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Abstract: Screening of illicit drugs for new psychoactive substances—namely cathinone—at crime
scenes is in high demand. A dual-emission bovine serum albumin-stabilized gold nanoclusters
probe was synthesized and used for quantitation and screening of 4-chloromethcathinone and
cathinone analogues in an aqueous solution. The photoluminescent (PL) color of the bovine
serum albumin-stabilized Au nanoclusters (BSA-Au NCs) probe solution changed from red to
dark blue during the identification of cathinone drugs when excited using a portable ultraviolet
light-emitting diodes lamp (365 nm). This probe solution allows the PL color-changing point and limit
of detection down to 10.0 and 0.14 mM, respectively, for 4-chloromethcathinone. The phenomenon of
PL color-changing of BSA-Au NCs was attributed to its PL band at 650 nm, quenching through an
electron transfer mechanism. The probe solution was highly specific to cathinone drugs, over other
popular illicit drugs, including heroin, cocaine, ketamine, and methamphetamine. The practicality of
this BSA-Au NCs probe was assessed by using it to screen illicit drugs seized by law enforcement
officers. All 20 actual cases from street and smuggling samples were validated using this BSA-Au
NCs probe solution and then confirmed using gas chromatography–mass spectrometry. The results
reveal this BSA-Au NCs probe solution is practical for screening cathinone drugs at crime scenes.
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1. Introduction

Synthesized cathinones, a type of new psychoactive substances (NPS), have emerged in the past
10 years and have caused serious social problems worldwide [1]. Cathinone drug abuse has adverse
psychiatric effects, including anxiety, anorexia, addiction, and panic attacks, leading to homicidal
combative behavior and deaths, which puts a community in danger [2]. More than 30 synthesized
cathinone analogues derived from natural cathinone with main structure of phenyl-ketone group had
been reported by 2018. The fast appearance of cathinone drugs on the drug market poses a considerable
challenge for law enforcement officers and analytical chemists [3].

Cathinone drugs in street samples are usually present in a powder form and common for drug
abusers to use. The concentrations of illicit substances in these samples are dependent on the sources sold
from drug dealers. Before seizing these illicit drug samples, law enforcement officers need to identify
substances by using sensor kits or instruments. Although gas chromatography–mass spectrometry
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(GC–MS) and liquid chromatography–tandem MS (LC–MS/MS) methods for quantitation of cathinone
drugs and their metabolites have been developed [4–7], these instruments were difficult to perform
at crime scenes. To overcome this obstacle, a portable mass spectrometer equipped with desorption
electrospray ionization used at crime scenes was developed for the direct analysis of cathinone
drugs with limits of detection (LODs) down to the nano-gram level [8]. In addition, a handheld
Raman spectrometry has been developed and is available commercially with an advantage for in-field
testing [9]. Besides, a few colorimetric sensors and electrochemical probes as well as immunoassays to
detect cathinone drugs have been developed for screening drugs at crime scenes [10–12]. Cuypers et al.
used classic color testing arrays (Marquis, Mecke, Scott, Mandelin, and Simon reagents) to identify
NPS [10]. Banks et al. used graphite-screen-printed electrodes for quantification of mephedrone
and 4′-methyl-N-ethylcathinone with their limits of detection down to 11.80 and 11.60 µg mL−1,
respectively [11]. The Randox Drugs of Abuse V Biochip is a commercially available immunoassay
for cathinone drugs detection [13]. All aforementioned methods have some shortcomings regarding
their performance for screening drugs at crime scenes, such as flowchart complications, the need for
expertise, cost inefficiency, and unpopularity. Thus, there is a high demand to develop a sensitive,
low-cost, easy-to-use, and high-specificity sensor for cathinone drugs screening.

Nanoclusters (NCs) have attracted a lot of attention in nanotechnology because of their
fantastic chemical and physical properties [14,15]. Many scientists have attempted to synthesize
photoluminescent (PL) metallic NCs using different processes, including etching [16], sonochemical [17],
and template-based methods [18]. Currently, metallic NCs such as Au, Ag, Cu, and AuAg NCs have
been synthesized [19–22]. Owing to its photostability and facile synthetic properties, the bovine
serum albumin-stabilized Au NCs (BSA-Au NCs) is relatively popular for metallic NCs. BSA-Au
NCs composed of several gold atoms at the core and BSA at the outer-layer surface have applications
in cancer therapy, bioimaging, and sensors [23–25]. With an aim to solve a shortage problem for
cathinone drug sensors, we report a PL colorimetric probe of BSA-Au NCs changed from red to dark
blue, visible to the naked eye, during the identification of cathinone drugs. We demonstrated the
facile synthetic property, high sensitivity, and excellent selectivity of BSA-Au NCs for quantitation
of 4-chloromethcathinone (4-CMC) in an aqueous solution. The sensing mechanism of BSA-Au NCs
for quantitation of 4-CMC was proposed regarding a Stern-Volmer plot, absorption, PL, and lifetime
data. In addition, 20 actual cases acquired from street and smuggling samples were validated using
a BSA-Au NCs probe solution. The results revealed that the use of a BSA-Au NCs probe to detect
cathinone drugs at crime scenes was practical.

