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ABSTRACT: A new optimization strategy for the SERS
detection of mephedrone using a portable Raman system has
been developed. A fractional factorial design was employed,
and the number of statistically significant experiments (288)
was greatly reduced from the actual total number of
experiments (1722), which minimized the workload while
maintaining the statistical integrity of the results. A number of
conditions were explored in relation to mephedrone SERS
signal optimization including the type of nanoparticle, pH, and
aggregating agents (salts). Through exercising this design, it
was possible to derive the significance of each of the individual
variables, and we discovered four optimized SERS protocols

BLOCK 3 1

[ BLOCK 2
BLOCK 1
Metal gﬁz [ H,0 "‘"I'"
- o ~ wavelen, —

1 T e e AT 0% NaCl 1@ 80% H,0 63 )
2 9 & 0% NaCl 10% 50% H,0 633nm 4 §
3 (O 0% NaCl 10% 20% H,0 633nm 4 N
4 PR 1 0% Na, S0, 10% 0% 633nm 4 z
S| /40% AuGitrate® 0% Na, S0, 0% | § 633nm 2 ;
6 TIOX AuCitrate ® 0% Na, SO, 10% 633nm 4 txs
7 10% AuCitrate 0% KNO, 10% 633nm 4 . i
8 | 40% AuCitrate NN 10% 50% H,0 33nm 4 &
9 70% AuCitrate 0% KNQ, 107 20% H,0 4
10 10% AuCitrate 0% Kﬁo\, 80% H,0 633nm
1 40% AuCitrate 0% K,50, - S0% H,0 633nm
12 70% AuCitrate 0%K;50. 1 . 20% H,0 633nm ] 4 l

“nas AuCitrate T 0% 633nm N

for which the reproducibility of the SERS signal and the limit of detection (LOD) of mephedrone were established. Using
traditional nanoparticles with a combination of salts and pHs, it was shown that the relative standard deviations of mephedrone-
specific Raman peaks were as low as 0.51%, and the LOD was estimated to be around 1.6 yg/mL (9.06 X 107° M), a detection
limit well beyond the scope of conventional Raman and extremely low for an analytical method optimized for quick and

uncomplicated in-field use.

