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KV Abstract. This study proposes a new direct and fast method of analysis employing
paper spray mass spectrometry (PS-MS). The paper used in the proposed method
was modified with molecularly imprinted polymers (MIP) to create a specific site for
cocaine analysis in oral fluid. MIP membrane was successfully synthetized and
employed. The developed method showed to be linear in a concentration range from
LOQ to 100 ng mL–1. The experimental value of LOQ obtained was 1 ng mL–1. The
inter-day and intra-day precision and accuracy of the PS-MS method presented
values lower than 15%. The total recoveries were also evaluated. The PS-MS
method for the analysis of cocaine in oral fluid showed to be very promising and the
validation parameters showed a good correlation with the literature.
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Introduction

A ccording to theWorld Drug Report of 2016 [1], a total of
153 countries reported apprehension of cocaine in the

period between 2009 and 2014. The traffic concentrates in the
Andes region, North America and Europe. Most of 2014 sei-
zures occurred in the Americas, which represent 90% of global
seizures of cocaine (particularly in South America, 60%).

The latest interest in a fast method with high resolution is due
to the recent legislation changes that were put in place in Brazil.
The new law [2] determines zero tolerance to a number of
psychoactive drugs present in the system of drivers while
conducting a vehicle. Oral fluid is the ideal matrix to perform
this kind of assays, once its analysis gives information in a short
period of time [3], besides the advantages of an easy and non-
invasive collection [4]. In this way, drivers may be required to do
a toxicological test to verify the use of such substances.

The analysis of illicit drugs in biological fluids has gained a lot
of interest in several research fields, such as toxicology, forensic
chemistry and doping. However, this kind of assays can present a
few challenges: drugs are often present in low concentration; they
are greatly bound to proteins and there are many interfering

compounds in biological matrices [5]. Cocaine analysis in com-
plex matrices such as blood, urine, oral fluid and hair are gener-
ally performed using a LC-MS (Liquid Chromatography –Mass
Spectrometry) or GC-MS (Gas Chromatography - Mass Spec-
trometry) with a previous derivatization step [6].

As an alternative to sample preparation or the previous
separation step, a direct injection source called Paper Spray
Ionization (PS) can be employed for MS. Ambient ionization
techniques revolutionized MS by introducing a new concept:
simplicity. The analysis is performed directly on the surface of
the sample and information about its composition can be ob-
tained in real time with an MS.

PS was introduced in 2010 by R. G. Cooks [7] and consists
in the application of a high voltage in a triangular paper. The
potential difference between the paper and MS inlet generates
an electric field with the maximum intensity on the tip of the
paper. The generation of ions by PS has the same principles as
Electrospray ionization (ESI) [8].

The primary material used to perform PS experiments is
chromatographic paper or filter paper. To perform a more selec-
tive analysis with higher specificity, a cellulose membrane can be
modified to create specific sites to individual analytes. Molecular-
ly Imprinted Polymers (MIP) aim to recreate synthetically the
specific sites of identification using a target molecule (template),Correspondence to: Andréa R. Chaves; e-mail: andrea_chaves@ufg.br
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working similarly as a lock and keymodel [9].MIP has been used
as a biosensor [10], extraction media [11] and affinity support in
the recognition of target molecules, such as drugs [12].

Different methodologies for MIP preparation are reported in
the literature. The most used synthesis route consists in the
copolymerization of a monomer with a cross-linker, in the pres-
ence of a template. After the polymerization step, the template is
removed from the porous network via washing process. The
cavities formed in the polymeric matrix can then rebind with
the template in size, shape and chemical functionality [13].

Using MIP can increase the specificity of PS-MS, adding
simplicity, reducing the costs of analysis and increasing the
accuracy and precision of the method.

In this study, a MIP membrane was developed and employed
as paper in a PS-MS source for the analysis of cocaine in oral
fluid samples.

Experimental
Reagents, Standards, and Samples

Methacrylic acid, ethylene glycol and formic acidwere purchased
from Sigma Aldrich (St. Louis, MO, USA). Cellulose mem-
branes (diameter of 47 mm and 0,45 μm of pore size) were
purchased from Agilent Technologies (Santa Clara, CA, USA).
Methanol (HPLC grade) was purchased from J.T. Baker
(Phillipsburg, NJ, USA). Acetone P.A. was purchased from
Scharlau (Sentmenat, Spain). Benzophenonewas purchased from
Vetec (Rio de Janeiro, RJ, Brazil). Ultrapure water (Millipore)
was used throughout this work. Cocaine standard was also pur-
chased from Sigma Aldrich.