2. Materials and Methods

2.1. Reagents and Materials

BSA, fructose, glucose, hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O), quinine sulfate
monohydrate, sodium hydroxide (NaOH), sodium borohydride (NaBH4), and sucrose were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Monobasic and dibasic sodium phosphates were purchased
from J. T. Baker (Phillipsburg, NJ, USA) and thus were used to prepare sodium phosphate buffers (100 mM,
pH 7.0). A Milli-Q system from Millipore (Billerica, MA, USA) was used in this study to produce
ultrapure water (18.2 MΩ cm). Butylone, 4′-chloro-α-pyrrolidinopropiophenone (4′-chloro-α-PPP),
4-CMC, cocaine, dibutylone, ephylone, ethylone, heroin, ketamine, 3-methoxymethcathinone
(3-MeOMC), 4-methyl-α-ethylaminopentiophenone (4-MEAPP), methamphetamine, mexedrone, and
pentylone in hydrochloride salt form were acquired from actual cases.

2.2. Synthesis of BSA-Au NCs

The synthetic process in this study was similar to that described in relevant research, with
moderate modifications [26]. An aliquot (1.0 mL) of HAuCl4 (aq) (10 mM) was mixed with 10 mL of
BSA (aq) (30 mg mL−1) in a 50-mL centrifugation tube. After stirring for 30 min, 0.5 mL of NaOH (aq)
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(1 M) was added to the mixture and incubated at 45 ◦C for 18 h. The color of the solution changed
from light yellow to dark yellow, indicating the formation of BSA-Au NCs. With the aim to remove
unreactive gold species and to purify the resulting BSA-Au NCs solution, the mixture was purified
against ultrapure water through a dialysis membrane (MWCO 3.5 kD) purchased from Spectra Labs
(Rancho Dominguez, CA, USA) for 24 h. Next, the purified BSA-Au NCs solution was freeze-dried to
form a light pink powder (259 mg), which was then re-dispersed in sodium phosphate buffers (pH 7.0,
100 mM). The as-prepared BSA-Au NCs solution (22.5 mg mL−1) was stored at 4 ◦C in the dark until
ready to use.

2.3. Characterization of BSA-Au NCs

The BSA-Au NCs light pink powder (0.1 mg) was diluted with ultrapure water (1 mL). The diluted
BSA-Au NCs were deposited on 400-mesh carbon-coated Cu grids, and excess solvent was evaporated
at an ambient temperature and pressure. Images of BSA-Au NCs were captured using transmission
electron microscopy (TEM) purchased from GCE Market (FEI Tecnai-G2-F20, Blackwood, NJ, USA)
operated at 200 kV to measure particle sizes. A SpectraMax i3x Multi-Mode Microplate Reader from
Molecular Devices (San Jose, CA, USA) was used to record the absorption spectrum and PL spectrum of
BSA-Au NCs. A spectrometer (Theta Probe) from VG Scientific (East Grinstead, UK) with Al Kα X-ray
radiation was used to measure X-ray photoelectron spectroscopy (XPS) of BSA-Au NCs. A Thermo
Scientific spectrometer (Nicolet iS5, Waltham, MA, USA) with a resolution of 4 cm−1 and 64 scans was
used to record the Fourier transform infrared (FTIR) spectrum of BSA-Au NCs and BSA to analyze the
functional groups on the surface. Fluorescent quantum yields (Φf) of the BSA-Au NCs dispersed in a
sodium phosphate buffer (pH 7.0, 100 mM) at the excitation and emission wavelengths of 365/460 nm
and 365/650 nm, were separately measured using quinine sulfate (Φf = 0.54) dissolved in 0.1 M H2SO4

as a standard [27].

2.4. Detection of 4-CMC and Cathinone Analogues

An aliquot (100 µL) of the as-prepared BSA-Au NCs solution was dispersed in a sodium phosphate
buffer (400 µL, 100 mM, pH 7.0) containing various concentrations of 4-CMC to evaluate the sensitivity
of BSA-Au NCs for detection of 4-CMC. After mixing for 1 min, the PL spectrum of the BSA-Au NCs
solution with and without 4-CMC were recorded. Similarly, a selectivity test was assessed using
25 mM of other illicit drugs, including heroin, cocaine, methamphetamine, and ketamine dissolved in
sodium phosphate buffers, separately. Additives such as glucose, sucrose, and fructose were tested for
their interference. In addition, cathinone analogues, including butylone, 4′-chloro-α-PPP, dibutylone,
ephylone, ethylone, 3-MeOMC, 4-MEAPP, mexedrone, and pentylone were tested to confirm the
sensing ability of BSA-Au NCs probe for detection of cathinone drugs. All experiments were performed
under ambient conditions (25 ◦C, 1 atm). To investigate the sensing mechanism, a reduction of 4-CMC
to form 1-(4-chlorophenyl)-2-(methylamino) propan-1-ol was synthesized by using a reducing reagent
of NaBH4 (see Supporting Information I and Figure S1) to study analyte-induced PL quenching.
In addition, time-resolved absorption and emission spectroscopy (NS010, Pascher Instrument, Lund,
Sweden) was performed using a photon-counting system with a 365 nm laser to measure lifetimes
of BSA alone and BSA-Au NCs with and without 4-CMC (25 mM), which were dispersed in sodium
phosphate buffers (100 mM, pH 7.0).

