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Abstract
Direct mass spectrometry analysis of untreated samples of volumes as low as 0.2 µL were
achieved using fast extraction and nanoESI (electrospray ionization) in a combined fashion. The
analytes in dried samples on paper substrates were extracted by organic solvent in a nanoESI tube
and ionized with a high voltage applied for generating a spray. The ionization source produced
stable signals for different atmospheric pressure interfaces of triple quadrupole instruments.
Analysis time more than 20 minutes were available with 10 µL solvent consumed for the entire
analysis process. The performance in qualitative and quantitative analysis was characterized with a
wide variety of samples. Limits of detection as low as 0.1 ng/mL (corresponding to an absolute
amount of 0.05 pg) were obtained for analysis of atrazine in river water, thiabendazole in orange
homogenate, and methamphetamine in blood.

Introduction
Rapid chemical analysis plays an important role in a wide range of fields, such as drug
development,1–3 neonatal screening4–6 and other clinical analysis as well asfood quality
control.7–9 The matrix effect due to the high complexity of the samples is one of the major
challenges for achieving high sensitivity and high quantitation accuracy of the analysis.10, 11

This is particularly true for mass spectrometry analysis, where severe ionization suppression
can occur due to the matrix effect. The limit of detection (LOD) or quantitation (LOQ) and
linear calibration ranges obtained for analysis of pure analytes typically could not be
obtained for the analysis of complex mixture samples.10–12 The development of atmospheric
pressure ionization methods, including electrospray ionization (ESI)13, 14 and atmospheric
pressure chemical ionization (APCI)15, 16, allowed the coupling of mass spectrometry with
liquid chromatography (LC), which is a powerful tool for minimizing the matrix effect and
preconcentrating the analytes from bulk samples. The LC-MS/MS has been developed as a
robust and reliable method for quantitative analysis of complex samples17–20 and widely
used for drug discovery,21, 22 clinical chemical analysis,23, 24 and biomedical research.25, 26

It should be noted that the raw samples, such as food stuff, blood or tissue, need to be
processed and only the purified extracts can be sent to LC-MS systems for analysis.

While the standard LC-MS/MS approach has been continuously improved with the new
developments in instrumentation and analytical method, alternative solutions are actively
sought for fast and direct analysis of untreated samples. Many recent examples have been
shown using ambient ionization methods27–29 for direct sampling ionization of untreated
samples using MS. Starting with desorption electrospray ionization (DESI)30 and direct
analysis in real time (DART),31 there have been more than 30 ambient ionization methods
developed, all of which have been demonstrated for analysis of untreated samples with little
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or no sample preparation.27–29, 32 The applications of these methods have expanded to direct
quantitation of untreated samples,33–35 in vivo tissue imaging,30, 35, 36 as well as study of
chemical reactions.37, 38 It has been proved that the use of proper combinations of the
techniques to perform real time differential extraction, desorption and ionization, high
sensitivity can be achieved for direct analysis of target analytes in untreated samples with
very complex matrices. Some exemplary achievements include the detection of chemical
warfare agents at low-ppb levels using DART,39 0.62 pg/mL nicotine in gas phase samples
using extractive electrospray ionization (EESI),40 100 fmol of peptides using Electrospray-
assisted Laser Desorption Ionization (ELDI),41 and 0.2 to 40 ng drug molecules in plasma
using DESI.42 These achievements suggest that the ambient MS analysis can potentially
serve as a solution for performing chemical analysis at high sensitivity without complicated
procedures that require special expertise or long time. This would be very important for
incorporating MS technologies into the development of point-of-care and other consumer
type devices for chemical analysis, which are meant to be operated by personnel untrained
with analytical techniques and demand direct report of the analysis results.

In addition to the adequate LODs, many applications could potentially be well served by
ambient ionization, such as those for therapeutic drug monitoring, food regulation, and
biomedical diagnosis. Mandatory accuracy and reproducibility in the quantitation are
typically required for these applications. Paper spray ionization43 has been investigated for
quantitative ambient MS analysis.44, 45 The sample, such as whole blood, is deposited on a
paper substrate cut in triangle shape to form a dried sample spot, a small amount (10 µL) of
solvent is then dropped onto the paper substrate to extract the analytes from the dried
sample, and a high DC voltage is applied to generate a spray ionization at the tip of the
paper substrate.46 Paper spray has been investigated for therapeutic drug monitoring,47

metabolite analysis for neonatal screening,48 drug abuse screening,49 and food safety.50

With internal standards incorporated, good limits of quantitation (LOQs) have been
obtained. For example, LOQs better than 5 ng/mL43 and RSDs better than 5%51 have been
obtained for quantitation of therapeutic drugs in dried blood spots.

