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Abstract

Contactless atmospheric pressure ionization (C-API) method has been recently developed for mass spectrometric analysis. A
tapered capillary is used as both the sampling tube and spray emitter in C-APl. No electric contact is required on the
capillary tip during C-API mass spectrometric analysis. The simple design of the ionization method enables the automation
of the C-API sampling system. In this study, we propose an automatic C-APl sampling system consisting of a capillary
(~1 cm), an aluminium sample holder, and a movable XY stage for the mass spectrometric analysis of organics and
biomolecules. The aluminium sample holder is controlled by the movable XY stage. The outlet of the C-API capillary is
placed in front of the orifice of a mass spectrometer, whereas the sample well on the sample holder is moved underneath
the capillary inlet. The sample droplet on the well can be readily infused into the C-API capillary through capillary action.
When the sample solution reaches the capillary outlet, the sample spray is readily formed in the proximity of the mass
spectrometer applied with a high electric field. The gas phase ions generated from the spray can be readily monitored by
the mass spectrometer. We demonstrate that six samples can be analyzed in sequence within 3.5 min using this automatic
C-API MS setup. Furthermore, the well containing the rinsing solvent is alternately arranged between the sample wells.
Therefore, the C-API capillary could be readily flushed between runs. No carryover problems are observed during the
analyses. The sample volume required for the C-API MS analysis is minimal, with less than 1 nL of the sample solution being
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sufficient for analysis. The feasibility of using this setup for quantitative analysis is also demonstrated.
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Introduction

The field of atmospheric pressure ionization (API) mass
spectrometry has grown quickly since the inspired work of
desorption electrospray ionization (DESI) was reported by Cooks
and co-workers in 2004 [1]. Furthermore, because of the improved
performance of mass spectrometers, the recent development of
atmospheric pressure ion sources is striking. In the past few years,
many new ion sources[1], [2], [3], [4], [5], [6], [7], [8], [9], [10],
[11], [12], [13], [14],[15], [16], [17], [18] such as one-step[1], [6],
(71, 8], [9], [10], [11], [12], [13], [14],[15] and two-step [16],
[17], [18] ionization methods have been reported. The main
advantages of these ionization methods over conventional API
techniques are their simplicity and convenience through the
elimination and reduction of sample preparation steps. Combined
with suitable mass analyzers, qualitative information regarding
molecular weights and analyte structures can be obtained.
Automatic sampling API mass spectrometry provides the possibil-
ity for conducting quantitative analysis. Previously, automatic
scanning probe electrospray ion source for imaging mass
spectrometry has been proposed for the analysis of small molecules
[15]. Automatic sampling atmospheric pressure chemical ioniza-
tion (APCI) was recently proposed for quantitative analysis, but its
setup requires several pumps and valves [19].
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Additionally, chip-based nanoelectrospray equipped with silicon
wafer with nozzles etched on the surface has been employed for
auto-sampling analysis. However, sophisticated accessories are
required in the setup [20], [21]. Additionally, laser diode thermal
desorption APCI has been employed to high throughput analysis.
A diode laser and an APCI source are required for the setup [22],
[23]. High-throughput quantitation of antibiotics from diary milk
using this technique has been demonstrated [23]. Nevertheless,
employing APT techniques directly in quantitative analysis
remains a challenge.

An API technique, called contactless API (C-API) [24], [25],
[26], was developed by simply placing a tapered capillary as the
sampling tube and spray emitter next to ~1 mm from the orifice
of a mass spectrometer to facilitate analyte ionization. Although no
electrical connection or any external force is applied on the
capillary, the sample solution is introduced from the capillary inlet
to the outlet through capillary action. The eluent in the capillary
outlet is polarized via induction with a high electric field provided
by the mass spectrometer, which leads to charge accumulation
that forms fine droplets after liquid disruption, and generates gas-
phase ions after solvent evaporation [24], [25], [26]. The length
and diameter of the C-API capillary vary depending on the
requirement of the experimental setup. The C-API capillary can
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be 1 cm to 20 cm long [24], [25]. A longer capillary is suitable as a
sampling tube and spray emitter in C-API MS, but the time
required for introducing samples from the capillary inlet to the
outlet is longer. On the other hand, the sampling volume can be
controlled through the sampling time in the C-API approach.
Furthermore, because capillary tubes are used as sampling tubes,
the sample infusion volume can be as low as the subnanoliter level.
Given the simple setup of C-API, an automatic sampling system
can be readily established. A C-API-based automatic sampling
system for multiple sample analyses is proposed and the feasibility
of using this setup for quantitative analysis is discussed.

