs

Fig. 1 The formation step of AUNPs using the developed colorimetric assay.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Impact of incubation temperature on UV-vis spectra of formed AuNPs following the addition of 10 pg mL~! of CPZ to a solution
containing 20 pg mL~* NH4AUCl, and 0.05 M 0.05 M of STB buffer solution, (a) 40 °C, (b) 50 °C, (c) 60 °C, (d) 70 °C, (e) 80 °C, (f) 30 °C, (g) 20 °C. (B)
Impact the pH of STB buffer solution on UV-vis spectra of formed AuNPs upon addition of 10 pg mL~* of CPZ to a solution containing 20 pg mL~t
NH4AuCl, and 0.05 M 0.05 M of STB at 40 °C. (C) Impact of incubation time on UV-vis spectra of formed AuNPs following the addition of 10 pg
mL~! of CPZ to a solution containing 20 ug mL™* NH4AUCl, and 0.05 M 0.05 M of STB buffer solution at 40 °C. (D) Impact of incubation
temperature on UV-vis spectra of formed AuNPs following the addition of different concentrations of NaCl: (a) 15 ug mL™, (b) 10 pgmL™2, (c) 5 ug
mL~1to a solution containing 10 pg ML~ of CPZ, 20 ug mL~t NH4AUCl, and 0.05 M 0.05 M of STB buffer solution, while (d) 15 pg mL™, (e) 10 pg
mL~%, (f) 5 ng mL™ of NaCl to a solution containing 4.0 ug mL~* of CPZ, 20 pg mL~* NH4AuCl, and 0.05 M 0.05 M of STB buffer solution at 40 °C.

efficiently in the presence of CPZ under the colorimetric assay.
UV-vis spectra of the resulting AuNPs were obtained by incu-
bating the CPZ and NH,AuCl, mixture in a 0.05 M of STB buffer
solution with a pH of 7.0 for 8 minutes at different tempera-
tures, as presented in Fig. 2A. An intense absorbance peak at
527 nm was observed at 40 °C, and this absorbance gradually
decreased between 40 °C and 70 °C. Hence, the optimal
temperature for AUNP growth was determined to be 40 °C.
Neutral buffer conditions resulted in a higher absorbance at
527 nm, while acidic and basic conditions led to lower absor-
bance values, as illustrated in Fig. 2B. This observation can be
explained by the oxidation of phenothiazine derivatives under
neutral condition; the process begins with the removal of
a single electron from the nitrogen atom, leading to the
formation of a stable cation radical. Further elimination of
another electron results in the generation of a phenothiazinium
ion, followed by the subsequent formation of promethazine
sulfoxide. Whereas, the released proton will be quickly
neutralized by the buffer under basic condition, while the acidic
buffer prevents the formation of cation radicals, both condi-
tions do not favour the reaction. The absorbance at 527 nm was

2330 | RSC Adv, 2024, 14, 2327-2339

comparable to neutral pH conditions tested (pH 4.0, 6.0, 7.0,
and 8.0, 10), as presented in Fig. 2B, and a pH 7.0 was chosen as
the designated final pH condition.

Upon optimizing the pH and the temperature of reaction, we
obtained the surface plasmon resonance (SPR) of the AuNPs
from CPZ at varying incubation times (Fig. 2C). The results
indicated that the absorbance reached its maximum after 2.0
minutes of incubation at 40 °C, thus determining the optimal
incubation time. Following optimization, the optimal experi-
mental parameters for the growth of AuNPs through CPZ
reduction were determined as follows: incubation in a pH 7.0
buffer solution containing 20 pg mL~" NH,AuCl, at a tempera-
ture of 40 °C for a duration of 2.0 minutes.

In the pursuit of simulating biological samples like serum and
urine, we embarked on a comprehensive exploration of the effects
of ionic strength on buffer solutions. Fig. 2D, which showcases the
SPR of AuNPs upon the addition of NaCl to the reaction mixture,
was our guide. As we gradually increased the NaCl concentration
(5-15 pg mL ), we noticed a slight increment in absorbance when
the solutions had a high concentration of CPZ (above or equal 10
pg mL™', Fig. 1D). Conversely, solutions with lower concentrations

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM micrographs of AuNPs synthesized using optimal reaction conditions. The particles were formed by adding 10 pg mL™ CPZ to
a solution containing 20 ug mL~* NH4AUCl, and 0.05 M sodium tetraborate buffer at 40 °C. AFM imaging visualized the AUNP morphology
produced under these parameters that maximize formation catalyzed by CPZ. Image A shows the 2D surface morphology of the synthesized
AuNPs. Image B shows the 3D structure of the AuNPs. Images C and D show the roughness analysis of the AuNP surface.

