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A
quick, cost-effective method for de-
tection of drugs of abuse in biologi-
cal or other complex fluids would

be of great value in healthcare, law enforce-
ment, and home testing applications.
Among such substances, methamphetamine
(dextromethamphetamine) is of special im-
portance as its use is growing globally at
particularly rapid rates.1 This is partly due to
its low cost and ease of manufacture.
Saliva is the preferred biological fluid

for determining the use of drugs taken by
mouth. Unlike sampling blood or urine,
saliva testing can be carried out noninva-
sively and under supervision.2 In addition,
for the case of methamphetamine, concen-
trations in saliva significantly exceed those
in blood plasma.3,4

Currently, drug testing is usually carried
out in laboratories, utilizing methods such

as ELISA,5,6 gas chromatography with mass
spectrometry,7 or HPLC.8,9 These often re-
quire expensive reagents and trained per-
sonnel, and may take several hours to
complete. On the other hand, commercial
drug-screening products for testing at
home use the Marquis reagent test, or a
similar colorimetric reaction, to determine
thepresence of a narcotic. Such assays usually
test for only a limited number of substances,
and require specialized reactants, large sam-
ple volumes, and may be misinterpreted by
subjective color perception.10

Chip-based detection methods can re-
duce the time of analysis and the cost per
sample, by minimizing the quantity of sam-
ple and reagents needed, and by allowing
multiple tests to be carried out in parallel.
Several suchmethods arepresented in reviews
by Mogensen et al.11 and Vandaveer et al.12
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ABSTRACT We present a microfluidic device that detects trace concen-

trations of drugs of abuse in saliva within minutes using surface-enhanced

Raman spectroscopy (SERS). Its operation is demonstrated using metham-

phetamine. The detection scheme exploits concentration gradients of

chemicals, fostered by the laminar flow in the device, to control the

interactions between the analyte, silver nanoparticles (Ag-NPs), and a salt.

Also, since all species interact while advecting downstream, the relevant

reaction coordinates occur with respect to the position in the channel. The

system was designed to allow the analyte first to diffuse into the side stream

containing the Ag-NPs, on which it is allowed to adsorb, before salt ions are introduced, causing the Ag-NPs to aggregate, and so creating species with

strong SERS signal. The device allows partial separation via diffusion of the analyte from the complex mixture. Also, the reproducible salt-induced NP

aggregation decouples the aggregation reaction (necessary for strong SERS) from the analyte concentration or charge. This method enables the creation of

a region where detection of the analyte of interest via SERS is optimal, and dramatically extends the classes of molecules and quality of signals that can be

measured using SERS, compared to bulk solution methods. The spatial distribution of the SERS signals was used to map the degree of nanoparticle

aggregation and species diffusion in the channel, which, together with numerical simulations, was used to describe the kinetics of the colloid aggregation

reaction, and to determine the optimal location in the channel for SERS interrogation.
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Label-free methods that provide a real-time signal that
can be used to identify multiple chemical species
coexisting in the same sample are of particular interest.
Such a method is surface-enhanced Raman spectros-
copy (SERS). A review of SERS-based detection plat-
forms is provided by Lim et al.13

SERS is a form of vibrational spectroscopy that relies
on inelastic light scattering by molecules providing a
unique spectroscopic signature potentially identifying
the species.14 The enhancement stems from surface
plasmons excited in appropriately nanostructured sub-
strates, that, under favorable conditions, can achieve
scattering cross sections upward of 8 orders of magni-
tude greater than traditional Raman spectroscopy,15

making detection of even single molecules possible.16

SERS has previously been used to successfully detect
and identify narcotics in trace quantities,17 as well as
for the detection of explosives18,19 and molecules of
biological interest.20

SERS detection however is not without problems.
For example, certain molecular species that do not
have strong affinity for the SERS substrate may be hard
to detect. This is particularly true in complex fluids
containing multiple species, where moieties with high
affinity could bind to the exclusion of other species
that may be present. Since methamphetamine has no
net charge or appropriate reactive groups, it has
relatively low affinity for silver. SERS detection of
methamphetamine was shown to be possible, how-
ever, via chemical modifications that enable it to bind
to the substrate.21 More recently, it was shown that
saliva samples can be used to screen for methamphet-
amine users by SERS by evaporating the sample on an
array of nanopillars.22