Blank human oral fluid samples were collected from ten
healthy volunteers that were not exposed to any drugs or
medications in the last 3 months, after oral sanitation and
before the first meal. The pooled material was spiked with
cocaine in the calibration concentration.

MIP and NIP Membrane Synthesis

Molecularly imprinted polymer membranes were synthesized
based on the free radical polymerization method described by
Hande and coworkers [11]. For the synthesis, cocainewas used as
the template, methacrylic acid (MAA) as the monomer, ethylene
glycol dimethacrylate (EGDMA) as the cross-linker, benzophe-
none as the initiator and water as solvent. Cellulose membranes
were washed in a Soxlhet apparatus with 400 mL of methanol.
After being dried in room temperature, the membranes were put
in a 0,15mol L-1 benzophenone solution prepared in acetone for 5
minutes and dried at room temperature again. Then they were
submerged in an aqueous solution with 50 mmol L-1 of MAA,
150 mmol L-1 of EGDMA and 10 mmol L-1 of cocaine. The
membranes were submitted to UV radiation with a wavelength of
254 nm for 30 minutes. After this procedure they were dried at
room temperature and washed in a Soxlhet with 400 mL of
methanol for 4 hours to remove the template. Then they were
dried at room temperature before the use in PS-MS.

The synthesis of non imprinted polymer (NIP) membranes
was made in a similar way to the MIP membranes, but there
was no addition of the template in the process.

Morphology Analysis

The morphology of the MIP and NIP membranes were exam-
ined via SEM (scanning electron microscope) using a JSM –
6610 (JEOL Ltda., Tokyo, Japan) instrument using 5 kV as
accelerating potential.

PS-MS Analysis

MIP membranes were cut in the shape of an equilateral trian-
gle with 1.5 cm of side. To perform the extraction, the trian-
gular membrane was submerged in 1 mL of oral fluid sample
for 5 minutes then allowed to dry at room temperature. PS-MS
analysis was performed in positive ionization mode, PS(+), by
addition of 10 μL of a solution containing methanol with 0.1%
of formic acid. All PS-MS experiments were performed on
mass spectrometer LCQ Fleet (Thermo Fisher Scientific, San
Jose, USA). Temperature of the MS capillary inlet was set at
275°C. The tube lens voltage was set at 50 V. The voltage
used for PS was 4 V. Tandem mass spectra were acquired over
the m/z 170-310 range. The PS was set by holding the mem-
brane connected directly to the outlet probe of the ESI with a
0.5 mm wire using an alligator-type clip and applying a
voltage of 4 V. Figure 1 displays the PS source prototype built
in this study.

Analytical Validation

Analytical calibration curves were constructed using linear
regression of the intensity of the most abundant fragment of
cocaine against its concentration in oral fluid (X, ng mL−1), to
evaluate linearity. Accuracy and inter-assay precision were
determined using replicates (n = 5) assays of the blank oral
fluid sample spiked with analytes solutions representing the
entire range of the calibration curve. Accuracy values were
calculated by comparing the concentrations of analytes added
to the oral fluid samples (theoretical concentration) and the
concentrations determined by the analytical calibration curve
at three concentration levels (1,50 and 100 ng mL-1).

The selectivity of MIP for cocaine in the presence of lysergic
acid diethylamide (LSD) and 3,4-methylenedioxymetham-
phetamine (MDMA) as interfering compounds was studied.
These chemicals were selected because they are also used as drugs
of abuse and can be found in the system of drug users along with
cocaine. For the experiment, a membrane of MIP or NIP cut in a
triangular shape was added to 1 mL of oral fluid sample enriched
with two binary mixtures cocaine/LSD or cocaine/MDMA with
concentrations of 100 ng mL-1 and stirred for 5 min in room
temperature. The supernatant was collected and measured by PS-
MS. Distribution coefficient (Kd), selectivity coefficient (K), and
relative selectivity coefficient (K′) [14, 15] were calculated ac-
cording to the following Equations 1, 2, 3, and 4:
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Kd ¼ Ci−C f

C f
⋅

Vs mLð Þ
Mass of MIP or NIP gð Þ ð1Þ

KMIP ¼ Kd cocaine

Kd LSD or MDMA
ð2Þ

KNIP ¼ Kd cocaine

Kd LSD or MDMA
ð3Þ

K’ ¼ KMIP

KNIP
ð4Þ

where Ci and Cf are the initial and final analyte concentrations and
Vs is the volume of the solution.

