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Abstract. Providing rapid and sensitive sample
cleanup, sol-gel capillary microextraction (CME)
is a form of solid phase microextraction (SPME).
The capillary format of CME couples easily with
mass spectrometry (MS) by employing sol-gel
sorbent coatings in inexpensive fused silica cap-
illaries. By leveraging the syringe pump and six-
port valve readily available on the commercial
MS, we can obviate the need for chromatography
for samples as complex as urine in quantitative

assays. Two different sol-gel materials were studied as microextraction sorbents: one with a single ligand of
octadecyl (C18) and the other with a dual-ligand combination of C18 and phenyl (Phe) groups. The CME-MS
method was optimized for flow rate and solvent desorption and studied for overall microextraction performance
between the two sorbents studied. We extract illicit drugs including cocaine, heroin, amphetamine, methamphet-
amine, 3,4-methylenedioxymethamphetamine, and oxycodone, proving good run-to-run reproducibility (RSD%
< 10%) and low detection limits (< 10 ngmL−1). The dual-ligand sorbent demonstrated superior performance due
to typical hydrophobic properties of C18 as well as potential π-π interactions of the Phe functionality and the
aromatic moiety common to many drugs. This study demonstrates the advantage of fine-tuning sol-gel sorbents
for application-specific CME-MS. We apply our method to the analysis of various drugs in synthetic and human
urine samples and show low carryover effect (~ 5%) and low matrix effect in the presence of the urine matrix.
Thus, the sol-gel CME-MS technique described herein stands to be an attractive alternative to other SPME-MS
techniques.
Keywords: Solid phase microextraction, Sample preparation, Urine analysis, Forensics, Drugs, Sol-gel, SPME-
MS
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Introduction

Since its inception in 1989 by Pawliszyn et al. [1], solid
phase microextraction (SPME) has proven to be a highly

effective sample preparation method. SPME has been coupled
to various analytical techniques such asGC [2, 3], HPLC [4–6],
capillary electrophoresis (CE) [7, 8], supercritical fluid chro-
matography (SFC) [9], and MS [9–18]. In particular, SPME-
MS technologies [19] are attractive because they combine the

rapid, inexpensive, selective sample preparation of SPME with
the exquisite sensitivity and specificity of MS. If targeted
development is pursued, resource-intensive chromatographic
systems may be entirely avoided for some applications. How-
ever, unlike LC-MS, SPME-MS formats are not yet widely
adopted for quantitative assays, because they are infrequently
validated for reproducibility or repeatability, especially for
implementations meant for single-use. High-throughput com-
mercial LC-MS sequences routinely shunt early unretained
constituents (e.g., salts) to waste using the native fluidic valve
of the MS. Meanwhile, without such a valving mechanism,
SPME-MS could be prone to MS contamination and, thus,
instrument downtime. Finally, SPME is more vulnerable to
matrix effects of co-desorbed species, especially with
electrospray ionization (ESI). To alleviate some matrix effects,
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SPME has been coupled to many other ambient ionization
techniques such as desorption electrospray ionization [12,
19–23], the commercial direct analysis in real time (DART)
[24–26], desorption corona beam ionization [27], and dielectric
barrier discharge ionization [28]. Notably, incorporating stable
isotope-labeled internal standards can largely mitigate matrix
effects in targeted quantitative applications.

Research has progressed beyond commercially available
SPME fibers and toward new sorbents [29] and new geome-
tries [19] which can be leveraged for targeted analyses. In
particular, sol-gel capillary microextraction (CME), invented
by Malik et al. [30], combines a sol-gel sorbent with an in-tube
microextraction geometry. At the heart of CME platforms,
fused silica capillaries provide a simple, inexpensive means
to coupling with various analytical methods. Meanwhile, sol-
gel fabrication imparts robust features of enhanced solvent
stability through intrinsic chemical bonding between the fused
silica and the sorbent. CME uniquely provides facile physical
tunability of the sorbent morphology, including pore size and
coating thickness. Furthermore, CME allows chemical tunabil-
ity with vast numbers of novel sorbent types to provide en-
hanced selectivity, sensitivity, and microextraction perfor-
mance. Currently, silica [31–34] and non-silica-based [35–40]
materials are used with combinations of sol-gel active ligands
[29, 41] yielding a vast array of hybrid organic–inorganic
microextraction sorbents. Sol-gel-based CME has been applied
to various target analytes in urine [36, 42], human serum [43],
human plasma [44], saline [35], and water [45] samples, dem-
onstrating a robust format against many matrices, even biolog-
ical in nature. Remarkably, sol-gel CME has traditionally been
coupled only to chromatographic systems.