2.5. Interference Study

An aliquot (100 µL) of the as-prepared BSA-Au NCs solution was mixed with 400 µL of the
sodium phosphate buffer (100 mM, pH 7.0) in a 2-mL centrifugation tube for use as a BSA-Au NCs
probe solution. Various concentrations of 4-CMC mixed with glucose (w/w% from 0% to 20%) were
individually prepared for interference study. Each real sample (30 mg) was dissolved in 500 µL of a
BSA-Au NCs probe solution. After being mixed for 1 min, PL images of the BSA-Au NCs probe solution
were recorded using a smartphone (Galaxy Note 3, Samsung, Seoul, South Korea) and a portable
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UV–LED lamp (FLUV Series, LEDWELL, New Taipei City, Taiwan) at an excitation wavelength of
365 nm.

2.6. Theoretical Calculation

The structures of 4-CMC and its reduction form of 1-(4-chlorophenyl)-2-(methylamino) propan-1-ol
were optimized by using Gaussian 09 [28]. Then, density-functional theory (DFT) calculation based on
B3LYP/6-31G** mode was used to calculate electron distribution and energy levels of the two analytes
for their highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOs). Molecular orbitals were displayed using a Chemcrafe.

2.7. Analysis of Actual Samples

Twenty actual cases from street and smuggling samples from different sources were validated by
using a BSA-Au NCs probe solution and a portable UV–LED lamp, and then they were confirmed
using GC–MS measurement (Agilent 7890A/5975C MSD). The procedure was similar to that used for
interference study, but only 2 to 5 mg of unknown samples were sampled for screening.

3. Results and Discussion

3.1. Characterization of BSA-Au NCs

The TEM image displayed in Figure 1A shows that the as-prepared BSA-Au NCs are uniform
and monodispersed spheres, with an average diameter of 3.2 nm (100 counts) [29]. The XPS spectrum
presented in Figure 1B reveals the existence of various elements in BSA-Au NCs, including Au,
O, N, and C. Binding energies of 285.1, 399.1, and 531.1 eV were attributed to C1s, N1s, and O1s,
respectively [30]. In the case of Au, binding energies of 84.3 and 87.6 eV were attributed to 4f7/2

and 4f5/2, respectively, and this further confirmed the formation of BSA-Au NCs [30]. Moreover, the
deconvoluted Au XPS spectrum of BSA-Au NCs revealed four peaks obtained at 84.3 and 87.8, 85.7,
and 89.6 eV, which were attributed to oxidation states of Au (0) and Au (I), respectively, as shown in
Figure 1C [31,32]. The number of gold atoms in the BSA-Au NCs was proposed approximately to be
25, due to its red emission from Au clusters [32–34]. As indicated in Figure S2, the FTIR spectrum
of BSA-Au NCs was similar to that of BSA, further confirming that Au NCs was stabilized in the
BSA [30]. The absorption and PL spectrum of the BSA and BSA-Au NCs are provided in Figure 1D.
The BSA-Au NCs had a significant absorption band at a wavelength of 280 nm that was attributable to
the tryptophan in BSA [35]. The absorption spectrum of BSA-Au NCs was similar to that of BSA alone,
further indicating that BSA was stabilized on the surface of BSA-Au NCs. The PL spectrum of BSA-Au
NCs showed two emission bands at 460 nm and 650 nm when excited at 365 nm. The emission bands
of BSA-Au NCs at 460 nm and 650 nm were blue and red in color and corresponded to BSA and Au
NCs, respectively. Table 1 summarizes the lifetimes of BSA and BSA-Au NCs at PL bands of 460 nm
and 650 nm at an excitation wavelength of 365 nm. The lifetimes of BSA-Au NCs at PL bands of 460 nm
and 650 nm were 10.5 ns and 1820.7 ns, respectively [36], and the lifetime of BSA at the PL band of
460 nm was 11.3 ns, indicating that the PL band at 460 nm of BSA-Au NCs should be attributed to
BSA. Fluorescent quantum yield values for BSA-Au NCs at 460 nm and 650 nm were 1.2% and 1.5%,
respectively. The stability of BSA-Au NCs against time and pH was assessed as shown in Figure S3.
The results revealed that the PL intensities of BSA-Au NCs for a time of 480 min and pH values in the
range of 7–11.5 were stable, demonstrating excellent stability for use. After pH values (7, 9.5, and 11.5)
was assessed, a mild pH of 7.0 was selected for further study [37].
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Figure 1. (A) TEM image, and (B) XPS spectrum of BSA-Au NCs. (C) XPS spectrum of BSA-Au NCs
for Au. (D) Absorption and photoluminescent (PL) spectrum of the BSA and BSA-Au NCs. Inset in (A)
illustrates the diameters distribution of BSA-Au NCs.

Table 1. Lifetimes of bovine serum albumin (BSA) alone and bovine serum albumin-stabilized Au
nanoclusters (BSA-Au NCs) without and with 4-chloromethcathinone (4-CMC) (25 mM) when excited
at 365 nm.