Clearly a quick, SERS-based detection method that
allows identification of methamphetamine without
requiring chemical modification and specialized reac-
tants would be preferable. Here, we report a micro-
fluidic flow-focusing device that controls and op-
timizes the interaction of microliter samples of saliva
with a SERS substrate based on silver nanoparticles
(Ag-NPs) in suspension, enabling the rapid detection
of a drug at biologically relevant concentrations.
The detection method makes use of the laminar flow
profile in the vacuum-driven, hydrodynamic flow-
focusing microfluidic device to spatially control the
interactions of the nanoparticles, an aggregation-
inducing agent, and the sample. Also, being label-free,
the method we describe here could also be used for
detecting other narcotics, toxins, or disease agents.
In our design, the spatial arrangement and the flow

rate of the various streams are tailored for optimal SERS
detection. Specifically, the analyte molecules, intro-
duced through the central stream, diffuse laterally into
the side streams, and, importantly, into the side stream
containing the Ag-NPs, on which the analyte may
adsorb. Any larger species that may be present in the

sample will diffuse more slowly, so in this way, partial
separation of the analyte from the complex fluid is
achieved. The Ag-NPs aremuchmoremassive than any
of the other chemical species involved in the process;
hence, they diffuse much more slowly than the molec-
ular species. The salt ions, which play the role of an
aggregating agent, diffuse quickly, but they must
travel a greater distance before reaching the other
side stream, where the Ag-NPs reside, since they must
cross the central stream. Hence, significant Ag-NP
aggregation only begins after the analyte has had
sufficient time to adsorb on the nanoparticles. The
strongest SERS signal is observed at a location down-
stream where abundant aggregates (predominantly
dimers and other small order aggregates) abide. This
location is determined by collecting Raman signals
from various positions in the device, and thus making
a spectral mapping of the channel. A schematic of the
device, the characteristic diffusion profile of the sam-
ple, and the pertinent species interactions are shown in
panels A, B, and C, respectively, of Figure 1.
The signal amplification that enables SERS depends

critically on the state of aggregation of the nano-
particles.23 According to the DLVO theory,24 colloidal
particles in suspension remain stable on account of
electrostatic repulsion resulting fromtheir surface charge.
Aggregation can be induced by processes that reduce
the surface charge, for example, by the displacement of
surface ionsby adsorbates25 andbypHchanges,26 aswell
as by ionic screening,27 and depletion forces.28

For the purposes of SERS-baseddetection, adsorbate-
induced aggregation is ideal. But for low-concentration
detection, this can be used onlywhen the target analyte
has a strong affinity for the colloid. When that is the
case, analyte molecules adsorb on the NPs, according
to an appropriate adsorption isotherm,29 displacing
the charged species on the surface thereby inducing
aggregation. SERS-based detection via this mechan-
ism has been successfully demonstrated by Piorek
et al.18,19

Methamphetamine, however, does not have strong
affinity for silver and therefore does not promote
aggregation reliably. Also, in a complex fluid, a poor
adsorber runs the risk of being outcompeted for avail-
able adsorption sites on the silver surface by other
species. Moreover, different concentrations of adsor-
bate would cause aggregation at different rates, with
the lowest concentration samples requiring long ag-
gregation times to produce useful spectra. We have
consequently opted to use salt-induced aggregation,
so as to create a reproducible state of nanoparticle
aggregation practically independent of the analyte
concentration. In the current experiments, lithium
chloride was used, inducing aggregation of citrate-
capped Ag-NPs predominantly by ionic screening,
although chloride ions are known to adsorb on the
Ag-NP forming a silver chloride layer.
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But using an aggregating agent does introduce a
limitation. The channel accumulates Ag-NPs over time,
some of which adhere on the channel walls. Accord-
ingly, a given device was used for only approximately
10 min and only the data taken within that time frame
are presented here.

RESULTS AND DISCUSSION

The detection scheme we use depends on the
concerted action of mass transport, both advective
and diffusive, with the aggregation reaction kinetics, as
to create the desired degree of Ag-NP aggregation in
areas of the channel where the analyte first diffuses.
To achieve this, the Ag-NP aggregation reaction was
studied in bulk solution prior to conducting microflui-
dic experiments. The reaction kinetics for the salt-
induced Ag-NP aggregation was determined inde-
pendently using UV�vis spectroscopy techniques as
previously described.25 The relative affinity constant
for aggregate formation as a function of salt concen-
tration, k(cs)/k0, was established, for the purposes of a
numerical simulation, as a logarithmic sigmoid func-
tion with a sharp transition at around 100 mM LiCl,
based on the UV�vis measurements. These measure-
ments, and the corresponding sigmoidal function, are
shown in Figure S1. The affinity function was used to
numerically simulate the Ag-NP aggregation kinetics
in the channel. Since only the relative aggregation
constant, and not the absolute, was found by the
UV�vis experiment, the magnitude of the maximum

aggregation rate (k0) is the only parameter that needs
to be determined experimentally.