Matrix effects (ME) were estimated using the following
equation:

ME %ð Þ ¼ CROF=IROR

CRM=IRM
� 100

where CROF is the cocaine response in oral fluid; IROF is the
LSD or MDMA response in oral fluid; CRM is the cocaine
response in methanol; and IRM is the LSD orMDMA response
in methanol. Matrix effect was evaluated for the samples with
the LSD/cocaine and MDMA/cocaine mixtures.

The MIP membrane developed was also compared with
paraffined chromatographic paper developed by Colletes and
coworkers [16].

Results and Discussion
There are a few reports of PS-MS being used for the analysis of
drugs of abuse. Li and coworkers [17] used PS employing
chromatographic paper coupled with ion mobility to analyze
cocaine residues in liquid samples. The authors found a limit of
detection (LOD) of 2 μg mL–1. De Carvalho and coworkers
[18] analyzed cocaine using chromatographic paper as support
for PS assays. The authors found a LOD of 6 μg mL–1. Damon
et al. [19] used hydrophobic paper spray mass spectrometry
with a previous liquid/liquid extraction to analyze illicit drugs
in biofluids. The LOD of cocaine found by the authors in the
blood was 0.17 ng mL–1. In the present study, the experimental
determinate LOQ was 1.0 ng mL–1, while the obtained by
analytical curves data was 0.87 ng mL-1. However, it is impor-
tant to emphasize that the developed procedure here had no
sample preparation step and the employedMS equipment has a
lower resolution, which could make developed method a pos-
sibility for routine analyses.

To increase the selectivity of the PS analysis for co-
caine, a film containing molecularly imprinted polymers
was synthetized on the surface of a cellulose membrane.
The obtained MIP have chemically active sites for cocaine
and guarantees a more selective and specific analysis. Li
et al. [20] developed a similar membrane for the analysis
of methotrexate in blood. But they used a different mole-
cule (trimethoprim) as a template; this causes the analysis
to not be as selective as when the target molecule is used
as template.

MIP synthesis by free radical polymerization was conducted
in solution under soft reaction conditions (ambient temperature
and atmospheric pressure). The polymerization reaction is gen-
erally very fast and it is initiated by benzophenone, which is
activated photochemically [21]. It is reported in the literature
that the kinetic energy of the complex prior to polymerization
decreases in photo-initiated polymerization at room tempera-
ture, which makes its stability higher and allows a greater
binding ability and specificity than polymerization that has
thermal initiation that requires temperatures higher than 40 °C
[22–24].

Morphology Analysis

SEM was used to evaluate the morphology of the original
cellulose membrane and membranes modified with MIP
and NIP. The images were obtained with an acceleration
potential of 5 kV and a magnification of 3000×. The
images obtained are shown in Figure 2. It is possible to
verify a significant change on the surface of the mem-
branes modified with MIP and NIP compared with the
original cellulose membrane. However, there is no

Figure 1. PS-MS experimental apparatus
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significant change between the MIP and NIP membranes
as expected. Several studies confirm the little change in the
morphology between MIP and NIP [11, 25–27].

Study of Imprinting Effect and Selectivity of MIP
Membrane

The results of the cross-selectivity assessment of the
synthetized MIP membrane are shown in Table 1. The relative

selectivity coefficient (K′) values for both mixtures are greater
than 1, confirming the successful imprinting effect of the MIP
membrane. Imprinting effect and selectivity of MIP were suc-
cessfully achieved by a number of factors: the values of the
distribution coefficient (Kd) for cocaine in the MIP membrane
are higher than the ones found for the NIP membrane; the
higher values of Kd for cocaine compared with the interfering
drugs.

It can also be observed that the selectivity coefficient (K) of
cocaine is 104.3 for mixture 1 and 438.1 for mixture 2, illus-
trating the high selectivity of the membrane when comparing it
to NIP, and that it has a good ability to discriminate between
cocaine and interfering compounds.

In order to compareMIP-PS-MS developed in the study and
PS-MS using a paraffined chromatographic paper developed
by Colletes et al. [16], an analysis of oral fluid samples spiked
with cocaine, cocaine/LSD, and cocaine/MDMA was per-
formed. The signal for the most abundant fragment of cocaine
(m/z = 182) was observed in all samples. As shown in Figure 3,
MIP-PS-MS has a better signal response for cocaine in all
samples, as expected.