Item Emission at 460 nm Emission at 650 nm

BSA 11.3 ns -
BSA-Au NCs 10.5 ns 1820.7 ns

BSA-Au NCs with 4-CMC 10.4 ns 963.4 ns

3.2. Sensitivity, Selectivity, and Interference Study

Figure 2A displays the PL spectrum of BSA-Au NCs in a sodium phosphate buffer (pH 7.0) with
and without 4-CMC when excited at 365 nm. The analyte-induced PL band of the BSA-Au NCs
at 650 nm exhibited an obvious decrease with increasing concentrations. Figure 2A (inset) shows
that the relationship (F0−F)/F0 of the BSA-Au NCs is linear for the range of 0.48–7.5 mM of 4-CMC
(R2 = 0.998), where F and F0 are the PL intensities of the BSA-Au NCs at 650 nm with and without
4-CMC, respectively. The LOD was calculated to be 0.14 mM based on 3δ/slope, where δ represented
the deviation of (F0−F)/F0 for a blank test and the slope denoted the calibration curve. As shown
in Figure 2B, the results of the selectivity test demonstrate that the BSA-Au NCs probe is specific to
4-CMC and cathinone analogues (their structures are displayed in Table S1). In addition, common
illicit drugs and additives, including cocaine, heroin, ketamine, methamphetamine, glucose, sucrose,
and fructose, did not induce BSA-Au NCs quenching. Figure 3A presents the PL color of the BSA-Au
NCs probe solutions with increasing concentrations of 4-CMC. The change in PL color from red to
dark blue was visible to the naked eye; thus, it was determined that the changing point was 10.0 mM,
indicating that a small amount of the analyte (1 mg) was enough for this probe solution to change
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PL color. Figure 3B shows that the 4-CMC-induced PL color of BSA-Au NCs probe solution changed
mixing with glucose at various concentration levels (w/w% from 0% to 25%). When the concentration
of 4-CMC was higher than 5%, the PL color of BSA-Au NCs was completely blue, indicating high
concentration of glucose interference would not change the sensing results of BSA-Au NCs for the
screening of 4-CMC.
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Figure 2. Detection of 4-CMC using BSA-Au NCs. (A) PL spectrum of BSA-Au NCs in sodium phosphate
buffers (pH 7.0), without and with 4-CMC, using an excitation wavelength of 365 nm. (B) Selectivity of
BSA-Au NCs toward cathinone drugs over other common illicit drugs and additives when excited at
365 nm (all analytes were 25 mM). Inset in (A) is the linear relationship (F0−F)/F0 of the BSA-Au NCs
against 4-CMC concentrations in the range 0.48–7.5 mM, where F and F0 are the PL intensities of BSA-Au
NCs at 650 nm with and without 4-CMC, respectively. Inset in (B) are PL images of BSA-Au NCs
probe solutions containing (a) glucose, (b) fructose, (c) sucrose, (d) ketamine, (e) methamphetamine,
(f) heroin, (g) cocaine, and (h) 4-CMC. Data were obtained through three measurements.
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Figure 3. (A) PL color images of BSA-Au NCs probe solutions with increasing concentrations of 4-CMC.
(B) PL images of BSA-Au NCs probe solutions in the presence of 4-CMC (w% from 0% to 20%) at
various concentration levels of glucose from 100% to 80%. A smartphone and (C) a portable UV-LED
lamp were used to capture the PL images.

3.3. Sensing Mechanism

A Stern–Volmer plot, as displayed in Figure 4A, was used to study the quenching mechanism of
BSA-Au NCs for 4-CMC at emission and excitation wavelengths of 650 nm and 365 nm. The slope
(KSV) of the linear plot was determined to be 0.269 (R2 = 0.996), revealing a dynamic quenching
mechanism (fluorescence resonance energy transfer or electron transfer) [38]. In addition, the lifetimes
of BSA-Au NCs without and with 25 mM of 4-CMC at emission and excitation wavelengths of 650 nm
and 365 nm were determined to be 1820.7 and 963.4 ns, respectively [39]. To confirm fluorescence
resonance energy transfer or electron transfer, the PL spectrum of BSA-Au NCs at an excitation
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wavelength of 365 nm and the absorption spectrum of 4-CMC were plotted, as displayed in Figure 4B.
The results revealed no overlap between the PL spectrum of BSA-Au NCs in the range of 530–730 nm
and the absorption spectrum of 4-CMC, ruling out fluorescence resonance energy transfer [40,41].
Thus, an electron transfer occurred from BSA-Au NCs to 4-CMC when excited at 365 nm, mainly
due to the phenyl-ketone structure in 4-CMC, which was a good electron acceptor [42]. To prove
this, 4-CMC was reduced to form 1-(4-chlorophenyl)-2-(methylamino) propan-1-ol using NaBH4 as
shown in supporting information I; thus, the analyte did not induce PL quenching of BSA-Au NCs.
Also, electron distribution and energy levels of HOMO and LUMO for 4-CMC were acquired by DFT
calculation. As shown in Figure 4C, the HOMO orbitals are localized on the amino group, and the
LUMO orbitals are delocalized on a phenyl-ketone structure. Their HOMO and LUMO energy levels
are –5.90 and –1.83 eV, respectively. The DFT calculation results further support the phenyl-ketone
group in 4-CMC, which would accept an electron from BSA-Au NCs. On the other hand, HOMO
and LUMO energy levels of 1-(4-chlorophenyl)-2-(methylamino) propan-1-ol are–6.51 and –0.43 eV,
respectively, indicating the high energy level of LUMO would not allow an electron transfer from
BSA-Au NCs. On the basis of the Stern–Volmer plot, the lifetimes, absorption, PL, and experiment
results of a reductive form of 4-CMC as well as DFT calculation data, a sensing mechanism of BSA-Au
NCs for 4-CMC, is proposed, as displayed in Scheme 1.
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Figure 4. (A) A Stern–Volmer plot of the BSA-Au NCs in the presence of 4-CMC at an excitation
wavelength of 365 nm. The Stern–Volmer equation: F0/F = 1 + KSV [Q], where F0 and F are the PL
intensities of BSA-Au NCs at 650 nm without and with 4-CMC, respectively, [Q] is the concentration of
4-CMC, and KSV is the quenching constant. (B) Absorption spectrum of 4-CMC (left) and PL spectrum
of the BSA-Au NCs excited at 365 nm (right). (C) The diagram of highest occupied molecular orbitals
(HOMOs), lowest unoccupied molecular orbitals (LUMOs), and electron distribution for 4-CMC and
1-(4-chlorophenyl)-2-(methylamino)propan-1-ol.