of CPZ (below or equal 4.0 pg mL ") exhibited a sharp decrease in
absorbance as the NaCl concentration increased, alongside a red
shift of the absorption peak. It's worth noting that the presence of
NaCl in the reaction mixture had a significant impact on the
stability of the formed AuNPs. The higher the NaCl concentrations,
the greater the loss of surface charge of the AuNPs, ultimately
leading to their aggregation and a decrease in absorbance at
527 nm. Hence, in the case of a 4.0 pg mL~" CPZ solution, the
absorbance exhibited a decreasing trend as the concentration of
NaCl increased. However, for CPZ solutions with higher concen-
trations (equal to or above 10 ug mL ™), the proportion of aggre-
gated AuNPs formed was relatively small, and the presence of NaCl
in the solution had minimal impact on the absorbance of AuNPs.
Based on these findings, we concluded that high ionic strength in
solution samples is not suitable for CPZ detection, particularly
considering the typically low concentration of CPZ in real samples.

3.2 Characterization of AuNPs using AFM, FE-SEM, TEM and
EDX techniques

The study employed atomic force microscopy (AFM) to acquire
high-resolution images of the AuNPs and determine their size

© 2024 The Author(s). Published by the Royal Society of Chemistry

distribution. Examination of AFM images (Fig. 3) revealed the
AuNPs were uniformly distributed and exhibited a mesoporous
structure, measuring 10-20 nm in size with a mean volume of
1.33 nm®. The size distribution was elucidated by analyzing
height profiles from different areas within the AFM micro-
graphs and computing particle diameters. The synthesized
AuNP sizes resided within the typical spectrum considered
appropriate for biomedical uses. Furthermore, the mesoporous
construction could potentially advance intracellular incorpora-
tion and biotolerance. In brief, AFM imaging imparted impor-
tant learnings by defining core properties of the AuNPs
involving dimensions, dispersion throughout the sample, and
porous infrastructure.

Examination of the synthesized AuNPs using field FE-SEM
confirmed the effectiveness of the synthesis method in
producing AuNPs that displayed a distinctive mesoporous
sponge-like architecture. Morphological characterization of the
AuNPs via FE-SEM elucidated key physical attributes. FE-SEM
images revealed the nanoparticles were nearly spherical with
an average diameter of 10-20 nm. Individual AuNP surfaces
appeared smooth and wuniform. Moreover, the images

RSC Adv, 2024, 14, 2327-2339 | 2331
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Fig. 4 Morphological analysis of synthesized mesoporous AuNPs sponges. (A—E), the FE-SEM images of synthesized AuNPs using the optimum
conditions. (F) The 3D surface morphology analysis of AuNPs obtained from Imaged software.

confirmed mesoporous material formation within the nano-
particles, seen as lighter regions with pore sizes between 2-
5 nm. This FE-SEM analysis therefore offered valuable insights
by visualizing the nanoparticles' three-dimensional sponge
nanostructure composed of near-spherical AuNPs interspersed

2332 | RSC Adv, 2024, 14, 2327-2339

with nanoscale pores. Such morphological elucidation using
FE-SEM validated the shape and porous composition of the
synthesized mesoporous AuNPs. The described morphological
properties demonstrated successful synthesis of the targeted
nanoparticle system. The TEM micrographs in Fig. 3A-D clearly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Morphological analysis of synthesized mesoporous AuNPs sponges. (A—D) the TEM images of synthesized AuNPs using the optimum

conditions. (E) The EDX of mesoporous of synthesized AuNPs sponges.

demonstrate the formation of a highly porous, three-
dimensional network structure comprised of mesoporous
spherical gold nanoparticles approximately 10-20 nm in size
self-assembled under the reaction conditions defined as
optimum. The network manifests regular interconnectivity
between the nanoparticles, creating an interconnected porous
architecture visualized as slightly darker regions between the
nanoparticles. This characterization offers compelling evidence
that the synthesis yielded the desired mesoporous gold nano-
particle sponges. The energy-dispersive X-ray spectroscopy
(EDX) profile presented in Fig. 3E helps substantiate the
chemical composition analysis. The strong gold signal along
with minor peaks for carbon and copper verify the predominant
presence of gold, while also indicating residual compounds
stemming from reagents and/or the TEM grid. Overall, the
morphological evaluation through TEM imaging and EDX
spectroscopy corroborates the successful synthesis of three-
dimensional, mesoporous AuNP sponges with the intended
nanoscale features and nanostructure using the optimized
conditions reported. Remarkably, the sponge structures
demonstrated excellent stability under normal environmental
conditions for a minimum of 4 months, remained largely
unchanged even after vigorous sonication. Thus, this novel
approach holds great promise for the scalable production of Au
sponges via developed colorimetric method (Fig. 4).