Materials and Methods

All of the amino acids, caffeine, and creatinine were purchased
from Sigma (St. Louis, MO, USA). Acetonitrile was purchased
from Merck (Darmstadt, Germany). Fused silica capillary tubes
[150 pum outer diameter (0.d.) and 10 pm inner diameter (i.d.)]
were obtained from GL Science (Japan). Aluminium sheets
(3 cmx3 cmx2 mm) and stainless steel tubes (0.8 mm o.d. and
0.5 mm i.d.) were obtained from local companies.

Fabrication of C-API Capillary

A tapered capillary was used as the C-API sampling tube and
spray emitter. The tapered capillaries were fabricated based on a
previously described method [24], [25], [26]. A 50 g weight was
attached to the lower end of a vertically positioned capillary. A
propane/butane flame was used to heat the lower part of the
capillaries. A narrow tip was then quickly created at the lower
capillary part. After cooling to room temperature, the capillary tips
were immersed in 24% (v/v) hydrofluoric acid solution for 30 min.
The tip was then flushed with methanol and deionized water
followed by conditioning with aqueous NaOH (1 M) and
deionized water for 30 min using a pump. The tip was checked
under an optical microscope before use. The diameter of the
tapered tip was around 6-8 pm. A 1 cm tapered capillary section
was cut and used as the C-API sampling tube and spray emitter.

Design of C-API Automatic-Sampling Setup

The tapered capillary (1 cm) prepared above was held using a
forceps, which was fixed with a clamp and an adjustable stand
(Fig. 1). An aluminium sheet (3 cm X3 cm X2 mm) was used as the
sample holder, whereas small round sample wells (I mm in
diameter and 0.5 mm in depth) were fabricated using a SDPL-
50W (Sintec Optronics Pte, Singapore) ps-laser engraving
machine. The machine was equipped with a Nd:YAG diode-
pumped solid-state laser (A =1064 nm) and controlled using the
Laser Marker software (version 3.2.3.5, Jinan DuoWei Laser
Technology, Jinan, Shandong, China). Each well (1 mm in
diameter) on the aluminium sample holder had a 3 mm (center-
to-center) distance between each well. The aluminium sample
holder was placed on a motorized XY stage regulated by
motorized actuators (Z825B, Thorlabs) and controllers
(TDCO001, Thorlabs) and controlled with the T-cube DC servo
motor driver software. Sample droplets (4 uL) were deposited in
each well prior to MS analysis. During C-API automatic sampling
analysis, the C-API capillary positioned in front of the orifice of an
Esquire 2k ion trap mass analyzer (Bruker Daltonics, Bremen,
Germany), was initially immersed into a rinse solvent [acetoni-
trile/deionized water (1:1, v/v)] to conduct automatically flush for
10 s (or 30 s). Simultaneously, the MS was activated and it
continually acquired the MS data. After 10 s, the aluminium plate
was programmed to move quickly in x-direction for 3 mm (or
4 mm) and to allow the C-API capillary to be immersed into the

PLOS ONE | www.plosone.org

Automatic C-APl Mass Spectrometry

next sample droplet, which consisting of sample solution. The MS
continued to acquire data to monitor the changes in the ion
signals. After 10 s (or 20 s), the aluminium plate was then moved
3 mm further in the x-direction and allowed the C-API capillary
to sample the next well of rinse solvent for flushing through
capillary action. The steps were repeated as a cycle during the
auto-sampling C-API analysis. The maximum moving speed was
set to 3 mm s~ ' (with an average acceleration of 1 mm s~ 2). All
movements steps were programmed using the T-cube DC servo
motor driver software.