Sensors 2019, 19, 3554 8 of 11

Sensors 2019, 19, x FOR PEER REVIEW 8 of 11 

 

 
Scheme 1. Mechanism of a dual-emission BSA-Au NCs probe for detecting 4-CMC. 

3.4. Analysis of Actual Samples 

Twenty actual cases from street and smuggling samples were validated by using this BSA-Au 
NCs probe solution and then confirmed using GC–MS measurements, as shown in Figure 5. Actual 
cases of 2, 3, 11, and 16 screened positive results and were thus confirmed to be ephylone, butylone, 
a mixture of dibutylone and 4-chloro-N,N-dimethylcathinone (4-chloro-N,N-DMC), and 4-chloro-
N,N-DMC, respectively, which all were cathinone drugs. Other cases tested negative and were thus 
confirmed to be amphetamine, ketamine, methoxetamine, cocaine, 2,5-dimethoxy-4-
bromophenethylamine (2C-B), 3,4-methylenedioxymethamphetamine (MDMA), ACHMINACA, 5-
chloro-AKB48, fentanyl, etizolam, and heroin, respectively. All screening results fit the outcomes 
confirmed by GC–MS measurements. Moreover, it was noted that PL images of BSA-Au NCs probe 
solutions were captured using a smartphone and a portable UV–LED lamp, indicating that the 
developed sensor system was practical and convenient for law enforcement officers to use at crime 
scenes. 

 
Figure 5. The appearance, the screening results by using this BSA-Au NCs probe solution, and 
confirmation by using GC–MS measurements of 20 actual cases from street and smuggling samples. 

  

Scheme 1. Mechanism of a dual-emission BSA-Au NCs probe for detecting 4-CMC.

3.4. Analysis of Actual Samples

Twenty actual cases from street and smuggling samples were validated by using this BSA-Au NCs
probe solution and then confirmed using GC–MS measurements, as shown in Figure 5. Actual cases of
2, 3, 11, and 16 screened positive results and were thus confirmed to be ephylone, butylone, a mixture
of dibutylone and 4-chloro-N,N-dimethylcathinone (4-chloro-N,N-DMC), and 4-chloro-N,N-DMC,
respectively, which all were cathinone drugs. Other cases tested negative and were thus confirmed to
be amphetamine, ketamine, methoxetamine, cocaine, 2,5-dimethoxy-4-bromophenethylamine (2C-B),
3,4-methylenedioxymethamphetamine (MDMA), ACHMINACA, 5-chloro-AKB48, fentanyl, etizolam,
and heroin, respectively. All screening results fit the outcomes confirmed by GC–MS measurements.
Moreover, it was noted that PL images of BSA-Au NCs probe solutions were captured using a
smartphone and a portable UV–LED lamp, indicating that the developed sensor system was practical
and convenient for law enforcement officers to use at crime scenes.
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4. Conclusions

A PL color-changing probe of BSA-Au NCs has been developed for screening and quantitating
4-CMC. This probe is specific to cathinone drugs, including butylone, 4′-chloro-α-PPP, 4-CMC
dibutylone, ephylone, ethylone, 4-MEAPP, 3-MeOMC, mexedrone, and pentylone. When excited at
365 nm, analyte-induced PL quenching of BSA-Au NCs at 650 nm occurs through an electron transfer,
causing the PL color to change from red to dark blue. Using a smartphone and a portable UV–LED
lamp, this simple and easy-to-use probe of BSA-Au NCs will enable law enforcement officers to rapidly
screen cathinone drugs at crime scenes with the naked eye.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/16/3554/s1,
Supporting Information I: the synthesis of 1-(4-chlorophenyl)-2-(methylamino)propan-1-ol, Figure S1: NMR
spectrum of 1-(4-chlorophenyl)-2-(methylamino)propan-1-ol, Figure S2: FTIR spectrum of BSA-Au NCs and BSA,
Figure S3: Stability of BSA-Au NCs with different pH values over time, Table S1: Structures of cathinone-drugs
and other tested drugs.
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3. Majchrzak, M.; Celiński, R.; Kuś, P.; Kowalska, T.; Sajewicz, M. The newest cathinone derivatives as designer
drugs: An analytical and toxicological review. Forensic Toxicol. 2018, 36, 33–50. [CrossRef] [PubMed]