Numerical Simulation. The fluid flow and species trans-
port in the device were calculated numerically for experi-
mentally relevant conditions. For low-Reynolds num-
ber unidirectional flows (Re = (FuL/μ) ≈ 10�2, where u

and L are the relevant velocity and length scales), there
is little mixing between the streams, and lateral mass
transport occurs primarily through diffusion. The con-
centration profile of species i depends on its relative
diffusivity Di (we use the following naming scheme:
i = A for the target analyte, i = S for salt, and i = 1, 2, 3, ...,
for nanoparticle monomers, dimers, trimers, and so on
for higher order aggregates), and can be adjusted by
manipulating the flow Péclet number, Pei = uL/Di ≈
100. The fastest diffusers in the system are the salt ions,
which diffuse from the salt side-stream into the colloid
side-stream, inducing aggregation of the Ag-NPs. We
assume the NPs aggregate according to second-order
reaction kinetics:

R1 ¼ �2k(c1c1) � k(c2c1) � k(c3c1)
R2 ¼ k(c1c1) � k(c2c1) � 2k(c2c2)
R3 ¼ k(c2c1) � k(c3c1)

(1)

where Ri is the rate of formation/depletion of species
i, ci its concentration, and the affinity, k, is a logarithmic
sigmoid function of the salt concentration, as dis-
cussed above. The portion of the channel where the
aggregation reaction is enabled by the presence of salt
ions is shown in Figure S2. The computed steady state

Figure 1. Flow-focusing microfluidic device used for controlled Ag-NP aggregation. (A) Ag-NP suspension, a saliva sample,
and salt solution are loaded in the device and driven through it by a vacuum pump. (B) At the flow-focusing junction, the
sample stream is enveloped by the side-streams and diffusion drives lateral mass transport between the laminar flows, here
visualizedwith a fluorescent dye. (C) Schematic of the reaction: AgNP, analyte, and salt solution are introduced to the channel
from the left and flow toward the right. Analyte molecules resident in the focused stream diffuse laterally into the side flows.
Salt ions also diffuse into the colloid stream inducing controlled nanoparticle aggregation, creating SERS-active clusters that
convect downstream. Interrogating the region rich in colloid dimers, which provide intense plasmonic enhancement, we are
able to achieve optimal SERS-based detection.
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concentration profiles for analyte and the nanoparticle
dimers are shown in Figure 2. The calculation also
yielded the steady state concentration of trimers
and tetramers. The peak concentration of the trimers
was∼40% of that of the dimer. Much lower concentra-
tionswere found for the tetramer. Aggregation starts at
the junction, and the reaction proceeds while advect-
ing to the right. This leads to the creation of an area of
high concentration of nanoparticle dimers and trimers,
which further downstream form larger aggregates that
precipitate out of the flow and deposit on the walls of
the channel. To capture the enhancement profile ob-
served experimentally, the function was set to reach a
maximum value k0 = 4 � 1010 mol�1 s�1.

SERS Measurements. Spectra were collected in an
array of 11 by 21 points, spanning 500 μm along the
channel and 80 μm across it, immediately downstream
from the junction. The spectra demonstrated features
strongly associated with their location in the channel,
and the chemical species found there, thus providing a
mapping of the species diffusion, and degree of NP
aggregation in the channel. A characteristic collection
of spectra acquired along a segment of a channel
cross-section is shown in Figure S3. Most spectra
contained the Raman signature of PDMS, with peaks
at 489, 615, 708, 1261, and 1409 cm�1 as expected for
areas with no plasmonic enhancement. In the region
of the channel where aggregation was strongest, an
intense peak at 229 cm�1 was observed, which has
been previously convincingly attributed to an en-
hanced AgCl vibration.30 This band has been used in

several instances as a calibration band indicative of
the degree of SERS enhancement.31 In the regions of
the Ag-NP stream that methamphetamine can reach
by diffusion, spectra were observed which contain
peaks at 1004, 1030, 1219, and 1600 cm�1, all known
methamphetamine Raman bands.21,22,32,33