In this work, without chromatography, we demonstrate
coupling sol-gel-coated capillaries to an atmospheric pressure
inlet MS (CME-MS) for simple quantitative assays. Sample is
introduced by the MS’s native syringe pump, and the standard
transfer line simply replaced with the CME, making deliberate
use of the MS’s native six-port valve. We design and test two
sol-gel coatings for the CME: (1) a single octadecyl ligand and
(2) a dual-ligand including octadecyl and phenyl ligands. We
also deliberately employ deuterium-isotope-labeled internal
standards, as is common industry practice for LC-MS quanti-
tation. Moreover, we employ only a single stage of mass
spectrometry on a simple commercial but relatively inexpen-
sive ion trap MS. Development of our CME-MS method is
validated for online microextraction, desorption, and analysis
of illicit drugs specifically from water and urine matrices. For
the numerous runs performed, minimal matrix effects and
carryover effects are observed. To our knowledge, this work
is the first example of sol-gel CME-MS applications.

Experimental
Equipment

A Corning LSE vortex mixer (Corning Corporation, Corning,
NY, USA) was used to properly mix the sol solution

ingredients. For the centrifugation of the sol solutions, a Ther-
mo IEC model Micromax microcentrifuge (Needham Heights,
MA, USA) was utilized. The coated capillaries were condi-
tioned in a Shimadzu (Tokyo, Japan) model GC-17A gas
chromatograph. Infrared spectra were obtained from a Nicolet
IR spectrometer (Thermo Fisher Scientific, USA), and a
Hitachi-S800 (Hitachi, Tokyo, Japan) electron microscope
was used for the scanning electron microscopy (SEM) investi-
gations. Sol-gel CME-MS experiments were performed using
an LTQ XL (Waltham, MA, USA) MS system. Xcalibur
software (Thermo Scientific, San Jose, CA) was employed
for the data acquisition, and OriginPro 2015 software
(Originlab Corp., Northampton, MA) was used for plotting
the graphs. Chemical structures were drawn in Chemdraw
software (Perkin Elmer, USA).

Chemicals and Materials

Fused silica capillary (0.25 mm i.d.) was purchased from
Po lymic ro Techno log i e s (Phoen ix , AZ , USA) .
Phenyltrimethoxysilane, octadecyltrimethoxysilane, and
tetramethoxysilane (TMOS) (Table S1) were purchased from
Gelest (Morrisville, PA, USA). Trifluoroacetic acid (TFA) was
purchased from Acros (Morris Planes, NJ, USA). Drug stan-
dard solutions (Table S2) in 1000 mg L−1 and deuterated
internal standards such as cocaine-d3, oxycodone-d3, (±)-3,4-
me thy l ened ioxyme thamphe tamine (MDMA)-d5 ,
amphetamine-d3 were purchased fromCerilliant (Round Rock,
TX, USA). LC-MS grade methanol, acetonitrile, isopropanol,
ethanol, and water were purchased from Fisher Scientific (Fish-
er Scientific, Pittsburgh, PA, USA).

Preparation of Sol-gel-Coated Capillaries

Preparation of the sol-gel-coated capillaries is described
in detail in the supplementary material, and a general
representation of the process is provided in Figure 1.
Briefly, the process consists of three main steps: (1)
designing the sol-gel material, (2) coating and condition-
ing the coated capillaries, and (3) characterization. In this
study, two types of silica-based sol-gel materials were
designed: one with octadecyl ligands, the other with
octadecyl and phenyl ligands using appropriate amounts
(Table S1) of sol-gel precursors and co-precursor
tetramethoxysilane (TMOS) with trifluoroacetic acid
(TFA). The preparation of the dual-ligand sol-gel coating
uses equimolar sol-gel co-precursors. Sol-gel material is
prepared in microcentrifuge vials by vortexing sol-gel
active components. While the mixture is still a sol, the
vial is placed into a homemade filling system [46]. The
fused silica capillary installed in the filling system is
loaded with the sol by nitrogen pressure. After 30 min,
the sol is removed and the capillary then purged with
nitrogen. Subsequently, the coated capillary is condi-
tioned in a GC oven in the presence of nitrogen and
slow temperature programming.
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Experimental Setup and the Microextraction--
Desorption-Detection Procedure