ecently, the recreational drugs market has seen an influx of

designer drugs that exhibit many structural similarities to
illegal substances but contain residual groups that help to
bypass conventional drug laws because of the lack of specific
classification.' ™ Much attention has been brought to these so-
called “legal highs” though the media,* "¢ which although acting
to inform the public of the dangers of these drugs has also been
blamed for the transmission of inaccurate safety information on
a large scale.” Among many users it is assumed that the legal
status of many synthetic drug derivatives implies that they are
safe to consume;®*° however, this is not the case. One such
“high”, which has received a great amount of attention, is mephe-
drone,"" a synthetic stimulant also known as 4-methylmethca-
thinone, MCAT, and Meow Meow."? The drug was first made
available to purchase over the Internet'*'* and in “head shops”'®
disguised and sold as plant food'® or baths salts."”'® Mephe-
drone is a synthetic derivative of cathinone,' an alkaloid which
can be isolated from the flowering plant Catha edulis native to
East Africa and the Arab Peninsula.””*' Mephedrone belongs to
a family of synthetic cathinone derivatives that also include
butylone and methylone.”” In 1929, Saem de Burnaga Sanchez
described the first chemical synthesis of mephedrone.”> One of
the simplest synthetic routes for mephedrone is displayed in
Scheme S1 in Supporting Information, whereby 4-methylpropio-
phenone is used as the starting material. Structurally, mephe-
drone is very similar to amphetamine, as a phenyl ring and two
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carbon atoms separate amine groups in both.** Similar short-
term effects have also been reported, including increased alertness,
confidence, and talkativeness.”>*® The effect of mephedrone on
the body surrounds the stimulated release and inhibited reuptake
of monoamine neurotransmitters;>”*® it is also believed that the
drug promotes serotonin-mediated ADH release similar to the
mechanism of “ecstasy”.”' Both actions however are responsible
for the short-term effects and long-term problems associated
with the “highs” usage. The increased number of hospital
admissions and deaths relating to the drug has served to
highlight the dangers of mephedrone.””*° In addition to the
many side effects including skin rashes, minor amnesia,
numbness, short-term memory effects, and headaches,®" the
drug has also been implicated in more serious effects such as
acute myocarditis.”> Mephedrone was made illegal in the UK.
on April 16, 2010, following similar reclassifications in many
countries that had previously banned the drug. Mephedrone
was graded as a class B drug, alongside previously illegal
amphetamines.”®> Even though mephedrone usage has been
banned, surveys suggest that supplies of the drug, which are no
longer available from “head shops” or the Internet, mostly
come from street dealers who charge a mean price of £16 per
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gram, which on average is £6 more than when the drug was
legal.>* Reports also suggest that the number of people who use
the drug is not on the decline, as many users opt for the
amphetamine derivative over more expensive narcotics such as
cocaine and MDMA."? Identification and characterization of
mephedrone has been carried out using multiple chemical
analysis platforms including mass spectrometry, NMR, infrared
spectroscopy, Raman spectroscopy, UV—vis spectroscopy, and
X-ray crystallography.”>™*' A number of strategies for the
qualitative and quantitative analysis of mephedrone and cathinone
derivatives have been developed using liquid chromatography
mass spectrometry (LC-MS)* and gas chromatography mass
spectrometry (GC-MS).* Although these methods conduct a
high level of qualitative and quantitative analysis, their inability
to be operated by a nonspecialist, high sample costs, and lack of
portability severely limit their application to in-field analysis of
mephedrone. One previously unexplored method for the
detection of mephedrone, which offers a high level of sensitivity
while being accessible and portable, is surface-enhanced Raman
scattering (SERS).**** Previous work has highlighted the use of
SERS in the quantification of amphetamines and mephamphet-
amines. Sulk et al* described how the modification of amphet-
amines using 2-mercaptonicotinic acid and a roughened silver
foil made the detection of amphetamines and mephamphet-
amines possible at concentrations of 19 ppm and 17 ppm,
respectively. Sagmiiller and co-workers*” used matrix-stabilized
silver halides to detect MDMA contained in methanolic solu-
tions at a concentration of 107> M, and Faulds and colleagues48
demonstrated that amphetamine sulfate could be detected at
concentrations of 107 M when using colloidal suspensions.
The coupling of mephedrone to gold or silver nanoparticles in
theory should be a straightforward procedure; however, one
SERS caveat is reproducibility of the Raman signal generated. It
is therefore important that a robust and extensive optimization
strategy is developed to maintain the spectral reproducibility to
acceptable analytical standards without sacrificing low detection
limits. The control of dynamic solution-based SERS systems
can often be difficult, requiring careful selection of metallic
nanoparticles, pH, aggregating agents, and aggregation time. To
explore all the possible variables for the SERS optimization of
just one analyte would involve a substantial amount of sample
preparation and scrutiny, making the technique impractical. It is
therefore desirable that mathematical strategies are applied to
the experimental design to develop a much shorter but statistically
significant and robust analysis strategy. One way of satisfying
such a criterion is to use a fractional factorial design.*” Here we
show that SERS can be combined successfully with a fractional
factorial design that allows for the exploration of multiple
variables while resulting in the optimization of a portable SERS
system for the detection of mephedrone in solution.

B MATERIALS AND METHODS

Materials. Trisodium citrate, sodium hydroxide, potassium
hydroxide, sodium chloride, sodium sulfate, potassium nitrate,
and potassium sulfate were supplied by Fisher chemicals (Fisher
Scientific UK Ltd.,, Loughborough, UXK.). Gold(IlI) chloride
trihydrate (99.9%) and silver nitrate (99.9999%) were
purchased from Sigma Aldrich (Sigma Aldrich, Dorset, U.K.).
Mephedrone was bought from an online supplier (www.
buymeow.co.uk), a site that has been closed down since the
drug was made illegal. The purity of the mephedrone was
verified using '"H NMR, 3C NMR, direct infusion accurate
mass spectrometry, and elemental microanalysis. All solvents

924

used in this analysis were HPLC grade, and all chemicals that
were purchased were used as supplied.

Preparation of Glassware. All glassware used in the
synthesis of gold and silver nanoparticles were washed thoroughly
with aqua regia (3:1 HCI/HNO;) and then scrubbed with soap
solution and rinsed with copious amounts of water. The
glassware was left to dry at 50 °C before use.

Synthesis of Gold Nanoparticles. Gold nanoparticles
were synthesized using the Turkevich method.*® A 100 mL
volume of SO mg gold(IIl) chloride trihydrate solution was
added to 850 mL of boiling water. While the solution was being
vigorously stirred 50 mL of 1% trisodium citrate was added.
Boiling was maintained for 1 h, but after around 30 min it was
observed that the solution had turned to a deep red color,
signifying nanoparticle formation. The sol was left to cool and
stored at 4 °C in a blacked out container. UV—vis spectro-
photometry identified the A, of the nanoparticles as 529 nm.