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.3 Quantitation and control experiments of CPZ

The present study reports on the quantitation and control
experiments of chlorpromazine (CPZ) using the SPR absorption
of AuNPs at 527 nm. The absorbance was found to be directly
proportional to the concentration of CPZ, as demonstrated in
Fig. 6, which shows the UV-vis spectra of AuNPs in the presence
of varying concentrations of CPZ. The linearity between the
absorbance at 527 nm and CPZ concentration was observed
within the range of 0.1 pg mL ™" to 30 pg mL ™", as indicated in
Fig. 6 (inset), thereby validating the feasibility of quantitative
detection of CPZ in solutions utilizing this method. Further-
more, the linear range, limit of detection (LOD), and limit of
quantitation (LOQ) of CPZ were determined and summarized in
ESI (Table 1St). Moreover, the operational stability of the
proposed assay was assessed by subjecting standard solutions
containing 10 and 20 pug mL " of chlorpromazine (CPZ) to the
colourimetric method. The absorbance responses of the 10 and
20 pg mL~' CPZ standards were then measured and compared
to the initial absorbance value obtained for the calibration
curve. It is noteworthy that only a 4% reduction in absorbance
was observed for both the 10 and 20 pg mL~" CPZ standards
relative to the initial calibration curve absorbance values,
indicating good operational stability of the assay over multiple
analyses.

RSC Adv, 2024, 14, 2327-2339 | 2333


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05516g

Open Access Article. Published on 11 January 2024. Downloaded on 3/17/2026 9:20:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

30 ppm [CPZ]

View Article Online

Paper

e ‘ 20 ppm [CPZ] 20]

1.8 15 ppm [CPZ] 18l

7 10 ppm [CPZ] 1ol

1.6 7.0 ppm [QP{] 1ol

5.0 ppm [CPZ] 2]

1 m [CPZ] <
1.4
1.2 4
B 104
<< ]
0.8
0.6
0.4
0.2
0.0
400 450 500 550 600 650

7“nm

Fig.6 The corresponding UV-vis spectra of AUNPs in serum samples using the optimal conditions with varied CPZ concentrations (2, 5, 7, 10, 15,
20 and 30 pg mL™Y. Inset: some of visual color analysis of AUNPs and the calibration curve of the absorbance of AuNPs at 527 nm vs. CPZ

concentration.

The repeatability and reproducibility of the colorimetric
assay were assessed by performing replicate analyses of quality
control (QC) samples. To determine repeatability, six successive
measurements of 10 ug mL™ " and 20 pg mL~' CPZ QC stan-
dards were conducted using the established colorimetric
method. The relative standard deviation (RSD%) was calculated
from the absorbance values to quantify the repeatability of the
assay, yielding an RSD of 2.65%. Reproducibility was evaluated
on different days by performing six independent colorimetric
analyses each of 10 ug mL ™" and 20 ug mL~" CPZ QC standards.
The RSD was calculated from the absorbance readings to
quantify the assay reproducibility between analyses. An RSD
value of approximately 3.1% was obtained, as reported in ESI
Table S2.7 In general, some of the most common interferences
in serum for drug detection include endogenous substances
such as proteins, lipids, and metabolites that may interfere with
the accuracy of results. In addition, exogenous substances such
as dietary supplements and medications may have cross-
reactivity with the drug being tested for, leading to false-
positive or false-negative results. Contamination during
various stages of sample handling for drug testing can under-
mine result accuracy and reliability. Adhering to stringent
protocols and validated analytical techniques is crucial to
minimize interference and ensure quality outputs. As such,
a study tested certain compounds that might falsely influence
detection of the target analyte. Absorbance data for AuNP
solutions with diverse potential interferents (presented in
Fig. 1S of the ESI{) showed only chlorpromazine (CPZ) induced
a visible color change in the reaction mixture, raising absor-
bance at 527 nm. The solutions were exposed to methanol,
ethanol, creatinine, uric acid, urea, xanthine, catechol, lactose,
sucrose, glucose, fructose and CPZ, but only CPZ elicited
a discernible colorimetric reaction. This demonstrated selective
AuNP detection of CPZ over an array of possible confounders.
Proper experimental controls help verify test selectivity towards
the analyte independent of inadvertent effects from co-analytes.
On the other hand, the other tested compounds did not cause

2334 | RSC Adv, 2024, 14, 2327-2339

any significant changes in absorbance at this wavelength, and
the reaction solution remained colorless, indicating the
absence of AuNPs. Given its reductive properties, ascorbic acid
was also evaluated as a potential interferent. The investigation
revealed that ascorbic acid would interfere with CPZ detection,
but only at extremely high concentrations exceeding 5000 pg
mL ™. Below this level, ascorbic acid did not elicit a colorimetric
response from the AuNP system or falsely influence quantifi-
cation of CPZ. This threshold level suggests ascorbic acid is an
unlikely confounder under normal physiological conditions.
Nonetheless, establishing its limit of non-interference helped
further validate the selectivity and accuracy of the assay for CPZ
determination in real-world samples containing low ascorbic
acid levels. Previous studies have shown that antibiotics like
sulfonamides and aminoglycosides are unable to convert NH,-
AuCl, into AuNPs. Therefore, this study demonstrates that the
AuNPs assay is suitable for the selective detection of CPZ anti-
psychotics in liquid samples, even in the presence of common
interfering substances. In addition, we examined the impact of
relevant compounds to chlorpromazine hydrochloride such as
alimemazine, promethazine, methdilazine, oxomemazine and
thiethylperazine, varying them with and without an amino
group and chloride. Surprisingly, the results demonstrated that
none of these compounds caused interference; rather, the
solution remained colorless, indicating their inability to facili-
tate the conversion of the NH,AuCl, to gold nanoparticles. This
significant finding highlights the specific and selective nature
of chlorpromazine hydrochloride in the synthesis of gold
nanoparticles, reaffirming its potential as a promising agent in
nanomaterial synthesis applications.