In addition to the obvious advantage of analyzing untreated samples with a fast speed and
simplified procedure, use of ambient ionization also enables the analysis of samples of
extremely small amounts.47 The loss of the sample associated with sequential steps in
sample preparation and purification for traditional LC-MS analysis is avoided with the direct
MS analysis using ambient ionization. Analysis requiring only several microliters of blood is
of advantage for developing point-of-care diagnosis using less invasive method for sample
taking as well for applications in preclinical studies where limited amounts of body fluid
samples could be obtained. However, the efficient extraction of the analytes from the
samples is critical to the sensitivity of the ambient ionization MS analysis; the matrix effects
can also be significant and need to be overcome.52, 53 Quantitative analysis with small
sample amounts could also be challenging, due to the large relative errors associated with
measuring and handling the samples of small volumes. Various methods for adding internal
standards to small amounts of samples without requiring laboratory skills have also been
explored, which would be important for applications like point-of-care diagnosis.54, 55

The effectiveness of the paper spray as well as many other spray-based ambient ionization
methods, such as the nanospray desorption electrospray desorption (nanoDESI) 56, 57 and
liquid extraction surface analysis (LESA) methods,58, 59 revealed a fact that a simple
extraction followed by a spray ionization can provide adequate performance for qualitative
detection at high sensitivity and quantitative analysis at good accuracy. In this study, we
demonstrate a simple version of the extraction spray ionization for quantitative analysis of
untreated samples. Highly quantitative results (RSD < 5%) have been achieved for analyzing
drug compounds in whole blood of only 0.2µL using this method. This extraction spray
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method works well with commercial instruments using different atmospheric pressure
interfaces. Stable signals of analytes were obtained for more than 20 minutes with only 10
µL solvent used for the entire analysis, which is of significant advantage for quantitation at
low concentration levels. The versatility of this method has been tested for analysis of illicit
drugs in urine, herbicides in river water, and additives in food stuff. Although the
performance of this method could be compared with many other methods developed for
ambient ionization, in this manuscript we report the improved spray stability in comparison
with paper spray as a step forward toward the development of the disposable sampling
cartridges.

Experimental Section
Chromatography paper (grade 1) used for making sample substrates was purchased from
Whatman (Whatman International Ltd., Maidstone, ENG). Borosilicate glass tubes (id 0.86
mm) for making the nanoESI tips were purchased from Sutter Instrument (Sutter Instrument
Co, Novato, CA, US). All the organic solvents were purchased from Macron Chemicals
(Avantor Performance Materials Inc., Phillipsburg, NJ, US), unless otherwise specified.
Bovine whole blood (with EDTAK2 as anticoagulant) was purchased from Innovative
Research (Novi, MI, US). Other chemicals used in the experiments were purchased from
Sigma-Aldrich (Milwaukee, WI, US) including sunitinib, amitriptyline, verapamil, nicotine,
methamphetamine, clenbuterol, melamine, thiabendazole, and atrazine. Stock solutions were
prepared by dissolving analytes of interest in methanol:H2O 50:50 (v:v) solution, which
were subsequently spiked into the raw samples. The orange homogenate was prepared with
10 g orange and 10 mL of water. Thiabendazole stock solution was then spiked into the
homogenate at 1% in volume. Porcine homogenate was prepared with 2 g of pork in 15 mL
of water and 1% (volume) clenbuterol stock solution was added. The river water samples
were prepared with a series of dilutions from atrazine stock solution using river water. Two
triple quadrupole mass spectrometers with different atmospheric pressure interfaces (APIs)
were used in the study for comparison, including a TSQ Quantum Access Max (Thermo
Scientific, San Jose, CA, US) with a heated capillary API and an QTRAP 4000 (Applied
Biosystems, Toronto, Canada) with a pinhole type API using curtain gas. Typical instrument
settings for MS/MS scans were used for the product ion scan mode, selected or multiple
reaction monitoring mode.