The CME experiments were carried out on a Thermo LTQ XL
linear ion-trap system outfitted with the conventional
electrospray ionization (ESI) source. The standard PEEK tub-
ing between the ionization source and the syringe pump was
replaced by the prepared 75-cm-long sol-gel-coated fused silica
capillary and placed between the readily available Rheodyne
valve of the MS system and the syringe. To accommodate the
distinct extraction and desorption/detection steps, the load/
inject function of the valve was employed to help automate
the CME process because desorption could easily be initiated
by switching the valve from the load to the inject position.

As seen in step 4 (CME-MS) of Figure 1, a syringe (250 μL)
containing sample is connected to the coated fused silica cap-
illary. The microextraction adsorption takes place by flowing
the entire 250 μL sample through the capillary at a rate of
20 μL min−1 to a sample waste container after passing through
the valve. In the desorption step, the sample syringe is simply
replaced by a new syringe (syringe volume = 250 μL) filled
with desorption solvent. To induce desorption, the valve is
switched from Bload^ to Binject^ (Figure 2), and the syringe
pump begins to pump the desorption solvent at a rate of
100 μL min−1. The desorbed analytes are ionized through the
ESI probe and then detected by the MS system, commonly
eluting in under 3 min. After extraction of the urine samples, an
extra cleaning step was added to the procedure to eliminate
possible complications of the urine matrix. In this step, with the
valve remaining in the load position, optima grade water
flowed at a rate of 50 μL min−1 through the coated capillary
for a total volume of 250 μL.

For each drug analysis, positive ion electrospray ionization
with single ion monitoring (SIM) and full scan modes were
utilized. The spray voltage was set to 5.0 kV and the capillary
temperature wasmaintained at 275 °C. Nitrogenwas utilized as
a sheath gas set to 8 arbitrary units (AU). For full scan exper-
iments, the mass range was kept at 150–400 m/z (except for
amphetamine, which was 120–300 m/z). The number of
microscans and the maximum inject time on the LTQ were
set to 3 and 200 ms, respectively.

CME-MS of Illicit Drugs in Urine Media

The abovementioned synthetic urine samples were prepared
based on Haddad’s patent [47] where 2 g L−1 potassium chlo-
ride, 2 g L−1 sodium sulfate, 0.85 g L−1 ammonium phosphate,
0.85 g L−1 ammonium diphosphate, 0.25 g L−1 calcium chlo-
ride and 0.5 g L−1 magnesium chloride, 75 mg dl−1 urea, and
5 mg dl−1 of creatinine used. Samples were prepared fresh
before the CME-MS experiments. Post-mortem human urine
samples were provided by the Hillsborough Medical Exam-
iner’s Office (Tampa, FL, USA). Toxicology testing had pre-
viously verified the presence of illicit substances in these case
subjects.

Synthetic urine samples were spiked with the target analytes
(illicit drugs), and their deuterated isotopes. Calibration curves
were built based on the ratio of the analyte/d-analyte signal and
the concentration of the analyte. Urine samples were syringe-
filtered and identical microextraction-desorption and detection
procedures were followed for both synthetic urine and human
urine samples. Human urine samples were spiked with the
same concentration of deuterated analytes (10 ng mL−1) and,
thus, quantified using the previously built calibration curves.

Figure 1. General concept of CME-MS. Capillaries are prepared in (1)–(3) and ready for multiple rounds of microextraction and
detection (4)
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Carryover Studies in CME-MS Applications

A schematic representation of the carryover effect studies can
be seen in Figure 3. To observe the possible carryover effects
between CME-MS experiments, C18-Phe and C18 sol-gel-
coated capillaries were tested for amphetamine, methamphet-
amine, cocaine, MDMA, heroin, and oxycodone (500 ng mL
−1) in synthetic urine. Each analyte was run under identical
conditions in triplicate as described in the experimental section.
The signal from the microextraction/desorption was recorded
after each run and later coated capillaries were washed with 50/
50 methanol:water solution (250 μL at a rate of 50 μL min−1).
Following that, onlymethanol was passed through the capillary
in the inject position of the six-port valve and another spectrum
was collected from the previously cleaned capillary. Analyte
signals obtained after microextraction and signals obtained
after a wash step (where no microextraction was performed)
were used to calculate any potential carryover effect.