3.4 The growth mechanism of AuNPs

The investigation of AuNPs growth mechanisms has provided
interesting insights into the reduction processes of NH,AuCl,.
Previous studies have shown that molecules with amino groups
can directly reduce many of gold salts such as HAuCl,-4H,0

© 2024 The Author(s). Published by the Royal Society of Chemistry
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into AuNPs,***¢ even at room temperature, without the need for
a mediator or seed NPs. This reduction process occurs when the
amino groups reduce HAuCl,-4H,0 through H' transfer,
resulting in the formation of AuNPs. Recent findings suggest
that B-agonists with mono phenolic groups can also reduce
HAuCl,-4H,0 into AuNPs, but at higher temperatures.*” This
indicates that their reducing ability may not be as strong as that
of amine compounds. The complex reaction mechanism
involving chlorpromazine (CPZ) and NH,AuCl, can be further
explained by the oxidation of phenothiazine derivatives under
neutral conditions. This process involves removing one electron
from the nitrogen atom of the ring, leading to the formation of
a stable cation radical. Removing another electron generates
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a phenazothiazonium ion, ultimately resulting in the formation
of promethazine sulfoxide (Fig. 7). It is through this process that
the reduction of NH,AuCl, into AuNPs can occur. The mecha-
nism of CPZ oxidation is thoroughly elucidated, providing
a comprehensive understanding of the process. By drawing
upon previous works that have already explored and docu-
mented the mechanism, this study solidifies its findings and
reinforces the credibility of the research.*®**' The implications
of these findings are significant for the development of new
methods for nanoparticle synthesis and could lead to exciting
new discoveries in the field. Since, in our experiment, the
quantity of gold sponge is 0.215 g by 0.5 g NH,AuCly, and the
conversion is about 95.13%. Furthermore, a comprehensive

Fig. 8 Shows growth mechanism of the synthesized mesoporous AuNPs sponges using the developed colorimetric assay.
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Table 1 A comparative evaluation for the determination of CPZ between the developed colorimetric assay with previously reported methods

Method Matrix Linear range (ug mL ™) LOD Reference
Electrochemical River water 0.003-0.025 9x 107" 45
Flow injection Pharmaceutical formulations 1.0-8.0 0.5 46
UHPLC Urine and serum 0.25-300 0.1 47
UV-spectrophotometry Pharmaceutical formulations 5-25 3.97 48
Acid-dye Drugs 20-120 12 49
Fluorescence Human urine 2.3-31.88 0.01 50
Turbidity Drugs 0.5-3.0 0.3 51
Colorimetric Drugs, serum, urine, drugs 0.1-30 0.06 This work

investigation was conducted to explore the formation and
morphology of these mesoporous gold sponges.

The process starts with amine of CPZ (Step 1), which promotes
the rapid reduction of NH,AuCl,, resulting in the formation of
small gold particles within the growth solution. These small
particles carry a negative charge, which makes them infiltrate and
bind to the CPZH", which act as a stabilizer agent to Au seeds (Step
2). The CPZH "-stabilized Au seeds act as templates and selectively
adhere to these Au seeds, thereby reducing the surface energy of
these planes. The CPZ in the solution acts as a capping agent,
forming a protective shell around on the surface of the Au seeds. As
a result, the small negatively charged Au particles bind to the CPZ-
stabilized Au seeds through electrostatic adsorption, and the chain
begins to appear (Step 3) (Fig. 8). This mechanism offers an
explanation for the phenomenon observed in the TEM image
(Fig. 5C and D). The dissolution of smaller seeds into individual
atoms and the subsequent growth of larger chains at their expense
transpires via an Ostwald ripening process, facilitated by contin-
uous reflux. This phenomenon can be attributed to the discrep-
ancy in surface energy between the larger and smaller gold
nanoparticles. The gold chains gradually transform into rod-
shaped structures, eventually leading to the formation of three-
dimensional mesoporous gold sponge architectures. Therefore,
the formation process of mesoporous gold sponge at different
reaction times can be comprehended as an uninterrupted
sequence involving four steps: first: nucleation, second: adsorp-
tion, third: growth, and finally, branching. The mechanism of

Table 2 Quantitative determination of CPZ in real samples using the
colorimetric assay

Added CPZ (ng  Found CPZ (ug

Sample type mL™") mL™Y) Rec%  RSD“%
Human urine 5 4.96 99.20 1.12
10 9.85 98.50 1.31
15 14.75 98.33 2.12
Human serum 5 4.78 95.60 1.53
10 9.65 96.50 1.43
15 15.12 100.80 2.22
River water 5 4.93 98.60 2.42
10 10.05 100.50 3.14
15 14.61 97.40 2.73
CPZ tablet 5 4.67 93.40 2.45
10 10.05 100.50 1.88
15 14.98 99.86 1.49

“ Relative standard deviation for n = 3 (quantifications).