Results and Discussion

This study focused on the development of automatic sampling
MS analysis using the C-API setup. Faster sampling speeds are
helpful for high-throughput analysis. In principle, a thinner
capillary tube would provide a faster sampling speed. Thus, a
capillary (150 pm o.d., 10 um id., 1 cm in length) was tapered
and used as the sampling tube and the C-API spray emitter.
Bradykinin (10 uM) in acetonitrile/deionized water (1:1, v/v) was
initially used as the model sample. The tapered capillary filled with
acetonitrile/deionized water (1:1, v/v) was placed in front of a
mass spectrometer (Fig. 1). After a 4 uL. sample droplet was
deposited on the aluminium plate on a XY stage, the plate was
moved up to immerse the capillary inlet into the small droplet
(Fig. 1). Simultaneously, the mass spectrometer acquired the MS
signal. The sampling speed was estimated based on the time of
doubly charged bradykinin ion signal observed in the extracted ion
chromatogram (EIC) at m/z 531. Figure 2A shows the EIC at m/z
531, whereas Figure 2B shows the mass spectrum obtained at the
0.2 min time point when the peak at m/z 531 just appeared. The
flow rate was estimated to be ~4 nL min~', whereas the linear
velocity was estimated to be ~5 em min~'. The results indicate
that the thin capillary tube provided a fast sampling speed.
However, capillary tips that were thinner than used herein were
too fragile to be held with tweezers in the current design. Thus, the
smallest capillary tube with an original i.d. of 10 um was used as
the C-API sampling tube and spray emitter in this study.

To examine the feasibility of using the thin capillary as the
sampling tube and the C-API spray emitter for autosampling

Figure 1. Photograph of the automatic-sampling C-API setup. 1,
forceps; 2, 1 cm long capillary; 3, mass spectrometer; 4, XY movable
stage; 5a and 5b, actuators; 6a and 6b, controllers; and 7a and 7b,
cables to computers.

doi:10.1371/journal.pone.0066292.9001
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Figure 2. Flow rate examination. (A) The extracted ion chromato-
gram (EIC) at m/z 531, which corresponds to the doubly charged
bradykinin ions, and (B) the corresponding mass spectrum obtained at
the 0.2 min time point from panel A. The results were obtained using a
capillary tapered to ~7 um (1 ¢cm in length) as the C-API sampling tube
and spray emitter. The capillary was filled with acetonitrile/deionized
water (1:1, v/v) prior to MS analysis. The C-API capillary was placed in
front (~1 mm) of a mass spectrometer and then immersed into a
sample droplet containing 10 uM bradykinin prepared in acetonitrile/
deionized water (1:1, v/v). Upon immersion of the capillary into the
sample droplet, the mass spectrometer was activated.
doi:10.1371/journal.pone.0066292.g002

operations, an aluminium plate was placed on a motorized XY
stage (Fig. 1). Disorders of amino acid metabolism cause serious
health problems [27]. Detection of amino acids in biological fluids
is used in the diagnosis of inborn errors of metabolism in infancy.
Thus, we selected amino acids as the model samples. Initially, the
mixture of arginine (4 uM) and phenylalanine (1 pM) was used as
the sample solution. The experiment was investigated by placing
the sample solution with the same concentration in four wells on
the aluminium sample plate. Every other sample well was loaded
with rinse solvent [acetonitrile/deionized water (1:1, v/v)] for
rinsing the capillary after analysis. The inset in Figure 3A shows
how the sample wells were arranged. The sampling capillary was
flushed after every run. Surface tension allowed small sample
droplets to form on the well upon sample deposition. When the
sampling capillary was immersed into the liquid droplet, the
sample solution is automatically introduced from the capillary inlet
to the outlet through capillary action. The tube remained in the
sample droplet for 10 s and ~0.7 nL. of sample solution was
introduced into the sampling tube, with a flow rate of ~4 nL
min~" as previously estimated. The plate was then moved again
and allowed the sampling capillary to be immersed in the next well
containing rinse solvent [acetonitrile/deionized water (1:1, v/v)]
for flushing through capillary action. After 20 s, the aluminium
plate was quickly moved and allowed the capillary to be immersed
in the next sample droplet for MS analysis. Figure 3A shows the
EIC plot at m/z 175 (arginine, MH") and m/z 166 (phenylalanine,
MH?"). The analyte signals lasted for ~30 s in each run. After
capillary flushing, the analyte ions disappeared (Fig. 3A). This
finding shows that no carryover problems occurred during
analysis. The average of the ratios of the peak area at m/z 175
to that at m/z 166 of four replicates was 5.03%0.31, whereas the
relative standard deviation was 6.2%. Figure 3B shows the mass
spectrum acquired from 1.5 min to 2 min. The peaks at m/z 166
and m/z 175 dominated the mass spectrum and no apparent
background ions were observed in the same mass spectrum.
Furthermore, Figure 3 shows that similar results from the same
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Figure 3. Examination of four replicates. A sample (4 ul)
containing arginine (4 uM, MH*=175) and phenylalanine (1 uM,
MH*=166) was as deposited in the sample well on the aluminium
sample holder (yellow circles in the inset in panel A). The rinse solvent
was alternately deposited next to the sample wells (white circles shown
in the inset in panel A) for auto-flushing before every run. (A) The
resultant EIC plots of the ions at m/z 175 (black plot) and at m/z 166 (red
plot). (B) Corresponding mass spectra recorded from 1.5 min to 2 min
in panel A.