Results and Discussion
The device for the demonstration of the general concept for extraction spray ionization is
shown in Figure 1a. A piece of paper strip (Whatman grade1, 1 cm length, 0.5 mm width,
0.18 mm thickness) with dried sample was inserted into a nanoESI tube, which was made
from a borosilicate glass tube with the spray tip pulled using the method previously
reported.60, 61 The tube was then filled with a solvent for extraction of the analytes from the
sample on the paper strip; a high DC voltage (about 2 kV) was applied through a metal wire
to generate nanoESI (Figure 1b). The entire procedure took about 1 minute. This method
shares the same concept with paper spray, viz. a fast extraction of the analyte followed by an
electrospray. The advantage of the extraction spray will be further discussed later in
compassion with paper spray in this manuscript. Paper spray is a very simple version of the
extraction spray, with the analytes extracted and subsequently spray-ionized from a single
substrate. A great advantage of spraying from the tip of a paper substrate is that the clogging
would not occur.25, 62 However, the spray could not be well regulated in terms of
maintaining flow rate and the spray current constant. The spray pattern is highly dependent
on how fast the solvent is consumed through the spray as well as the evaporation.52 With the
extraction and spray separated in the device shown in Figure 1a, it was expected to have the
advantage of the good stability and ionization efficiency associated with the nanoESI.
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The initial test of this extraction nanoESI was done with an analysis of dried blood spots
each prepared with about 0.2 µL whole bovine blood containing 10 ng/mL amitriptyline. In
preparation of the DBS on paper, one end of the paper strip was in touch with the 0.2 µL
blood (preloaded using Eppendorf 2.5 µL micropipette) on a glass slide to take the sample
through the capillary effect. After the blood sample was completely dried, the paper strip
was inserted into the nanoESI tube. The MeOH solvent fo 10 µL was filled into the tube for
extraction and a platinum wire was inserted to apply a DC voltage of 2.0 kV for generating
the spray ionization from the tip. The MS/MS spectrum recorded for protonated
amitriptyline m/z 278 using TSQ is shown in Figure 1c. Good signal-to-noise (S/N) ratios
were obtained for fragment ions m/z 233, 218 and 205 from amitriptyline of 10 ng/mL in
blood. Each of these fragment ions could be used for quantitation in multiple reaction
monitoring (MRM) mode.

Using the tube with a pulled glass tip a well-controlled spray was obtained and a good
sensitivity was achieved, just like the nanoESI at relatively low flow rate but with relatively
high efficiency in desolvation. However, it is well known that nanoESI generally suffers the
clogging at the spray tip, which could be a major disadvantage in comparison with paper
spray. A direct insert of the untreated sample into the spray tube could potentially make the
situation much worse. In our previous studies of the solvent-substrate systems for the paper
spray,52, 63 it was concluded that the interactions between the sample and the substrate or
solvent have a significant impact on the analysis results. Using the current extraction
nanoESI device, although the spray was different, the extraction process was expected to be
similar to the paper spray. The effectiveness in analyzing the organic drug compounds
directly from the blood is largely due to the differential extraction in favor of these
compounds against others in the blood sample matrix. The blood cell, proteins and other
chemicals such as salts, all bind well with cellulose in the paper substrate. Retaining the
sample matrices on the paper while effectively extracting the target analytes is the key to
avoid the clogging at the spray tip and to obtain a stable signal during the analysis, which is
important for achieving high sensitivity and high quantitation accuracy of the analysis.

In a comparison study, pure methanol, methanol:water (1:1) solvent, and pure water were
used for extraction spray analysis of the dried blood spots prepared in the same way
described above. It was found that the clogging occurs with the methanol/water solvent and
pure water, but not with methanol. The paper strips soaked with solvent became soft but did
not swell significantly. It also stayed in the tube with a distance from the spray tip and
should not have contributed to the clogging. As shown with the picture in Figure 1d for the
paper strips after the analysis, more water soluble materials in the blood samples, including
the blood cells that contribute to the red color of the sample, were washed off from the paper
substrates with an aqueous component in the solvent composition. The coagulation of the
cells and the electrochemical reactions involving salts during the nanoESI could all
contribute to the clogging. Besides methanol, other pure organic solvents, including
acetonitrile and isopropanol, could also be used for the extraction spray. Good sensitivity
could be achieved with these solvents in analysis of amitriptyline in blood without clogging
at the spray tip.