Synthesis of Silver Nanoparticles. Silver nanoparticles
were synthesized using a method outlined by Lee and Meisel.>'
A 90 mg amount of silver nitrate was added to 500 mL of water
and heated along with vigorous stirring. To a boiling silver
nitrate solution was added 10 mL of 1% trisodium citrate
dropwise. The solution was stirred for 1 h. Formation of a
milky green sol indicated that the synthesis had been successful.
The sol was left to cool and stored at 4 °C in a blacked out
container. UV—vis spectrophotometry identified the A, of the
nanoparticles as 421 nm.

pH Adjustment of Nanoparticles, Salts, and Mephe-
drone Solutions. To measure SERS response in a variety of
environments, the gold and silver nanoparticles were separated
into three 200 mL portions and pH corrected. The pHs
selected for this purpose were 3, 7, and 10. Modification of the
pH was carried out using either citric acid (S M) or sodium
hydroxide (5 M). The acid and base were specifically chosen
because both citrate and sodium ions are present in the
nanoparticle sol synthesis. One microliter portions of the acid
or base were added to the nanoparticles until the desired pH
had been reached. Three X 1 L flasks of water were also
adjusted to pH 3, 7, and 10. These were then used to make up
salt solutions at a concentration of 0.5 M and to dissolve the
mephedrone to a concentration of 5.65 X 107> M. Altogether
there were twelve salt solutions (three pHs X four different
salts) and three mephedrone solutions (pH 3, 7, and 10).

SERS Analysis. SERS spectra were collected using a DeltaNu
Advantage benchtop Raman spectrometer (Intevac Inc., Santa
Clara, CA). The instrument is equipped with a 633 nm HeNe
laser with a power output of 3 mW at the sample. Spectra were
acquired for 20 s over a range of 200—3400 cm™', and spectral
resolution was 10 cm™". Solution samples were placed in an 8
mm glass vial and subjected to laser irradiation once loaded into
the sample cell attachment. The instrument was calibrated
using toluene to find the ideal distance from laser to sample.

Fractional Factorial Design. The SERS analysis described
in this work follows the model of a quantitative experiment. In
this type of experiment, data were obtained for dependent
variables (the specific SERS peaks under study in our case) as a
function of a set of independent variables (the mixtures of
metal, salt, and pH). Considering all the parameters under
study, the full factorial design or the total number of unique
quantitative experiments that could be generated is [{(2 metals) X
(7 concentrations) X (4 salts) X (10 concentrations) X (3 pH)} +
{(2 metals) X (7 concentrations) X (3 pH)}] = 1722 mixtures.
This is a large number of experiments to perform in the lab, and
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an exhaustive analysis of the search space would be unnecessarily
time-consuming and expensive. Moreover, many experiments
are probably redundant in terms of indicating which combina-
tions of mixtures most enhance the SERS signal. Therefore, we
used a fractional factorial design (FFD) of experiments to filter
the search space and decide which experiments should be
performed in the lab. FFD is based on the sparsity-of-effects
(SOE) principle, which assumes that a system is dominated by
main effects with low-order interactions.>> FFD exploits the
SOE principle by carefully selecting a subset (fraction) of the
experimental runs from a full factorial design to be performed.
This small fraction of selected experiments is expected to be
sufficient to reveal the most important features of the problem
studied.>® Computation of the FFD was performed in
MATLAB (The MathWorks, Inc., Natick, MA) version 2009a
using the Statistical Toolbox, and the scripts are available from
the authors on request. The FFD algorithm returned 288 sug-
gested experiments (less than 17% of the full design) to be
performed. Each of these 288 SERS experiments was then
assessed in the lab; these solutions are presented in the
Supporting Information (FactorialDesign.xls).