doi:10.1371/journal.pone.0066292.9003

sample can be repeatedly obtained from different runs using the
C-API autosampling system. Considering autowashing steps were
also conducted between each run, no carryover problems were
observed. Because no electric connection was applied on either the
capillary inlet or outlet, the autosampling setup can be easily
established.

The C-API autosampling system was also employed for multiple
sample analyses to show the possibility of using the automatic
system for high throughput analysis. Several standards were
selected. In addition to amino acids as mentioned above,
creatinine was selected as model sample. Creatinine is a common
metabolite found in urine. Caffeine is also a common component
present in drinks. The sample wells were arranged in two-
dimensions on an aluminium plate, as shown in Figure 1. Arginine
(MH" = 175), histidine (MH"* = 156), phenylalanine (MH" = 166),
leucine (MH"=132), creatinine (MoH'=227), and caffeine
(MH*=195) were selected as model samples and loaded onto
the sample wells on the aluminium plate. The rinse solvent
[acetonitrile/deionized water (1:1, v/v)] was loaded alternately
with the sample wells for sampling capillary flushing after every
run. Figure 4A shows the EIC plots of the analyte ions at m/z 175,
156, 166, 132, 227, and 195, whereas the corresponding mass
spectra obtained at the time points of 0.2 min to 0.5 min, 0.7 min
to 1.0 min, 1.3 min to 1.6 min, 1.8 min to 2.1 min, 2.4 min to
2.7 min, and 2.9 min to 3.2 min, respectively, are shown in
Figures 4B to 4G. All analyte ion peaks dominated their own mass
spectra. Furthermore, no carryover effects were observed. The
analysis using six samples was completed within 3.5 min, including
six alternate flushings. The results demonstrated that the C-API
autosampling system can be used for analyzing many samples
within a short period. The flushings of the sampling capillary can
be performed automatically and effectively after each run. Cross-
contamination problems were not observed during analysis.

The feasibility of using the C-API autosampling system for
quantitative analysis was examined further. The aluminium plate
was loaded with different arginine concentrations (1, 4, 6, and
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Figure 4. Multiple sample analysis. Four uL samples of arginine
(5107 M, MH*=175), histidine (5x107> M, MH"=156), phenylala-
nine (10°* M, MH*=166), leucine (10°* M, MH*=132), creatinine
(107* M, MyH"=227), and caffeine (10~* M, MH" = 195) were deposited
into different wells in two dimensions on the aluminium sample holder
as shown in Figure 1. The rinse solvent [acetonitrile/deionized water
(1:1, v/v)] was loaded to alternate with the sample wells for autoflushing
after every run. (A) The resultant EIC plots of the ions at m/z 175, 156,
166, 132, 227, and 195. Panels (B) to (G) show the mass spectra obtained
at the time points of 0.2 min to 0.5 min, 0.7 min to 1.0 min, 1.3 min to
1.6 min, 1.8 min to 2.1 min, 2.4 min to 2.7 min, and 2.9 min to 3.2 min,
respectively, in panel A.

doi:10.1371/journal.pone.0066292.g004

10 uM), whereas phenylalanine (1 pM) was used as the internal
standard. The rinse solvent (acetonitrile/deionized water (1:1, v/
v)) was placed in every other well next to the sample wells.
Figure 5A shows the representative EIC plots at m/z 175 and 166.
The peak area at m/z 175 increased as the arginine concentration
in the sample increased. The peak area of the internal standard at
m/z 166 did not change much. Figure 5B shows the plot of the
ratio of the peak area at m/z 175 to that at m/z 166 versus the
arginine concentration with an acceptable linear regression
coefficient. The results demonstrated that the possibility of using
the C-API auto-sampling system approach for quantitative
analysis.