Matrix Effect Experiments

Different matrices and their effects on the CME-MS perfor-
mance were compared. In this study, methamphetamine, am-
phetamine, heroin, cocaine, oxycodone, and MDMA were

used as test analytes and two different calibration curves were
built. The first curve encompassed solutions of the illicit drugs,
and their deuterated standards spiked in synthetic urine. The
second curve encompassed standards spiking the same concen-
tration of analyte and its internal standard but in LC-MS grade
water. Equations of these calibration curves were used to
calculate the matrix effect.

Results and Discussion
Creation and Characterization of Sol-gel Sorbents
with Single and Dual-Ligands

Hydrolytic sol-gel reactions were performed in the presence of
TFA serving as a catalyst. In the octadecyl-containing sorbent,
C18- precursor underwent hydrolysis with co-precursor TMOS,
eventually creating a 3D silica-based network. In the case of the
dual-ligand-containing sorbent, equimolar amounts of
phenyltrimethoxysilane and n-octadecyltrimethoxysilane pre-
cursors were hydrolyzed with TMOS. After preparation of the
sols, the sorbents were created inside a fused silica capillary in
one step in which the sol solutions transformed into gels upon
chemical bonding between the silanol groups in the fused silica

Figure 2. Usage of the six-port valve in load and inject positions for the CME-MS method

Figure 3. Carryover experiments were shown in six steps: 1. Extraction of drugs from urine medium; 2. Removal of urine salt by
water wash; 3. Desorption of the drugs off the sol-gel coating; 4. Detection in MS; 5. Washing analyte residues, regenerating the
coating; and 6. Testing the coating to observe any analyte remaining using methanol
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capillaries (Figure S1). Here, silanol groups were critically
enriched prior to the coating following the pretreatment process
[35], thus anchoring a uniform 3D sol-gel network to the fused
silica capillaries. Polycondensation of the sol solution with the
silanol groups evolves into the covalently bonded sol-gel coat-
ing. Consequently, octadecyl (C18-) or octadecyl-phenyl (C18-
Phe) functionalized, surface bonded sol-gel coatings in fused
silica capillaries were fabricated.

We validated incorporation of both the single (C18) and
dual-ligand (C18-Phe)-containing sol-gel sorbents with FTIR
spectra in Figure S2. Characteristic CH2 stretches (2921 cm−1

and 2852 cm−1) were found to be in agreement with the
literature data [48] and exhibited higher intensity in the lone
octadecyl ligand-containing sol-gel sorbent and lower intensity
in the dual-ligand-containing sorbent. The peak at ~ 698 cm−1

in the C18-Phe sorbent spectrum, was attributed to the presence
of a phenyl group and is absent in the spectrum of the C18- sol-
gel material. Notably, the peak indicating Si–O–Si stretching,
visible at 1044 cm−1, was observed in both spectra. The ob-
tained infrared spectra thus indicate the successful creation of
silica-based single and dual-ligand sol-gel materials with C18-
and Phe- groups. SEM images were also collected from the
single and dual-ligand sol-gel sorbents in capillaries and are
depicted in Figure S3. It was confirmed that the sol-gel coating
is present on the inner surface of the fused silica capillaries.
Thickness measurements found that the dual-ligand and single
ligand sorbent had thicknesses of 1.78 μm and 1.67 μm,
respectively.

Optimization and Characterization of CME-MS

Microextraction Flow Rate Evaluation CME is a dynamic
extraction process where a sample solution containing target
analytes flows through the fused silica capillary, during which
analytes interact with the sorbent. Here, the flow was provided
by the syringe pump of the LTQ XL system and we sought to
determine an optimum flow rate for the microextraction. To
achieve that, 100 ng mL−1 of scopolamine was used to test
extraction using various flow rates in triplicate and 20 μL min
−1 was chosen as the optimum flow rate. (Detailed information
are available in supplemental material and Figure S4.)