Preparation of SERS Samples and Control of Con-
ditions. For each sample interrogated using Raman spectros-
copy, the volume was kept constant at 500 yL. Throughout this
work, each component contained within the sample is
represented as a percentage of the total volume. The analyte
volume was kept constant at 10% (50 L) throughout all
samples. The metal colloid was added to samples at 10% (S0 uL),
40% (200 pL), or 70% (350 uL), the different salts (NaCl,
Na,SO,, KNO;, and K,SO,) all had a stock concentration of
0.5 M, but the volume of that stock added to each sample was
either 0% (0 uL), 2% (10 uL), 6% (30 uL), or 10% (S0 uL).
Water was added to each of the samples to ensure that a con-
stant volume of 500 yL was maintained. The factorial design
was constructed in such a way that every sample contained
colloid for facilitating SERS, analyte, and water, at a constant
pH (see Supporting Information FactorialDesign.xls). Ensuring
that these fundamental components were present in all samples,
allowed us to probe the effect that various pHs and salts have
on the resultant SERS intensities. Each component was added
to the sample vial in the same order to ensure that signal
variation was not influenced externally. Initially, the colloid was
added, followed by the analyte, salt, and then water. The time
taken to complete all the additions was estimated to be ~30 s.
Each mixed sample was then vortexed for 5 s and left to mature
for 30 s before being subjected to Raman analysis.

B RESULTS AND DISCUSSION

As the mephedrone was sourced from a non-scientific supplier,
the purity of the material was determined using NMR, MS, and
elemental analysis prior to undertaking any experiments. Full
details are supplied in the Supporting Information.
Identification of the Optimum SERS Conditions Using
Fractional Factorial Design. An assessment of the signi-
ficance of each variable (type of salt, pH, colloidal metal) was
carried out using 10 peaks, which could be directly assigned to
the SERS bands of mephedrone; the position of these peaks is
given in Table 1. Initially, all spectra were baseline corrected by
an extended multiplicative scatter correction method,>® and then
the 10 peak intensities were extracted and used to establish
trends in the experimental protocols (n = 288) with respect to
SERS and the optimum parameters (example SERS spectra
using the FFD are shown in Figures 1 and 2). The plots in
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Table 1. Tentative SERS Band Assignments for

Mephedrone®>*°
Raman shift

(em™) assignment

797 para-disubstituted benzene ring vibration

969 CHj; rocking vibration combined with CN stretch
1034 CH in plane deformation from para-disubstituted

benzene

1184 aliphatic amine Asymmetrical C—N—C stretch
1212 para-disubstituted benzene ring vibration

1356 CH; symmetrical deformation

1606 benzene derivative C=C stretch

1678 C=0 stretch

2922 CHj; symmetrical stretch

3059 CH stretch of aromatic

Figure 3 show the results of PCA carried out on the extracted
intensities from all 288 experiments. Figure 3A—C shows
separation based on the type of metal, concentration/type of
salt, and pH, respectively. These plots show that silver nano-
particles are responsible for a much greater enhancement effect
for mephedrone than gold, a fact which is well recognized in
the field of SERS.> Although the concentration of salt can be
variable at pH 7, the presence of salts at this pH is influential in
propagating an appreciable amount of SERS enhancement;
however, at pH 3, no salt is needed to generate increased
Raman signal. This strongly suggests that the signal enhance-
ment is directly related to the degree of aggregation imposed
on the systems. At pH 7, the nanoparticles are stable and do
not self-aggregate, and the salt is therefore needed to bring the
nanoparticles into close contact, resulting in the formation of
areas of high enhancement. It is well documented that at pH 3,
the nanoparticles can self-aggregate, thus resulting in an increased
signal with the salt absent. While the percentage of salt is
variable at pH 7, the results do show that 70% silver nano-
particle content is a vital requirement for the signal to be
maximized. Samples at pH 3 show no such dependence on nano-
particle content, with all percentages of sol being represented
among some of the most optimal systems (Figure 3D).
Figure 3E shows the model coefficients of a partial least-
squares regression>* applied to the 10 SERS peaks under study
and using metal, salt, and pH as the independent variables. The
absolute values of those coeflicients indicate the significance of
each variable in the determination of signal intensity; the two
most crucial elements of the systems are the type of metal and pH.
Although the type of salt is of lesser significance, it does have a
major influence on the spectral intensity as demonstrated by
the PCA plots. From the fractional factorial design and Figure 3D
(which for each of the 288 experiments performed shows a
circle proportional to the level of the SERS enhancement) it was
possible to identify four SERS protocols which gave the greatest
enhancement of the mephedrone signal. These were then
subjected to reproducibility and LOD tests. Two experimental
solutions were selected that had a pH of 3 and no salt present,
while another two protocols were chosen which had a pH of 7
with salt present. The systems selected were as follows:
e pH 3 (no salt):
pH Opt 1: 10% silver sol (50 pL), 10% mephedrone
solution (50 uL), and 80% water (400 uL)
pH Opt 2: 40% silver sol (200 uL), 10% mephedrone
solution (50 uL), and 50% water (250 uL)

e pH 7 (including salt):
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Figure 1. Example spectra generated using gold colloid and the factorial design. (A) 40% Colloid (200 L), no salt, 10% analyte (50 L), and 50%
water (250 uL) at pH 3. (B) 70% Colloid (350 L), no salt, 10% analyte (50 uL), and 20% water (100 uL) at pH 3. (C) 40% Colloid (200 uL), 10%
K,SO, (50 uL), 10% analyte (SO pL) at pH 3 and 40% water (200 uL). (D) 70% Colloid (350 L), 2% KNO; (10 uL), 10% analyte (50 L), and