Additionally, the possibility of using biological fluids such as
urine as sample was examined to investigate the feasibility of using
the C-API auto-sampling system in real-life applications. Creat-
inine is one of important urine metabolites. It was chosen as the
target analyte in the study. Urine with different dilution factors
such as 20—, 50—, 100—, and 300—fold were utilized as samples
for analysis. The change in the intensity of the creatinine signal
and the correlation of the analyte ion signal with the dilution factor
were determined. Considering the ion peak of protonated
creatinine at m/z 114 overlapped with an unknown background
peak, the ion peak of the most abundant creatinine dimer ion at
m/z 227 was alternatively chosen as the target peak. Figure 6A
shows the representative EIC plot at m/z 227. The peak area at m/
z 227 increased as the urine became less dilute. When the
aluminium plate was moved to the well with rinse solvent, no
creatinine ions were observed in the EIC plot after capillary
flushing. No carryover problems were observed during the analysis
of the complex biological samples. Figure 6B shows the
corresponding mass spectrum acquired between 1.3 min and
1.5 min. The peak at m/z 227 is the base peak, whereas the
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Figure 5. Calibration curve. (A) Representative EIC plots of the ions
at m/z 175 (protonated arginine) and m/z 166 (protonated phenylal-
anine) obtained from a series of samples containing various arginine
concentrations (1, 4, 6, and 10 uM) and phenylalanine (1 uM) as the
internal standard for autosampling C-API MS analysis. Capillary flushing
was conducted on every other well using acetonitrile/deionized water
(1:1, v/v) as the rinse solvent. (B) Plot obtained from the peak area ratio
at m/z 175 to that at m/z 166 versus the arginine concentration as
obtained from panel A. The results were obtained from three replicates
using the same capillary as the sampling tube and C-API emitter.
doi:10.1371/journal.pone.0066292.g005

protonated creatinine ion at m/z 114 and the creatinine sodium
adduct ion at m/z 136 appeared in the same mass spectrum.
Figure 6C shows the plot of the peak area at m/z 227 versus the
volume ratio of the urine to the solvent [acetonitrile/deionized
water (1:1, v/v)]. Although the urine samples contained a complex
matrix, the complex matrix in the urine did not affect the
quantitative analysis much in different dilution factors. An
acceptable linear regression curve was obtained based on using
the creatinine dimer ion as the target analyte to construct a
calibration curve versus different urine dilutions.

We also examined the result by spiking different concentrations
of creatinine to 100-fold diluted urine. A given concentration of
cystamine was spiked in the urine samples as the internal standard.
The analysis of the samples containing different concentrations of
creatinine spiked with the same concentration of cystamine
(107> M) was repeated three times. Figures 7A-7E show the EIC
plots at m/z 227 and 153 obtained from the 100-fold diluted urine
samples spiked with different concentrations of creatinine and a
given concentration of cystamine (107> M) for three replicates.
The calibration curve was obtained using the current approach by
plotting the ratio of the peak area of the peak at m/z 227 derived
from creatinine dimer ions to the peak at m/z 153 derived from
protonated cystamine ions (Fig. 7F). An acceptable linear
calibration curve was obtained. The results indicated that using
this current approach for quantitative analysis of complex samples
is possible. Nevertheless, the setup should be further improved to
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Figure 6. Analysis of creatinine in urine samples. (A) Represen-
tative EIC of the ion at m/z 227 obtained from a series of diluted urine
samples by acetonitrile/deionized water (1:1, v/v). (B) Corresponding
mass spectrum acquired from 1.3 min to 1.5 min in panel A. (C) Plot of
the peak area at m/z 227 versus the volume ratio of urine to the
acetonitrile/deionized water (1:1, v/v) solvent. The results were
obtained from three replicates using the same capillary as the sampling
tube and C-API emitter.