Desorption of Analytes From Capillary After Microextraction
Desorption in CME applications refers to the use of organic
solvents to further extract or elute the embedded analytes from
the immobilized sorbent within the capillary. Four different
solvents: methanol, ethanol, acetonitrile, and isopropanol were
utilized under the same conditions to desorb the illicit drug
targets. Initially, the most hydrophobic analyte among the used
illicit drugs, cocaine, was tested with hydrophobic C18 coating
(Figure S6). Considering C18-Phe is also hydrophobic in na-
ture, we expected similar desorption performance from the
solvents used.

As seen in Figure 4, for scopolamine, MDMA, heroin, and
cocaine, methanol provided the highest signal intensity and
isopropanol provided the lowest signal intensity. Notably, for

the above-mentioned analytes, we observed a relationship be-
tween octanol-water coefficients (log P) of the alcohols and the
signal intensities obtained after the extractions. When consid-
ering ethanol, methanol, and isopropanol, the highest log P is
attributed to isopropanol (0.05) and the signals obtained after
desorption by using this solvent were the lowest. On the other
hand, methanol (log P = − 0.77) provided the highest signal
intensities for such analytes. In other words, the lower hydro-
phobicity of the alcohol resulted in higher microextraction
performance. Similarly, Hildebrand solubility parameters of
the methanol (δ = 14.5) and isopropanol (δ = 11.5) also corre-
lated with the observation that the difference in water solubility
of these two solvents translated to microextraction perfor-
mance. Interestingly, desorption with acetonitrile provided
highly distorted peak shapes with higher baseline noise com-
pared to alcohols.

Reproducibility of the Sol-gel CME-MS in the Microextraction
of Illicit Drugs To characterize run-to-run reproducibility for
the target analytes, each individual illicit drug in synthetic urine
was prepared at a concentration of ~ 100 ngmL−1. The samples
were then microextracted in triplicate; system conditions were
kept identical in each run. From the obtained signal intensities
(Figure S5), the RSD% values for the C18- sol-gel coating was
3.0 to 7.9%, and, for the dual-ligand coating, 3.7 to 9.2%
(Table 1). Such low RSD % values demonstrate the excellent
reproducibility of the CME-MS method and, also, the similar-
ity in performance of SPME-MS and CME-HPLC or CME-GC
applications [29]. Therefore, for routine analyses with MS,
these sol-gel-coated capillaries appeared promising for on-
line sample preparation prior to mass spectrometric detection.

The detection limits of the sol-gel CME-MS technique
for the illicit drugs (Table 1) were less than 10 ng mL−1.
Notably, the Substance Abuse and Mental Health Ser-
vices Administration (SAMHSA) proposed cutoff values
of 150 ng mL−1 for cocaine, 2000 ng mL−1 for opiates,
250 ng mL−1 for amphetamines, and 250 ng mL−1 for
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Figure 4. CME-MS of illicit drugs (100 ng mL−1) in their aque-
ous solutions (n = 3), under identical conditions, by using vari-
ous desorption solvents (a) ethanol; (b) isopropanol; (c) aceto-
nitrile; and (d) methanol. The sol-gel coating used was C18
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MDMA [49]. In addition, cutoff values provided by
Certified Laboratory References (CLR) were also met in
the current study [50]. Our detection limits were remark-
ably lower than the values required from SAMSHA and
CLR, which indicates that our novel sol-gel CME-MS
approach is a promising technique for rapid detection of
illicit drugs. The obtained LOD values were also com-
parable with recent SPME-MS applications where less
than 1 ng mL−1 of LOD were reported for cocaine,
heroin, methamphetamine, and oxycodone [26, 51, 52].
Additionally, in a recent application of SPME-
Transmission Mode (SPME-TM) system coupled with a
portable mass spectrometer, for oxycodone, cocaine, and
heroin, detection limits less than 25 ng mL−1 were re-
ported [53]. This could indicate that the CME-MS tech-
nique in this study could potentially be integrated with
portable MS systems in the field for forensic
applications.