18% water (90 uL) at pH 7.
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Figure 2. Example spectra generated using silver colloid and the factorial design. (A) 10% Colloid (50 uL), 2% K,SO, (10 L), 10% analyte (S0 uL),
and 78% water (390 uL) at pH 3. (B) 10% Colloid (50 uL), 6% KNO; (30 L), 10% analyte (50 uL), and 74% water (370 L) at pH 10. (C) 70%
Colloid (350 uL), 0% salt (SO uL), 10% analyte (SO uL), and 20% water (100 uL) at pH 7. (D) 70% Citrate (350 uL), 10% K,SO, (50 uL), 10%

analyte (S0 uL), and 10% water (50 uL) at pH 7.

Salt Opt 1: 70% silver sol (350 uL), 10% mephedrone
solution (50 uL), 18% water (90 uL), and 2% KNO,

solution (10 uL)

Salt Opt 2: 70% silver sol (350 uL), 10% mephedrone

solution (S0 uL), 14% water (70 uL),
solution (30 uL)

and 6% NaCl
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From now on, the optimized systems will be referred to as pH
Opt 1, pH Opt 2, Salt Opt 1, and Salt Opt 2 as outlined above.

Reproducibility Assessment of Optimized Systems.
To carry out the reproducibility analysis, six replicate samples
were prepared for each of the four optimized systems identified,
using the fractional factorial design. The ten peaks used for
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Analytical Chemistry

A 9 70%g | B 1098IBI0x cp%Nacl | C (e SE A
g o 10%Ag Yinacl10%NaCl 3 A "
e 70%Ag Hsbi ot 2%KNO, ey 77 7
o o 55t o | MT &
3 S #NaCl < S 7
9 741‘%‘% O%KNO; B
Sy 10%8%Ag o 0%KRNO; 8 3 3
8 70%Ag a ! 0%NaCl a ' 3
g 10%Ag 3
< 40%Ag < 0%NaCl < 3
7 7 7
© 10%Ag © 0%NaCl © 3
9~ T T T T 9~ T T T T 9~ T T T T
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
PC1 (98.5%) PC1 PCA
D 3 © E
) - - Salt
. ° ® = -4 -pH
=
3 ; _A\\A_—A’_‘i—"‘\
o~ g A A ~
w9 z N
o9 S A
<! K 291 .
2 A
° A
< (] o |
? - o o- -0
o P -
S _e--o -
© . T °--9®--0" *
9 T T T T T T T T T T T T T T
0.0 0.1 0.2 0.3 797 969 1034 1184 1212 1356 1606 1678 2922 3059

PC1

Raman Shift (cm™)

Figure 3. PCA scores plot computed on the SERS intensities of the 10 mephedrone peaks under study. Plots A—D are identical, and only the
labeling is different: experiments labeled (A) by metal type and concentration, (B) by salt type and concentration, and (C) by pH value. Plot D
identifies each experiment using a closed circle, and the size of the circle is proportional to the enhancement obtained over the 10 mephedrone peaks
under study; ie., sum of the 10 peaks for that particular experiment. (E) PLS model coefficient values considering mephedrone peak intensities as

dependent variables.