2336 | RSC Adv, 2024, 14, 2327-2339

AuNP growth has been thoroughly investigated, and the findings
exhibit strong concurrence with the SEM, EDX, and TEM images
obtained in our study. These results provide compelling validation
for our research methodology and outcomes.*™**

3.5 Detection of CPZ in real samples

In order to evaluate the practicality of the recommended
colorimetric assay, an analysis of human serum and urine
samples was conducted using a newly developed colorimetric
method. The serum and urine samples were obtained from local
hospitals in Iraq, additionally, a CPZ tablet was provided by
a local pharmacy in Baghdad, and river water samples were
collected at random from various locations along the Tigris
River in Baghdad, Iraq. For the biological samples, 2 mL of each
sample was pretreated with TCA method and 50 pL of treated
sample was added to 0.5 mL of ammonium chloroaurate salt 20
pg mL~" and diluted with 0.5 mL of 0.05 M phosphate buffer
(pH = 7). While the non-biological samples, the same procedure
was followed without the TCA step. The diluted samples were
then spiked with a known concentration of CPZ (5, 10 and 15 pg
mL ") and incubated for 2 minutes at 40 °C, and the resulting
absorbance of the colorimetric method was measured. The
standard addition method was employed to determine the
concentration of CPZ in actual samples, with a linear detection
range of 0.1-30 pg mL~" (Fig. 6) and a LOD of 0.06 ug mL™" and
LOQ of 0.23 pug mL~". Table 1 presents a comprehensive over-
view of the comparative analysis conducted between the
proposed colorimetric assay and other previously reported
methods for CPZ determination. The results clearly demon-
strate the enhanced colorimetric assay performance, excep-
tional limit of detection (LOD), and wide linear range exhibited
by our assay when compared to other modified electrodes. The
sensitivity of the colorimetric assay using AuNPs was found to
be lower in real-world samples compared to neat standard
solutions, potentially due to sample matrix interferences;
however, sensitivity can be improved with proper sample
treatment. The recovery results from the real sample analysis
are presented in Table 2, demonstrating the feasibility of the
colorimetric method for the determination of CPZ in real
samples.

4 Conclusion

In conclusion, we have developed a sensitive, low-cost, simple
and fast colorimetric assay for detecting chlorpromazine

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrochloride antipsychotic using gold nanoparticles (AuNPs)
growth. The test can be easily conducted in the field with
minimal equipment, making it suitable for conducting on-site
analysis of suspect samples. While our method can detect
chlorpromazine hydrochloride antipsychotics in liquid
samples, it does not provide specific identification of the anti-
psychotics or differentiate between different types of antipsy-
chotics. Nevertheless, the colorimetric assay remains effective
even when most common interferences or salts are present. We
posit that by combining our technique for AuNPs growth with
(MIP) molecularly imprinted polymer sample treatment, the
specificity of the test can be further enhanced. Ongoing
research in our lab is focused on exploring this approach
further.

Ethical statement

The research methodology and protocols described in this study
were reviewed and approved by the Research Ethics Committee
of the College of Sciences at the University of Baghdad. All
experimental procedures involving the collection of human
biosamples complied with the ethical standards and guidelines
set forth by the approving research ethics board.

Author contributions

The research was equally conceptualized, investigated, and
supervised by Mohammad K. Hammood and Jalal N. Jeber.
They jointly designed the methodology and analyzed the
research data. The experimental aspects were conducted by
Maryam A. Khalaf and Haneen Abdul Hadi Kharaba.

Conflicts of interest

The authors confirm that there are no relevant financial or non-
financial competing interests to report.

Acknowledgements

This work was supported by the authors. The authors are
grateful to the University of Baghdad, College of Science for
supporting this manuscript.

References

1 V. Pavlov, Y. Xiao, B. Shlyahovsky and 1. Willner, Aptamer-
functionalized Au nanoparticles for the amplified optical
detection of thrombin, J. Am. Chem. Soc., 2004, 126, 11768-
11769.

2 A. Bano, A. Dawood, C. Rida, F. Saira, A. Malik, M. Alkholief,
H. Ahmad, M. A. Khan, Z. Ahmad and O. Bazighifan,
Enhancing catalytic activity of gold nanoparticles in
a standard redox reaction by investigating the impact of
AuNPs size, temperature and reductant concentrations, Sci.
Rep., 2023, 13, 12359.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

3S. N. S. Al-Humairi, in Introductory Chapter: Gold
Nanoparticles-Scientific Background and Potential Horizons,
IntechOpen, 2023.