4. Mohamed, K.M.; Al-Hazmi, A.H.; Alasiri, A.M.; Ali, M.E.-S. A GC–MS method for detection and quantification
of cathine, cathinone, methcathinone and ephedrine in oral fluid. J. Chromatogr. Sci. 2016, 54, 1271–1276.
[CrossRef] [PubMed]

5. Zuba, D. Identification of cathinones and other active components of ‘legal highs’ by mass spectrometric
methods. Trends Anal. Chem. 2012, 32, 15–30. [CrossRef]

6. Lendoiro, E.; Jiménez-Morigosa, C.; Cruz, A.; Páramo, M.; López-Rivadulla, M.; de Castro, A. An LC-MS/MS
methodological approach to the analysis of hair for amphetamine-type-stimulant (ATS) drugs, including
selected synthetic cathinones and piperazines. Drug Test. Anal. 2017, 9, 96–105. [CrossRef] [PubMed]

7. Mercolini, L.; Protti, M.; Catapano, M.C.; Rudge, J.; Sberna, A.E. LC–MS/MS and volumetric absorptive
microsampling for quantitative bioanalysis of cathinone analogues in dried urine, plasma and oral fluid
samples. J. Pharm. Biomed. Anal. 2016, 123, 186–194. [CrossRef] [PubMed]

8. Vircks, K.E.; Mulligan, C.C. Rapid screening of synthetic cathinones as trace residues and in authentic seizures
using a portable mass spectrometer equipped with desorption electrospray ionization. Rapid Commun. Mass
Spectrom. 2012, 26, 2665–2672. [CrossRef]

9. Guirguis, A.; Girotto, S.; Berti, B.; Stair, J.L. Identification of new psychoactive substances (NPS) using
handheld Raman Spectroscopy employing both 785 and 1064 nm laser sources. Forensic Sci. Int. 2017, 273,
113–123. [CrossRef]

10. Cuypers, E.; Bonneure, A.J.; Tytgat, J. The use of presumptive color tests for new psychoactive substances.
Drug Test. Anal. 2016, 8, 136–140. [CrossRef]

11. Smith, J.P.; Metters, J.P.; Khreit, O.I.; Sutcliffe, O.B.; Banks, C.E. Forensic electrochemistry applied to the
sensing of new psychoactive substances: Electroanalytical sensing of synthetic cathinones and analytical
validation in the quantification of seized street samples. Anal. Chem. 2014, 86, 9985–9992. [CrossRef]

12. Tan, F.; Smith, J.P.; Sutcliffe, O.B.; Banks, C.E. Regal electrochemistry: Sensing of the synthetic cathinone class
of new psychoactive substances (NPSs). Anal. Methods 2015, 7, 6470–6474. [CrossRef]

http://www.mdpi.com/1424-8220/19/16/3554/s1
http://dx.doi.org/10.2174/1570159X13666141210224137
http://www.ncbi.nlm.nih.gov/pubmed/26074740
http://dx.doi.org/10.1007/s11419-017-0385-6
http://www.ncbi.nlm.nih.gov/pubmed/29367861
http://dx.doi.org/10.1093/chromsci/bmw082
http://www.ncbi.nlm.nih.gov/pubmed/27165573
http://dx.doi.org/10.1016/j.trac.2011.09.009
http://dx.doi.org/10.1002/dta.1948
http://www.ncbi.nlm.nih.gov/pubmed/26914712
http://dx.doi.org/10.1016/j.jpba.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26905673
http://dx.doi.org/10.1002/rcm.6390
http://dx.doi.org/10.1016/j.forsciint.2017.01.027
http://dx.doi.org/10.1002/dta.1847
http://dx.doi.org/10.1021/ac502991g
http://dx.doi.org/10.1039/C5AY01820J


Sensors 2019, 19, 3554 10 of 11

13. Ellefsen, K.N.; Anizan, S.; Castaneto, M.S.; Desrosiers, N.A.; Martin, T.M.; Klette, K.L.; Huestis, M.A.
Validation of the only commercially available immunoassay for synthetic cathinones in urine: Randox Drugs
of Abuse V Biochip Array Technology. Drug Test. Anal. 2014, 6, 728–738. [CrossRef] [PubMed]

14. Wang, H.-H.; Lin, C.-A.J.; Lee, C.-H.; Lin, Y.-C.; Tseng, Y.-M.; Hsieh, C.-L.; Chen, C.-H.; Tsai, C.-H.; Hsieh, C.-T.;
Shen, J.-L. Fluorescent gold nanoclusters as a biocompatible marker for in vitro and in vivo tracking of
endothelial cells. ACS Nano 2011, 5, 4337–4344. [CrossRef] [PubMed]

15. Shang, L.; Nienhaus, G.U. Gold nanoclusters as novel optical probes for in vitro and in vivo fluorescence
imaging. Biophys. Rev. 2012, 4, 313–322. [CrossRef] [PubMed]

16. Baral, A.; Basu, K.; Roy, S.; Banerjee, A. Blue Emitting Gold Cluster formation from Gold Nanorods: Selective
and Sensitive Detection of Iron (III) ions in Aqueous Medium. ACS Sustain. Chem. Eng. 2016, 5, 1628–1637.
[CrossRef]