doi:10.1371/journal.pone.0066292.9006

reduce potential problems such as solvent evaporation during the
analysis

Conclusions

A simple automatic sampling C-API MS design has been
demonstrated. Considering no external force is required in the
sampling process, the setup is quite straightforward. The
automatic sampling system was based on placing an aluminium
sample holder on an XY moveable stage controlled by a
computer. Multiple sample analyses and sampling capillary
flushing can be readily conducted automatically after every run.
Subnanoliter samples were sufficient for the analysis. The lowest
concentration that the current approach could detect was at the
attomole level. Faster sampling speeds can further benefit the real-
time monitoring of chemical and biochemical reactions by
reducing the delay. Sensitivity and sampling speed may be
potentially improved using thinner and shorter capillaries as the
C-API sampling tube and spray emitter, but the clotting problem
arising in thinner capillaries because of the presence of undesirable
species such as salts in the sample solution should be considered.
We have demonstrated the possibility of using the current
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Figure 7. Calibration curve obtained from urine samples
spiked with creatinine. (A) EICs of the ions at m/z 227 (red) and
153 (green) obtained from the 100-fold diluted urine samples spiked
with creatinine with the concentrations of (A) 1.25x10°°® M, (B)
2.50x107® M, (C) 5.00x107® M, (D) 1.00x10~> M, and (E), 1.30x10".
Cystamine (107> M, MH*=153) was added to the urine samples as the
internal standard (green curve). (F) Plot obtained from the ratio of the
peak area at m/z 227 (A7) to the peak area at m/z 153 (As3) versus the
concentration of creatinine spiked in the urine samples.
doi:10.1371/journal.pone.0066292.g007

approach in quantitative analysis. However, it should be noticed
that properly controlling the experimental condition such as
humidity can reduce the evaporation of sample solutions during
analysis. Spiking an internal standard to samples can compensate
the evaporation problems. Still, the current setup may be further
modified by placing the C-API tip in a chamber with humidity
control to improve its analytical performance.

Acknowledgments

We acknowledge Ms. Ching-Yi Wu, Mr. Song-Yi Wong, and Mr. Shu-
Hsuan Lin for their assistance in preparing figures.

Author Contributions

Conceived and designed the experiments: YCC CHH. Performed the
experiments: CHH AKM. Analyzed the data: YCC AKM CHH.
Contributed reagents/materials/analysis tools: YCC. Wrote the paper:
YCC.

June 2013 | Volume 8 | Issue 6 | €66292



References

1.

Takats Z, Wiseman JM, Gologan B, Cooks RG (2004) Mass spectrometry
sampling under ambient conditions with desorption electrospray ionization.
Science 306: 471-473.

. Weston DJ (2010) Ambient ionization mass spectrometry: current understanding

of mechanistic theory; analytical performance and application areas. Analyst

135: 661-668.

. Huang MZ, Yuan CH, Cheng SC, Cho YT, Shiea J (2010) Ambient ionization

mass spectrometry. Annu Rev Anal Chem 3: 43-65.

. Alberici RM, Simas RC, Sanvido GB, Romao W, Lalli PM, et al. (2010)

Ambient mass spectrometry: bringing MS into the real world. Anal Bioanal
Chem 398: 265-94.

. Ma X, Zhang S, Zhang X (2012) An instrumentation perspective on reaction

monitoring by ambient mass spectrometry. TRAC-Trend Anal Chem 35: 50
66.

. Hirabayashi A, Sakairi M, Koizumi H (1994) Sonic spray ionization method for

atmospheric pressure ionization mass spectrometry. Anal Chem 66: 4557-4559.

. Laskin J, Heath BS, Roach PJ, Cazares L, Semmes OJ (2012) Tissue imaging

using nanospray desorption electrospray ionization mass spectrometry. Anal

Chem 84: 141-148.

. Takats Z, Wiseman JM, Gologan B, Cooks RG (2004) Electrosonic spray

ionization. A gentle technique for generating folded proteins and protein
complexes in the gas phase and for studying ion-molecule reactions at
atmospheric pressure. Ana Chem 76: 4050-4058.

. Dams R, Benijts T, Giinther W, Lambert W, De Leenheer A (2002) Sonic spray

ionization technology: performance study and application to a LC/MS analysis
on a monolithic silica column for heroin impurity profiling. Anal Chem 74:

3206-3212.

. Cody RB, Laramée JA, Durst HD (2005) Versatile new ion source for the

analysis of materials in open air under ambient conditions. Anal Chem 7: 2297

2302.