Sorbent Performance of the Sol-gel-Coated Capillaries In
the current study, to observe the microextraction differences
of the C18- and C18-Phe sol-gel coatings, triplicate extractions
of the illicit drugs were performed. As shown in Table 1, an
average improvement of ~ 56% in the signal intensity from
C18- single ligand to C18-Phe dual-ligand was observed. Here,
simply replacing half of the C18- amount in the sol solution
with phenyl group resulted in a more effective sol-gel coating
with dual-ligands. Incorporation of phenyl groups in the newly
created sol-gel sorbent enhanced microextraction performance
on illicit drugs due to the addition of the π-π interactions
between the sorbent and the analytes (Figure 5).

Caffeine extraction was ~ 4 times greater for the dual-ligand
sorbent compared to the single ligand and represented the
highest improvement in the microextraction among all the
analytes studied (see Table S2), presumably due to caffeine
low hydrophobicity. In other words, decreasing the hydropho-
bic octadecyl ligand amount in the sol-gel coating resulted in
higher extraction performance for caffeine. At this point, it is
worth noting that CME-MS is an ideal platform to test ligand
effects on microextraction performance because the resulting

direct and rapid data collection is faster than traditional CME
coupled with chromatographs.

Microextraction of Illicit Drugs From Urine
Samples

For real-life applications of the techniques mentioned above
using sol-gel CME, chromatographic methods also serve as
cleanup systems before final detection by a diode array detector
(LC) or a flame ionization detector (GC) or MS. In our appli-
cation, we study human urine or synthetic urine, containing
various salts among other components. Without proper sample
cleanup, the presence of salts in a urine matrix generally lead to
ion suppression in MS. Therefore, in the current study, detec-
tion quality, preconcentration-microextraction, and analysis
heavily depend on the type of the sol-gel coating,
microextraction process, and the system parameters.

Investigation of Carryover Effect in CME-MS Considering
that the carryover effect from previous CME-MS experiments
could provide false positive results, we investigated the poten-
tial carryover effect. Briefly, we obtained the signal of the
target analyte after a CME-MS run and subsequent wash step,
by simply running neat methanol (Figure 3). The carryover
effect, calculated according to Eq. (1), was obtained from the
signal ratios for four illicit drugs (MDMA, oxycodone, co-
caine, and heroin) with 500 ng mL−1 solutions in synthetic
urine matrix. Both the dual-ligand sol-gel coating and the C18

coating were tested for carryover effects:

Carryover effect% ¼ Signal after washstep

Signal after CME−MS
� 100 ð1Þ

Experimental results showed that for the abovementioned
drug analytes, dual-ligand sol-gel coating showed carryover
effects ranging from 1.8 to 5.6% while the C18 coating ranged
from 2.5 to 6.8% (Figure S1). We noticed that only MDMA
was over 5%, the highest carryover effect among all the test
analytes (Figure 6). In summary, carryover effects were gener-
ally lower than 5% indicating reasonable resistance to carry-
over for the CME-MS technique. Based on these results, we

Table 1. RSD% (Run-to-Run), Obtained Signal Intensity at 100 ng mL−1 Concentration of the Analytes in Synthetic Urine Were Shown (n = 3). The LODs Were
Calculated Based on the Calibration Curves Built Using Spiked Synthetic Urine Solutions of the Analytes

Analytes C18 sol-gel coating C18-Phe sol-gel coating

RSD% (n = 3) LOD (ng mL−1) Signal RSD% (n = 3) LOD (ng mL−1) Signal

Cocaine 5.5 0.6 6.48E+05 3.7 0.4 7.65E+05
Amphetamine 7.4 8.2 1.18E+04 8.9 5.4 1.57E+04
Methamphetamine 7.9 9.6 5.09E+04 9.2 6.5 7.28E+04
Heroin 3.6 1.1 3.07E+05 5.2 0.8 4.07E+05
Scopolamine 3.0 4.9 8.86E+04 4.4 4.7 9.40E+04
Oxycodone 4.4 10.9 1.38E+05 5.9 8.1 1.86E+05
Caffeine 5.8 10.4 1.78E+04 8.8 15.3 5.79E+04
MDMA 4.0 8.2 3.90E+04 5.3 6.3 4.60E+04
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can infer that the potential to obtain false positive results is low
in CME-MS. More detailed carryover results for both coatings
can be seen in in Table S3.