17. Tseng, Y.T.; Cherng, R.; Yuan, Z.; Wu, C.W.; Chang, H.T.; Huang, C.C. Ultrasound-mediated modulation of
the emission of gold nanodots. Nanoscale 2016, 8, 5162–5169. [CrossRef] [PubMed]

18. Zhao, P.; He, K.; Han, Y.; Zhang, Z.; Yu, M.; Wang, H.; Huang, Y.; Nie, Z.; Yao, S. Near-infrared dual-emission
quantum dots-gold nanoclusters nanohybrid via co-template synthesis for ratiometric fluorescent detection
and bioimaging of ascorbic acid in vitro and in vivo. Anal. Chem. 2015, 87, 9998–10005. [CrossRef]

19. Yuan, Z.; Du, Y.; Tseng, Y.T.; Peng, M.; Cai, N.; He, Y.; Chang, H.T.; Yeung, E.S. Fluorescent gold nanodots
based sensor array for proteins discrimination. Anal. Chem. 2015, 87, 4253–4259. [CrossRef]

20. Yuan, Z.; Chen, Y.C.; Li, H.W.; Chang, H.T. Fluorescent silver nanoclusters stabilized by DNA scaffolds.
Chem. Commun. 2014, 50, 9800–9815. [CrossRef]

21. Chen, P.-C.; Li, Y.-C.; Ma, J.-Y.; Huang, J.-Y.; Chen, C.-F.; Chang, H.-T. Size-tunable copper nanocluster
aggregates and their application in hydrogen sulfide sensing on paper-based devices. Sci. Rep. 2016, 6, 24882.
[CrossRef]

22. Dutta, D.; Chattopadhyay, A.; Ghosh, S.S. Cationic BSA templated Au–Ag bimetallic nanoclusters as a
theranostic gene delivery vector for HeLa cancer cells. ACS Biomater. Sci. Eng. 2016, 2, 2090–2098. [CrossRef]

23. Cantelli, A.; Battistelli, G.; Guidetti, G.; Manzi, J.; Di Giosia, M.; Montalti, M. Luminescent gold nanoclusters
as biocompatible probes for optical imaging and theranostics. Dyes Pigment. 2016, 135, 64–79. [CrossRef]

24. Zheng, Y.; Lai, L.; Liu, W.; Jiang, H.; Wang, X. Recent advances in biomedical applications of fluorescent gold
nanoclusters. Adv. Colloid Interface Sci. 2017, 242, 1–16. [CrossRef] [PubMed]

25. Gopu, C.L.; Shanti Krishna, A.; Sreenivasan, K. Fluorimetric detection of hypochlorite using albumin
stabilized gold nanoclusters. Sens. Actuator B Chem. 2015, 209, 798–802. [CrossRef]

26. Xie, J.; Zheng, Y.; Ying, J.Y. Protein-directed synthesis of highly fluorescent gold nanoclusters. J. Am. Chem.
Soc. 2009, 131, 888–889. [CrossRef] [PubMed]

27. Le Guével, X.; Hötzer, B.; Jung, G.; Hollemeyer, K.; Trouillet, V.; Schneider, M. Formation of fluorescent metal
(Au, Ag) nanoclusters capped in bovine serum albumin followed by fluorescence and spectroscopy. J. Phys.
Chem. C 2011, 115, 10955–10963. [CrossRef]

28. Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.; Cheeseman, J.; Scalmani, G.; Barone, V.;
Petersson, G.; Nakatsuji, H. Gaussian 16 Revision B. 01; Gaussian Inc.: Wallingford, CT, USA, 2016.

29. Escudero-Francos, M.A.; Cepas, V.; Gonzalez-Menedez, P.; Badia-Laino, R.; Diaz-Garcia, M.E.; Sainz, R.M.;
Mayo, J.C.; Hevia, D. Cellular uptake and tissue biodistribution of functionalized gold nanoparticles and
nanoclusters. J. Biomed. Nanotechnol. 2017, 13, 167–179. [CrossRef] [PubMed]

30. Govindaraju, S.; Ankireddy, S.R.; Viswanath, B.; Kim, J.; Yun, K. Fluorescent gold nanoclusters for selective
detection of dopamine in cerebrospinal fluid. Sci. Rep. 2017, 7, 40298. [CrossRef]

31. Khandelwal, P.; Alam, A.; Choksi, A.; Chattopadhyay, S.; Poddar, P. Retention of anticancer activity of
curcumin after conjugation with fluorescent gold quantum clusters: An in vitro and in vivo xenograft study.
ACS Omega 2018, 3, 4776–4785. [CrossRef]

32. Chevrier, D.M.; Chatt, A.; Zhang, P. Properties and applications of protein-stabilized fluorescent gold
nanoclusters: Short review. J. Nanophotonics 2012, 6, 064504. [CrossRef]

33. Hsu, N.-Y.; Lin, Y.-W. Microwave-assisted synthesis of bovine serum albumin-gold nanoclusters and their
fluorescence-quenched sensing of Hg 2+ ions. New J. Chem. 2016, 40, 1155–1161. [CrossRef]

