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Abstract: In this study, we report a novel and facile colorimetric assay based on silver citrate-coated
Au@Ag nanoparticles (Au@AgNPs) as a chemosensor for the naked-eye detection of morphine
(MOR). The developed optical sensing approach relied on the aggregation of Au@Ag NPs upon
exposure to morphine, which led to an evident color variation from light-yellow to brown. Au@Ag
NPs have been prepared by two different protocols, using high- and low-power ultrasonic irradiation.
The sonochemical method was essential for the sensing properties of the resulting nanoparticles.
This facile sensing method has several advantages including excellent stability, selectivity, prompt
detection, and cost-effectiveness.

Keywords: ultrasonic irradiation; morphine; Au@Ag NPs; colorimetric method; naked eye
detection; chemosensor

1. Introduction

Morphine (MOR) is a powerful central nervous system stimulant recommended by
the World Health Organization (WHO) in 1998 to relieve cancer-related and severe pains.
Today, a large proportion of MOR use has been reported, not as a drug, but as an abused
drug. Therefore, the measurement of the MOR level in biological samples can help to
determine the level of patients’ treatment, identify the causes of poisoning or death in
clinical cases, and control its use/abuse [1].

The exploitation of analytical equipment, such as gas chromatography [2], high-
performance liquid chromatography [3], mass spectrometry [4], immunoassay [5], electro-
chemical [6], and more advanced spectrophotometric methods [7] can allow the qualitative
and quantitative detection of MOR with high accuracy and sensitivity.

Combining different methods of chromatography with mass-selective detection is one
of the promising trends in the analysis of composite mixtures of unknown compositions,
and these techniques are widely used in forensic expert examinations [8].

However, these methods suffer from important drawbacks, because they are bulky,
expensive, require high volumes of samples for analysis, trained personnel, as well as long
analysis time [9,10].

Chemical sensors can represent a promising solution to these requirements, because
they are usually not expensive, simple to use, and can provide sufficient sensitivity and
rapid response time, being an effective approach for analytical determination when it is
impossible the use laboratory equipment.

Among the different sensor platforms, colorimetric devices based on metallic nanopar-
ticles have been of increasing interest for the direct analysis of materials. These sensors are
attractive due to their simplicity, high sensitivity, and low price, making possible in some
cases even naked-eye detection.
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So far, various colorimetric chemosensors have been developed for MOR detection
and, among them, chiral colloidal CdSe quantum dots (CdSe-QDs) functionalized with
l- and d-cysteine [11], antimorphine-functionalized graphene quantum dots (GQDs) [12],
CdS quantum dots functionalized by antimorphine antibody [13], citrate-capped gold
nanoparticles (AuNPs) [14], and melamine modified gold nanoparticles (MA-AuNPs) [15]
have been reported.

In particular, silver and gold nanoparticles have been of interest for colorimetric sensor
development, due to their chemical stability and their unique surface plasmon resonance
(SPR) properties [16–18]. The SPR phenomenon facilitates the visual observation of the
nanomaterial color changes upon the addition of the target analyte [19,20].

Although Au NPs have been intensively studied, it is important to note that the plas-
monic properties of Ag NPs are far superior over Au NPs, due to the near-zero imaginary
part of the dielectric function of Ag in a wide wavelength range. Moreover, the real part of
the Ag dielectric function is more negative than that of Au [21]. Furthermore, Ag NPs are
cheaper and more abundant than Au NPs [21]. Optical excitation of the surface plasmon
resonance (SPR) of Ag NPs lies in the visible range at greater molar extinction coefficients
and relevant scattering [22].

It is found that colorimetric detection based on the fabrication of core–shell structure
in comparison with Au NPs and Ag NPs shows more brilliant color changes. It was
suggested that the coating shell onto the inner core led to a change of the local dielectric of
environment, the shift of the spectra, and realizing the target molecule detection [23,24].

Park et al. applied Au@Ag core–shell nanocubes for colorimetric detection of sulfur
ions with a detection limit of 200 ppb and LSPR shifting in the band region of 500 to 800 nm,
which showed a rich color change [25]. Gao et al. designed a novel Au@Ag nanorod
for the detection of phosphatase activity. This chemosensor could achieve colorimetric
detection with high resolution and the color change of the Au nanorod colloids from red to
orange–yellow–green–blue–purple is visible to the naked eye [26].

Different methods have been recently developed for the preparation of noble metal
nanoparticles, such as physical evaporation–condensation and laser ablation [27,28], chem-
ical reduction [29], microemulsion techniques [30], microwave-assisted synthesis [31],
biological method [32], and ultrasonic irradiation [33] can be mentioned.