finding the optimum SERS systems (Table 1) were also used to
assess the systems reproducibility. A 5 X 10™* M mephedrone
solution was used in all the assessments. Initially, the maxima of
each of the 10 peaks were defined and the minima (start and
end of the peaks) were selected using data points three places
(bins or columns) either side of the maxima. This method of
peak picking allowed for fast data processing, bypassing any
unnecessary manual assignments. Each of the individual peaks
were then extracted and baseline corrected using an asymmetric
least-squares algorithm56 in Matlab. It was essential to make
sure that the minima of each of the peaks had a Y value equal to
0, to remove any unavoidable background shifts. Two
individual methods were used to extract peak area information:
these were a trapezoidal methodology which calculates the
definite integral of the peaks and a sum method which
estimates the area of a curve based on the intensity of data
points contained within the defined peak parameters. The
peaks and their corresponding areas can be seen in Tables 2
and 3 (pH and salts). Reproducibility analysis of pH Opt 1 and
pH Opt 2 show very low, acceptable relative standard deviation
(RSD) values for each of the individual peaks analyzed from the
two conditions. The RSDs for pH Opt 1 range from 1.09 for
the peak at 2913 cm™’ to 6.87 for the peak at 1203 cm™'. pH
Opt 2 also has a minimum RSD for the peak at 2913 cm™
while its highest RSD is demonstrated by the peak at 969 cm™".
The reproducibility analysis performed on the pH 7 systems
including salt also displayed very low RSDs with a range of
0.51—8.89 recorded for Salt Opt 1 and RSDs ranging from 1.80
to 11.88 for Salt Opt 2. All four optimal solutions identified by
the factorial design demonstrated low levels of signal variability,
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which is highly encouraging for a technique that is often
associated with a lack of reproducibility. Both methods used in
the analysis of peak area generated values that were in
agreement, as only four peaks analyzed displayed an RSD of
greater than 1%. Therefore, both methods are suitable for the
assessment of peak area. Examples of the raw spectra retrieved
using each of the four conditions are shown in Figure 4. The
spectra show little change with respect to whether the pH or
salt optima were used; this highlights the fact that the
interaction of the nanoparticles with the mephedrone is similar
under both conditions. Subtle differences in the spectra are
difficult to explain but are most likely due to small differences in
the system dynamics created by the continuous exchange of
citrate and mephedrone molecules at the surface of the
nanoparticles. It is assumed that the interaction occurs between
the silver and the amine moiety of the drug. It can however be
said with a reasonable degree of accuracy that the interaction is
noncovalent due to the absence of an Ag—N vibration around
210-245 em™.

Establishing the LOD of Mephedrone. As citrate is used
in the sol synthesis to stabilize the nanoparticles, it is essential
that spectral bands arising from the mephedrone were
discriminated from the background citrate bands. Although
the citrate peaks cannot be seen when the mephedrone
concentration is sufficiently high, they do appear in the spectra
when the mephedrone is at low concentrations and certainly
become visible in the colloidal blanks (Figure S1, Supporting
Information). If this selective step was omitted, it could
potentially lead to false assessment of the LOD due to spectral
contributions from citrate scattering. Figure S1 shows the SERS

dx.doi.org/10.1021/ac302542r | Anal. Chem. 2013, 85, 923-931
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Table 2. Summary of the Results for the Reproducibility Analysis of the Two pH Optima (A: pH Opt 1, B: pH Opt 2)

Raman shift (cm™)

peak area (trapezoidal method)

peak area (sum method)

start end maxima mean SD %RSD mean SD %RSD
pH Opt 1 788 806 797 721.24 20.11 2.79 720.88 20.10 2.79
959 978 969 681.58 20.07 294 681.24 20.06 2.94
1025 1044 1034 720.83 20.38 2.83 720.47 20.37 2.83
1175 1194 1184 704.37 23.39 3.32 704.47 23.13 3.28
1203 1222 1212 704.76 44.71 6.34 711.63 48.90 6.87
1347 1366 1356 806.74 19.08 2.36 815.06 21.24 2.61
1597 1616 1606 1408.93 47.49 3.37 1487.69 54.68 3.68
1669 1688 1678 1678.66 50.24 2.99 1789.45 §3.00 2.96
2913 2931 2922 2402.56 26.15 1.09 2604.87 28.37 1.09
3050 3069 3059 2431.02 43.48 1.79 2634.64 43.86 1.66
Raman shift (cm™) peak area (trapezoidal method) peak area (sum method)
start end maxima mean SD %RSD mean SD 9%RSD

pH Opt 2 788 806 797 482.22 31.57 6.55 482.38 32.05 6.64
959 978 969 491.78 36.00 7.32 491.54 35.99 7.32
1025 1044 1034 418.65 19.75 4.72 419.28 20.68 4.93
1175 1194 1184 579.53 12.84 222 579.24 12.83 222
1203 1222 1213 581.73 24.75 4.25 582.70 26.02 4.47
1347 1366 1356 877.11 21.94 2.50 877.68 21.56 2.46
1597 1616 1606 1481.74 55.13 3.72 1481.00 55.10 3.72
1669 1688 1678 1676.35 39.58 2.36 1675.51 39.56 2.36
2913 2931 2922 4603.04 13.16 0.29 4600.73 13.15 0.29
3050 3069 3059 4952.04 175.47 3.54 4949.57 175.38 3.54