34. Unnikrishnan, B.; Wei, S.-C.; Chiu, W.-J.; Cang, J.; Hsu, P.-H.; Huang, C.-C. Nitrite ion-induced fluorescence
quenching of luminescent BSA-Au 25 nanoclusters: Mechanism and application. Analyst 2014, 139, 2221–2228.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/dta.1633
http://www.ncbi.nlm.nih.gov/pubmed/24659527
http://dx.doi.org/10.1021/nn102752a
http://www.ncbi.nlm.nih.gov/pubmed/21608984
http://dx.doi.org/10.1007/s12551-012-0076-9
http://www.ncbi.nlm.nih.gov/pubmed/28510207
http://dx.doi.org/10.1021/acssuschemeng.6b02388
http://dx.doi.org/10.1039/C5NR08387G
http://www.ncbi.nlm.nih.gov/pubmed/26877145
http://dx.doi.org/10.1021/acs.analchem.5b02614
http://dx.doi.org/10.1021/ac5045302
http://dx.doi.org/10.1039/C4CC02981J
http://dx.doi.org/10.1038/srep24882
http://dx.doi.org/10.1021/acsbiomaterials.6b00517
http://dx.doi.org/10.1016/j.dyepig.2016.06.019
http://dx.doi.org/10.1016/j.cis.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28223074
http://dx.doi.org/10.1016/j.snb.2014.12.004
http://dx.doi.org/10.1021/ja806804u
http://www.ncbi.nlm.nih.gov/pubmed/19123810
http://dx.doi.org/10.1021/jp111820b
http://dx.doi.org/10.1166/jbn.2017.2344
http://www.ncbi.nlm.nih.gov/pubmed/29377647
http://dx.doi.org/10.1038/srep40298
http://dx.doi.org/10.1021/acsomega.8b00113
http://dx.doi.org/10.1117/1.JNP.6.064504
http://dx.doi.org/10.1039/C5NJ02263K
http://dx.doi.org/10.1039/C3AN02291A
http://www.ncbi.nlm.nih.gov/pubmed/24634911


Sensors 2019, 19, 3554 11 of 11

35. Liu, X.; Fu, C.; Ren, X.; Liu, H.; Li, L.; Meng, X. Fluorescence switching method for cascade detection of
salicylaldehyde and zinc(II) ion using protein protected gold nanoclusters. Biosens. Bioelectron. 2015, 74,
322–328. [CrossRef] [PubMed]

36. Raut, S.L.; Fudala, R.; Rich, R.; Kokate, R.A.; Chib, R.; Gryczynski, Z.; Gryczynski, I. Long lived BSA Au
clusters as a time gated intensity imaging probe. Nanoscale 2014, 6, 2594–2597. [CrossRef]

37. Li, H.; Chen, J.; Huang, H.; Feng, J.-J.; Wang, A.-J.; Shao, L.-X. Green and facile synthesis of l-carnosine
protected fluorescent gold nanoclusters for cellular imaging. Sens. Actuator B Chem. 2016, 223, 40–44.
[CrossRef]

38. Wu, T.H.; Hsu, Y.Y.; Lin, S.Y. A redox-switchable Au8-cluster sensor. Small 2012, 8, 2099–2105. [CrossRef]
[PubMed]

39. Sengupta, C.; Mitra, P.; Chatterjee, S.; Bhattacharjee, G.; Satpati, B.; Basu, S. Photoinduced electronic
interactions between acridine derivatives and small gold nanoparticles: A spectroscopic insight. J. Mol. Liq.
2018, 272, 198–208. [CrossRef]

40. Halawa, M.I.; Wu, F.; Fereja, T.H.; Lou, B.; Xu, G. One-pot green synthesis of supramolecular β-cyclodextrin
functionalized gold nanoclusters and their application for highly selective and sensitive fluorescent detection
of dopamine. Sens. Actuator B Chem. 2018, 254, 1017–1024. [CrossRef]

41. Raut, S.; Rich, R.; Fudala, R.; Butler, S.; Kokate, R.; Gryczynski, Z.; Luchowski, R.; Gryczynski, I. Resonance
energy transfer between fluorescent BSA protected Au nanoclusters and organic fluorophores. Nanoscale
2014, 6, 385–391. [CrossRef]

42. Mishima, M.; Huh, C.; Nakamura, H.; Fujio, M.; Tsuno, Y. Electron affinities of benzaldehydes. Substituent
effects on stabilities of aromatic radical anions. Tetrahedron Lett. 1993, 34, 4223–4226. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bios.2015.06.034
http://www.ncbi.nlm.nih.gov/pubmed/26151546
http://dx.doi.org/10.1039/C3NR05692A
http://dx.doi.org/10.1016/j.snb.2015.09.052
http://dx.doi.org/10.1002/smll.201102742
http://www.ncbi.nlm.nih.gov/pubmed/22511503
http://dx.doi.org/10.1016/j.molliq.2018.09.080
http://dx.doi.org/10.1016/j.snb.2017.07.201
http://dx.doi.org/10.1039/C3NR03886F
http://dx.doi.org/10.1016/S0040-4039(00)60533-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Synthesis of BSA-Au NCs 
	Characterization of BSA-Au NCs 
	Detection of 4-CMC and Cathinone Analogues 
	Interference Study 
	Theoretical Calculation 
	Analysis of Actual Samples 

	Results and Discussion 
	Characterization of BSA-Au NCs 
	Sensitivity, Selectivity, and Interference Study 
	Sensing Mechanism 
	Analysis of Actual Samples 

	Conclusions 
	References