Sonochemistry is a prominent approach to reduce metal precursors and produce homo-
geneous metal nanoparticles with uniform size. The impacts of ultrasound treatment can
be assigned to the acoustic cavitation phenomenon. Upon exposure to ultrasound waves,
bubbles will form, grow, and collapse in the liquid, leading to the burst of accumulated
ultrasonic energy in a very short time. The high local temperature (>5000 K), pressure
(>20 MPa), and high cooling rates (>1010 Ks−1) are highly appropriate for metal ions.
Additionally, the shear forces due to acoustic cavitation can overcome the Van der Waals
interactions [34–36].

In this work, we propose a mild, inexpensive, and environmentally friendly approach
for the preparation of Au@Ag NPs exploited as rapid and sensitive nanoprobes for the
naked-eye determination and selective detection of MOR. To the best of our knowledge,
no reports on the sonochemical synthesis of chemical nanoprobes have been reported in
the literature. In this regard, ultrasonic irradiation (high-power/low-power) was utilized
for the synthesis of Au@Ag NPs. In the presence of MOR, the absorbance of Au@Ag
NPs increased and a new red-shifted peak appears (620 nm), suggesting the Au@Ag NPs
aggregation and increase in NPs concentration in presence of MOR. According to these
results, the sonochemical irradiation in the synthetic route was essential for the sensing
properties of the resulting nanoparticles. This facile sensing method has several advantages,
including excellent stability, selectivity, prompt detection, and cost-effectiveness.
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2. Materials and Methods
2.1. Materials

All reagents were obtained and applied as received without further purification.
Trisodium citrate (SC) and glycerol were provided by Merck Company. Silver nitrate
(AgNO3) and HAuCl4 solution (0.1 M, 3.4% w/v) were freshly bought from Kimia next
Company (Isfahan, Iran). Morphine sulfate, acetaminophen (C8H9NO2), methadone
(C21H27NO), methylphenidate (C14H19NO2), and tramadol (C16H25NO2) were obtained
from Temad Pharmaceutical Company (Mashhad, Iran). The physicochemical features of
morphine are listed in Table S1. Milli-Q water was employed whose minimum resistivity
was 18.2 MΩcm−1.

2.2. Sonochemical Preparation of Silver Citrate Coated Au@Ag NPs

The silver citrate-coated Au@Ag NPs were sonochemically prepared using high- and
low-power ultrasonic equipment. Sono-synthesis of Au@Ag NPs was carried under high-
power ultrasonic equipment [Au-Ag (P)] using an ultrasonic horn (20 kHz, Branson Digital
Sonifier-Connecticut, Danbury, Connecticut, USA, W-450 D) at 50 ± 1 ◦C for 30 min. Briefly,
an aqueous solution including AgNO3 (5.0 × 10−3 M), HAuCl4 (1.0 × 10−5 M), trisodium
citrate (1.0 × 10−2 M), and 3 mL of glycerol was prepared and exposed to ultrasonic
irradiation. Different acoustic powers (20 W, 25 W, and 29 W) were tested. After 30 min of
sono-reaction, the aqueous solution turned pale-yellow, showing the formation of Au@Ag
NPs. The prepared nano-colloid samples were stored at room temperature in darkness; in
these conditions, they were stable for longer than four months.

Sono-synthesis of Au@Ag NPs using low power ultrasonic equipment [Au-Ag (B)] was
carried out using an ultrasonic bath (40 kHz, 5.7 Li, overall dimensions 325 × 175 × 290 mm;
internal dimensions 300 × 153 × 150 mm). Ag/Au solution was similarly prepared, trans-
ferred into an Erlenmeyer, and placed in an ultrasonic bath. The temperature was adjusted
to 50 ± 1 ◦C with an aging time of 30 min. The amount of energy transferred to the
reaction is low (1–5 Wcm−2) [32]. The pale-yellow colloid samples were stored in the same
conditions as above, showing similar stability.

An Au@Ag NPs sample was prepared using the conventional protocol without ultra-
sound treatment, by stirring an Ag/Au solution for 30 min and 50 ± 1 ◦C.

2.3. General Procedure for Colorimetric Assay of Morphine

Colorimetric detection of MOR was conducted using Au@Ag NPs as nanoprobes.
Briefly, 0.5 mL of aqueous solutions with different concentrations of MOR (0–100 µg/mL)
were added to 0.5 mL of Au@Ag NPs colloidal solutions and mixed. After 5 min, the
change of the solution color was monitored by UV-visible spectroscopy, and photographs
were recorded with a digital camera. The solution color from light-yellow turned dark-
brown. Transmission electron microscopy (TEM) was used to measure the diameters
and morphological changes of Au@Ag NPs in the presence of MOR, which confirmed
their aggregation.