Evaluation of Matrix Effects in CME-MS Detection and
quantification of illicit drugs with LC-MS could be a challeng-
ing task when the sample matrix is urine [54]. Considering the
lack of chromatography, evaluating the possibility of matrix
effects (ME) in sol-gel CME-MS applications is crucial, be-
cause high ion suppression could affect the reliability and
reproducibility of the results. To achieve that, ME were eval-
uated by using synthetic urine and water matrices. Calibration

curves were plotted by using the solutions prepared by synthet-
ic urine and water which were spiked by illicit drugs and their
deuterated isotope standards. Observing the signal ratio chang-
es between a more complex matrix and comparing it to a
simpler matrix such as water can provide insight into the ME.
Therefore, the slope of the best fit lines was obtained from the
calibration curves (from both urine and water matrices) and
input into Eq. (2) based on the methodology of Matuszewski
and coworkers’ [55–57]:

Matrix effect%
Slope from spiked urine matrix

Slope from spiked water matrix
� 100 ð2Þ

Experimental data suggest that switching the matrix from
water to urine caused a change in ratios of signalanalyte/
signalstandard (Figure S8), and these changes were − 19.2% for
methamphetamine, − 17.6% for heroin, + 16.8% for cocaine, −
11.9% for amphetamine, − 2.8% for oxycodone, and − 5.7%
for MDMA, and in summary, all the variations were in ± 20%
range. It should be noted that in SPME-LC-MS applications,
typically 80–120% matrix effect is considered acceptable [54,
58]; therefore, the developed sol-gel CME-MS application
provided promising results even with complex matrices with-
out use of chromatography. The reproducibility of the experi-
ments was also not affected with the urine medium, for which
run-to-run (n = 3) RSD% values of less than 10% were
recorded.

Quantitative Analysis of Illicit Drugs by CME-MS in Human
Case Studies For quantitative analysis of these illicit drugs in
synthetic urine samples, calibration curves were built using
signal ratios obtained for various concentrations of the target
analytes and their deuterated isotopes. Addition of the deuter-
ated isotopes of the drugs minimized the matrix effect in the

Figure 5. CME-MS of amphetamine with (a) dual-ligand sol-gel sorbent and (b) C18 ligand. One hundred nanograms per milliliter of
amphetamine aqueous solutionwith 250 μL total volumewas used. Duringmicroextraction, 20 μLmin −1 of sample flowwas utilized.
Desorption with methanol was employed

Figure 6. Carryover effect in the CME-MS applications. A
sample of 500 ng mL−1 MDMA in urine was used for the tests.
Dots represent the spectrum after a wash step and lines repre-
sent the spectrum after CME-MS procedure. This difference
between chronograms shows that the wash step is effective
in preventing false positive results
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quantification. Excellent R2 values (0.9909 to 0.9996) indicate
the linearity of the sol-gel CME-MS in the microextraction of
illicit drugs (Figure S9).

Tissue samples from ten deceased individuals had been
previously screened by the Medical Examiner for various
drugs. Five drugs in particular (methamphetamine, amphet-
amine, cocaine, oxycodone, and MDMA) had been detected
in blood samples across these ten cases. Urine samples from
these individuals had also been gathered and frozen but notably
had not been tested for the presence of these substances. The
urine samples were thawed and provided to our laboratory for
testing by CME-MS. The case samples were individually
spiked with the deuterated version of any analytes of interest,
i.e., the drugs for which there was previously confirmed pres-
ence in the individual’s blood. Quantitative results of the urine
by CME-MS are provided in Table 2 for four of the five
analytes included in this study. While methamphetamine had
been confirmed in the blood of cases 1, 2, and 3, it was not
detected in the urine by CME-MS. Otherwise, the urine anal-
yses were in agreement with the detected presence in blood.
Because full scan MS data were collected for each case, we
performed a cursory search for all the other drugs in our panel,
but found no evidence. While numerous CME-MS runs from
real human urine samples, we note that no blockage in the ESI
was observed. Therefore, we may surmise that such blockages
are sufficiently mitigated in the sample cleanup procedure

employed herein for MS detection. Overall results obtained
from the human urine samples show the potential of the sol-
gel CME-MS technique in real-life applications.