4 O. A. Yeshchenko, I. S. Bondarchuk, V. S. Gurin,
I. M. Dmitruk and A. V. Kotko, Temperature dependence of
the surface plasmon resonance in gold nanoparticles, Surf.
Sci., 2013, 608, 275-281.

5 E. Ferrari, Gold nanoparticle-based plasmonic biosensors,
Biosensors, 2023, 13, 411.

6 L. Yu, X. Chen, L. Sun, Q. Zhang, B. Yang, M. Huang, B. Xu
and Q. Xu, A Covalent Organic Frameworks@Gold
Nanoparticles@  Graphene  Nanocomposite  Based
Electrochemical Sensor for Simultaneous Determination of
Trace Cd>*, Pb>" and Cu®", React. Funct. Polym., 2023,105770.

7 M. Retout, Z. Jin, J. Tsujimoto, Y. Mantri, R. Borum,
M. N. Creyer, W. Yim, T. He, Y.-C. Chang and J. V. Jokerst,
Di-Arginine Additives for Dissociation of Gold Nanoparticle
Aggregates: A Matrix-Insensitive =~ Approach  with
Applications in Protease Detection, ACS Appl. Mater.
Interfaces, 2022, 14, 52553-52565.

8 D. Sebben, G. Strohle, P. S. Roy and H. Li, Gold-nanoparticle-
embedded hydrogel droplets with enhanced fluorescence for
imaging and quantification of proteins in cells, Microchim.
Acta, 2023, 190, 144.

9 Q. Ding, W. Qiu, C. Sun, H. Ren and G. Liu, Comparison of
DNA-Gold Nanoparticle Conjugation Methods: Application
in Lateral Flow Nucleic Acid Biosensors, Molecules, 2023,
28, 4480

10 D. Zheng, F. Pisano, L. Collard, A. Balena, M. Pisanello,
B. Spagnolo, R. Mach-Batlle, F. Tantussi, L. Carbone and
F. De Angelis, Toward Plasmonic Neural Probes: SERS
Detection of Neurotransmitters through
Gold-Nanoislands-Decorated Tapered Optical Fibers with
Sub-10 nm Gaps, Adv. Mater., 2023, 35, 2200902.

11 Z. Wang, L. Yan, Y. Liu, J. Wang, D. Li, Y. Wang, X. Wang,
L. Li, S. Regmi and J. Ju, Assembling of Gold Nanoparticles
in Core-Shell Zeolite Imidazolate Framework Crystals for
In Situ Electrochemical Detection of H,O, Released from
Living Cells, ACS Sustain. Chem. Eng., 2023, 11, 15556-15565.

12 M. J. M. Jimenez, A. Jaramillo-Botero and A. Avila, Au-NP-
based colorimetric assay for sugar detection
quantification, Sens. Actuator A Phys., 2023, 6, 100171.

13 M. Hamelian, K. Varmira and H. Veisi, Green synthesis and
characterizations of gold nanoparticles using Thyme and

and

survey cytotoxic effect, antibacterial and antioxidant
potential, J. Photochem. Photobiol., B, 2018, 184, 71-79.

14 N. S. Turkey and J. N. Jeber, A flow analysis system
integrating an optoelectronic detector for the quantitative
determination of active ingredients in pharmaceutical
formulations, Microchem. J., 2021, 160, 105710.

15 J. N. Jeber and N. S. Turkey, An optoelectronic flow-through
detectors for active ingredients determination in the
pharmaceutical formulations, J. Pharm. Biomed. Anal.,
2021, 201, 114128.

16 N. S. Turkey and J. N. Jeber, Flow Injection Analysis with
Turbidity Detection for the Quantitative Determination of

RSC Adv, 2024, 14, 2327-2339 | 2337


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05516g

Open Access Article. Published on 11 January 2024. Downloaded on 3/17/2026 9:20:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Mebeverine Hydrochloride in Pharmaceutical Formulations,
Baghdad Sci. J., 2022, 19, 0141.

17 J. N. Jeber, A turbidimetric method for the quantitative
determination of cyproheptadine hydrochloride in tablets
using an optoelectronic detector based on the LEDs array,
Int. J. Pharm. Res., 2020, 12, 2911-2924.

18 N. S. Turkey and J. N. Jeber, Light scattering detector based
on light-emitting diodes-Solar cells for a flow analysis of
Warfarin in pure form and pharmaceutical formulations, J.
Phys.: Conf. Ser., 2021, 2063, 012006.

19 N. S. Turkey and J. N. Jeber, Turbidimetric Determination of
Mebeverine Hydrochloride in Pharmaceutical Formulations
Using Two Consecutive Detection Zones Under Continuous
Flow Conditions, Chem. Chem. Technol., 2022, 16(4), 600-
613.