2.4. Morphine Assay in Real Sample

MOR-free human urine samples were collected from a healthy volunteer (32-year-old
man, 83 kg and 180 cm) according to the institutional guidelines and “Ethics in Medical
Research, Handbook of Good Practice”, published by the Center for Research in Medical
Ethics and Medical History (Tehran, Iran). The aim of this project was informed to the
participant and the consent form was delivered from him. The urine sample was diluted
100-fold with no further pretreatment. For drug determination in human urine, certain
levels of MOR were added to all real samples using the standard additive method.

2.5. Characterization and Apparatus

The crystal structure of Au@Ag NPs was assessed by Bruker D8-Focus with Cu Kα

radiation (λ = 0.154056 nm) in 2θ = 10–80◦. Field Emission-Scanning Transmission Electron
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Microscopy (FE-STEM) images were recorded by Tecnai S-Twin 30, 300 keV, GIF-TRIDIEM.
Energy-dispersive X-ray spectroscopy (EDS) results were obtained by the same device.
TEM (CM30 Philips, Amsterdam, The Netherlands, 150 kV) was employed to assess the size
and morphology of the specimens. Details of the chemical structures were assessed by X-ray
photoelectron spectroscopy [XPS; 8025-BesTec XPS system (Berlin, Germany)]. The UV-vis
data were recorded by an Evolution 201 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). IR spectra were obtained by a Thermo Nicolet Avatar-370-FTIR
Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Zeta-potential assessments
were achieved by Zeta Compact (CAD Instrumentation, Île-de, France). Dynamic Light
Scattering (DLS) was carried out by Vasco Particle Size Analyzer (Cordouan Technologies,
Pessac, France). The high-power ultrasonic equipment operated at 20 kHz and included
a double cylindrical jacket (100 mL) for temperature control. The ultrasonic waves were
released from the tip at a diameter of 1.1 cm at the end of the horn. The low-power ultrasonic
procedure was conducted by Korea RoHs (DSA150-SK) ultrasonic cleaner (40 kHz, 5.7 Li,
overall dimensions 325 × 175 × 290 mm, internal dimensions 300 × 153 × 150 mm).

3. Results

AgNO3 and HAuCl4 have been used as precursors for nanoparticle preparation, with
citrate as a mild reducing agent and strong complexing stabilizer in Ag and Au reduc-
tion [21,37]. The ultrasound-assisted process is depicted in Scheme 1. In the ultrasonic
irradiation, with high-temperature (5000 K) local hotspots were formed as a result of the
rapid collapse of cavitation bubbles. As a result, the formation of H· [38], and radicals from
glycerol pyrolysis occurs [39], and these strong reductants reduce Ag+ and Au3+ ions. The
effect of different parameters such as ultrasonic amplitude (intensity), type of ultrasonic ir-
radiation (direct irradiation/high power/probe type, indirect irradiation/low power/bath
type), and types of additives (HAuCl4, glycerol) was explored on the synthesis of Au@Ag
NPs and their sensor performance.

Scheme 1. The synthetic strategy for Au@Ag NPs. Step (1) Nucleation of Au◦ as a seed; Step (2) the
nucleation and growth of Ag◦ onto the surface of the gold seeds; Step (3) UV-vis spectrum of Au@Ag
NPs with λmax ~440 nm (In the absence of ultrasonic irradiation (stirrer method), no significant peak
was observed).
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3.1. Optimization of Au@Ag NPs Synthesis Conditions

To optimize the synthesis of Au@Ag NPs, the addition of glycerol, acoustic intensity,
and type of ultrasonic irradiation were investigated.

The results obtained are presented in Table 1. The performance of the sensors was
evaluated by UV-vis spectra of nanoparticle suspensions, recording the redshifts observed
upon addition of MOR (70 µg/mL) at pH = 6.5 (MOR-Au@Ag NPs) after 5 min.

Table 1. Synthesis conditions for the Au@Ag NPs, and test results in the sensing of MOR.