By tracking the intensity of specific bands, the
diffusion profile for methamphetamine can be deter-
mined, as well as the relative degree of Ag-NP aggre-
gation as a function of location. The intensities of three
selected peaks are plotted in Figure 3, as a function of
their position in the channel for a sample with 10 nM
of methamphetamine in saliva. The 489 cm�1 peak,
corresponding to PDMS (blue), traces out the channel
walls, while the 229 cm�1 peak intensity, associated
with the presence of SERS-active Ag-NP clusters, is
shown in green. Its profile was used to determine
the k0 parameter used in the simulation (Figure 2).
The red line traces the 1004 cm�1 peak, associatedwith
methamphetamine. Since this signal is dependent on
the presence of Ag-NP aggregates, it largely tracks the
green line.

This mapping represents a snapshot of the chemi-
cal processes in the channel after 1 min of flow and
enables us to extract data during the initial stages of
the aggregation reaction. Ag-NP dimers form readily
after the junction through reactions of monomers.
Under our flow and concentration conditions, higher
order aggregates (which are formed through sequen-
tial addition of monomers to the dimer) are less
abundant and their peak concentration locations occur

Figure 2. Numerical simulation of scalar transport in the device. Colormap:methamphetamine concentration (as a fraction of
the initial concentration cA0) in the flow-focusing device (truncated to a maximum of 15% of cA0 for clarity). Contours:
concentration of silver nanoparticle dimers, exhibiting an area particularly rich in dimers immediately downstream from the
junction.

Figure 3. SERS intensities of selected Raman bands belonging to PDMS (blue), small Ag-NP aggregates (green), and
methamphetamine (red). Overlaying the intensity of the peaks over the schematic of the channel (inset) produces amap that
shows the aggregation profile of the nanoparticles, the diffusion profile of the analyte, and the channel walls.

A
RTIC

LE



ANDREOU ET AL. VOL. 7 ’ NO. 8 ’ 7157–7164 ’ 2013

www.acsnano.org

7161

a little further downstream from the peak dimer posi-
tion. At early times, dimers and, to a lesser extent,
trimers dominate. This view is corroborated by the fact
that the most intense SERS signals arise from the

regions of the channel where our numerical simula-
tions indicate the highest concentrations of dimers and
trimers to be (Figures 2 and 3), with only themaximum
aggregation parameter, k0, fitted.

Data Analysis. Principal component analysis was em-
ployed to analyze the data. Amodel with four principal
components (PCs) was created that captures the main
systematic variance of the data, which stem from the
chemical species involved. Subsequently, a varimax

rotation was used as to decouple the obtained PCs into
Latent Variables (LVs) (Figure 4). The LVs form a new set
of basis vectors that span the same sample space as
the original PCs. However, instead of aligning with the
directions that maximize the variance captured, they
now point to directions that describe the data with the
simplest possible linear combinations of the LVs. Since
the data used for the model are spectra of chemical
species, this basis rotation allows us to obtain direc-
tions for our data that potentially correspond to
chemically identifiable spectra.

LV1 captures the variance of the peaks associated
with PDMS (1261 and 1409 cm�1). LV2 appears to
capture variance due the methamphetamine peaks
(1004, 1030, 1219, 1299, and 1600 cm�1) and was
found a sufficient measure to separate the spectra ex-
hibitingmethamphetamine from themethamphetamine-
negative spectra. LV3 presents features associatedwith
the citrate spectrum (1320, 1381, and 1452 cm�1) as
citrate is the capping agent of the colloid used. Finally,
LV4 is composedof broad features (around1600 cm�1),
comprised primarily of the well-known enhanced SERS
background,34 as well as a band at 1165 cm�1, possibly
related to hydroxyl vibrations from the glass slide, and
thus does not relate to the chemicals of interest.

This model was used to predict the presence of
methamphetamine in the SERS spectra collected from
the saliva samples. The scores on LV2 obtained from
the saliva samples, shown in Figure 5, demonstrate

Figure 4. Latent Variables calculated for the calibration
data after varimax rotation of the Principal Components.
LV1 and LV2, respectively, capture variance of RamanBands
associated with PDMS and methamphetamine. LV3 was
associated with features from citrate, and LV4 with broad
fluorescent characteristics of SERS, and nonspecific peaks.
Scaled experimentalmeasurements of a PDMScontrol and a
positive SERSmeasurement of methamphetamine from the
device are also shown for comparison.