Another significant advantage gained with the extraction nanoESI is the enhanced stability
and a long spray time for analysis, which is of a great significance for quantitative analysis
of samples containing low concentration analytes. Comparisons between the extraction
spray and paper spray were made using two triple quadrupole mass spectrometers with
different atmospheric pressure interfaces, a TSQ Access with a heated capillary inlet and a
QTRAP 4000 with a pinhole inlet and curtain gas. For paper spray, triangle substrates (1 cm
height, 0.8 cm base width) each with a dried blood spot prepared from 1 µL blood
containing 200 ng/mL sunitinib were used. For extraction spray, paper strips each with dried
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blood prepared from 0.2 µL of the same blood sample were used in this analysis. MeOH of
10 µL was utilized as the spray solvent in both cases. A DC voltage of 3.5 kV and 2 kV were
used for paper spray and extraction nanoESI, respectively. The selected reaction monitoring
(SRM) with transition of m/z 399 to m/z 283 was performed and the intensity of m/z 283
was monitored as a function of analysis time. The spray time for paper spray with TSQ was
about 1 min (Figure 2a), which is consistent with the observations in previous studies.46 The
spray time with the QTRAP was much shorter, less than 20s (Figure 2b). This is due to the
fast drying of the spray solvent with the curtain gas flowing out of the atmospheric pressure
interface. In our previous investigations using paper spray for quantitation of the therapeutic
drugs in blood samples, good results could be obtained for TSQ but much poorer LOQs or
RSDs were obtained with QTRAP 4000, which is due to the short analysis time and highly
instable signals of the analytes.

For paper spray using a discrete amount of solvent applied for on-paper extraction and
spray, it has been observed that the pattern of the signal intensity measured for the analyte
was not necessarily corresponding to that of the spray current.64 Larger droplets are
generated at the beginning of the spray, while the highest signal for the analyte could be
measured at a later time when the solvent flow (or exhausting) rate is relatively lower and
presumably smaller droplets are generated.52 This pattern could certainly be affected by
other factors, such as the accelerated evaporation by the curtain gas flow from a QTRAP
4000. With the extraction nanoESI, for both instruments the spray time could last more than
20 min and signals much more stable could be obtained (Figure 2a and b). A spray voltage
of 3.5 kV was needed for paper spray while 2.0 kV was adequate for extraction nanoESI,
which is comparable to normal nanoESI. The highest signal intensities obtained with paper
spray were slightly higher than those for extraction spray, while the spray patterns by
extraction spray were much more regular.

The enhanced stability of the signal in extraction nanoESI is certainly important for
quantitation using MRM, by which the intensities of the analyte and internal standard are
measured in an alternating order with a time delay. The longer spray time would also allow a
longer measurement time for averaging the signals, which helps significantly to improve the
quantitation accuracy at low concentration levels. As a demonstration of the effect on the
quantitative analysis using the QTRAP 4000 instrument, blood samples containing
amitriptyline at 0, 0.6, 2, 4, 10, 28, 60, 100, 350 and 700 ng/mL were analyzed, all with the
internal standard amitriptyline-d6 at a constant concentration of 250 ng/mL. MRM
transitions of m/z 277 to 223 and m/z 283 to 223 were used for amitriptyline and
amitriptyline-d6, respectively. The calibration curve is plotted in Figure 2c, with an LOQ of
4 ng/mL (Figure 2c inset) and a linear range of 4–700ng/mL obtained, well covering the
therapeutic range of amitriptyline (80–250 ng/mL). The RSDs (n=3) better than 5% were
obtained for the entire range, which indicates a good reproducibility of the method.