Sample Intensity
(W/cm2) Condition Glycerol

(M)
HAuCl4

(M)
AgNO3

(M)

Sodium
Citrate

(M)
λmax (nm)

λmax after
Addition of
Morphine

(nm)

A1 26 Probe type - - 5.0 × 10−3 1.0 × 10−2 No significant
peak 425

A2 26 Probe type - 1.0 × 10−5 5.0 × 10−3 1.0 × 10−2 431 435

A3 26 Probe type 1 - 5.0 × 10−3 1.0 × 10−2 440 440

A4 26 Probe type 1 1.0 × 10−5 5.0 × 10−3 1.0 × 10−2 420 440

A5 21 Probe type 1 1.0 × 10−5 5.0 × 10−3 1.0 × 10−2 423 440

A6 30.5 Probe type 1 1.0 × 10−5 5.0 × 10−3 1.0 × 10−2 420 440

A7 <0.3 Bath type 1 1.0 × 10−5 5.0 × 10−3 1.0 × 10−2 426 440

A8 - Stirrer
method 1 1.0 × 10−5 5.0 × 10−3 1.0 × 10−2 No significant

peak 435

As shown in Figure 1 and Table 1, higher redshifts were observed in A4, A6, A7 sam-
ples in presence of MOR. The absorption maxima of metallic NPs are known to shift toward
a longer wavelength upon the NPs growth. Therefore, the observed redshift in the Au@Ag
NPs SPR peak upon MOR addition indicated the NPs aggregation. It is interesting to note
that both HAuCl4 and glycerol are necessary to induce a significant redshift and conse-
quently an evident color change of the Au@Ag NPs suspensions. Therefore, the protocol
using HAuCl4 and glycerol additives, probe-type ultrasound synthesis at the intensity of
26 W/cm2, and bath type treatment were selected for subsequent experiments (samples A4
and A7).

The addition of HAuCl4 and glycerol led to an increase in NPs size, evidenced by a
shift to a longer wavelength [40,41]. The formation mechanism of Au@Ag NPs in presence
of Au3+ and glycerol can be expressed as follows: first, at pH ~6.0 ± 0.5 the particles are
formed through the AuCl2(OH)2− and AuCl(OH)3− reduction, with a nucleation time of
~60 s followed by a low-pace growth [42]. The nucleation of Ag◦ from Ag+ in solution
occurred onto the surface of the gold seeds, making the particles bigger via Ostwald
ripening process. Glycerol can act as a binder to induce coalescence between particles and
help the growth process.

In the absence of ultrasonic irradiation, no significant peak was observed. Therefore,
it is suggested that ultrasonic irradiation accelerated the nucleation and growth process
and increase the reaction rate leading to the rapid generation of NPs [43]. In addition, in
the presence of high-power ultrasonic irradiation, some elongated shapes were obtained. It
is suggested that high-power ultrasonic irradiation leads to enhancement of mass transfer
and diffusion rate of precursors and the rapid growth of the active axis of NPs. Scheme 1
shows the synthesis strategy for Au@Ag NPs.
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Figure 1. UV-vis spectra of the Au@Ag NPs synthesized under different conditions; (a) type of
additive, (b) acoustic intensity, and (c) reaction conditions.

3.2. Characterization of the Optimized Au@Ag NPs

The Au@Ag NPs were characterized by different spectroscopic methods. Figure 1a,b
depict the XRD patterns of Au@Ag (P) and Au@Ag (B). In both cases, the XRD peaks
identified the cubic Ag-Au phase (JCPDS-04-0783).

Some diffraction peaks can be assigned to Au@Ag NPs at 2θ values of 38.9◦, 44.3◦,
64.5◦, and 77.5◦, which correspond to (111), (200), (220), and (311) silver-gold-metal nanopar-
ticles according to the Fm-3m space group, respectively [44,45]. However, more crystalline
structures were found under low-power ultrasonic irradiation.

The peaks at 28.5◦, 31.4◦, and 46.97◦ can be attributed to Ag3C6H5O7, which corre-
spond to (211), (220), and (222) trisilver citrate, respectively (JCPDS051-0945). The mild
peaks can be attributed to organic residuals of the precursors and glycerol [46].

Pyrolysis of glycerol in the presence of ultrasonic irradiation led to the production
of some organic impurities. CHNS analysis confirmed the presence of C = 14.4% and
H = 1.13% in the NPs.
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FTIR spectroscopy was carried out to confirm the formation of Au@Ag NPs under
high-power (probe type) and low-power (bath type) ultrasonic treatments [Au@Ag (P),
Au@Ag (B)].