Figure 5. Predicted scores on LV2 of the experimental samples, based on the rotated PC model constructed from the
calibration data, as a function of y-position (across the channel). The model correctly predicts methamphetamine-positive
samples. An arbitrary threshold for detectionwas chosen as 0.06, and is denoted by a line for each condition. The x-position of
the samples is not presented here; instead, all points collected in the streamwise direction are projected onto the y-axis.
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that we are able to screen effectively for metham-
phetamine in the samples. As a negative control, a
saliva sample with no addedmethamphetamine was
used.

A score in LV2 greater than 0.06 was selected to
count as a positive hit, but only if the sample exhibited
low q-residuals (q-res < 0.15). The 95% confidence limit
on LV2 for the model is 0.17, meaning that only 5% of
the calibration data scored higher than this value.
Spectra that fulfilled these criteria were averaged and
plotted in Figure 6. The spectra were divided by the
intensity of the 229 cm�1 peak, to normalize crudely

for the number of aggregates contributing to the en-
hancement of each sample, and shifted on the y-axis
for clarity. This normalization method scales the sig-
nal of the analyte with the degree of enhancement,
greatly reducing the magnitude range of the relevant
methamphetamine peaks. As a result, the previously
constant PDMS bands now appear to fluctuate with
methamphetamine concentration.

CONCLUSION

A microfluidic device was developed in which the
transport and aggregation of SERS active silver nano-
particles could be explicitly controlled, and applied to
the detection of methamphetamine in saliva. This
microfluidic device exhibits several advantages over
traditional SERS-based techniques: (i) The device facil-
itates the interaction of the nanoparticles and the
analytemolecules in solution at the long interface along
the parallel laminar flows. (ii) The controlled aggrega-
tion, induced by the salt solution, provides a reproduci-
ble and reliable region in which SERS signal is maximal.
Interrogating this area makes the detection of broad
classes of analytes possible with little dependence
on the analyte's innate ability to induce aggrega-
tion. (iii) Finally, the size-dependent diffusivity of
small molecules, such as methamphetamine, can
be exploited to partially separate the analyte from
other species present in a complex biological fluid,
such as saliva.
Principal Components Analysis was shown to be

an appropriate tool for the automated classification
of the spectra. All experimental conditions, with the
exception of the negative control, exhibited suffi-
ciently high scores on LV2. The presence of metham-
phetamine in the sample was thus determined at
concentrations as low as 10 nM, well below physio-
logical quantities.
The results reported here provide evidence for a

reproducible and rapid detection method that may be
realized in the form of a cartridge-based microfluidic
system that can be used to detect and identify narco-
tics in biological fluidswithin a fewminutes. The device
can potentially be used in other applications such as
groundwater analysis and toxin detection.

MATERIALS AND METHODS

Microfluidic Device. The device was developed based on the
design of Stiles et al.35 such that the flow profile is solely
determined by the device geometry. A single vacuum pump
attached at the outlet was used to actuate the fluid flow. The
channel dimensions were 20 μm deep by 50 μm wide, and the
width of the focused streamwas designed to be 5μm. Themean
flow velocity in the channel after the focusing junction was
calculated to be 1.8 mm/s, and confirmed using micro particle-
image velocimetry (μPIV).36

The microfluidic device was fabricated in PDMS (Sylgard
184) using standard soft lithography techniques and an SU-8

mold. Vias through the PDMS were made with a biopsy punch.
Holes were drilled in a glass microscope slide and aligned with
the vias. The PDMS was then sandwiched between a micro-
scope coverslip (100 μm thick) and the drilled glass microscope
slide, with the channel in direct contact with the coverslip as to
provide unhindered optical access. Finally, pipet tips were
inserted into the drilled holes to serve as fluid reservoirs.