20 N. Jeber Jalal, F. Hassan Raed and K. Hammood
Mohammad, Solid Phase Extraction of Theophylline in
Aqueous Solutions by Modified Magnetic Iron Oxide
Nanoparticles as an  Extractor = Material and
Spectrophotometry Technique for the Determination, Res.
J. Chem. Environ., 2019, 1, 94-100.

21 J. N. Jeber, Quantitative Determination of Ephedrine
Hydrochloride in Pharmaceutical Injections by Highly
Sensitive Turbidimetric and Reversed-Phase Combined
with UFLC Methods, Chem. Chem. Technol., 2019, 2(13),
269-274.

22 F. Martinez-Rojas, C. Espinosa-Bustos, G. Ramirez and
F. Armijo, Electrochemical oxidation of chlorpromazine,
characterisation of products by mass spectroscopy and
determination in pharmaceutical samples, Electrochim.
Acta, 2023, 443, 141873.

23 J. N. Jeber, R. F. Hassan, M. K. Hammood and O. H. R. Al-
Jeilawi, Sensitive and simple colorimetric methods for

detection and quantitative determination of
semicarbazide in flour products using colorimetric
reagents, Sens. Actuators, B, 2021, 341, 1300009.

24 R. H. Abdulghani and R. F. Hassan, Development and
Validation of Spectrophotometric Methods for the
Quantitative Determination of Doxycycline Hyclate in Pure
Form and  Pharmaceutical = Formulations  Using
Flow-Injection and Batch procedures: A Comparative
Study, ChemistrySelect, 2023, 8, €202300183.

25 1. Chopra and M. Roberts, Tetracycline antibiotics: mode of
action, applications, molecular biology, and epidemiology of
bacterial resistance, Microbiol. Mol. Biol. Rev., 2001, 65, 232—
260.

26 P. R. Starke, J. Weaver and B. A. Chowdhury, Boxed warning
added to promethazine labeling for pediatric use, N. Engl. J.
Med., 2005, 352, 2653.

27 L. He, X. Wang, B. Liu, J. Wang, Y. Sun, E. Gao and S. Xu,
Study on the interaction between promethazine
hydrochloride and bovine serum albumin by fluorescence
spectroscopy, J. Lumin., 2011, 131, 285-290.

28 C. Cantisani, S. Ricci, T. Grieco, G. Paolino, V. Faina,
E. Silvestri and S. Calvieri, Topical promethazine side
effects: our experience and review of the literature, BioMed
Res. Int., 2013, 2013, 1-9.

visual

2338 | RSC Adv, 2024, 14, 2327-2339

View Article Online

Paper

29 A. Foster, E. Mobley and Z. Wang, Complicated pain
management in a CYP450 2D6 poor metabolizer, Pain
Pract., 2007, 7, 352-356.

30 X. Li, Y. Yang and K. Zhou, Simultaneous determination of
chlorpromazine and promethazine and their main
metabolites by capillary electrophoresis with
electrochemiluminescence, Se Pwu Chin. J. Chromatogr.,
2012, 30, 938-942.

31 A. Kul and O. Sagirli, A new method for the therapeutic drug
monitoring of chlorpromazine in plasma by gas
chromatography-mass spectrometry using dispersive
liquid-liquid microextraction, Bioanalysis, 2023, 15, 1343~
1354.

32 J. Dai, H. Lin, Y. Pan, Y. Sun, Y. Wang, J.-q. Qiao, H.-z. Lian
and C.-x. Xu, Determination of chlorpromazine and its
metabolites in animal-derived foods using QuEChERS-
based extraction, EMR-Lipid cleanup, and UHPLC-Q-
Orbitrap MS analysis, Food Chem., 2023, 403, 134298.

33 I. Karwaciak, K. Kara$, A. Salkowska, J. Pastwinska and
M. Ratajewski, Chlorpromazine, a clinically approved drug,
inhibits SARS-CoV-2 nucleocapsid-mediated induction of
IL-6 in human monocytes, Molecules, 2022, 27, 3651.

34 Y. Liu, X. Huy, Y. Xia, F. Zhao and B. Zeng, A novel ratiometric
electrochemical sensor based on dual-monomer molecularly
imprinted polymer and Pt/Co304 for sensitive detection of
chlorpromazine hydrochloride, Anal. Chim. Acta, 2022,
1190, 339245.

35 O. Smirnova, O. Pylypenko, A. Brovin, A. Nikonov,
S. Hordiienko and V. Rusanova, Reducing Synthesis for the
Production of Preparations Based on Gold Nanoparticles
for Biomedical Purposes, 2022 IEEE 41st International
Conference on Electronics and Nanotechnology (ELNANO),
2022, pp. 343-347.

36 M. Shringirishi, S. K. Prajapati, A. Mahor, S. Alok, P. Yadav
and A. Verma, Gold nanoparticles: Promising and potential
nanomaterial, Int. J. Pharm. Sci. Res., 2013, 4, 4068.