The FT-IR spectra of samples (Figure 1c) exhibited a broad peak at 3435 cm−1, due
to the O-H stretching vibrations attributable to the water adsorbed on the sample surface.
Additionally, the characteristic peaks at (1047 cm−1 and 1045 cm−1), and (1653 cm−1

and 1644 cm−1) are related to C–O symmetric stretching, and C=O stretching vibrations,
respectively [32]. Based on Figure 1c, in the case of Au@Ag (P), the peaks appeared at
shorter wavelengths, confirming the stronger bonding of functional groups onto Au@Ag
(P) surfaces [32].

X-diffraction photoelectron spectroscopy was performed to determine the surface
constituent elements of the Au@Ag (P). The sharp peaks in Figure 2a are related to the
peaks of C1s, O1s, and Ag3d, due to the presence of carbon, oxygen, and silver with atomic
percentages of 72.18%, 18.22%, and 9.60% in the synthesized structure, respectively. In the
wide range of C1s, peaks of 284.07, 285.11, 286.29, and 288.65 eV can be assigned to the C-C,
C-O, C=O, and O-C=O bands, respectively (Figure 2b). The C-O groups are consistent with
the presence of citrate in the sample. In the wide range of O1s, the presence of peaks at
530.41, 532.04, and 532.52 eV can be attributed to metal-oxygen, C=O, and C-O, respectively
(Figure 2c). Additionally, in the wide range of Ag3d, characteristic peaks at 369.35 and
375.32 eV confirm the presence of Ag 3d5/2.5 and Ag 3d3/2 on the surface of the composite
structure (Figure 2) [47,48].

Figure 2. XRD patterns of (a) Au@Ag (P); (b) Au@Ag (B); and (c) FT-IR spectra of Au@Ag (P) and
Au@Ag (B).

XPS results indicated no evident peaks related to Au, which further confirms the
proposed mechanism of the formation of Au@Ag NPs in presence of Au3+. It was suggested
that AuNPs act as seeds; due to the high concentration of Ag+ in the solution, silver ions
are reduced on the surface of gold NPs (Figure 3).
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Figure 3. XPS spectra of (a) Au@Ag (P); (b) C 1s spectrum of Au@Ag (P); (c) O 1s spectrum of Au@Ag
(P); and (d) Ag 3d spectrum of Au@Ag (P).

Figure 4 presents the TEM images of the as-prepared specimens. Based on Figure 4a,
spherical Au@Ag NPs were formed with a mean diameter of 5 nm under low-power
ultrasonic irradiation (bath type). In the case of Au@Ag NPs synthesized by probe-type
ultrasonic irradiation, spherical (mean diameter of 10 nm), and elongated nanocrystals
were observed. Most of the elongated particles had a diameter of 8 nm and a length of
28 nm.

At high-power ultrasonic irradiation, the shock waves and micro-jets induced by the
bubble collapse promoted the mass transfer and diffusion of precursors and for this reason,
the facets along the more active axis will be quickly grown, leading to the formation of 1D
structures [29].
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Figure 4. TEM images of (a) Au@Ag (B); (b) Au@Ag (B)-MOR; (c) Au@Ag (P); and (d) Au@Ag
(P)-MOR.

The aggregation of Au@Ag NPs upon exposure to MOR was assessed by TEM because
the mean size of aggregated Au@Ag (B) and Au@Ag (P) was 39 and 60 nm, respectively
(Table 2).

Table 2. TEM and DLS analysis for Au@Ag NPs radius.

TEM DLS
NPs (nm) NPs +MOR (nm) NPs (nm) NPs + MOR (nm)

Au@Ag (B) 5 39 36 380
Au@Ag (P) 10 60 39 114

The SPR peaks of Au@Ag NPs after the addition of MOR showed a redshift with
enhanced absorbance, which confirms the size and concentration of NPs increased.

After the addition of MOR, some NPs with 4–5 nm in diameter were observed
(Figure 3b–d, yellow-marked NPs), confirming the nucleation of new NPs in presence
of MOR and a high concentration of Ag+.
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The aggregation process can be described as follows: hydroxyl groups and furan-like
oxygen hybrid rings of MOR can form strong hydrogen bonds with citrate groups present
onto the surface of Au@Ag NPs. As a consequence, the aggregation of Au@Ag NPs rapidly
occurs, resulting in the color change from yellow to brown and a shift in the plasmon band
energy. The other research works confirm the shift in SPR peak into longer wavelength due
to aggregation of NPs [49].

The nucleation of NPs can be explained as follows: MOR is an electroactive molecule,
that has nitrogen and oxygen atoms, and these atoms are electron-donating sites [50,51]. It
is assumed that this electroactivity led to Lewis acid/base interactions between MOR and
Ag (I) and Au (III) ions in the colloidal solution of chemical sensors and accelerate the NPs
nucleation. The intensity of the SPR peak increased due to an increase in the concentration
of NPs.