Numerical Simulation. A numerical simulation of the fluid flow
and the aggregation reaction was performed using COMSOL
V4.3a (COMSOL, Stockholm, Sweden). The fluid motion in
shallow microchannels can be simulated using the steady
2-D incompressible Navier�Stokes equations with the shallow

Figure 6. Average spectra of points with a score on LV2
greater than 0.06 from saliva samples. The spectra were
normalized by the intensity of the 229 cm�1 peak (not
shown), which dominates in cases were intense enhance-
ment occurs. The characteristic peaks associated with
methamphetamine at 1004 and 1030 cm�1 are present
and of similar magnitude (approximately 0.05) for all con-
centrations after normalization, whereas the 1600 cm�1

peak is overtaken by broad fluorescence features for lower
concentrations. The peaks attributed to PDMS (blue dotted
lines) are ubiquitous.
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channel approximation.

F(u 3r)u ¼ �rpþ μr2uþ FHS
r 3u ¼ 0

(2)

where u is the depth-averaged velocity, and F and μ are the fluid
density and dynamic viscosity, respectively. The Hele-Shaw
force term, FHS = [�(12μ/h2)u], accounts for the resistance to
flow due to the out-of-plane walls in the shallow channel
approximation. The steady concentration fields follow the
steady state scalar advection equation

(u 3r)ci ¼ r 3 (Dirci)þ Ri (3)

where ci is the concentration of species i. using the same naming
scheme as in eq 1. The diffusivity for each species is estimated
using theStokes�Einstein equation,Di= kBT/6πμriwhere kBT is the
thermal energy and ri is the Stokes radius of the species i.

The simulation geometry is based on the design of the
microfluidic flow-focusing device used in the experiments,
shown schematically in Figure 1. The fluid and concentration
fields were estimated by numerically simulating eqs 1�3 with
the appropriate boundary conditions.

We estimated the diffusivity constants as follows: DA =
1.00 � 10�9 m2/s for methamphetamine, DS = 1.96 � 10�9 m2/s
for the salt ions, and Di = 1.00 � 10�11 m2/s for the colloid
monomers and higher order aggregates. The aggregation
affinity was approximated by a logarithmic sigmoidal function
reaching 0.5 at 100mMof LiCl, with 0.1�0.9 rise over an interval
of 200 mM, shown in Figure S1.

Saliva Sample Preparation. Saliva was collected from a healthy,
drug-free, volunteer, at least 1 h after a meal, diluted with equal
volume of DI water, and aliquots of the mixture were spiked
with (þ)-methamphetamine hydrochloride (Sigma-Aldrich)
to prepare sample concentrations of 0 nM, 10 nM, 100 nM,
1 μM, 10 μM, and 1 mM of the chemical. The saliva/DI samples
were filtered using 0.45 μmNalgene filters immediately prior to
loading into the device, to prevent blocking of the microchan-
nel by particulates. A separate solution of 1 mM methamphet-
amine in DI water was used to acquire a positive identification
of the SERS signature as a reference. A negative control in DIwas
also used in the experiment.

Reagents. The silver colloid used was citrate-capped BioPure
20 nm silver (nanoComposix, Inc., San Diego, CA) diluted to
1:100 from stock solution with DI water. A 1 M aqueous LiCl
solution was used as the aggregation-inducing agent.

Experimental Procedure. Approximately 20 μL each of sample,
colloid, and salt solution were loaded into the device reservoirs
using syringes. A new microfluidic device was used for each
experiment to avoid cross-contamination. For each run, the
device was placed onto the spectrometer microscope stage,
centered, and aligned. The vacuumpumpwas connected to the
outlet of the devicewith PTFE tubing. The devicewas allowed to
run for 1 min prior to the collection of spectra, to ensure steady
flow. Spectra, excited by 3.8 mW of 633 nm laser light, were
collected using a LabRam Aramis spectrometer (Horiba, Kyoto, JP)
in an array of 11 by 21 points, spanning 500 μm along the
channel and 80 μm across it. The diameter of the interrogation
spot was focused to a diameter 2 μm, and each point was
interrogated for 0.5 s.

Data Analysis. Principal component analysis (PCA) was per-
formed on the data using the PLS Toolbox (Eigenvector Re-
search, Inc.., Wenatchee, WA) to categorize the spectra. A
statistical model was constructed using the spectra from the
calibration experiments (1 mM methamphetamine in DI) and a
negative control (only DI). The spectra were preprocessed by
sequential application of baseline subtraction using a weighted
least-squares method, normalization by the areas under the
spectrum between 1049 and 1152 and 1468�1538 cm�1, and
finally mean-centering. Only spectral features between 900 and
1650 cm�1 were included in the regression analysis.
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