Table 3. Summary of the Results for the Reproducibility Analysis of the Two pH Optima (A: Salt Opt 1, B: Salt Opt 2)

Raman shift (cm™)

peak area (trapezoidal method)

peak area (sum method)

start end maxima mean SD %RSD mean SD %RSD
Salt Opt 1 788 806 797 568.30 41.63 7.32 745.57 54.60 7.32
959 978 969 698.54 5131 7.35 926.33 66.60 7.19
1025 1044 1034 726.76 50.96 7.01 961.68 57.22 5.95
1175 1194 1184 794.74 33.19 4.18 1076.18 35.69 3.32
1203 1222 1213 924.71 82.20 8.89 1246.04 97.35 7.81
1347 1366 1356 1192.12 21.58 1.81 1574.85 28.68 1.82
1597 1616 1606 1839.15 51.43 2.80 2451.65 47.74 1.95
1669 1688 1678 2002.85 55.90 2.79 2661.64 70.08 2.63
2913 2931 2922 3273.21 17.24 0.53 4167.86 21.07 0.51
3050 3069 3059 3368.25 23.00 0.68 4246.50 28.25 0.67
Raman shift (cm™) peak area (trapezoidal method) peak area (sum method)
start end maxima mean SD %RSD mean SD %RSD

Salt Opt 2 788 806 797 507.44 60.27 11.88 677.29 67.22 9.92
959 978 969 680.37 42.44 6.24 873.10 51.92 5.95
1025 1044 1034 594.48 25.98 4.37 809.29 29.42 3.64
1175 1194 1184 909.97 35.22 3.87 1186.50 47.22 3.98
1203 1222 1213 815.23 26.05 3.20 1083.94 32.82 3.03
1347 1366 1356 946.88 53.33 5.63 1304.87 48.82 3.74
1597 1616 1606 1500.14 71.39 4.76 2061.20 78.47 3.81
1669 1688 1678 1601.46 31.70 1.98 2223.05 40.07 1.80
2913 2931 2922 1785.92 100.58 5.63 2470.34 115.53 4.68
3050 3069 3059 1674.31 75.50 4.51 2358.51 89.80 3.81

spectra of 5 X 107" M mephedrone with the colloidal blanks
overlaid; the highlighted areas show the position of the five
peaks used to calculate the LOD of the amphetamine derivate,
and these were established at 1188 cm™, 1212 cm™), 1606
em™, 2922 ecm™), and 3050 cm™L

While earlier in this study the peak area was used to explore
reproducibility, here peak intensity was used as an alternative.
The reason behind using intensity-based evaluation of the peaks
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is that at decreasing concentrations of mephedrone, peaks often
shift and become distorted as the background signal arising
from the citrate-stabilized nanoparticles become more prom-
inent. One adverse effect of this is that while the minima of the
peak from which the area is being derived stays constant,
background contributions still arise from the mephedrone/
citrate-covered surface especially when the drug is at low
concentrations, hence resulting in values being falsely attributed
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Figure 4. Example raw SERS spectra of mephedrone (5 X 107* M) acquired using all the optimized conditions identified by the factorial design. (A)
pH Opt 1: 10% silver sol (S0 L), 10% mephedrone solution (50 uL), and 80% water (400 uL) at pH 3. (B) pH Opt 2: 40% silver sol (50 uL), 10%
mephedrone solution (50 uL), and 50% water (250 uL) at pH 3. (C) 70% Silver sol (350 uL), 10% mephedrone solution (50 L), and 18% water
(90 pL) and 2% KNO; solution (10 uL). (D) 70% Silver sol (350 uL), 10% mephedrone solution (50 uL), 14% water (70 uL), and 6% NaCl

solution (30 uL).

to mephedrone peaks. It was discovered that using the intensity,
the reliability and accuracy of the low concentration mephedrone
SERS measurements is preserved. To establish the LOD of
mephedrone on each of the four optimized systems, 10-fold
serial dilutions of mephedrone were created from 5.65 X
107> M down to 5.65 X 107° M, meaning that the actual con-
centration of mephedrone being analyzed by SERS ranged
from 5.65 X 107™* M to 5.65 X 1077 M, as the drug solution
content of the SERS systems accounts for only 10% of the total
sample volume. From here on, all concentrations stated in the
text refer to the amount of mephedrone contained within the
SERS samples.