Figure 5a,b show the EDX spectra of Au@Ag (P) and Au@Ag (B). Ag, Au, C, and O
were present in the Au@Ag NPs. C and O peaks are associated with trisilver citrate. These
findings verified the formation of Ag NPs with a trace amount of Au. Moreover, the weight
percentage of Ag and Au was 62.41% and 6.01% in the Au@Ag (P) and 58.67% and 5.6% in
the Au@Ag (B), respectively.

Figure 5. EDX spectrum and chemical composition of (a) Au@Ag (P); (b) Au@Ag (B).

Some impurities like Na, Cl can be observed, with low weight percent that may be
due to poor cleaning conditions.

The ζ potential was measured to assess the surface potential of the as-prepared col-
loidal Au@Ag NPs suspension at pH = 6.5 ± 0.5 because the ζ potential indicates the
suspension stability [52]. The mean ζ-potential of suspensions was −19.3 mV and −23 mV
for Au@Ag (P) and Au@Ag (B), respectively. The negative surface charge of NPs can be
assigned to the partial ionization of adsorbed citrate. The findings also justified the high
colloidal stability (for several months) with no precipitation. The electrostatic repulsions
among charged particles promoted particle dispersion with lower aggregation [52]. The
FTIR results confirm this assumption. The average ζ-potential of suspensions after the
aggregation of Au@Ag NPs in presence of MOR were −15.8 and −16.7 for Au@Ag (P)
and Au@Ag (B), respectively. The interaction of MOR on the surface of NPs led to a less
negative charge. The pKa for ionization of MOR molecules was 9.9 [53]. Therefore, at
pH = 6.5 ± 0.5, MOR is in non-ionized form. Hence, ζ potential of Au@Ag NPs exhibited a
lower negative charge after aggregation in the presence of MOR.
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The DLS analysis was employed to evaluate the size distribution and hydrodynamic
diameter of Au@Ag NPs in the aqueous solution. The average size of Au@Ag (P) and
Au@Ag (B) was 39 nm and 36 nm, respectively. The mean size of aggregated Au@Ag (P)
and Au@Ag (B) was 114 nm and 380 nm, respectively (Table 2).

High hydrodynamic diameter confirms the strong interaction of water on the NPs sur-
face. Moreover, the higher dispersion stability can be assigned to the solvation of adsorbed
glycerol onto the surface of Au@Ag NPs. As shown in TEM and DLS results, the average
sizes of NPs in DLS results are higher than TEM analysis, which is a consequence of the NPs
interaction with water molecules. Furthermore, DLS analysis obtains the hydrodynamic
radius of NPs while in TEM this hydration layer is not present. As seen in Table 2 the
average hydrodynamic size for Au@Ag (B) + MOR is higher than Au@Ag (P) + MOR. It
is assumed that due to the stronger shock waves and micro-jets induced by the bubble
collapse in high power ultrasonic irradiation (probe type) the adsorbed amounts of glycerol
onto the surface of NPs were lower than NPs synthesized using low-power ultrasonic
irradiation (bath type). Hence, the interaction of MOR with the surface of Au@Ag (B) was
higher and caused a higher hydrodynamic diameter.

3.3. Optimization for Colorimetric Assay of Morphine

To optimize the Au@Ag NPs for MOR sensing, two parameters (pH, and incubation
time) were investigated.

3.3.1. Effect of Sample pH Value

The effect of sample pH on the MOR sensing ability of Au@Ag NPs was explored
(Figure 6). The significance of pH lies in the abundance of hydroxyl, carboxyl, and amine
groups in drugs [53].

Figure 6. UV-visible absorption spectra of Au@Ag NPs upon addition of MOR solution at different
pH. (Photographic images from left to right: Au@Ag NPs + 0 µg/mL (blank), Au@Ag NPs + 70 µg/mL
MOR at different pH, incubation time 5 min).

The pH of the starting Au@Ag NPs solution was 6.5 ± 0.5; the pH was adjusted to
different values by the addition of NaOH and HCl solutions before the colorimetric assay of
MOR. The results showed that Au@Ag NPs spontaneously aggregated at pH = 9.0 without
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the addition of MOR, which caused a dark brown colloidal solution (results not shown). In
an alkaline medium, the formation of silver oxide occurs, according to the reaction:

2Ag+ + 2 OH− � Ag2O + H2O (1)

The formed Ag2O deposits onto the NPs surface, removing the negatively charged
layer and consequently inducing the NPs aggregation. Thus, a dark-brown color was
obtained at higher pH without the addition of MOR.