. McEwen CN, McKay RG, Larsen BS (2005) Analysis of Solids, Liquids, and

Biological Tissues Using Solids Probe Introduction at Atmospheric Pressure on
Commercial LC/MS Instruments. Anal Chem 77: 7826-7831.

. Trimpin S, Inutan ED, Herath TN, McEwen CN (2009) Laserspray ionization,

a new atmospheric pressure MALDI method for producing highly charged gas-
phase ions of peptides and proteins directly from solid solutions. Mol Cell
Proteom 9: 362-367.

Santos VG, Regiani T, Dias FFG, Romao W, Jara J LP, et al. (2011) Venturi
casy ambient Sonic-Spray Ionization Anal Chem 83: 1375-1380.

. Chen TY, Lin JY, Chen JY, Chen YC (2010) Ultrasonication-assisted spray

ionization mass spectrometry for the analysis of biomolecules in solution. J. Am.
Soc. Mass Spectrom. 211547-1553

PLOS ONE | www.plosone.org

21.

22.

23.

26.

27.

Automatic C-APl Mass Spectrometry

. Kottke PA, Degertekin FL, Fedorov AG (2010) Scanning mass spectrometry

probe: a scanning probe electrospray ion source for imaging mass spectrometry
of submerged interfaces and transient events in solution. Anal Chem 82: 19-22.

. Chang DY, Lee CC, Shiea J (2002) Detecting large biomolecules from high-salt

solutions by fused-droplet electrospray ionization mass spectrometry. Anal

Chem 74: 2465-2469.

. Chen H, Venter A, Cooks RG (2006) Extractive electrospray ionization for

direct analysis of undiluted urine, milk and other complex mixtures without
sample preparation. Chem Commun 2042-2044

. Cheng CY, Yuan CH, Cheng SC, Huang MZ, Chang HC, et al. (2008)

Electrospray-assisted laser desorption/ionization mass spectrometry for contin-
uously monitoring the states of ongoing chemical reactions in organic or aqueous
solution under ambient conditions. Anal Chem 80: 7699-7705.

. Zhu Z, Bartmess JE, McNally ME, Hoffman RM, Cook KD, et al. (2012)

Quantitative Real-Time Monitoring of Chemical Reactions by Autosampling
Flow Injection Analysis Coupled with Atmospheric Pressure Chemical
Tonization Mass Spectrometry Anal Chem 84: 7547-7554.

. Corkery LJ, Pang H, Schneider BB, Covey TR, Siu KW (2005) Automated

nanospray using chip-based emitters for the quantitative analysis of pharma-
ceutical compounds. J] Am Soc Mass Spectrom 16: 363-369.

Gobbo-Neto L, Gates PJ, Lopes NP (2008) Negative ion chip-based nanospray
tandem mass spectrometry for the analysis of flavonoids in glandular trichomes
of Lychnophora ericoides Mart. (Asteraceae) Rapid Commun Mass Spectrom
22: 3802-3808.

Badjagbo K, Sauvé S (2012) High-throughput trace analysis of explosives in
water by laser diode thermal desorption/atmospheric pressure chemical
ionization-tandem mass spectrometry. Anal Chem 84: 5731-5736.

Segura PA, Tremblay P, Picard P, Gagnon C, Sauvé S (2010) High-throughput
quantitation of seven sulfonamide residues in dairy milk using laser diode
thermal desorption- negative mode atmospheric pressure chemical ionization
tandem mass spectrometry. J Agric Food Chem 58: 1442-1446.

. Hsieh CH, Chang CH, Urban PL, Chen YC (2011) Electrospray-assisted laser

desorption/ionization mass spectrometry for continuously monitoring the states
of ongoing chemical reactions in organic or aqueous solution under ambient

conditions. Anal Chem 83: 2866-2869.

. Hsieh CH, Chao CS, Mong KKT, Chen YC (2012) Online monitoring of

chemical reactions by contactless atmospheric pressure ionization mass
spectrometry. J Mass Spectrom 47: 586-590.

Lo TJ, Chang CH, Chen YC (2012) Syringe infusion-based contactless
atmospheric pressure inization massspectrometry for small and large biomole-
cules. Mass Spectrom Lett 3: 87-92.

Burton BK (1998) Inborn Errors of metabolism in infancy: a guide to diagnosis.
Pediatrics 102: e69.

June 2013 | Volume 8 | Issue 6 | €66292