Plots of intensity versus [mephedrone] for each of the five
peaks for the four systems are shown in Figures S2—S5
(Supporting Information), and these represent pH Opt 1, pH
Opt 2, Salt Opt 1, and Salt Opt 2, respectively. It is also
important to mention that where possible only the linear
regions of these calibration plots were used to calculate the
LOD, and if at any point the peak intensity values recorded for
the mephedrone were equal to the intensity values for the
blanks, then the results at lower mephedrone concentrations
were not included in the plots. Similarly, if the signal from a
lower concentration of mephedrone was greater than a previous
higher concentration, then the lower values were also not used.
The LOD plots for pH Opt 1 do not demonstrate a linear
relationship between intensity and concentration that is
reflected in the regression values, which range from 0.68 for
peak 1212 cm™ to 0.88 for peak 1184 cm™'. The LOD plots
produced using pH Opt 2 do show more of a linear
relationship, with R® values ranging from 0.91 to 0.96.
However, one observation made during the LOD analysis
was that the pH 3 sols changed color from a green-milky hue to
a darker hue; this observation is consistent with aggregation as
the nanoparticle solution displays a bathochromic shift.
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Although the aggregation is influential in the propagation of
SERS signal from the mephedrone, controlling the extent of the
aggregation can often be difficult, resulting in certain
concentrations having a large variance in peak intensity. This
lack of control is most likely to have resulted in the large
standard deviations seen in the LOD plots for pH Opt 2. The
Salt Opt LOD plots both show a greater degree of linearity,
with R? values ranging from 0.95 to 0.99. The addition of a salt
allows for much greater control over the aggregation state of
the system, and this is reflected in the low standard deviations
exhibited across all mephedrone concentrations and analyzed
peaks.

The LOD is defined as the concentration of the analyte that
is required to produce an instrument response that is three times
as large as the standard deviation of the noise level,>” and this
equation is supplied in the Supporting Information. The LODs
established for each of the peaks under the four conditions are
displayed in Table 4. The lowest LOD of 9.07 X 10°° M is

Table 4. Limits of Detection Established Using the Intensity
of Signal Arising from the Five Assignable Mephedrone
Peaks”

limit of detection, M

peak

maxima

(em™) Salt Opt 1 Salt Opt 2 pH Opt 1 pH Opt 2
1184 105 x 107 293 x 107° 6.09 X 107° 8.47 X 107°
1212 107 x 107 5.66 x 107° 2.01 x 107* 1.34 x 107*
1606 9.07 X 10¢  4.07 x 1075 171 x 107* 1.37 x 107*
2922 895 x 107  5.14 x 107° 6.80 X 107° 1.56 x 107*
3050 132 x 107 9.60 x 107° 1.51 x 107* 1.66 x 107*

“Salt Optl, Salt Opt 2, pH Opt 1, and pH Opt 2 refer to the four
optimal conditions identified from the factorial design.
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recorded for mephedrone when Salt Opt 1 and peak 1606 cm™"

were analyzed. However, Salt Opt 2 appears to offer the most
consistent LODs which are all within 2.93 X 107> M to 9.60 X
107> M. The lowest LOD recorded for the pH systems arises
from pH Opt 1 for the peak at 1184 cm ™, which has an LOD
of 6.09 X 107° M.

The lowest detection limit of 9.07 X 107 M translates to
1.6 pg/mL mephedrone. This is a fully acceptable LOD for
analyzing mephedrone present in solution and has shown im-
provement over previous detection limits for amphetamines
using SERS as highlighted earlier in this paper. It is approximated
that the single user dosage ranges between S and 90 mg, with
around 1—4 g being consumed in a session.”*® This demonstrates
that SERS coupled with a portable spectrometer is capable of in-
field analysis and is sufficiently sensitive to detect mephedrone at
concentrations well below the detection limit of conventional
Raman® estimated to be ~0.1 M.

B CONCLUDING REMARKS

It has been demonstrated that when a fractional factorial design
is employed, it is possible to explore multiple SERS parameters
and optimize the systems for the detection of specific analytes
of interest, in this case the illicit drug mephedrone. The colloids
used in this experiment were nonspecific, meaning they were
not specially adapted at high cost to invoke favorable binding to
the mephedrone; this shows that the technique is accessible to
non-SERS specialists and also extends the use of conventional
silver nanoparticles and SERS to a variety of analytes. The focus
on developing a methodology, which can be applied to real
world problems, has been achieved, as the LODs and
reproducibility of the SERS response is demonstrated at a
highly sensitive and accurate level.
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