Conclusions
Direct coupling of sol-gel capillary microextraction with mass
spectrometry (CME-MS) was successfully utilized to rapidly
microextract illicit drugs. A simple sol-gel-coated-fused silica
capillary was employed between a syringe pump and the six-
port valve of an ion trap MS system. Two different sol-gel
sorbents were studied: one with only octadecyl functionality,
and the other with octadecyl-phenyl functionality. With the
incorporation of aromatic groups in the structure of the sol-
gel material, the microextraction performance visibly improved
signal intensity obtained from the illicit drugs in a head-to-head
comparison. The illicit drugs were additionally microextracted
with good run-to-run and batch-to-batch reproducibility (<
10% RSD). Low nanograms per milliliter levels of detection
limits were obtained and comparable to the reported literature
values. Thus, the CME-MS technique was quite effective in
quantifying the illicit drugs such as cocaine, oxycodone, am-
phetamine, and MDMA from human urine samples. Overall,
we have demonstrated that the CME-MS technique, by
leveraging the fine tuning properties of sol-gel materials, pro-
vides a highly effective yet inexpensive means to quantitative

Table 2. Illicit DrugConcentrations in HumanUrine Samples and CME-MS Information. SamplesWere Run in Triplicate andRSD%ValuesWere Calculated. Case
Numbers Refer to Different People. Ratio Average Represents the Analyte Signal/d-Internal Standard Signal Obtained From Samples. Methamphetamine Was Not
Detected in the Urine of Cases 1, 2, and 3 Despite Confirmed Presence in Blood

Analyte Case no. LDR (ng mL−1) R2 LOD (ng mL−1) LOQ (ng mL−1) Ratio avg. RSD% (n = 3) Concentration (ng mL−1)

Amphetamine 1 10–2000 0.9993 7.9 23.9 4.3 4.5 513.0
2 10–2000 0.9993 7.9 23.9 4.9 7.7 581.4
3 10–2000 0.9993 7.9 23.9 11.2 9.7 1354.5

Cocaine 3 10–1000 0.9996 3.9 11.7 1.8 3.1 38.4
4 10–1000 0.9996 3.9 11.7 20.5 7.0 179.0
7 10–1000 0.9996 3.9 11.7 42.4 9.1 355.1
10 10–1000 0.9996 3.9 11.7 2.0 0.9 29.5

MDMA 9 10–1500 0.9977 10.4 31.5 1.7 11.2 172.6
Oxycodone 4 20–1000 0.9973 3.3 10.1 4.3 5.7 108.4

5 20–1000 0.9973 3.3 10.1 3.0 10.4 78.9
6 20–1000 0.9973 3.3 10.1 3.9 15.4 99.4
7 20–1000 0.9973 3.3 10.1 1.0 5.8 32.2
8 20–1000 0.9973 3.3 10.1 9.1 8.3 222.3

Table 3. RSD% (Run-to-Run), Detection Limit Data and Obtained Signal Intensity at 100 ng mL−1 Concentration of the Analytes in Standard Solutions Were
Shown. All Data Were Collected in Triplicate (n = 3) Under the Same Conditions

Analytes C18 sol-gel coating C18-Phe sol-gel coating

RSD% (n = 3) LOD (ng mL−1) Signal RSD% (n = 3) LOD (ng mL−1) Signal

Cocaine 5.5 0.6 6.48E+05 3.7 0.4 7.65E+05
Amphetamine 7.4 8.2 1.18E+04 8.9 5.4 1.57E+04
Methamphetamine 7.9 9.6 5.09E+04 9.2 6.5 7.28E+04
Heroin 3.6 1.1 3.07E+05 5.2 0.8 4.07E+05
Scopolamine 3.0 4.9 8.86E+04 4.4 4.7 9.40E+04
Oxycodone 4.4 10.9 1.38E+05 5.9 8.1 1.86E+05
Caffeine 5.8 10.4 1.78E+04 8.8 15.3 5.79E+04
MDMA 4.0 8.2 3.90E+04 5.3 6.3 4.60E+04
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analysis where high-end LC-MS systems are unavailable.
CME-MS conceivably lends itself to various analytical appli-
cations including environmental pollutants; other illicit drug
classes; cancer biomarkers; and, additionally, with various
sample media such as human blood plasma, saliva, or stomach
fluids (Table 3).
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