As shown in Figure 6, at pH = 6.5 ± 0.5, the intensity of the SPR peaks increased and
a peak emerged at longer wavelengths (redshift). Furthermore, a greater color change of
Au@Ag NPs from yellow to dark brown was detected. The surface negative charge of
Au@Ag NPs at pH = 6.5 ± 0.5 and the positive charge of MOR molecules (pKa of MOR
is 9.9) led to the electrostatic attraction and aggregation of nanoparticles. TEM and DLS
analysis confirmed the increase in nanoparticle size in the presence of MOR. Additionally,
no significant color change and red-shift in the UV-vis spectrum occurred at acidic pH
(pH = 3.0). It is known that acidic pH increases the monodispersity of the Ag NPs reducing
their concentration. Therefore, pH = 6.5 ± 0.5 was chosen for further studies.

3.3.2. Effect of Incubation Time

Various incubation times were evaluated for optimization. The Au@Ag NPs began
aggregation immediately after mixing with MOR under optimal conditions, with stable
spectral changes within 5 min (the optimal incubation time) (Figure 7).

Figure 7. Effect of incubation time for determination of MOR using Au@Ag NPs (condition:
pH = 6.5 ± 0.5, MOR conc.; 70 µg/mL).

According to the results for optimization, pH = 6.5 ± 0.5 and incubation = 5 min were
chosen for further studies.

3.4. Linear Range of Calibration Curves

A typical calibration curve was determined under optimal conditions to detect MOR. The
calibration curves exhibited a linear range of 0–50 and 0–30 µg/mL with y = 0.0088x + 0.2081
(R2 = 0.9855), and y = 0.0106x + 0.2462 (R2 = 0.9886), with a LOD of 0.100 µg/mL and
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0.055 µg/mL for Au@Ag (P) and Au@Ag (B), respectively (Figure 8). A comparison be-
tween this method and the other methods is shown in Table 3.

Figure 8. UV-visible spectra of (a,b) Au@Ag (P) solutions with different concentrations of MOR,
calibration graphs for the quantification of MOR by using Au@Ag (P) as a colorimetric probe, and
photographic images of Au@Ag (P) in the concentration range of 0−100 µg/mL; (c,d) Au@Ag (B)
solutions with different concentrations of MOR, calibration graphs for the quantification of MOR by
using Au@Ag (B) as a colorimetric probe, and photographic images of Au@Ag (B) in the concentration
range of 0–100 µg/mL.
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Table 3. Comparison of detection method for MOR.

Method Linear Range LOD (mg/L) Reference

Molecular
imprinting-chemiluminescence 5 × 10−9–1 × 10−6 (g/mL) 2 × 10−6 (g/mL) [54]

Spectrophotometry 0.07–7.98 (mg/L) 0.03 (mg/L) [7]

GC- MS 0.05–5 (µg/g) 0.005 (µg/g) [55]

GC-MS 5–500 (ng/mL) 1 (ng/mL) [56]

GC–MS 0–750 (ng/mL) 0.75 (ng/mL) [57]

HPLC-MS 50–1600 (ng/mL) 40 (ng/mL) [58]

Chemical sensor-Colorimetric method
Citrate-capped gold nanoparticles 1.33–33.29 (µg/mL) 0.15 (µg/mL) [59]

Chemical sensor-Colorimetric method
Cr(III) Metal-Organic Framework 0.1–350 (nM) 0.167 (nM) [49]

Chemical sensor-Colorimetric method
Melamine modified gold nanoparticles

(MA–AuNPs)
0.07–3.0 (µM) 17 (nM) [14]

Au@Ag (P) 0–50 (µM) 0.1 (µg/mL) Present work

Au@Ag (B) 0–30 (µM) 0.055 (µg/mL) Present work

3.5. Interference Effect

A proper Au@Ag NPs chemosensor must selectively bind to MOR in the presence
of interfering species. The specificity and selectivity of the Au@Ag NPs were explored
through a comparison of their color variations upon separate exposure to several drugs
[methadone (MTD), acetaminophen (AP), tramadol (TRA), methylphenidate (MEPS), and
codeine (COD)] and some potentially interfering substances in urine samples including
various cations and anions (Ca2+, Zn2+, Na+, SO4

2−, Cl−, CO3
2−), and urea.