37 E. C. B. A. Alegria, A. P. C. Ribeiro, M. Mendes, A. M. Ferraria,
A. M. B. d. Rego and A. J. L. Pombeiro, Effect of phenolic
compounds on the synthesis of gold nanoparticles and its
catalytic activity in the reduction of nitro compounds,
Nanomaterials, 2018, 8, 320.

38 R. Sakthivel, S. Kubendhiran and S.-M. Chen,
Functionalization of a carbon nanofiber with
a tetrasulfonatophenyl ruthenium (II) porphine complex
for real-time amperometric sensing of chlorpromazine,
Microchim. Acta, 2019, 186, 1-10.

39 K. Takamura, S. Inoue, F. KusU, M. Otagiri and K. Uekama,
Electrochemical Oxidation of Chlorpromazine
Hydrochloride in Aqueous Buffer, Chem. Pharm. Bull.,
1983, 31, 1821-1826.

40 D. M. Takahashi, Rapid determination of chlorpromazine
hydrochloride and two oxidation products in various
pharmaceutical samples using high-performance liquid
chromatography and fluorescence detection, J. Pharm. Sci.,
1980, 69, 184-187.

41 N. Sebastian, W.-C. Yu, Y.-C. Hu, D. Balram and Y.-H. Yu,
Morphological evolution of nanosheets-stacked spherical

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05516g

Open Access Article. Published on 11 January 2024. Downloaded on 3/17/2026 9:20:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

ZnO for preparation of GO-Zn/ZnO ternary nanocomposite:
A novel electrochemical platform for nanomolar detection
of antihistamine promethazine hydrochloride, J. Alloys
Compd., 2022, 890, 161768.

42 S. Wang, Q. Zhao, H. Wei, J.-Q. Wang, M. Cho, H. S. Cho,
O. Terasaki and Y. Wan, Aggregation-free gold
nanoparticles in ordered mesoporous carbons: toward
highly active and stable heterogeneous catalysts, J. Am.
Chem. Soc., 2013, 135, 11849-11860.

43 C. Li, O. Dag, T. D. Dao, T. Nagao, Y. Sakamoto, T. Kimura,
O. Terasaki and Y. Yamauchi, Electrochemical synthesis of

mesoporous gold films toward mesospace-stimulated
optical properties, Nat. Commun., 2015, 6, 6608.
44 A. S. Nugraha, O. Guselnikova, ]J. Henzie, ]. Na,

M. S. A. Hossain, O. m. Dag, A. E. Rowan and
Y. Yamauchi, Symmetry-breaking plasmonic mesoporous
gold nanoparticles with large pores, Chem. Mater., 2022,
34, 7256-7270.

45 H. T. Purushothama, Y. A. Nayaka, M. M. Vinay,
P. Manjunatha, R. O. Yathisha and K. V. Basavarajappa,
Pencil graphite electrode as an electrochemical sensor for
the voltammetric determination of chlorpromazine, J. Sci.:
Adv. Mater. Devices, 2018, 3, 161-166.

46 D. Chen, A. Rios, M. D. L. De Castro and M. Valcarcel,
Simultaneous flow-injection determination of

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

chlorpromazine and promethazine by photochemical
reaction, Talanta, 1991, 38, 1227-1233.

47 Y. Yamini and M. Faraji, Extraction and determination of
trace amounts of chlorpromazine in biological fluids using
magnetic solid phase extraction followed by HPLC, J.
Pharm. Anal., 2014, 4, 279-285.

48 J. Karpinska, The use of internal standard method for
dertivative-spectrophotometric determination of
chlorpromazine hydrochloride, Anal. Lett., 2000, 33, 1555-
1566.

49 Z. Zhou, L. Wang, Y. Peng and X. Zhang, Determination of
content of chlorpromazine hydrochloride in compound
metamizole sodium microenema by acid-dye colorimetric
method, Hua-hsi I K'o Ta Hsueh Hsueh Pao J. West China
Univ. Med. Sci., 1996, 27, 428-431.

50 L. Zhang, J. Qin, Q. Yang, S. Wei and R. Yang, Cost-effective
and facile fluorescent probes for label-free recognition of
chlorpromazine hydrochloride and logic gate operation, J.
Photochem. Photobiol., A, 2019, 382, 111918.

51 M. K. Hammood, J. N. Jeber and Y. H. Muhamad, Two
Techniques (Spectrophotometric and Turbidimetric) for
Determination of Ciprofloxacin HCl in Pharmaceutical
Drugs with Comparison between the Techniques, Iraqi J.
Sci., 2016, 57(3A), 1620-1628.

RSC Adv, 2024, 14, 2327-2339 | 2339


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05516g

	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g

	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g

	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g
	Rapid colorimetric sensing of chlorpromazine HCl antipsychotic through in situ growth of gold nanoparticlesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05516g