The versatility of extraction spray was characterized with analysis of a wide variety of
compounds in samples with different complex matrices, including nicotine in whole blood
(Figure 3a), methamphetamine in whole blood (Figure 3b) and urine (Figure 3c), clenbuterol
in pork (Figure 3d), atrazine in river water (Figure 3e), and thiabendazole in orange
homogenate (Figure 3f). In each test, 0.5 µL sample was used for preparing each dried
sample on the paper strip and 10 µL MeOH was used for extraction and spray. The
exemplary MS and MS/MS spectra are shown in Figure 3 for the samples containing the
analytes at different levels in the ng/mL range. The protonated analytes could be observed in
MS spectra for the analytes at the corresponding concentrations reported in Figure 3, with
possible overlap with isomeric or isobaric compounds. The MS/MS spectra (Figure 3 insets)
obtained with the extraction spray all show good S/N ratios for the fragment ions of the
analytes.
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For each type of the samples described above, a series of samples of lower analyte
concentrations were prepared and analyzed using extraction nanoESI and MS/MS to
evaluate the sensitivity. The LODs were identified with the MS/MS analysis and are
summarized in Table 1, with 1 ng/mL as the poorest. LODs of 0.1 ng/mL were achieved for
analyzing atrazine in river water, thiabendazole in orange homogenate, and
methamphetamine in blood. The absolute amounts the analytes in these samples at the LOD
concentrations are below 0.5 pg. The sensitivity of this method satisfies the requirements for
meeting the mandatory cutoff values for these samples for regulatory or monitoring
purposes (Table 1).

Conclusions
Sensitive analysis and high accuracy quantitation can be achieved with untreated samples of
small amounts using a simple combination of the fast extraction and nanoESI. Analysis time
longer than 20 minutes was available with only 10 µL solvent consumed for the entire
analysis. Stable signals were obtained for different types of atmospheric pressure interface
with a heated capillary or curtain gas. Linear response of 4–700 ng/mL was achieved in the
quantitation of selected therapeutic drugs in whole blood. The success in detecting a variety
of chemicals at low concentrations in different matrices suggest a potential of this hybrid
method for a broad range of applications. This method was developed with an aim for the
possible development of a disposable sample cartridge for direct analysis using MS, like for
paper spray. The use of the nanoESI tube in addition to the paper substrate would
complicate the design of the cartridge in comparison with paper spray; however, the
improved stability of the spray and quantitation performance are attractive to analysis using
QTRAP type instruments and miniature mass spectrometers.
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Figure 1.
(a) Photo and (b) schematic of an extraction spray ionization source for MS analysis. (c)
MS/MS spectrum obtained by TSQ for 10 ng/mL amitriptyline in blood, dried sample
prepared with 0.2 µL blood, 10 µL methanol for extraction and spray solvent. (d) Photos of
paper substrates with dried blood samples before and after extraction spray process using
different solvents
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Figure 2.
Ion chronograms recorded with SRM transition m/z 399 to m/z 283 for sunitinib by (a) TSQ
and (b) QTRAP4000 using paper spray (blue) and extraction spray (red), 200 ng/mL
sunitinib in blood, 1 and 0.2 µL used for preparing dried samples for paper spray and
extraction spray, respectively; 10 µL methanol used as extraction/spray solvent. (c)
Calibration curve for analysis of amitriptyline in blood samples using extraction spray,
MRM transition m/z 277 to 223 for amitriptyline and m/z 283 to 223 for internal standard
amitriptyline-d6 (200 ng/mL), 0.2 µL blood used for DBS, 10 µL methanol for extraction
and spray
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Figure 3.
MS and MS/MS spectra (insets) obtained using QTRAP 4000 for (a) nicotine in blood, (b)
methamphetamine in blood, (c) methamphetamine in urine, (d) clenbuterol in pork
hommogenate, (e) atrazine in river water, and (f) thiabendazole in orange homogenate. The
m/z values marked for the precursor and the fragment peaks of the analytes in the MS/MS
spectra. 0.5 µL sample used to prepare each dried sample, 10 µL methanol and 2 kV used for
extraction nanESI
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Table 1

Limits of detection (LODs) of chemicals in various matrices using extraction spray method.

hemicals Category Matrix LOD Cutoff value
(ng/mL)

Absolute
amount (pg)

Concentration
(ng/mL)/

(RSD)

Melamine Contaminant Milk 0.5 1 (10.4%) 100065

Clenbuterol Contaminant Pork homogenate 0.25 0.5 (12.8%) 566

Atrazine Herbicide River water 0.05 0.1 (5.8%) 367

Thiabendazole Fungicide Orange homogenate 0.05 0.1 (15.5%) 500068

Methamphetamine Psychoactive drug Blood 0.05 0.1 (19.3%) 2049

Nicotine Psychoactive drug Blood 0.5 1 (16.1%) NA

Imatinib Therapeutic drug Blood 0.5 1 (13.7%) 90054

Verapamil Therapeutic drug Blood 0.25 0.5 (15.2%) 5063

Sunitinib Therapeutic drug Blood 0.5 1 (10.0%) 20
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