The choice of the mentioned drugs is because some of them (MEPS, TRA, and MTD)
have been commonly consumed along with other over-the-counter drugs to reach similar
analgesic effects.

To this end, these compounds were separately added to Au@Ag NPs colloidal solution
(100 µg/mL). Results show that ions with a concentration of 100 µg/mL did not interfere.

Figure 9 shows a significant color variation upon MOR addition with maximal shifts
from 420 nm to 440 nm. Figure S1 also represents the chemical structure of other drugs.
The hydroxyl groups and the furan-like oxygen ring allow MOR to have hydrogen bonds
and donor-acceptor electron interactions with the Au@Ag NPs surface. Among the other
drugs, only AP has one OH group and exhibited a weak interaction with Au@Ag NPs.
Additionally, codein (COD) and MOR have similar structures, with COD having a O-CH3
instead of OH group in MOR (Figure S1). This subtle difference can lead to selective
interaction between MOR and Au@Ag NPs.

3.6. Real Sample

The applicability of the proposed method in a real sample was assessed in determining
the MOR content in spiked urine samples. The standard addition procedure was applied
in order to circumvent the matrix effects. The urine sample was pretreated according to the
procedure described in the Experimental section, and certain amounts of the drugs, which
were previously verified to lie in the known linear range, individually spiked. UV-vis
spectra of the solutions were measured after the incubation of 5 min. The obtained results
showed good recoveries (87–104%) (Table 4), suggesting the applicability of the proposed
method for the detection of MOR.
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Figure 9. (a) UV-visible spectra of (a) Au@Ag (P) and (b) Au@Ag (B) NPs solutions with different
drugs, urea, cations, and anions where the concentration of drugs and all other interferences was
100 µg/mL, and related photographic images.

Table 4. Analysis of MOR in spiked urine samples by the proposed method (incubation time: 5 min).

Sample Added Found Recovery (%) Std.Dev **(µg/mL) (µg/mL)

Au@Ag (P) 0 ND * - -
Au@Ag (P) 50 45.6 91.2 0.127
Au@Ag (P) 30 26.6 88.6 0.212
Au@Ag (P) 1 0.87 87 0.167
Au@Ag (B) 0 ND - -
Au@Ag (B) 30 31.4 104 0.141
Au@Ag (B) 10 9.7 97 0.112
Au@Ag (B) 1 1.01 101 0.099

* ND: not detected. ** Std.Dev (standard deviation value for duplicate measurements).

3.7. Sensing Mechanism

The sensing mechanism of MOR in presence of Au@Ag NPs can be described by the
following mechanism. Based on the ζ potential of Au@Ag NPs, they have a negative surface
charge due to the presence of silver citrate and their oxygen functional groups. The pKa
of MOR ionization was reported 9.9 [46] and it has been reported that, at pH = 6.5 ± 0.5,
MOR is in a non-ionized form [48]. Furthermore, hydroxyl groups and furan-like oxygen
hybrid rings of MOR can form strong hydrogen bonds with trisilver citrate and glycerol
on the surface of NPs. Therefore, MOR interaction with Au@Ag NPs involves hydrogen
bonding, and donor-acceptor electron complex, explaining the rapid aggregation of NPs in
the presence of MOR. Scheme 2 shows the proposed interaction mechanism between the
Au@Ag NPs and MOR.
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Scheme 2. Illustration of the detection mechanism of MOR using Au@Ag NPs.

4. Conclusions

A fast, facile, cost-effective, and selective chemosensor was developed for the quan-
titative detection of MOR in human-urine samples, based on the aggregation of Au@Ag
NPs. The colorimetric nanoprobes were silver citrate-coated Au@Ag NPs synthesized by
a sonochemical method. They showed a linear range of 0–50 µg/mL (R2 = 0.9855) and
0–30 µg/mL (R2 = 0.9886), with a LOD of 0.100 µg/mL and 0.055 µg/mL for Au@Ag NPs
synthesized in presence of high-power and low-power ultrasonic irradiation, respectively.
It is also worthwhile to note that no significant color changes were obtained in the presence
of morphine using Au@Ag NPs synthesized without ultrasonic irradiation. From the
obtained results in our research, we can see that the ultrasonic treatment dramatically
improved the sensitivity for MOR determination. To the best of our knowledge, this is the
first report on the colorimetric assay of MOR using sono-synthesized silver nanoparticles
as a green method. Future work is now ongoing in our labs to explore a more selective
narcotics detection.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s22052072/s1, Figure S1: Chemical structure of drugs. Table S1:
Physicochemical properties of morphine.
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