Figure 2. SEM Images of (a) original cellulose membrane, (b)membrane modified with NIP, and (c)membrane modified with MIP

Table 1. Selectivity Parameters, Kd, K, and K’, for the MIP and NIP
Membranes

Binary
mixture

Polymer Kd (mL/g) K K′

Cocaine LSD
1 MIP 868.5 8.3 104.3 16.4

NIP 75.7 6.3 6.3
Cocaine MDMA

2 MIP 1140.7 2.6 438.1 22.6
NIP 4.5 2.3 2.0
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MIP-PS-MS

The triangular shape of the paper used in this study has been
extensively reported in the literature [7, 8, 28, 29]. Different
paper geometries cause the electric field intensity and the
current on the paper to vary. Yang and coworkers [8] found
the best geometry is the triangular one. One advantage of PS
when comparing it to ESI is the possibility of developing
disposable cartridges to automatize MS analysis [7]. Also, the
intrinsic problems that are present in ESI are not present in PS,
such as clogging and difficulty to form the spray from capil-
laries with 1 μm of diameter or less [30].

The mass spectrum obtained using the MIP cellulose mem-
brane as substrate is shown in Figure 4a. Note that cocaine was
detected as protonated ions [M + H]+ of m/z 304. Collision
induced dissociation (CID) of cocaine was performed and the
PS(+) MS/MS spectrum is illustrated in Figure 4b. From the
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PS(+) fragmentation of a precursor ion of cocaine gave m/z
182, which is formed by the alpha-cleavage next to the nitrogen
atom following the loss of C7H6O2 – benzoate [31].

Analytical Validation

The most abundant fragment of cocaine, m/z 182, was used to
construct the analytical calibration curve (Figure 5). Linearity
of the MIP-PS-MS method was determined with oral fluid
samples spiked with cocaine, which resulted in the concentra-
tions of 1 (LOQ), 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 ng
mL-1. The obtained regression equation, r2, LOD, LOQ, and
ME are shown in Table 2. Each point of the calibration curve
was performed in replicate (n = 5), and the coefficients of
variation were lower than 5%. The matrix effect was calculated
in the presence of two interfering compounds, LSD and
MDMA, and in both cases it was found to be less than 10%.

To calculate LOD and LOQ, the formulas proposed by
Long and Winefordner [32] were used and 10 measurements
of the blank oral fluid sample were made. The values obtained
for LOD and LOQ were, respectively, 0.27 ng mL–1 and
0.81 ng mL–1. The LOD value of cocaine in oral fluid is not
affected by the presence of interfering compounds such as
MDMA and LSD, when they are present in the same sample.
MIP produces a chemical fingerprint of the chosen template
when submitted to a sample, which contains a specific template
molecule; it is preferentially rebounded to the polymeric array,
so it results in a higher specificity of MIP polymers. El-Sharif
et al. [33] recently demonstrated the ability of the MIP protein
polymer to discriminate interested classes of proteins, probably
due to specific hydrogen orientations between analytes and
MIP polymers array. The LOQ value was also determined as
the lowest concentration in which cocaine could be fragmented

with accuracy and precision. The experimental value of LOQ
was 1.0 ng mL–1; as expected it was higher than the calculated
value.

The accuracy, inter-assay and intra-assay precision and
recovery were assessed in three levels, each concentration
was done in replicate (n = 5). The results are presented in
Table 3.

The developed MIP-PS-MS method for cocaine analysis in
oral fluid showed adequate accuracy, precision, and recovery.
Sánchez-González and coworkers [34] used a micro solid
phase extraction with a cocaine template MIP as an extraction
phase coupled with LC-MS to analyze cocaine in plasma
samples. The LOD found by the authors is smaller than the
one found in the present work (0.061 ngmL–1); however, using
PS-MS there is no need for sample preparation, sample extrac-
tion, the usage of solvents and reagents is very little, and the
time of analysis is less than 30 s. The development of MIP for
different drugs can increase the applicability of the MIP-PS-
MS technique.

Conclusion
The MIP cellulose membrane developed allows the detection
of cocaine with LOD of 0.27 ng mL–1. The method developed
in this study creates new possibilities for paper spray ionization
once it adds selectivity and specificity to the analysis, besides
simplicity, low cost, low solvent consumption, speed, and
efficiency.
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